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Preface 

The development o f e v e r more o b s c u r e j a r g o n i s d i v i s i v e among s c i e n t i s t s , i n h i 
b i t i n g communicat ion between p e o p l e who m i g h t o t h e r w i s e s o l v e a t l e a s t some of 
each o t h e r ' s p r o b l e m s . Nowhere i s t h i s u n n a t u r a l r i f t more o b v i o u s than between 
b i o l o g i s t s and e n g i n e e r s and y e t w i t h a l i t t l e p a t i e n c e i t can be b r i d g e d . I t was 
to b r i n g t o g e t h e r p e o p l e o f d i v e r s e t r a i n i n g , but w i t h s i m i l a r i n t e r e s t s , t h a t we 
o r g a n i z e d t h e I n t e r n a t i o n a l C o n f e r e n c e on T e l e m e t r y and R a d i o T r a c k i n g i n B i o l o g y 
and M e d i c i n e h e l d i n The U n i v e r s i t y o f O x f o r d , O x f o r d , U . K . The p a p e r s p r e s e n t e d 
t h e r e gave r i s e t o t h i s Handbook. We have t r i e d t o i n c l u d e p a p e r s w h i c h on t h e one 
hand i l l u s t r a t e the most r e c e n t advances c o n n e c t e d w i t h e v e r y a s p e c t of b i o t e l e m e t r y 
and r a d i o t r a c k i n g w h i l e , on t h e o t h e r h a n d , t r y i n g t o e n s u r e t h a t t h e n o v i c e 
c o u l d f i n d g u i d a n c e on how to s o l v e even e l e m e n t a r y p r o b l e m s . I n t h i s s e n s e we 
hope t h a t t h e s e papers t r u l y c o n s t i t u t e a Handbook. 

The o r g a n i z a t i o n o f t h e c o n f e r e n c e and the s u b s e q u e n t e d i t i n g o f t h i s book have 
r e l i e d on the e n t h u s i a s m and good w i l l o f many p e o p l e and o r g a n i z a t i o n s , t o a l l o f 
whom we are g r a t e f u l . The c o n f e r e n c e was s u p p o r t e d by the B i o l o g i c a l E n g i n e e r i n g 
S o c i e t y , the I n t e r n a t i o n a l S o c i e t y on B i o t e l e m e t r y and the A s s o c i a t i o n f o r the S t u d y 
o f Animal B e h a v i o u r . Through i t s Honorary S e c r e t a r y K e i t h C o p e l a n d , t h e B i o l o g i c a l 
E n g i n e e r i n g S o c i e t y c o u r a g e o u s l y a c t e d a s f i n a n c i a l g u a r a n t o r s d u r i n g t h e g e s t a t i o n 
p e r i o d p r e c e d i n g the a r r i v a l o f a g r a t i f y i n g l y l a r g e number o f d e l e g a t e s . The D e p a r t 
ment o f Z o o l o g y , O x f o r d , a f f o r d e d a f i n e v e n u e . The s t a f f o f Pergamon P r e s s have 
worked h a r d t o speed the p r o d u c t i o n o f the book , as have our r e a d e r s , E i l e e n M o r r e l l 
and E i l e e n M c D o w e l l . We a r e a l s o g r a t e f u l t o the a u t h o r s who responded w i t h good 
humor t o our n e a r l y i m p o s s i b l e d e a d l i n e s . Above a l l , we a r e i n d e b t e d t o B e v e r l y 
Amlaner f o r h e r d i l i g e n c e and t e n a c i t y t h r o u g h o u t e v e r y s t a g e o f the c o n f e r e n c e and 
the p r o d u c t i o n o f t h i s Handbook. 

When we began to e x p l o r e our r e s p e c t i v e i n t e r e s t s i n t e l e m e t r y t h e r e was l i t t l e 
p u b l i s h e d g u i d a n c e o f a p r a c t i c a l n a t u r e . We hope t h i s book w i l l be t h e s o r t o f 
Handbook which we w i s h had been a v a i l a b l e t h e n . 

C h a r l e s J . A m l a n e r , J r . 
D a v i d W. M a c d o n a l d 
Department o f Z o o l o g y 
O x f o r d 
4 J u l y 1979 
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Artifact Free Measurement of Biological 
Parameters: Biotelemetry, a Historical 

Review and Layout of Modern 
Developments 
H. P. KIMMICH 
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Geert Grootepiein Noord 21, Nijmegen, The Netherlands 

Abstract — The b e g i n n i n g o f the deve lopment o f b i o t é l e m e t r y i s 
d i f f i c u l t t o a s s e s s . I t depends on t h e meaning t h a t i s a t t r i 
b u t e d t o t h e word ^ b i o t e l e m e t r y * . The f i r s t s u c c e s s f u l t r a n s 
m i s s i o n o f b i o l o g i c a l i n f o r m a t i o n from a l i v i n g a n i m a l by M a r e y , 
110 y e a r s a g o , was c e r t a i n l y not r e c o g n i z e d as t e l e m e t r y i n 
t h o s e d a y s . However, when t r a n s l a t i n g ' b i o t e l e m e t r y ' l i t e r a l l y 
to mean measurement o f b i o l o g i c a l i n f o r m a t i o n from a f a r , t h e n 
t h a t e x p e r i m e n t was c e r t a i n l y the f i r s t s u c c e s s f u l t e l e m e t r y 
t r a n s m i s s i o n . The i n i t i a l r e c o r d i n g o f an ECG by E i n t h o v e n i n 1903 
was a g a i n a t e l e m e t r i c e x p e r i m e n t w i t h a t r a n s m i s s i o n d i s t a n c e 
o f more than 1.5 km. 

Based on the d e f i n i t i o n a b o v e , a l m o s t e v e r y b i o l o g i c a l m e a s u r e 
ment c o u l d be q u a l i f i e d as b i o t e l e m e t r y . S i n c e t h e word b i o -
t e l e m e t r y s h o u l d d e f i n e a measurement from an u n r e s t r a i n e d a n i m a l , 
s u b j e c t o r p a t i e n t , b i o t e l e m e t r y was o f t e n r e q u i r e d t o be r a d i o -
t e l e m e t r y , a method i n i t i a t e d by W i n t e r s , 1921, and w i t h a n i m a l 
and p a t i e n t borne equipment by F u l l e r and G o r d o n , 1948 and by 
H o l t e r and G e n g e r e l l i , 1949, r e s p e c t i v e l y . Today i t i s o b v i o u s 
t h a t t h i s d e f i n i t i o n i s t o o narrow f o r two r e a s o n s . O t h e r t r a n s 
m i s s i o n t e c h n i q u e s a r e a l s o v e r y i m p o r t a n t i n b i o t e l e m e t r y , e . g . 
u l t r a s o n i c s f o r a p p l i c a t i o n i n s e a w a t e r , as w e l l as l i g h t w h i c h 
may be a m a j o r c a r r i e r o f b i o m e d i c a l i n f o r m a t i o n i n the f u t u r e . 
I n a d d i t i o n i t i s o f t e n n o t the t r a n s m i s s i o n s y s t e m t h a t r e s t r a i n s 
the a n i m a l , s u b j e c t or p a t i e n t , b u t the i n t e r f a c e , i . e . the s e n s o r s 
and t r a n s d u c e r s . 

Today b i o t e l e m e t r y may be d e s c r i b e d as a method t h a t a l l o w s 
a s s e s s m e n t or c o n t r o l o f b i o l o g i c a l p a r a m e t e r s from a n i m a l s , 
s u b j e c t s and p a t i e n t s w i t h r e l a t i v e l y l i t t l e d i s t u r b a n c e and r e s 
t r a i n t , r e s u l t i n g i n d i s t u r b a n c e f r e e measurement o f p h y s i o l o g i c a l 
p a r a m e t e r s . T h i s r e v i e w w i l l g i v e a h i s t o r i c a l deve lopment o f 
the d i f f e r e n t f i e l d s o f b i o t e l e m e t r y and t h e i r c l a s s i f i c a t i o n ; i t 
w i l l ^ o i n t out some a c h i e v e m e n t s and w i l l f i n a l l y s u g g e s t i d e a s to 
overcome some o f t o d a y ' s p r o b l e m s , as w e l l a s g e n e r a l problems i n 
m e d i c i n e t h a t c o u l d p r o b a b l y be s o l v e d by i n c o r p o r a t i n g b i o t e l e 
metry t e c h n i q u e s . 
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INTRODUCTION 
The t a s k o f t h i s i n t r o d u c t o r y paper i s t o t r a c e the b e g i n n i n g s o f b i o t e l e m e t r y and 
t o r e v i e w the h i s t o r y o f c o n t i n u o u s m o n i t o r i n g a n d / o r c o n t r o l l i n g o f p h y s i o l o g i c a l 
parameters w i t h a minimum of impediment and i n t e r f e r e n c e . 

DEFINITION AND PRINCIPLE OF BIOTELEMETRY 
The meaning a t t r i b u t e d t o the word b i o t e l e m e t r y has changed from t ime t o t i m e . The 
o r i g i n a l meaning o b t a i n e d by t r a n s l a t i n g b i o t e l e m e t r y l i t e r a l l y , namely 'measurement 
o f b i o l o g i c a l p a r a m e t e r s from a f a r ' i s no t r e a l l y a d e f i n i t i o n , s i n c e f a r i s a r e l a 
t i v e t erm. By t h i s so c a l l e d ' d e f i n i t i o n ' most modern measurements o f b i o l o g i c a l 
p a r a m e t e r s c o u l d be c l a s s i f i e d as b i o t e l e m e t r y , w h i l e a l a t e r r e s t r i c t i o n t o ' r a d i o 
t r a n s m i s s i o n ' would e x c l u d e a l a r g e number o f modern a p p l i c a t i o n s o f w i r e l e s s t r a n s 
m i s s i o n . The meaning o f b i o t e l e m e t r y i n i t s modern u s a g e i s no t shaped by the man
ner o f t r a n s m i s s i o n such as r a d i o , sound, or l i g h t (even temporary s t o r a g e o f the 
b i o l o g i c a l i n f o r m a t i o n on m i n i a t u r e tape r e c o r d e r s or s o l i d s t a t e memories i s p o s 
s i b l e — s t o r a g e t e l e m e t r y ) , nor by the d i s t a n c e o f t r a n s m i s s i o n . T r a n s c u t a n e o u s 
t r a n s m i s s i o n o f b i o l o g i c a l parameters i n the form o f e l e c t r i c a l s i g n a l s o v e r a 
d i s t a n c e of o n l y a few m i l l i m e t e r s i s b i o t e l e m e t r y i n i t s proper form, w h i l e d a t a 
t r a n s m i s s i o n over thousands o f k i l o m e t e r s , e . g . from a space c r a f t may not n e c e s 
s a r i l y be t e l e m e t r y a t a l l . I n i t s modern c o n t e x t , b i o t e l e m e t r y means a s s e s s m e n t 
or c o n t r o l o f b i o l o g i c a l p a r a m e t e r s from a n i m a l s , s u b j e c t s and p a t i e n t s w i t h r e l a 
t i v e l y l i t t l e d i s t u r b a n c e and r e s t r a i n t o f t h e a n i m a l / s u b j e c t , r e s u l t i n g i n u n d i s 
turbed and n o i s e - f r e e measurement o f p h y s i o l o g i c a l p a r a m e t e r s . 

A s s e s s m e n t o f p h y s i o l o g i c a l p a r a m e t e r s by t e l e m e t r y i n c l u d e s measurement o f t h e 
i n f o r m a t i o n s o u r c e ( b i o l o g i c a l p a r a m e t e r s ) w i t h the a i d o f e l e c t r o d e s or t r a n s d u c e r s , 
s i g n a l p r o c e s s i n g and a m p l i f i c a t i o n , m u l t i p l e x i n g , and m o d u l a t i o n o f a c a r r i e r , 
t r a n s m i s s i o n or temporary s t o r a g e , r e c e p t i o n , s i g n a l c o n d i t i o n i n g and d e m u l t i p l e x i n g , 
a m p l i f i c a t i o n , and d a t a p r o c e s s i n g , and f i n a l l y d i s p l a y ( F i g . 1 ) , F u r t h e r m o r e , i t 
i s not s u f f i c i e n t t o a s s e s s and t r a n s m i t c o r r e c t l y t h e b i o l o g i c a l i n f o r m a t i o n , i t 
must a l s o be d i s p l a y e d i n s u c h a way t h a t i t i s unambiguous ( c o r r e c t l y i n t e r p r e t e d 
by t h e o b s e r v e r ) . Paper r e c o r d i n g s may not n e c e s s a r i l y be s u p e r i o r to s c r e e n d i s p l a y . 
The huge amount o f d a t a c o l l e c t e d tempts the o b s e r v e r t o s c a n t h r o u g h i t q u i c k l y 
i n s t e a d o f e x a c t l y . I m p o r t a n t changes may, however , be m i s s e d i n s c r e e n d i s p l a y . 
A c o m b i n a t i o n o f b o t h sys t ems seems d e s i r a b l e , b u t much more i m p o r t a n t i s a method 
f o r subsequent d a t a r e d u c t i o n . But b e f o r e g e t t i n g i n t o d e t a i l s o f modern b i o t e l e 
m e t r y , l e t us c o n c e n t r a t e on the e a r l y a c t i v i t i e s and h i s t o r i c a l deve lopment of 
m e d i c a l t e l e c o m m u n i c a t i o n s . 

EARLY DEVELOPMENTS 
The r o o t s o f b i o t e l e m e t r y are d i f f i c u l t to f i n d and m a i n l y depend on the meaning 
a t t r i b u t e d t o t h e word b i o t e l e m e t r y . The f i r s t s u c c e s s f u l t r a n s m i s s i o n o f b i o l o g i c a l 
i n f o r m a t i o n from a l i v i n g a n i m a l by M a r e y , 110 y e a r s a g o , was c e r t a i n l y not r e c o g 
n i z e d as b i o t e l e m e t r y i n t h o s e d a y s , b u t a c c o r d i n g to the ' d e f i n i t i o n ' when the term 
was f i r s t used (presumably around 1920) , M a r e y ' s was indeed the f i r s t s u c c e s s f u l 
t e l e m e t r y e x p e r i m e n t . The n e x t i m p o r t a n t s t e p i n the development o f b i o t e l e m e t r y 
was the r e c o r d i n g and t r a n s m i s s i o n o f an ECG over a d i s t a n c e o f 1.5 km by E i n t h o v e n 
i n 1903, u s i n g the w i r e s o f t h e p u b l i c t e l e p h o n e s y s t e m . I n 1910, Barker c o n n e c t e d 
s e v e r a l wards o f a h o s p i t a l t o an ECG m o n i t o r i n g s t a t i o n w i t h a s p e c i a l l y d e s i g n e d 
w i r e s y s t e m . The m a j o r problem i n t h i s a p p l i c a t i o n was s i m i l a r to E i n t h o v e n ' s , 
t h a t c u r r e n t s were i n d u c e d a l o n g t h e l i n e s , s i n c e s i g n a l t r a n s m i s s i o n was d i r e c t 
w i t h o u t the use o f s u b c a r r i e r f r e q u e n c i e s . 
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F I R S T GENERATION OF BIOTELEMETRY 

The f i r s t e x p e r i m e n t u s i n g w i r e t e l e m e t r y was performed by Brown, 1910, who t r a n s 
m i t t e d h e a r t sounds over a d i s t a n c e o f 150 km u s i n g t h e t e l e p h o n e s y s t e m . O b v i o u s l y 
t h i s sys tem was n o t a d a p t a b l e t o o t h e r parameters s i n c e o n l y the p h o n o c a r d i o g r a m 
matches the f r e q u e n c y c h a r a c t e r i s t i c s o f the t e l e p h o n e s y s t e m . T h i s was the main 
r e a s o n t h a t t h i s new t e c h n i q u e was o n l y used s p o r a d i c a l l y u n t i l t h e l a t e f i f t i e s 
and e a r l y s i x t i e s when E C G ' s ( t e l e c a r d i o g r a m ) and o t h e r p a r a m e t e r s were t r a n s m i t t e d 
v i a t e l e p h o n e (Rahm et al.y 1952, 1953; Diamond and B e r r y , 1953; W i n s o r , 1 9 6 1 ) . 

There i s a l s o an e a r l y e x p e r i m e n t i n w i r e l e s s t e l e m e t r y ; i n 1921 W i n t e r s t r a n s m i t t e d 
h e a r t sounds from a s h i p , u s i n g e x i s t i n g r a d i o d e v i c e s , b u t i t was 25 y e a r s b e f o r e 
a ' p o r t a b l e ' t e l e m e t r y s y s t e m was d e s i g n e d . I n 1948, F u l l e r and Gordon s u c c e e d e d 
i n r a d i o t e l e m e t r y w i t h non-human a n i m a l s , w h i l e a p p l i c a t i o n i n man was a c h i e v e d 
by H o l t e r and G e n g e r e l l i , 1949. These sys tems we ighed a p p r o x i m a t e l y 50 p e r c e n t o f 
the body w e i g h t and s o were u n s u i t a b l e f o r measurements a t r e s t ; c a r r y i n g the e q u i p 
ment meant heavy e x e r c i s e i n i t s e l f . N e v e r t h e l e s s they i n t r o d u c e d b i o t e l e m e t r y 
t e c h n i q u e s by showing t h a t w i r e l e s s t r a n s m i s s i o n o f b i o l o g i c a l s i g n a l s from a moving 
s u b j e c t was p o s s i b l e . 

Radio t r a c k i n g (Le Muyen et al,^ 1959; H a r p e r , 1959; C o c h r a n and L o r d , 1963) , s o n i c 
t r a c k i n g ( T r e f e t h e n e t al,^ 1957) , r a d a r t r a c k i n g ( L a c k , 19*^ )̂ and r a d i o c o n t r o l 
( C h a f f e e and L i g h t , 1934; G e n g e r e l l i and K a l l e j a n , 1950; Mauro et al.y 1950) c l o s e l y 
f o l l o w e d the i n t r o d u c t i o n o f b i o - r a d i o t e l e m e t r y and the p o s s i b i l i t i e s were e x h a u s t e d 
by the two way t e l e m e t r y s y s t e m , d e s c r i b e d by Young and N a y l o r , 1964. C h a l l e n g i n g 
a p p l i c a t i o n s o f r a d i o t e l e m e t r y i n the form o f i m p l a n t a b l e and i n g e s t i b l e d e v i c e s 
were f i r s t d e s c r i b e d by Mackay and J a c o b s o n , 1957, and F a r r a r et al.y 1957, r e s p e c 
t i v e l y . 

SECOND GENERATION EQUIPMENT 

The i n v e n t i o n of the t r a n s i s t o r i n 1948 and e s p e c i a l l y i t s commerc ia l a v a i l a b i l i t y 
a f t e r 1952 gave f u r t h e r impetus t o b i o t e l e m e t r y . T h i s soon r e s u l t e d i n r a d i o t e l e 
metry equipment o f a c c e p t a b l e s i z e and w e i g h t the second g e n e r a t i o n o f b i o t e l e m e t r y 
equipment ( e . g . B a r r , 1954; Mackay and J a c o b s o n , 1957; F a r r a r et al.y 1957; B a s s a n 
and L o v d i j e v , 1958; M o r r e l l , 1959; E s s l e r and F o l k , 1960; C o n n e l l and Rowlands , 
1960; S h i p t o n , 1960; Winsor et al.y 1961; Kamp and Storm van Leewen, 1961; D a v i s 
et al.y 1961; Kavanaugh , 1963; Marko and McLeuman, 1963; S l a t e r , 1963; V r e e l a n d , 
1963) . F o r f u r t h e r r e f e r e n c e s a f t e r 1963 see Y s e n b r a n d t et al. ( 1 9 7 6 ) . A t the 
same t ime l i m i t a t i o n s o f r a d i o t e l e m e t r y became c l e a r , namely r e s t r i c t e d t r a n s m i s 
s i o n d i s t a n c e , d i f f i c u l t t r a n s m i s s i o n i n w a t e r ( e s p e c i a l l y i n p o l l u t e d w a t e r and 
i n s e a w a t e r ) , as w e l l a s i n t e r f e r e n c e between d i f f e r e n t r a d i o s y s t e m s i n c l o s e p r o x i 
m i t y and the n e c e s s i t y o f i n c o r p o r a t i n g sys tems w i t h d i f f e r e n t c a r r i e r f r e q u e n c i e s 
and l a r g e r b a n d w i d t h s , o f t e n n o t a v a i l a b l e f o r b i o t e l e m e t r y . The problems c o u l d 
sometimes be s o l v e d by i n c o r p o r a t i n g o t h e r c a r r i e r s y s t e m s . I n 1961 H o l t e r i n t r o 
duced s t o r a g e t e l e m e t r y (a m i n i a t u r e tape r e c o r d e r f o r temporary s t o r a g e o f p h y s i o 
l o g i c a l p a r a m e t e r s , o r i g i n a l l y the ECG) f o r d a t a g a t h e r i n g not needed o n - l i n e . U l t r a 
s o n i c t e l e m e t r y was used by B a l d w i n , 1963 f o r a p p l i c a t i o n s i n s e a w a t e r and ( i n f r a 
red) l i g h t t e l e m e t r y (Kimmich, 1969) was used f o r i n d o o r a p p l i c a t i o n s w i t h o u t i n t e r 
f e r e n c e between d i f f e r e n t rooms or l a b o r a t o r i e s where s i m i l a r s y s t e m s were i n o p e r a 
t i o n . The o r i g i n a l p u b l i c a t i o n s i n the d i f f e r e n t f i e l d s o f b i o t e l e m e t r y are sum
m a r i z e d i n F i g . 2 . 

E x c e p t f o r l o c o m o t i v e ( F i g . 3c) and g a s t r o - i n t e s t i n a l p a r a m e t e r s ( F i g . 3e) m e a s u r e 
ment and t r a n s m i s s i o n o f 1 or 2 p a r a m e t e r s was a c h i e v e d w i t h f i r s t g e n e r a t i o n e q u i p 
ment b e f o r e 1952. Most o f the r e m a i n i n g p a r a m e t e r s were a s s e s s e d w i t h s econd g e n e r a 
t i o n equipment i n the p e r i o d between 1952 and a p p r o x i m a t e l y 1972, an i m p o r t a n t 
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WIRE TELEMETRY 

Mavey, 1869 
Einthoven, 190 Ζ 
BarkerJ 1910 

WIRE TELEMETRY 
WITH RADIO LINK 

Winters, 1921 

B I O T E L E M E T R Y 

RADIOTELEMETRY 
Cochran and 
Lord, 1963 

SONIC TELEMETRY 

Balduin, 1965 

LIGHT TELEMETRY 

Kirrmtoh, 1969 

RADIOTELEMETRY 

Fuller and 
Gordon, 1948 
Holter and 
Gengerelli, 194a 

TRACKING 

Le Muyan et al, 
1959 
Trefe then et al, 
1957 (sonic) 
Harper, 1959 
Lack, 1959 (radar) 

RADIOCONTROL 

(Chaffee and 
Light, 1934) 
Gengerelli and 
Kallejian, 1950 
Mauro et al,, 
1950 

STORAGE TELEMETRY 

Holter, 1961 

IMPLANTED DEVICES 

Mackay and Jacobson, 
1957 

SWALLOWED D E V I C E S 

Farrar et al,, 1957 

TWO WAY TELEMETRY 

Young and Naylor, 
1964 

F i g . 2 . E a r l y deve lopments o f b i o t e l e m e t r y . The f i r s t d e v e l o p 
ments i n e a c h f i e l d o f b i o t e l e m e t r y have been t r a c e d 
as f a r as p o s s i b l e , and t h e c o r r e s p o n d i n g p u b l i c a t i o n s 
s t a t e d . 

e x c e p t i o n b e i n g t h e n o n - i n v a s i v e c o n t i n u o u s t e l e m e t r y o f b l o o d p r e s s u r e . T h i r d 
g e n e r a t i o n equipment , i n c o r p o r a t i n g CMOS i n t e g r a t e d c i r c u i t s and modern c o d i n g t e c h 
n i q u e s such as PCM (Smith et at,y 1970; F r y e r and W e s t b r o e k , 1974; H u l l and M o t e , 
1974; Kimmich and Y s e n b r a n d t , 1974; K u c u s h k i n , 1976) m a i n l y show improved r e l i a 
b i l i t y , o f t e n t o g e t h e r w i t h reduced p a c k a g e s i z e and s y s t e m c o s t s . Improvement o f 
t r a n s m i s s i o n equipment i s s t i l l p o s s i b l e i n many f i e l d s b u t the m a j o r prob lem has 
been s h i f t e d t o the i n t e r f a c e , i . e . methods and t y p e s o f t r a n s d u c e r s and d i s p l a y . 

C L A S S I F I C A T I O N OF BIOTELEMETRY EQUIPMENT 

C l a s s i f i c a t i o n o f b i o t e l e m e t r y has b e e n t r i e d (Kimmich, 1975; S a n d l e r , 1976) b u t 
i t i s d i f f i c u l t and a g e n e r a l l y a c c e p t a b l e c l a s s i f i c a t i o n may e v e n be u n n e c e s s a r y . 
Three major d i v i s i o n s a r e g e n e r a l l y a c c e p t e d : (a) f i e l d s o f a p p l i c a t i o n , (b) a p p l i e d 
t r a n s m i s s i o n l i n k s , and ( c ) e n g i n e e r i n g and d e s i g n c r i t e r i a . A m a t r i x ( F i g . 4) w i t h 
a p o s s i b l e s u b d i v i s i o n shows a p p l i c a b i l i t y o f d i f f e r e n t methods i n t h e m a j o r f i e l d s 
o f b i o t e l e m e t r y . An a c t u a l c l a s s i f i c a t i o n h a s , however , d e l i b e r a t e l y been a v o i d e d . 

CARDIOVASCULAR PARAMETERS 
The t e l e m e t r y o f c a r d i o v a s c u l a r p a r a m e t e r s h a s a prominent r o l e i n w i r e l e s s a c q u i s i 
t i o n o f p h y s i o l o g i c a l p a r a m e t e r s . However , a l a r g e number o f p u b l i c a t i o n s and a p p l i 
c a t i o n s are r e s t r i c t e d t o the a s s e s s m e n t o f the ECG or even h e a r t r a t e , w h i c h i n c l u d e s 
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C A R D I O V A S C U L A R P A R A M E T E R S 

PHONOCARDIOGRAM: Brown, 1910 
ELECTROCARDIOGRAM: (Holter and Gengerelli, 1949) 

(Kanatsoulis, 1951 (AM)) 
Winsor et al., 1961 
Bellet et al., 1961 

FETAL ELECTROCARDIOGRAM: Hess, 1962 
BLOOD PRESSURE: 

- intravascular: 

- on vascular wall: 
- non invasive 

Eliassen, 1960 
In man: 
Bachmann and Thebis, 1967 
Mackay et al., 1967 

BLOOD FLOW: Franklin et al., 1964 
Moskalenko, 1964 

CARDIAC OUTPUT: (Mackay and Hechtman, 1974) 
BLOOD PO2: Rybak and Dedien, 1967 
BLOOD pH: Uchiyama, 1964 

F i g . 3 a . 

R E S P I R A T O R Y Ρ A R A M E T E R S 

RESPIRATORY FLOW: Fuller and Gordon, 1948 
TIDAL VOLUME: Morrow and Vosten, 1953 
RESPIRATORY PO2: Kimmich and Kreuzer, 1967 
RESPIRATORY TEMPERATURE: Kimmich and Kreuzer, 1972 
OXYGEN UPTAKE: (Kissen, 1967) 

Kimmich, 1969 
OXYGEN UPTAKE PER BREATH: Kimmich and Kreuzer, 1972 

F i g . 3 b . 

L 0 C 0 Μ 0 Τ I V E P A R A M E T E R S 

ELECTROMYOGRAM: Brannick, 1963 
FORCE: Vos and Kimmich, 1971 

Ishiko, 1971 
DISPLACEMENT: Rawson and Hartline, 1974 
VELOCITY: Kimmich, 1969 
ACCELERATION: (Fujie, 1965) 

Moon et al., 1971 
F i g . 3 c . 
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N E U R O P H Y S I O L O G I C A L P A R A M E T E R S 

NERVE ACTION POTENTIALS: M o r r e l l , 1959 (AM) 
ELECTROENCEPHALOGRAM: Breaksell and Parker, 1949 

F i g , 3d . 

G A S T R O I N T E S T I N A L P A R A M E T E R S 

PRESSURE: Farrar et al., 1957 
Mackay and Jacobson, 1957 

pH Jacobson and Mackay, 1957 
TEMPERATURE: Mackay and Jacobson, 1957 

F i g . 3 e . O r i g i n a l p u b l i c a t i o n s i n d i f f e r e n t f i e l d s o f b i o 
t e l e m e t r y , namely (a) c a r d i o v a s c u l a r p a r a m e t e r s , 
(b) r e s p i r a t o r y p a r a m e t e r s , ( c ) l o c o m o t i v e p a r a 

m e t e r s , (d) n e u r o p h y s i o l o g i c a l p a r a m e t e r s and 
(e) g a s t r o - i n t e s t i n a l p a r a m e t e r s . P u b l i c a t i o n s 
t h a t do not f u l f i l the r e q u i r e m e n t s o f modern b i o 
t e l e m e t r y , b u t are i m p o r t a n t s t e p s i n i t s d e v e l o p 
ment a r e n o t e d i n b r a c k e t s , e , g . equipment t h a t i s 
heavy ( H o l t e r and G e n g e r e l l i ) , u n s u i t a b l e t r a n s m i s s i o n 
t e c h n i q u e ( K a n a t s o u l i s ) , o n - l i n e p r i n c i p l e w i t h o u t 
t e l e m e t r y ( K i s s e n ) e t c . 

those ECG components used f o r r a t e d e t e c t i o n o n l y . T h i s may a r i s e f o r s e v e r a l r e a 
s o n s , i n c l u d i n g the s p e c i a l m e d i c a l i m p o r t a n c e o f the E C G , as w e l l a s t h e l o n g h i s t o r y 
o f a v a i l a b i l i t y o f ECG t e l e m e t r y equipment ( b o t h p h o n o c a r d i o g r a m and ECG t e l e m e t r y 
were d e v e l o p e d as f i r s t g e n e r a t i o n equ ipment ) . I n s i t u a t i o n s o f r e d u c e d m u s c u l a r 
a c t i v i t y ( e s p e c i a l l y o f t h e m u s c l e g r o u p s c o n n e c t e d w i t h arm movement ) , ECG t e l e m e t r y 
i s a r o u t i n e o p e r a t i o n w i t h no t h e o r e t i c a l , and few p r a c t i c a l p r o b l e m s . 

The c o n t i n u o u s t e l e m e t r y o f d i r e c t b l o o d p r e s s u r e was f i r s t d e s c r i b e d by E l i a s s e n , 
1960, who took measurements i n the a o r t a and i n the pulmonary a r t e r y o f ducks and 
g u l l s . S i n c e t h e n a l a r g e number o f e x p e r i m e n t s h a v e b e e n per formed ( e . g . B r a n n i c k , 
1963; Van C i t t e r s , 1 9 6 6 ) . Today b l o o d p r e s s u r e can be t r a n s m i t t e d from a l l m a j o r 
a r t e r i e s i n v a r i o u s a n i m a l s . A t the b e g i n n i n g the main problem was the n e c e s s i t y 
o f t r a n s m i t t i n g d . c . measurements . Mackay et al, (1967) h a v e measured b l o o d p r e s s u r e 
on the v a s c u l a r w a l l , a method u s e f u l f o r l o n g t e r m e x p e r i m e n t s , b u t c e r t a i n l y no 
l e s s i n v a s i v e . A r e v i e w o f t h e s e e x p e r i m e n t s h a s b e e n p u b l i s h e d by H ö r n i c k e et al. 
(1970) , who h a s t r a n s m i t t e d b l o o d p r e s s u r e o f e x e r c i s i n g h o r s e s . 

The problems c o n n e c t e d w i t h d i r e c t c o n t i n u o u s b l o o d p r e s s u r e measurement i n man d u r 
i n g p h y s i c a l e x e r c i s e were f i r s t s o l v e d by Bachmann and T h e b i s , 1967, These problems 
were o n l y p a r t l y o f a t e c h n i c a l n a t u r e , and i n c l u d e s u c h f a c t o r s as in vivo c o m p a t i 
b i l i t y of t h e m e a s u r i n g c a t h e t e r . F i b r i n e d e p o s i t i o n , f o r e x a m p l e , l a r g e l y depends 
on t h e b l o o d f l o w w h i c h i s s u b s t a n t i a l l y i n f l u e n c e d by p a t h o p h y s i o l o g i c a l as w e l l 
as e x e r c i s e c o n d i t i o n s . S i n c e 1966, Bachmann et al. h a v e per formed a p p r o x i m a t e l y 
400 t e l e m e t r i c r e c o r d i n g s each y e a r w i t h i n d i v i d u a l e x p e r i m e n t s o f be tween 2 or 3 
and 28 hours d u r a t i o n . The m a j o r i t y o f t h e s e measurements h a v e b e e n made under r o u t i n e 
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F i g . 4 . C l a s s i f i c a t i o n o f b i o t e l e m e t r y equipment i n m a j o r 
groups ( f i e l d o f a p p l i c a t i o n , t r a n s m i s s i o n l i n k and 
method a p p l i e d ) w i t h s u b c l a s s i f i c a t i o n s , i n c o r p o r a t i o n 
o f t h e d i f f e r e n t methods and t r a n s m i s s i o n l i n k s i n 
the d i f f e r e n t f i e l d s o f a p p l i c a t i o n (* = o f t e n u s e d , 
(*) = r a r e l y u s e d , - = p r a c t i c a l l y never u s e d ) . 

c l i n i c a l c i r c u m s t a n c e s , d u r i n g d a i l y a c t i v i t y o f c a r d i a c p a t i e n t s ( i n c l u d i n g r u n n i n g , 
swimming, s k i i n g , d r i v i n g a c a r , and f l y i n g ) . Bevan et al, (1969) and K r ö n i g et al, 
(1974) have d e s c r i b e d methods f o r p r o l o n g e d t e l e m e t r y o f a r t e r i a l b l o o d p r e s s u r e . 

N o n - i n v a s i v e c o n t i n u o u s b l o o d p r e s s u r e measurement and i t s t e l e m e t r y has u n f o r t u n a t e l y 
n o t y e t been a c c o m p l i s h e d . I n t e r m i t t e n t measurements , e . g . from an a i r c r a f t , u s i n g 
c o n v e n t i o n a l t e c h n i q u e s are u n s a t i s f a c t o r y ( P i r c h e r , 1 9 6 7 ) . 

The r e m a i n i n g p a r a m e t e r s o f the c a r d i o v a s c u l a r s y s t e m where t e l e m e t r y has b e e n accom
p l i s h e d have not y e t a c h i e v e d c l i n i c a l i m p o r t a n c e . T e l e m e t r y o f the c a r d i a c o u t p u t 
(Mackay and Hechtmann, 1974) u s e s t e l e m e t r i c methods f o r d a t a a s s e s s m e n t b u t m e a s u r e 
ment can o n l y be performed a t reduced p h y s i c a l a c t i v i t y , maybe e v e n o n l y a t r e s t . 
I n a d d i t i o n sys tem a c c u r a c y i s no t y e t e n t i r e l y e s t a b l i s h e d . They measure c a r d i a c 
o u t p u t by i n t e g r a t i n g a o r t i c f l o w , measured a c c o r d i n g t o the Dopp ler p r i n c i p l e , and 
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by e s t i m a t i n g a o r t i c d i a m e t e r . The same p r i n c i p l e i s a p p l i e d f o r the t e l e m e t r y o f 
b l o o d f l o w , e i t h e r e x t r a v a s c u l a r l y or i n t r a v a s c u l a r l y w i t h a t r a n s d u c e r mounted on 
a c a t h e t e r t i p ( F r a n k l i n et dl,, 1964; M o s k a l e n k o , 1 9 6 4 ) . C o n t i n u o u s b l o o d pH 
(Uchiyama, 1964) and a r t e r i a l PO2 (Rybeck and D e d i e u , 1967) measurements a r e c e r 
t a i n l y s o p h i s t i c a t e d t e c h n i q u e s b u t t h e i r t e l e m e t r y do n o t p r e s e n t a d d i t i o n a l d i f f i 
c u l t i e s . The d i f f e r e n t c a r d i o v a s c u l a r p a r a m e t e r s t h a t can be t r a n s m i t t e d a r e sum
m a r i z e d i n F i g . 3a t o g e t h e r w i t h the p i o n e e r i n g p u b l i c a t i o n s . 

RESPIRATORY PARAMETERS 
While t e l e m e t r i c a s se s sment o f c a r d i o v a s c u l a r p a r a m e t e r s g e n e r a l l y u s e s c o n v e n t i o n a l 
methods o f d a t a a c q u i s i t i o n , the s i t u a t i o n i s e n t i r e l y d i f f e r e n t f o r r e s p i r a t o r y 
p a r a m e t e r s . The use o f ' m i n i a t u r i z e d ' s p i r o m e t e r s and D o u g l a s b a g s h a s been t r i e d 
but c o n t r a d i c t the p h i l o s o p h y o f b i o t e l e m e t r y . I n s p e c i a l c i r c u m s t a n c e s i n c o r p o r a 
t i o n o f t h e s e means may s u p p l y a c c e p t a b l e r e s u l t s , b u t t h e a p p l i c a t i o n s a r e r a t h e r 
l i m i t e d . D o u g l a s b a g s have been u s e d , f o r e x a m p l e , f o r the c o l l e c t i o n o f t h e e x p i r a 
t o r y gas o f e x e r c i s i n g h o r s e s . P e r s o n a l o x y g e n u p t a k e equipment u s i n g a s p i r o m e t e r 
has been c o m m e r c i a l i z e d and may be a p p l i e d i n c e r t a i n c i r c u m s t a n c e s , b u t i s c e r t a i n l y 
not s u i t a b l e f o r a p p l i c a t i o n i n s p o r t . T e l e m e t r i c methods measure r e s p i r a t o r y f low 
as a pr imary p a r a m e t e r . I t i s easy t o o b t a i n r e s p i r a t o r y volume by i n t e g r a t i n g the 
f low s i g n a l , b u t t e l e m e t r y o f f l ow i n v o l v e s the s o l u t i o n o f many d i f f i c u l t p r o b l e m s . 

R e s p i r a t o r y f l o w was the f i r s t parameter t o be t r a n s m i t t e d ( F i g . 3 b ) , I n 1948 F u l l e r 
and Gordon p r e s e n t e d a p n e u m o - i n d u c t i v e p i c k - u p u n i t w i t h w h i c h t h e y t r a n s m i t t e d the 
human pneumogram, t o g e t h e r w i t h o t h e r p h y s i o l o g i c a l p a r a m e t e r s s u c h as c a r o t i d p u l s e . 
The per formance o f t h i s s o - c a l l e d ' r a d i o i n d u c t o g r a p h ' w a s , however , n e v e r de termined 
c o m p l e t e l y . To t r a n s m i t r e s p i r a t o r y f l o w Morrow and V o s t e n (1953) m o d i f i e d the 
b a s i c p r i n c i p l e o f F l e i s c h (1925) by i n c o r p o r a t i n g a f i n e mesh n i c k e l s c r e e n w i t h 
2/3 o f f r e e a r e a . The power n e c e s s a r y f o r h e a t i n g the mesh, i n o r d e r t o p r e v e n t 
w a t e r d e p o s i t i o n , i s g e n e r a l l y n o t a v a i l a b l e i n t e l e m e t r i c a p p l i c a t i o n s . A t the 
same t ime d a t a p r o c e s s i n g was i n t r o d u c e d , i n the form o f a n a l o g i n t e g r a t i o n o f the 
f l o w s i g n a l , w h i c h l e a d t o t h e f i r s t t e l e m e t r i c a s s e s s m e n t o f t i d a l v o l u m e . 

E a r l y i n v e s t i g a t i o n s have a l s o been performed by B a s s a n and L o v d j i e v , who a c h i e v e d 
t e l e m e t r y o f r e s p i r a t o r y r a t e i n 1955 and o f r e s p i r a t o r y f l o w i n 1958. However , 
they measured o n l y t h e e x p i r a t o r y f l o w by i n c o r p o r a t i n g a v a l v e , a p r i n c i p l e they 
d i d not pursue f u r t h e r . I t was soon e v i d e n t t h a t r e s p i r a t o r y f l o w was the most 
d i f f i c u l t parameter t o t r a n s m i t f o r s e v e r a l r e a s o n s . One o f the d i f f i c u l t i e s was 
the l a r g e dynamic r a n g e o f about 30 be tween r e s t and maximum e x e r c i s e , a n o t h e r was 
the d e p o s i t i o n o f w a t e r on the t r a n s d u c e r d u r i n g e x p i r a t i o n . Many new i d e a s have 
been p u b l i s h e d c o n c e r n i n g t e l e m e t r y r e s p i r a t o r y f l o w ( e . g . L e w i H i e and S n e p p e , 
1968; K r o b a t h and R e i d , 1964; S h i r a i s h i et al,y 1967; Kimmich and K r e u z e r , 1972) 
b u t a l l o f them have more or l e s s s e v e r e r e s t r i c t i o n s ( g e n e r a l l y o f f l o w r a n g e due 
to s e n s i t i v i t y t o a c c e l e r a t i o n ) , and a p p l i c a t i o n h a s g e n e r a l l y b e e n r e s t r i c t e d t o 
t h e s p e c i f i c c a s e o f t h e p u b l i c a t i o n . An e x c e p t i o n was the p r i n c i p l e o f Kimmich 
and K r e u z e r which has been adapted f o r d i f f e r e n t p u r p o s e s , e . g . f o r t e l e m e t r y o f 
r e s p i r a t o r y f u n c t i o n i n e x e r c i s i n g h o r s e s ( H ö r n i c k e et al,j -1973), These f l o w 
s e n s o r s have been rev i ewed by Kimmich, 1972, Our group h a s p u t g r e a t e f f o r t i n t o 
i m p r o v i n g r e s p i r a t o r y f l o w measurements w h i c h l e d t o a l i g h t w e i g h t s y s t e m w i t h good 
c h a r a c t e r i s t i c s : z e r o d r i f t = 20 p a r t s p e r t h o u s a n d per ^ C , s e n s i t i v i t y t o a c c e l e r a 
t i o n = 0 . 6 p a r t s per thousand p e r g , and r e s p o n s e t ime t o a s t e p f u n c t i o n = 10 ms 
(Kimmich, 1976 ) . 

To f o l l o w the v a r i a t i o n s o f t h e b l o o d gas c o n c e n t r a t i o n s o f r e s p i r a t o r y g a s e s by 
t e l e m e t r y , t h e t r a n s d u c e r s must n o t o n l y be f a s t r e s p o n d i n g b u t a l s o s m a l l . O n l y 
P o l a r o g r a p h i e c e l l s f u l f i l b o t h c o n d i t i o n s . CO2 e l e c t r o d e s a r e n o t y e t f a s t enough 
f o r t e l e m e t r i c a p p l i c a t i o n . C o n t i n u o u s t e l e m e t r y o f r e s p i r a t o r y PO2 was f i r s t d e s 
c r i b e d by Kimmich and K r e u z e r , 1967. They c i r c u m v e n t e d t h e t e m p e r a t u r e s e n s i t i v i t y 
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of the P o l a r o g r a p h i e c e l l , by i n c o r p o r a t i n g a s a m p l i n g s y s t e m and a m i n i a t u r e s o l i d 
s t a t e h e a t i n g e l e m e n t , a method y i e l d i n g a c c u r a t e r e s u l t s w i t h o u t p r o b l e m s . I n 
a d d i t i o n K ü c h l e r et al, (1974) d e s i g n e d a sys t em where t h e t e m p e r a t u r e s e n s i t i v i t y 
of the P o l a r o g r a p h i e c e l l was compensated e l e c t r o n i c a l l y . 

The parameter o f major i n t e r e s t i n r e s p i r a t o r y t e l e m e t r y i s o x y g e n u p t a k e or o x y g e n 
c o n s u m p t i o n . K i s s e n (1967) h a s d e s c r i b e d the f i r s t c o n t i n u o u s o n - l i n e a s s e s s m e n t o f 
νθ2· He mixed the e x p i r a t o r y a i r i n a m i x i n g chamber w i t h c o n t i n u o u s i n - and o u t - l e t 
o f t h e gas and c a l c u l a t e d the from the f l o w and PO2 i n the m i x i n g chamber . S u p 
p o s i n g t h e r e e x i s t s n i t r o g e n e q u a l i t y between i n s p i r a t i o n and e x p i r a t i o n (which may 
not n e c e s s a r i l y be t h e c a s e i n a l l c i r c u m s t a n c e s , s ee C i s s i k , 1972) t h e n e x a c t v a l u e s 
c o u l d o n l y b e o b t a i n e d by a s s e s s i n g CO2 i n the m i x i n g chamber f o r c o r r e c t i o n o f d i f 
f e r e n c e s between i n s p i r a t o r y and e x p i r a t o r y v o l u m e s . I n a d d i t i o n , t r a n s i e n t changes 
o f VO2 can o n l y be measured c o r r e c t l y i f the volume o f the m i x i n g chamber i s i n c r e a s e d , 
bu t then the sys tem would h a r d l y be s u i t a b l e f o r t e l e m e t r i c a p p l i c a t i o n . The f i r s t 
p r i n c i p l e o f c o n t i n u o u s t e l e m e t r i c measurement o f o x y g e n exchange was d e s c r i b e d by 
Kimmich, 1969 and i t s p r a c t i c a l r e a l i z a t i o n by Kimmich and K r e u z e r (1972) . PO2, f l o w 
and temperature are c o n t i n u o u s l y measured i n an open sys tem ( s o - c a l l e d h a l f mask) 
and the oxygen u p t a k e c a l c u l a t e d , b r e a t h by b r e a t h , and per m i n u t e a c c o r d i n g t o the 
f o l l o w i n g f o r m u l a : 

t 
r"" . PB - PH 0 (F) Τ 
' V · POo ^r;: ^ τ ; - τ Γ 7 τ ; ^ · τ:—— d t . VO2 ^ PB - PH^O(E) ' T . + T^ 

VO2 
PO2 
PB 

ΡΗ2θ(Ε) 

To 

^ F 
PH20(F) 

= oxygen consumpt ion i n ml O2 s~^ 

= p a r t i a l p r e s s u r e o f oxygen i n mm Hg 

= b a r o m e t r i c p r e s s u r e i n mm Hg 

= p a r t i a l p r e s s u r e o f w a t e r v a p o r i n mm Hg a t the s i t e o f the oxygen 
e l e c t r o d e 

= t ime i n s 

= t imes a t the b e g i n n i n g o f i n s p i r a t i o n s m and η 

= v e n t i l a t o r y f l ow i n ml s"^ a t ambient t e m p e r a t u r e , p r e s s u r e , and w a t e r 
v a p o r 

= 273OK 

= t emperature o f t h e f l o w m e t e r i n ° C 

= p a r t i a l p r e s s u r e o f w a t e r vapor i n mm Hg a t the s i t e o f t h e f l owmeter 

= 760 mm Hg 

The a c c u r a c y o f the sys tem ( F i g . 5) depends m a i n l y on the r e s p o n s e t ime o f the oxygen 
m e a s u r i n g s y s t e m and t h e a c c u r a c y o f the f l ow d e t e c t i o n . To a c h i e v e r e a s o n a b l e a c c u r a 
c i e s the o r i g i n a l sy s t em c o u l d o n l y be used i n a s m a l l f l o w r a n g e , w h i c h h a d to be 
chosen b e f o r e t h e e x p e r i m e n t . I n c o r p o r a t i o n o f t h e new f lowmeter (Kimmich, 1976) 
h a s c o n s i d e r a b l y expanded t h i s r a n g e , a l l o w i n g t e l e m e t r y from moderate up t o maximal 
e x e r c i s e w i t h o u t a l t e r i n g the m e a s u r i n g r a n g e . An e x a m p l e , o f VO2 t e l e m e t r y , u s i n g 
the o r i g i n a l sys tem i s g i v e n i n F i g . 6 . 

LOCOMOTIVE PARAMETERS 
R a d i o l o c a t i o n (as a f u n c t i o n o f t ime) h a s n o t been i n c l u d e d i n F i g . 3 c , s i n c e t h i s 
i s g e n e r a l l y known a s t r a c k i n g and w i l l be d i s c u s s e d by B r o e k h u i z e n et al, (1980, 
t h i s volume) Macdona ld and Amlaner (1980, t h i s volume) and Mech (1980, t h i s v o l u m e ) . 
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P u m p H e a t i n g b l o c k 

mocouple 

F i g . 5 . S c h e m a t i c d iagram o f the b a s i c p r i n c i p l e o f VO2 
measurement b r e a t h by b r e a t h , a c c o r d i n g t o the dynamic 
p r i n c i p l e . The f l o w i s measured i n a r e s p i r a t o r y 
tube from w h i c h a s m a l l f r a c t i o n o f the r e s p i r a t o r y 
gas i s c o n t i n u o u s l y sucked by a m i n i a t u r e pump t h r o u g h 
a h e a t i n g b l o c k , where the PO2 i s m e a s u r e d . The 
oxygen uptake i s c a l c u l a t e d a t the r e c e i v i n g s i d e from 
f l o w , PO2 and t e m p e r a t u r e (see t e x t ) . 

Te l emetry of EMG and a c c e l e r a t i o n was r e l a t i v e l y s i m p l e and were a c h i e v e d i n the c a s e 
o f EMG i n 1963 by B r a n n i c k and o f a c c e l e r a t i o n i n 1965 by F u i j e . F u i j e has t r a n s 
m i t t e d a c c e l e r a t i o n from an a i r c r a f t r a t h e r t h a n from the b i o l o g i c a l s u b j e c t i t s e l f , 
b u t the method was e s t a b l i s h e d and a p p l i e d i n many d i f f e r e n t f i e l d s , f i r s t d u r i n g 
c o m p e t i t i o n f o o t b a l l by Moon et al,, 1971 and l a t e r i n o t h e r s p o r t s such as r u n n i n g , 
s k i i n g and g y m n a s t i c s ( e . g . Unold et al,, 1974; V o r o s h k i n , 1974; H a b e r l and P r o k o p , 
1974 ) . EMG was used f o r g a i t a n a l y s i s (Baumann and Baumgar tner , 1974 ) , i n s k i i n g 
(Grimm et al,, 1976) and i n many o t h e r s i t u a t i o n s . 

The t e l e m e t r y o f d i s p l a c e m e n t , i n i t i a t e d by Rawson and H a r t l i n e , 1964 and o f v e l o c i t y 
(Kimmich, 1969) seemed r e l a t i v e l y s i m p l e . No s t a n d a r d t e c h n i q u e was u s e d b u t many — 
o f t e n v e r y o r i g i n a l — i d e a s were i n c o r p o r a t e d . H e r r o n and Ramsden mounted a s w i t c h 
i n t o t h e h e e l o f a s h o e , w h i c h m o n i t o r e d c o n t a c t between the f o o t and the g r o u n d . 
The ' rubberband g o n i o m e t r y ' o f Neukomm (1974) used 1 to 3 s t r e t c h e d r u b b e r bands 
t o c o n n e c t a s u b j e c t to t h e a x l e arm o f 1 t o 3 p o t e n t i o m e t e r s , such t h a t the a x l e 
arms were a lways p o i n t i n g towards t h e s u b j e c t . I n t h i s way 3 d i m e n s i o n a l p o s i t i o n s , 
d i s p l a c e m e n t s , e t c , c o u l d be c a l c u l a t e d from t h e r e s i s t a n c e ( s ) o f the p o t e n t i o m e t e r ( s ) , 
The c o n t i n u o u s r e c o r d i n g o f v e r t i c a l jaw movements by D i b d i n and G r i f f i t h s (1975) 
was a n o t h e r c h a l l e n g i n g s y s t e m . More s o p h i s t i c a t e d sys tems f o r 1-3 d i m e n s i o n a l d e t e c 
t i o n o f p o s i t i o n , movements , v e l o c i t i e s and a c c e l e r a t i o n s have b e e n d e s c r i b e d by 
L indho lm and Oeberg (1974) and by W o l t r i n g (1974, 1 9 7 5 ) . They i n c o r p o r a t e i n f r a red 
cameras and L E D ' s f i x e d to the s u b j e c t . O n - l i n e p r o c e s s i n g i s p o s s i b l e . 

Te l emetry o f b i o l o g i c a l f o r c e s i s e x t r e m e l y d i f f i c u l t and has so f a r o n l y b e e n accom
p l i s h e d i n s p e c i a l l a b o r a t o r y s i t u a t i o n s . There a r e two a p p r o a c h e s , namely the mea
surement o f p r e s s u r e , o f t e n l a c k i n g c o r r e l a t i o n to the c a u s a l f o r c e ( e . g . C a r l s o n 
et al,, 1974; C o u v i l l o n et al., 1976; B r e t z , 1978) o r the d e t e c t i o n o f f o r c e s on 
s e c o n d a r y equipment , e n e r v a t e d by the b i o l o g i c a l s y s t e m . A b e g i n n i n g was made d u r i n g 
rowing where f o r c e was measured on the f o o t p l a t e (Vos and Kimmich, 1971) or on the 
o a r b l a d e or p a d d l e ( I s h i k o , 1971; Vos et al., 1974; S c h n e i d e r et al., 1978) , f o l l o w e d 
by o t h e r a p p l i c a t i o n s i n s k i i n g where t h e f o r c e i s measured on the b o o t or s k i 
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F i g . 6 . Example o f t e l e m e t r y o f r e s p i r a t o r y p a r a m e t e r s , namely 
from top t o b o t t o m : PO2, f l o w , VO2 breath"''^, VO2 min~^, 
t i d a l volume and minute v o l u m e . 

( H u l l and M o t e , 1974; Grimm et a l . , 1974; K r e x a et a l , , 1974; H u l l , 1978) or measure
ments from p r o s t h e s i s (h ip j o i n t , C a r l s o n et a l . , 1976; Boreham et a l . , 1978 ) . 

Te lemetry of musc l e t e n s i o n was d e s c r i b e d by S a l m o n s , 1972 and by K a t o et al., 1978. 
A g e n e r a l method f o r t e l e m e t r y o f b i o m e c h a n i c a l f o r c e s i s s t i l l f a r from b e i n g 
r e a l i z e d . 

NEUROPHYSIOLOGICAL AND GASTRO-INTESTINAL PARAMETERS 
Some o f the i m p o r t a n t n e u r o p h y s i o l o g i c a l and g a s t r o - i n t e s t i n a l p a r a m e t e r s and t h e 
c o r r e s p o n d i n g o r i g i n a l a r t i c l e s on t h e i r t e l e m e t r i c a s se s sment are l i s t e d i n F i g . 3d 
and e . From a t e c h n i c a l p o i n t o f v i e w , d e s i g n and c o n s t r u c t i o n o f g a s t r o - i n t e s t i n a l 
t e l e m e t r y d e v i c e s ( r a d i o p i l l ) a r e s i m i l a r t o i m p l a n t a b l e equipment and the p h y s i o 
l o g i c a l p a r a m e t e r s measured are a l s o o f t e n i d e n t i c a l ( t e m p e r a t u r e , p r e s s u r e , pH, e t c . ) . 

EEG t e l e m e t r y i s used i n two d i f f e r e n t f i e l d s , namely i n p h a r m a c o l o g i c a l r e s e a r c h 
( o f t e n w i t h i m p l a n t e d , or s e m i - i m p l a n t e d d e v i c e s ) and i n l o n g term m o n i t o r i n g o f 
p s y c h i a t r i c p a t i e n t s ( e . g . S t a l b e r g , 1969; Dsmiond et a l . , 1976) . D a t a a c q u i s i t i o n 
and t r a n s m i s s i o n h a v e to be done c a r e f u l l y t o a v o i d a r t i f a c t s and n o i s e p i c k u p due 
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to the s m a l l a m p l i t u d e EEG s i g n a l ( y V ) , b u t t h e major problem l i e s i n the huge amount 
o f d a t a c o l l e c t e d , w h i c h c a l l s f o r e x t e n s i v e d a t a r e d u c t i o n : a v a s t f i e l d f o r f u r t h e r 
a c t i v i t i e s . 

L i g h t t e l e m e t r y s h a l l s t a n d as an example o f modern b i o t e l e m e t r y . I n the c l i n i c a l 
s p h e r e , b o t h b i o t e l e m e t r y and p a t i e n t m o n i t o r i n g s t i l l p l a y o n l y a l i m i t e d r o l e . 
W h i l e s i m p l e d a t a a c q u i s i t i o n sys tems w i t h one or two w i r e l i n k s a r e g e n e r a l l y used 
f o r s u p e r v i s i o n o f p o s t i n f a r c t i o n p a t i e n t s d u r i n g t h e i r f i r s t p h y s i c a l a c t i v i t i e s , 
i n c o r p o r a t i o n o f l a r g e r sys tems (Kimmich, 1974) w i t h s e v e r a l w i r e l e s s l i n k s , p o s s i b l y 
i n two d i r e c t i o n s has not been a c c o m p l i s h e d on a l a r g e s c a l e , f o r s e v e r a l r e a s o n s . 
The m a j o r problems are the a v a i l a b i l i t y o f s u f f i c i e n t r a d i o f r e q u e n c i e s w i t h adequate 
b a n d w i d t h s , the c o m p l e x i t y o f government r e g u l a t i o n s and , e x t r e m e l y i m p o r t a n t , the 
i n t e r f e r e n c e w i t h o t h e r u s e r s . A s o l u t i o n t o the b a n d w i d t h and f r e q u e n c y a l l o c a t i o n 
problem i s b e i n g sought by s e v e r a l s c i e n t i f i c o r g a n i z a t i o n s . However , even i f an 
adequate number o f VHF c h a n n e l s would be a l l o c a t e d i n t e r n a t i o n a l l y f o r c l i n i c a l w i r e 
l e s s p a t i e n t m o n i t o r i n g , t h e r e s t i l l remains a s e v e r e prob lem o f i n t e r f e r e n c e . We 
have t h e r e f o r e d e c i d e d t o i n v e s t i g a t e the p o s s i b i l i t i e s o f l i g h t t e l e m e t r y (Kimmich 
and K l i j n , 1979), wh ich t h e o r e t i c a l l y has none o f the problems m e n t i o n e d . 

I n f r a red l i g h t has the a d v a n t a g e o f not r e q u i r i n g g o v e r n m e n t a l l i c e n s i n g f o r o p e r a 
t i o n thus a l l o w i n g t r a n s m i s s i o n o f s i g n a l s w i t h l a r g e b a n d w i d t h s . L i g h t can be 
s h i e l d e d e a s i l y w h i c h r e s u l t s i n no i n t e r f e r e n c e be tween two s e p a r a t e sys tems on 
the same f r e q u e n c y l o c a t e d i n d i f f e r e n t rooms . The d i s a d v a n t a g e o f o p t i c a l t r a n s 
m i s s i o n i s the d i r e c t e d p r o p a g a t i o n o f the c a r r i e r s i g n a l , however r e f l e c t i o n i s 
such t h a t l i g h t t r a n s m i s s i o n i s q u i t e p o s s i b l e w i t h i n rooms. 

We used G a l l i u m A r s e n i d e i n f r a red e m i t t i n g d i o d e s as a t r a n s m i t t e r . S m a l l i n d i v i 
d u a l l e n s e s ensured a h e m i s p h e r i c a l r a d i a t i o n o f the i n f r a r e d s i g n a l , and a semi 
f i s h - e y e l e n s c r e a t e d s i m i l a r c h a r a c t e r i s t i c s a t the r e c e i v e r . S a t i s f a c t o r y p e r f o r 
mance, w i t h l i t t l e a t t e n u a t i o n , i s a c h i e v e d up to a p p r o x i m a t e l y 200 K H z . The most 
i m p o r t a n t t e s t measures l i g h t r a d i a t i o n as a f u n c t i o n o f the a n g l e be tween the o p t i 
c a l a x i s o f t h e t r a n s m i t t e r and t h e i n t e r c o n n e c t i n g l i n e t r a n s m i t t e r / r e c e i v e r ( F i g . 7), 
B e s i d e s d i r e c t t r a n s m i s s i o n , t h e r e i s a c o n s i d e r a b l e amount o f r e f l e c t i o n on the 
w a l l s . E x c e p t f o r g l a s s t h e r e f l e c t i o n m a t e r i a l h a s l i t t l e i n f l u e n c e on the t o t a l 
amount o f r e f l e c t i o n . The l a r g e amount o f r e f l e c t i o n r e n d e r s t h i s s y s t e m i d e a l f o r 
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F i g . 7. I n f r a red t e l e m e t r y : r e c e i v i n g s i g n a l s t r e n g t h (S ) as 
a f u n c t i o n o f the a n g l e ζ between t h e o p t i c a l a x i s o f 
the t r a n s m i t t e r and the i n t e r c o n n e c t i n g l i n e t r a n s 
m i t t e r / r e c e i v e r , measured i n two d i f f e r e n t rooms: 
room X = 2 . 7 x 4 . 5 m and room Y = 6 . 1 χ 6 . 5 m 
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w i r e l e s s t r a n s m i s s i o n o f b i o l o g i c a l d a t a . R e c e p t i o n i s p o s s i b l e i n d e p e n d e n t of the 
t r a n s m i s s i o n a n g l e , even w i t h an o b s t a c l e (man) between t r a n s m i t t e r and r e c e i v e r 
( F i g . 8 ) . 

4.0 [m] 

F i g . 8. I n f r a red s i g n a l s t r e n g t h w i t h an o b s t a c l e (man) 
between t r a n s m i t t e r and r e c e i v e r as f u n c t i o n o f the 
d i s t a n c e L ( t r a n s m i t t e r / o b s t a c l e ) . (1) and (2) are 
the c o r r e s p o n d i n g l e v e l s w i t h o u t o b s t a c l e and (3) i s 
the n o i s e l e v e l . F o r e x p l a n a t i o n o f D see F i g . 7 . 
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Abstract — The development of the t r a n s i s t o r , s l i g h t l y more 
t h a n 20 y e a r s a g o , has made the a b i l i t y to s u r g i c a l l y i m p l a n t 
e l e c t r o n i c d e v i c e s i n the body o f man and a n i m a l s a r e a l i t y , f o r 
b o t h p r o s t h e t i c and d i a g n o s t i c p u r p o s e s . The e l e c t r o n i c p a c e 
maker i s p r o b a b l y the most w i d e l y known s u c h d e v i c e . I t i s 
u s u a l l y preprogramed and not a t e l e m e t r y d e v i c e , a l t h o u g h some 
o f the e a r l i e r sys tems d i d p r o v i d e e x t e r n a l r a t e c o n t r o l , a form 
o f command t e l e m e t r y , t h r o u g h the i n t a c t s k i n . The s u r g i c a l 
i m p l a n t a t i o n o f e l e c t r o n i c d e v i c e s w i t h i n the body p r e s e n t s an 
e x c i t i n g new f r o n t i e r i n the advancement o f m e d i c a l s c i e n c e . 

A l t h o u g h r a d i o t e l e m e t r y i s commonly c o n c e i v e d o f as a sys tem 
f o r t e l e m e t r y or communicat ions o v e r v e r y g r e a t d i s t a n c e s , i t 
can a l s o have v e r y u s e f u l s h o r t r a n g e a p p l i c a t i o n s . S p e c i f i 
c a l l y an i m p l a n t s y s t e m i s j u s t as remote and i n a c c e s s i b l e a f t e r 
s u r g e r y as a s p a c e s a t e l l i t e i s and i d e a l l y r e q u i r e s d a t a com
m u n i c a t i o n s (down l i n k ) and command t e l e m e t r y (up l i n k ) as i n a 
s a t e l l i t e s y s t e m . W i r e l e s s t e l e m e t r y t h r o u g h t h e i n t a c t s k i n 
p r o v i d e s b o t h a d a t a and coiranand l i n k f o r such p r o s t h e s i s as 
nerve s t i m u l a t o r s , b l a d d e r c o n t r o l , p a i n s u p p r e s s i o n , a r t i f i c i a l 
v i s i o n , a r t i f i c i a l h e a r i n g , a r t i f i c i a l p a n c r e a s , t o name o n l y a 
few t h a t a r e c u r r e n t l y i n v a r i o u s s t a g e s o f d e v e l o p m e n t . D i a g 
n o s t i c sys tems have r e c e i v e d l e s s a t t e n t i o n but c o u l d be e x t r e m e l y 
u s e f u l i n d e t e r m i n i n g the e f f i c a c y o f a p a r t i c u l a r drug t r e a t m e n t . 
T e l e m e t r y f o r g a t h e r i n g p h y s i o l o g i c a l d a t a from s m a l l u n r e 
s t r a i n e d a n i m a l s i s now w i d e l y u s e d . When a l o n g range i s 
r e q u i r e d , as m i g h t be t h e c a s e i n w i l d a n i m a l s i n the n a t u r a l 
h a b i t a t , the s h o r t r a n g e t e l e m e t r y can be combined a d v a n t a g e o u s l y 
w i t h an e x t e r n a l r e l a y sys tem to a c h i e v e v i r t u a l l y an u n l i m i t e d 
o p e r a t i n g d i s t a n c e . 

INTRODUCTION 
The advent o f t h e t r a n s i s t o r j u s t o v e r 20 y e a r s a g o , made the d e s i g n and development 
o f m i c r o m i n i a t u r e b a t t e r y o p e r a t e d t e l e m e t r y sys tems a r e a l i t y . The u s e f u l n e s s o f 
t e l e m e t r y f o r p h y s i o l o g i c a l m o n i t o r i n g , f r e e o f the r e s t r a i n t o f w i r e s and c a b l e s , 
was r e c o g n i z e d by v a r i o u s i n v e s t i g a t o r s , Mackay (1970) b e i n g one o f the f o r e m o s t . 
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I n the e n s u i n g y e a r s a wide v a r i e t y o f t e l e m e t r y sys tems have been d e v e l o p e d and 
r e p o r t e d . The spec trum o f b i o m e d i c a l t e l e m e t r y sys tems c o v e r s a wide gamut from 
m i c r o m i n i a t u r e sys tems w i t h an o p e r a t i n g r a n g e o f l e s s t h a n one f o o t to l a r g e r 
sys tems t h a t are u s u a l l y worn or s t r a p p e d t o man or a n i m a l s and have a c a p a b i l i t y 
of t r a n s m i t t i n g hundreds o f m i l e s or more . The purpose o f t h i s rev iew i s t o e x p l o r e 
the a d v a n t a g e s o f the s h o r t r a n g e t e l e m e t r y and d e s c r i b e some o f the sy s t ems t h a t 
are c u r r e n t l y b e i n g d e v e l o p e d . 

The d e f i n i t i o n o f s h o r t range and l o n g range i s r e l a t i v e and c o u l d be c o n f u s i n g s i n c e 
sys tems w i t h o p e r a t i n g d i s t a n c e s o f l e s s than one f o o t to thousands of m i l e s a r e i n 
u s e . F o r the purposes o f t h i s r e v i e w , sys tems t h a t o p e r a t e anywhere from 50 f e e t 
t o many m i l e s w i l l be c o n s i d e r e d l o n g r a n g e . The p r i m a r y r e a s o n f o r t h i s d e f i n i t i o n 
i s t h a t a lmos t a l l o f t h e s e sys t ems o p e r a t e w i t h r a d i o t r a n s m i t t e r s t h a t a r e l i c e n s e d 
or c o n t r o l l e d by government r e g u l a t i o n s w h i c h a l s o v a r y from c o u n t r y t o c o u n t r y . 
C o n s e q u e n t l y the t r a n s m i t t e r power, f r e q u e n c y c o n t r o l , and b a n d w i d t h , p r i n c i p a l f a c 
t o r s a f f e c t i n g the o p e r a t i n g d i s t a n c e , a r e a l l t i g h t l y r e g u l a t e d v a r i a b l e s beyond 
the c o n t r o l o f the d e s i g n e r and p l a c i n g v e r y s e v e r e c o n s t r a i n t s on the d e s i g n . A l s o , 
i n most c o u n t r i e s b i o m e d i c a l a p p l i c a t i o n s seem to r e c e i v e a low p r i o r i t y i n the a l l o 
c a t i o n of the a v a i l a b l e RF s p e c t r u m . T r a n s c u t a n e o u s s h o r t range sys tems i n c o n t r a s t 
are u s u a l l y o u t s i d e such r e g u l a t i o n s g i v i n g the d e s i g n e r more f l e x i b i l i t y and g r e a t e r 
o p p o r t u n i t y to a c h i e v e an optimum d e s i g n l i m i t e d o n l y by the c u r r e n t s t a t e o f the 
a r t . The h i g h e r powered t r a n s m i t t e r a l s o i s u s u a l l y o f s t a n d a r d d e s i g n f o r use i n 
many a p p l i c a t i o n s t h e r e b y not r e q u i r i n g e x t e n s i v e s p e c i a l i z e d d i s c u s s i o n f o r b i o m e d i 
c a l u s a g e . 

I n v e s t i g a t o r s new t o the f i e l d of b i o m e d i c a l t e l e m e t r y m i g h t q u e s t i o n the need f o r 
t e l e m e t r y where the o p e r a t i n g r a n g e i s o n l y a few f e e t . Two m a j o r a p p l i c a t i o n s e x i s t . 
One i s the t o t a l l y i m p l a n t e d sys tem t h a t can be used on man and a n i m a l s and e l i m i n a t e s 
any t r a n s c u t a n e o u s w i r e s w i t h consequent h e a l i n g and i n f e c t i o n p r o b l e m s . A t r a n s m i s 
s i o n d i s t a n c e o f a f r a c t i o n o f an i n c h , j u s t s u f f i c i e n t to go through the i n t a c t s k i n , 
t o a f o o t or so i s a l l t h a t i s needed f o r s u c h a p p l i c a t i o n s . The o t h e r s i t u a t i o n i s 
the s m a l l caged a n i m a l , such as a r a t , where an o p e r a t i n g r a n g e of a few f e e t i s more 
than a d e q u a t e . E i t h e r s u r g i c a l l y i m p l a n t e d sys tems or e x t e r n a l l y mounted ones can 
be used w i t h s m a l l caged a n i m a l s . An i m p l a n t e d s y s t e m , a f t e r the i n i t i a l s u r g e r y , 
i s j u s t as remote as an o r b i t i n g s a t e l l i t e , b a r r i n g a d d i t i o n a l u n d e s i r a b l e s u r g i c a l 
t rauma. They share t h e same needs f o r d a t a communicat ions and command c o n t r o l and 
d i f f e r o n l y i n the power and t3φe o f t r a n s m i t t e r used i n the RF c a r r i e r to span t h e 
d i f f e r e n c e s i n o p e r a t i n g d i s t a n c e . 

T o t a l i m p l a n t sys tems have some v e r y un ique d e s i g n r e q u i r e m e n t s t h a t c a n n o t be s o l v e d 
w i t h s t a n d a r d t e l e m e t r y e n g i n e e r i n g as i s the c a s e w i t h t r a n s m i t t e r s used i n l o n g 
range s y s t e m s . P a r t i c u l a r l y i n t h e c a s e o f an i m p l a n t d e s i g n t h e r e a r e many i n t e r 
f a c e , i n t e r d i s c i p l i n a r y p h y s i o l o g i c a l , and e n g i n e e r i n g d e s i g n p r o b l e m s . F o r example , 
body f l u i d s seem t o have an uncanny way o f w o r k i n g i n t o a l m o s t any d e v i c e u n l e s s a 
t r u e h e r m e t i c s e a l i s u s e d . Because o f t h e s u r g i c a l trauma i n v o l v e d i n p l a c i n g a 
d e v i c e i n the body , a d e s i g n f o r l o n g o p e r a t i n g l i f e i s e s s e n t i a l t o make the sys tem 
r e a s o n a b l y u s e f u l . T h i s i n t u r n means t h e c i r c u i t s must be d e s i g n e d to o p e r a t e a t 
v e r y low power, p r e f e r a b l y i n m i c r o w a t t s , s i n c e the s e l f - c o n t a i n e d b a t t e r y u s u a l l y 
i n c o r p o r a t e d i n t o t h e sys tem must be s m a l l i n s i z e . B e s i d e s the problems o f power 
consumption and h e r m e t i c s e a l i n g , t h e r e are the a d d i t i o n a l m e c h a n i c a l problems o f l e a d 
b r e a k a g e and t i s s u e c o m p a t i b i l i t y . A v e r y i m p o r t a n t a s p e c t o f an i m p l a n t s y s t e m i s 
t h a t once s u r g i c a l l y i m p l a n t e d the u n i t i s c o m p l e t e l y i n a c c e s s i b l e f o r any knob 
a d j u s t m e n t s or s i m i l a r a l t e r a t i o n s . A l l t h e s e c o n s i d e r a t i o n s t h e n make t h e d e s i g n o f 
t o t a l i m p l a n t sys tems q u i t e u n i q u e and worthy o f the s p e c i a l d i s c u s s i o n t h a t w i l l be 
a t t e m p t e d i n t h i s r e v i e w a r t i c l e . 

CARRIER FREQUENCY 
The p r i m a r y f a c t o r s a f f e c t i n g the range o f a t e l e m e t r y sys tem a r e the t r a n s m i t t e r 
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power, f r e q u e n c y , b a n d w i d t h , and a n t e n n a g a i n . E l e c t r o m a g n e t i c e n e r g y i s p r o p a g a t e d 
by two means , one i s i n d u c t i o n and t h e o t h e r RF r a d i a t i o n . The f i e l d s t r e n g t h of 
i n d u c t i v e c o u p l i n g d i m i n i s h e s as the cube o f the d i s t a n c e so the o p e r a t i n g range i s 
v e r y l i m i t e d , w h i l e RF r a d i a t i o n i s i n v e r s e l y p r o p o r t i o n a l t o the d i s t a n c e ( f i r s t 
p o w e r ) . C o n s e q u e n t l y , i n d u c t i v e c o u p l i n g i s e f f e c t i v e o n l y f o r v e r y s h o r t range 
a p p l i c a t i o n s o f a few f e e t , w h i l e RF r a d i a t i o n i s e s s e n t i a l f o r d i s t a n c e s g r e a t e r 
than 5 to 10 f e e t . To a c h i e v e RF r a d i a t i o n i t i s n e c e s s a r y to h a v e an a n t e n n a com
p a r a b l e to J λ o f the c a r r i e r f r e q u e n c y . F o r man and l a r g e r a n i m a l s i t i s p o s s i b l e 
o t u t i l i z e antennas e x t r a c o r p o r e a l l y i n the 100-200 MHz r e g i o n w i t h e f f e c t i v e r a d i a 
t i o n , s i n c e \ λ e q u a l s 15-30 i n c h e s . But f o r an i m p l a n t s u c h a l e n g t h i s not u s u a l l y 
f e a s i b l e . As the an tenna l e n g t h i s s i g n i f i c a n t l y reduced t h e e f f e c t i v e r a d i a t e d RF 
power drops r a p i d l y . F o r an i m p l a n t the e f f e c t i v e a n t e n n a l e n g t h i s a l s o a f f e c t e d 
by b e i n g p l a c e d w i t h i n c o n d u c t i v e t i s s u e as w e l l a s e n e r g y l o s s e s i n the t i s s u e . 
When t h e s e f a c t o r s a r e c o n s i d e r e d a l o n g w i t h the need t o o p e r a t e the sys t em from a 
s e l f c o n t a i n e d b a t t e r y a t v e r y low power, i t can be s e e n t h a t l o n g range i m p l a n t 
sys tems are not v e r y p r a c t i c a l . The problems are f u r t h e r compounded by government 
r e g u l a t i o n s t h a t would l i m i t the d e s i g n e r ' s c h o i c e o f f r e q u e n c y and b a n d w i d t h . I f 
c o n s i d e r a b l e r a n g e i s n e c e s s a r y t h e n t h e l o g i c a l c h o i c e i s an e x t r a c o r p o r e a l s y s t e m . 
The f r e q u e n c y c h o i c e i s then not so r e s t r i c t i v e ; l a r g e r b a t t e r i e s t h a t can be changed 
p e r i o d i c a l l y and more or l e s s s t a n d a r d a u t h o r i z e d t y p e s o f t r a n s m i t t e r can be u s e d . 
When r e q u i r e d , e x t e r n a l sys tems can a l s o be u t i l i z e d i n c o n j u n c t i o n w i t h i m p l a n t 
sys tems to r e l a y t h e s h o r t range i m p l a n t s i g n a l o v e r a g r e a t e r d i s t a n c e . E a c h l i n k 
can t h e n o p e r a t e i n i t s most optimum mode. 

For s h o r t range s y s t e m s , where i n d u c t i v e c o u p l i n g i s e f f e c t i v e , a lower c a r r i e r 
f r e q u e n c y t y p i c a l l y i n the 1-10 MHz r a n g e , can be u s e d . T h i s has a number o f a d v a n 
t a g e s . F i r s t a s i m p l e e a s i l y f a b r i c a t e d , low power , s i n g l e t r a n s i s t o r o s c i l l a t o r 
can be used i n the t r a n s m i t t e r . A l t h o u g h s i m p l e s i n g l e t r a n s i s t o r o s c i l l a t o r s 
i n the h i g h e r f r e q u e n c i e s , 50-200 MHz, a r e a l s o common, they u s u a l l y r e q u i r e more 
power, a r e m a r g i n a l w i t h o u t c r y s t a l f r e q u e n c y c o n t r o l , and o f t e n do not meet r e g u 
l a t o r y r e q u i r e m e n t s . The s e c o n d a d v a n t a g e o f the lower f r e q u e n c i e s i s t h a t a s i m p l e 
LC o s c i l l a t o r w i l l u s u a l l y have more t h a n a d e q u a t e f r e q u e n c y s t a b i l i t y a t low f r e 
quency w i t h o u t t h e need f o r c r y s t a l c o n t r o l . A l l t h e s e a s s u m p t i o n s are b a s e d on the 
premise t h a t i n d u c t i v e c o u p l e d sys tems a r e i n the same c l a s s as o t h e r s t a n d a r d e l e c 
t r o n i c - e l e c t r i c a l equipment w h i c h n o r m a l l y do n o t r e q u i r e government t e l e c o m m u n i c a 
t i o n s a p p r o v a l . T h i r d l y when u s i n g i n d u c t i v e c o u p l i n g the lower f r e q u e n c i e s a r e 
e q u a l l y a s e f f e c t i v e as t h e h i g h e r ones and r e q u i r e l e s s c o m p l i c a t e d r e c e i v e r s . The 
s m a l l e s t p o s s i b l e r a d i a t i n g c o i l or an tenna t h a t i s f e a s i b l e i s e s s e n t i a l i n s m a l l 
an ima l s as w e l l as b e i n g d e s i r a b l e i n man and l a r g e r a n i m a l s . The use of a s m a l l 
c o i l i n c o n j u n c t i o n w i t h f r e q u e n c i e s o f 10 MHz or l e s s e n s u r e s t h a t t h e r e i s l i t t l e 
or no RF r a d i a t i o n and consequent r e g u l a t o r y c o n t r o l . S m a l l c o i l s o f ¿ t o | i n 
d iameter have been used by F r y e r , Deboo and Winget (1966) and Mackay (1970) f o r 
t r a n s m i t t e r s i n the 100 MHz r e g i o n and even though t h i s s i z e i s a v e r y i n e f f i c i e n t 
RF antenna a t 100 MHz i t can p r o v i d e o p e r a t i n g r a n g e s up t o 50 f e e t w i t h a m i l l i w a t t 
t r a n s m i t t e r . D e v i c e s of t h i s n a t u r e f a l l i n t o t h e g r a y a r e a o f government r e g u l a t i o n 
w h i l e the same s i z e c o i l o p e r a t i n g a t 10 MHz w i l l have e s s e n t i a l l y no RF r a d i a t i o n 
and not be r e g u l a t e d . An o p e r a t i n g d i s t a n c e o f one to f i v e f e e t i s p o s s i b l e a t 
10 MHz w i t h a v e r y low powered o s c i l l a t o r . 

An a d d i t i o n a l a d v a n t a g e o f i n d u c t i v e c o u p l i n g i s t h a t b e c a u s e o f the cube law r e d u c 
t i o n i n f i e l d s t r e n g t h , many sys t ems can be o p e r a t e d i n c l o s e p r o x i m i t y to each 
o t h e r . I n c o n t r a s t , r a d i o t r a n s m i t t e r s b e c a u s e o f t h e i r p o t e n t i a l l y g r e a t o p e r a t i n g 
r a n g e , must be government r e g u l a t e d t o make the r a d i o s p e c t r u m u s e f u l . A RF t r a n s 
m i t t e r w i t h a s h o r t t i g h t l y p r e s c r i b e d o p e r a t i n g r a n g e i s a c o n c e p t t h a t i s b e i n g 
employed i n some c a s e s t o u t i l i z e more c o m p l e t e l y and e f f e c t i v e l y the l i m i t e d RF 
s p e c t r u m . 

Once i t i s de termined t h a t a s y s t e m does not f a l l under the r u l e s g o v e r n i n g r a d i o 
t r a n s m i s s i o n t h e d e s i g n i s l i m i t e d o n l y by t h e c u r r e n t s t a t e o f t h e a r t . The s e l e c 
t i o n o f t r a n s m i t t e r power, f r e q u e n c y , and b a n d w i d t h can be made on the b a s i s o f 
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optimum p e r f o r m a n c e . Any of the s t a n d a r d c a r r i e r m o d u l a t i o n schemes such as FM, 
AM, p u l s e w i d t h (PWM) and p u l s e i n t e r v a l (PIM) m o d u l a t i o n , e t c . , can be used i n c o n 
j u n c t i o n w i t h normal d a t a h a n d l i n g t e c h n i q u e s of m u l t i p l e x i n g and e n c o d i n g . 

ELECTRONIC SIGNAL CONDITIONING 
A s h o r t range or l o n g range s y s t e m c a n u t i l i z e the same e l e c t r o n i c s i g n a l c o n d i t i o n 
i n g t e c h n i q u e s b u t w i t h the d i f f e r e n c e t h a t i n a s h o r t range sys t em the d e s i g n e r s 
l a t i t u t e o f c h o i c e i s u n l i m i t e d , w h i l e s t a n d a r d RF t r a n s m i s s i o n i s government r e s 
t r i c t e d . There are many a p p l i c a t i o n s where v e r y s h o r t r a n g e i s more than adequate 
and when n o t , i t can o f t e n be a d v a n t a g e o u s l y combined w i t h e x t e r n a l tape r e c o r d e r s , 
s o l i d s t a t e memories , or more p o w e r f u l e x t r a c o r p o r e a l RF t r a n s m i t t e r s . A combina
t i o n sys t em a l s o a l l o w s the use o f more complex d a t a c o n d i t i o n i n g e x t r a c o r p o r e a l l y 
s u c h as m i c r o p r o c e s s o r s to d i g e s t d a t a and r e d u c e the d a t a b a n d w i d t h . T h i s then 
makes i t e a s i e r to use RF t r a n s m i t t e r s t h a t f i t w i t h i n government r e g u l a t i o n s . 
Reduced bandwidth as a r e s u l t o f p r e l i m i n a r y d a t a r e d u c t i o n i s a l s o a d v a n t a g e o u s f o r 
maximum u t i l i z a t i o n o f tape r e c o r d e r s and s o l i d s t a t e memor ie s . 

The i n a c c e s s i b i l i t y o f an i m p l a n t sys t em f o r r e p a i r , knob a d j u s t m e n t , and c i r c u i t 
m o d i f i c a t i o n a s w e l l as t h e r e q u i r e m e n t s f o r low power makes i t d e s i r a b l e to m i n i 
mize the c o m p l e x i t y o f the i m p l a n t . As much as p o s s i b l e o f an o v e r a l l s y s t e m s h o u l d 
be l o c a t e d e x t e r n a l l y . I n t e g r a t e d c i r c u i t s , m i c r o p r o c e s s o r s , and the l i k e can be 
u t i l i z e d most e f f e c t i v e l y i n the e x t r a c o r p o r e a l l o c a t i o n where they are a c c e s s i b l e 
f o r r e p a i r , c i r c u i t a d j u s t m e n t , and program i ng c h a n g e s . S h o r t range sys tems p r o v i d e 
a r e l a t i v e l y h i g h s i g n a l t o n o i s e r a t i o , w h i c h c o u p l e d w i t h an u n r e s t r i c t e d bandwidth 
and f r e q u e n c y c h o i c e , a l l o w s t h e easy t r a n s f e r o f wide bandwidth u n p r o c e s s e d d a t a . 
The i m p l a n t segment of a t o t a l sys tem then i d e a l l y c o n s i s t s o f the t r a n s d u c e r s 
whether they be c h e m i c a l s e n s o r s , p r e s s u r e c e l l s , e l e c t r o d e s or the l i k e to i n t e r f a c e 
w i t h the p h y s i o l o g i c a l sys tem and the n e c e s s a r y c o d i n g to p r o v i d e a c c u r a t e d a t a t r a n s 
f e r . C o d i n g w i t h PWM, PCM, P I M , and FM m o d u l a t i o n o f a s u b c a r r i e r as w e l l as m u l t i 
p l e x i n g i s n o r m a l l y u t i l i z e d i n the same manner as w i t h l o n g range t e l e m e t r y t r a n s 
m i s s i o n . Once the d a t a i s t r a n s f e r r e d t o t h e e x t r a c o r p o r e a l r e c e i v e r - d e m o d u l a t o r 
the s i g n a l can be o b s e r v e d , r e c o r d e d , f u r t h e r p r o c e s s e d , or r e t r a n s m i t t e d as r e q u i r e d . 
S i g n a l s can a l s o be t r a n s m i t t e d to the i m p l a n t f o r command and c o n t r o l p u r p o s e s . 
The o v e r a l l sy s t em i s then a h i g h l y v e r s a t i l e two way d a t a l i n k s i m i l a r i n many ways 
to the up and down l i n k i n s a t e l l i t e t e l e m e t r y s y s t e m s . 

F i g u r e 1 shows a m u l t i c h a n n e l t e l e m e t r y s y s t e m ( F r y e r et al,, 1975) t h a t has been 
used i n l a r g e r a n i m a l s such as chimpanzees and d o g s , and i l l u s t r a t e s many o f the 
a s p e c t s o f i m p l a n t t e l e m e t r y sys t ems t h a t have been d i s c u s s e d so f a r . The sys tem 
p r o v i d e s f o r two p r e s s u r e measurements , one e l e c t r o m a g n e t i c f l o w and an EKG f o r use 
i n c a r d i a v a s c u l a r r e s e a r c h . The h e a v y power r e q u i r e m e n t s o f the e l e c t r o m a g n e t i c 
f l ow meter i s a major f a c t o r i n the s i z e o f t h i s u n i t . Two 500 ΜΑΗ r e c h a r g e a b l e 
NICAD b a t t e r i e s are i n c l u d e d i n t h e i m p l a n t t o o p e r a t e the f l o w m e t e r . I f an u l t r a 
s o n i c f l o w m e t e r had been s e l e c t e d , a s i g n i f i c a n t r e d u c t i o n i n power would have been 
p o s s i b l e , b u t the e l e c t r o m a g n e t i c f l o w m e t e r was s e l e c t e d i n t h i s c a s e b e c a u s e o f i t s 
demonstrated a c c u r a c y f o r b l o o d f l o w measurements , p a r t i c u l a r l y i n the c a s e o f the 
a s c e n d i n g a o r t a . The r e c h a r g e a b l e b a t t e r i e s a l l o w the s y s t e m to o p e r a t e c o n t i n u o u s l y 
f o r up to two h o u r s . R e c h a r g i n g i s done through a c l o s e c o u p l e d i n d u c t i o n loop 
o p e r a t i n g i n the 250 KHz r e g i o n . A l t h o u g h i t i s n o r m a l l y d e s i r a b l e t o m i n i m i z e the 
power consumpt ion o f the i m p l a n t t h i s example i l l u s t r a t e s t h a t s i g n i f i c a n t amounts 
o f power, up t o a few w a t t s or more , can be t r a n s f e r r e d by a c l o s e c o u p l e d t r a n s 
c u t a n e o u s i n d u c t i o n s y s t e m when r e q u i r e d . The c h o i c e o f f l ow t r a n s d u c e r i n t h i s 
c a s e d i c t a t e d the heavy power r e q u i r e m e n t s . C o n s i d e r a b l e s i g n a l c o n d i t i o n i n g , 
i n c l u d i n g a m p l i f i c a t i o n , d a t a e n c o d i n g , and m u l t i p l e x i n g can be a c c o m p l i s h e d a t v e r y 
low m i l l i w a t t power l e v e l s and the o v e r a l l power needs are u s u a l l y de termined by 
the power r e q u i r e m e n t s o f t h e t r a n s d u c e r s t h a t are a v a i l a b l e or s p e c i f i c a l l y s e l e c t e d 
f o r v a r i o u s r e a s o n s . 
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F i g . 1. M u l t i c h a n n e l t e l e m e t r y sys t em f o r f l o w , p r e s s u r e and 
EKG measurements . 

The e l e c t r o m a g n e t i c f lowmeter u s e s a 400 Hz wave c a r r i e r and t h i s s i g n a l i s demodu
l a t e d i n t e r n a l l y to an a n a l o g s i g n a l p r o p o r t i o n a l t o f l o w . The s i g n a l i s t ime m u l t i 
p l e x e d , a l o n g w i t h the o t h e r p r e s s u r e and EKG s i g n a l s , i n t o a s i n g l e c h a n n e l t h a t i s 
then PWM encoded f o r t r a n s m i s s i o n . Both a 10 MHz c a r r i e r s u i t a b l e o n l y f o r t r a n s 
cutaneous use and a h i g h e r f r e q u e n c y 100 MHz t r a n s m i t t e r s u i t a b l e f o r modest r a n g e 
up to 50 f e e t have been i n c o r p o r a t e d i n t o t h e s y s t e m . R e g u l a t i o n s g o v e r n i n g the 
use o f short range RF t r a n s m i t t e r s i n t h e 100-200 MHz r e g i o n v a r y w i d e l y from c o u n t r y 
t o c o u n t r y . T h i s sy s t em b e s i d e s p r o v i d i n g f o r r e - e n e r g i z i n g the b a t t e r y and t r a n s 
m i s s i o n o f p h y s i o l o g i c a l d a t a a l s o has an e l a b o r a t e c o n t r o l scheme. By momentary 
i n t e r r u p t i o n o f t h e 250 KHz e n e r g i z i n g power an e l e c t r o n i c s t e p p i n g s w i t c h i s a d v a n c e d . 
Four s w i t c h p o s i t i o n s are p r o v i d e d f o r d i f f e r e n t f l owmeter o p e r a t i o n modes . S p e c i 
f i c a l l y a f l o w O n ' and ' o f f mode i s p r o v i d e d as w e l l a s a ' c a l i b r a t i o n ' and ' z e r o ' 
c o n d i t i o n . The f l o w ' o f f mode a l l o w s t h e o p e r a t i o n o f the s y s t e m w i t h p r e s s u r e and 
EKG d a t a f o r over 24 hours w i t h o u t b a t t e r y r e c h a r g i n g . A command s y s t e m , mounted i n 
a v e s t on a dog , has been used s u c c e s s f u l l y to o b t a i n one m i n u t e o f d a t a e v e r y hour 
i n c l u d i n g a d v a n c i n g the f lowmeter t h r o u g h i t s z e r o and c a l i b r a t i o n modes . Such an 
o p e r a t i o n a l l o w s f o r many days o f use w i t h o u t r e c h a r g i n g . A s i m i l a r v e s t mounted 
e x t r a c o r p o r e a l p a c k a g e can be used t o c h a r g e t h e b a t t e r y when r e q u i r e d . The use o f 
the command c o n t r o l s y s t e m to a c t i v a t e i n t e r n a l s w i t c h e s f o r the f l owmeter o p e r a t i o n 
i s i l l u s t r a t i v e and the s w i t c h i n g c i r c u i t s can be used f o r any g e n e r a l i z e d a p p l i c a 
t i o n t h a t may be r e q u i r e d . T h i s example shows the h i g h d e g r e e o f f l e x i b i l i t y p o s s i b l e 
w i t h s h o r t range t r a n s c u t a n e o u s t e l e m e t r y s y s t e m s . F i g u r e 2 i l l u s t r a t e s a s i m i l a r 
b u t s m a l l e r s y s t e m . The f lowmeter has b e e n d e l e t e d a s w e l l as the r e c h a r a g e a b l e 
b a t t e r i e s i n o r d e r to a l l o w t h e u s e o f t h e s y s t e m i n s m a l l r h e s u s monkeys . Two p r e s 
s u r e s , EKG, and temperature can be m o n i t o r e d w i t h t h i s s y s t e m and i t u t i l i z e s a s i m i l a r 
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F i g . 2 . B a t t e r y l e s s m u l t i c h a n n e l t e l e m e t r y sys t em f o r p r e s s u r e 
and EKG measurements . 

t ime m u l t i p l e x e d PWM encoded d a t a t r a n s m i s s i o n . E l i m i n a t i o n o f t h e r e c h a r g e a b l e 
b a t t e r i e s means t h a t t h e s y s t e m i s o n l y a c t i v a t e d when an e x t e r n a l c o i l mounted i n 
a v e s t i s e n e r g i z e d . No command c o n t r o l h a s been p r o v i d e d i n t h i s s y s t e m e x c e p t 
f o r t h e c e s s a t i o n o f o p e r a t i o n when t h e e x t e r n a l c o i l i s removed o r d e - e n e r g i z e d . A 
c o n t r o l s y s t e m s i m i l a r t o t h a t o f F i g . 1 c o u l d be i n c o r p o r a t e d i f d e s i r e d . By e l i 
m i n a t i n g the b a t t e r i e s and u s i n g h y b r i d c i r c u i t c o n s t r u c t i o n a s i g n i f i c a n t l y s m a l l e r 
u n i t was p o s s i b l e . The c a r r i e r f r e q u e n c y f o r the d a t a i n t h i s example i s i n the 
100 MHz r e g i o n . 

R e c e n t l y a t r a n s m i t t e r o p e r a t i n g a t 8 .5 MHz was d e s i g n e d f o r use i n r a t s ( F r y e r , 
Lund and W i l l i a m s , 1 9 7 8 ) . S i n c e t h e s e a n i m a l s are housed i n v e r y s m a l l c a g e s , n o r 
m a l l y o n l y a f r a c t i o n o f a c u b i c f o o t , no d i f f i c u l t y i s observed i n o b t a i n i n g s t r o n g 
s i g n a l s . The o v e r a l l sy s t em i s shown p i c t o r i a l l y i n F i g . 3 . The t r a n s m i t t i n g c o i l 
b e c a u s e o f the s i z e o f the an imal must be made as s m a l l as p o s s i b l e . E i t h e r a | i n 
d i a m e t e r a i r core c o i l or a i i n d i a m e t e r x | i n l o n g f e r r i t e core h a s been used i n 
the t r a n s m i t t e r . The f r e q u e n c y and c o i l d i m e n s i o n s p r o v i d e e s s e n t i a l l y o n l y i n d u c 
t i v e r a d i a t i o n . S i n c e t h e r a d i a t i o n f i e l d i s p o l a r i z e d v a r i o u s o r i e n t a t i o n s o f t h e 
a n i m a l w i l l g i v e a n u l l or z e r o o u t p u t to the r e c e i v e r . To overcome t h i s a two 
r e c e i v e r d i v e r s i t y arrangement i s u s e d , b u t s i n c e a t t h i s f r e q u e n c y a v e r y s i m p l e 
r e c e i v e r i s p o s s i b l e , t h e use o f two r e c e i v e r s i s q u i t e s i m p l e compared to t h e needs 
a t h i g h e r f r e q u e n c i e s . The r e c e i v e r , b e c a u s e o f t h e f r e q u e n c y s e l e c t e d , can be 
f a b r i c a t e d e s s e n t i a l l y from a s i n g l e I C d e v i c e and a d u a l u n i t i s v e r y s i m p l e . A 
s u p e r h e t d e s i g n i s n o t used or needed i n t h i s c a s e . A p u l s e i n t e r v a l t y p e o f d a t a 
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F i g . 3. An i n d u c t i v e powered t e l e m e t r y s y s t e m f o r u s e w i t h 
s m a l l c a g e d a n i m a l s s u c h a s r a t s . 

t r a n s m i s s i o n i s used and an a v e r a g e power consumpt ion o f 100 yW works s a t i s f a c t o r i l y . 
The i m p l a n t i s d e s i g n e d t o measure t e m p e r a t u r e and EKG b u t a c t i v i t y can a l s o be 
d e r i v e d i n d i r e c t l y by m e a s u r i n g the v a r i a t i o n s i n f i e l d s t r e n g t h . 

The c i r c u i t i s d e s i g n e d t o o p e r a t e from a 3 V b a t t e r y (1 l i t h i u m or 2 s i l v e r o x i d e ) 
or by i n d u c t i v e l y induced power. The low power consumpt ion o f 100 yW and t h e s m a l l 
cage s i z e , 25 cm d i a m e t e r , made i t p o s s i b l e t o s u r r o u n d the c a g e w i t h a c o i l e n e r g i z e d 
a t 250 Khz and use a p i c k - u p c o i l wound on the | i n d i a m e t e r χ | i n f e r r i t e t r a n s 
m i t t e r c o r e as t h e energy s o u r c e . A l t h o u g h t h e e f f i c i e n c y i s low, a few w a t t s o f 
o s c i l l a t o r power a t 250 KHz was s u f f i c i e n t t o p r o v i d e a 0.12 g a u s s f i e l d a t the c a g e 
c e n t e r , more t h a n adequate t o p r o v i d e t h e needed 100 yW o f power . The p l a n e o f t h e 
p i c k - u p c o i l and the e n e r g i z i n g c o i l a r e h o r i z o n t a l so as t h e a n i m a l t u r n s around 
t h e r e i s no c h a n g e . I f t h e a n i m a l s t a n d s t h e n t h e c o i l i s i n c l i n e d b u t t h e r e i s 
s u f f i c i e n t o v e r power ing i n t h e f a v o r a b l e mode t h a t the sys tem w i l l s t i l l o p e r a t e 
w i t h a 70-80 i n c l i n a t i o n , c o n s e q u e n t l y the l o s s o f s i g n a l t ime i s l o w . M o s t i n d u c 
t i v e power ing sys tems are d e s i g n e d f o r use where the e n e r g i z i n g c o i l i s f i x e d to t h e 
s k i n o f the a n i m a l ( F i g s . 1 and 2) or human. T h i s i s a n o v e l example where t h e 
an imal i s c o m p l e t e l y f r e e and u n r e s t r a i n e d w i t h i n the c a g e , and a b a t t e r y l e s s t e l e 
metry s y s t e m i s t h e n a b l e to t r a n s m i t v a r i o u s p h y s i o l o g i c a l d a t a . R a t s are used i n 
l a r g e q u a n t i t i e s f o r l a b o r a t o r y drug s t u d i e s and by e l i m i n a t i n g t h e need t o r e p l a c e 
the b a t t e r y the p r o c e d u r e i n t a k i n g the t r a n s m i t t e r o u t o f one a n i m a l and p u t t i n g i t 
i n ano ther i s g r e a t l y s i m p l i f i e d . The s y s t e m can e a s i l y be m o d i f i e d t o measure 
o t h e r p h y s i o l o g i c a l p a r a m e t e r s . 

HUMAN APPLICATIONS 
The use o f t e l e m e t r y w i t h humans t o d a t e has p r i m a r i l y i n v o l v e d the measurement o f 
such v a r i a b l e s as EKG ( L a r s e n et al,, 1972), EMG (Quanbury et al., 1976; W i n t e r and 
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Quanbury, 1975) and EEG (Dymond et al., 1976) i n b o t h the c l i n i c a l s i t u a t i o n and 
f o r s p o r t s m e d i c i n e ( F l e i s c h e r , Zerzawy and Bachmann, 1974; H u l l and M o t e , 1974; 
Kimmich, 1972) . The v a r i a b l e s m o n i t o r e d are n o r m a l l y o b t a i n e d v i a e x t e r n a l e l e c t r o d e s 
and the use of t e l e m e t r y i s a l o g i c a l e x t e n s i o n t o a l l o w the s u b j e c t f r e e and 
u n r e s t r i c t e d movement. I n the c a s e o f s p o r t s m e d i c i n e the need t o p r o v i d e unimpeded, 
u n r e s t r a i n e d freedom o f m o t i o n i s o b v i o u s i f p h y s i c a l per formance i s t o be a c c u r a t e l y 
m o n i t o r e d . The maximum o p e r a t i n g range i s u s u a l l y t h a t o f a s p o r t s s t a d i u m . F o r 
c l i n i c a l use the m a j o r a p p l i c a t i o n to date i s to p r o v i d e the p a t i e n t w i t h more com
f o r t and g r e a t e r freedom around the room, ward or h o s p i t a l g r o u n d s . I n b o t h o f 
t h e s e s i t u a t i o n s RF t r a n s m i t t e r s are needed to a c h i e v e t h e r a n g e s o f 10 t o 500 m 
t y p i c a l l y needed . A l t h o u g h v e r y low power t r a n s m i t t e r s w i l l s u f f i c e , t h e s e d e v i c e s 
are c o v e r e d by government r e g u l a t i o n s t h a t s e v e r e l y r e s t r i c t the freedom o f d e s i g n . 
F o r s i n g l e c h a n n e l E K G , the p r e s e n t f r e q u e n c y a s s i g n m e n t s are i n g e n e r a l w o r k a b l e , 
b u t f o r h i g h e r f r e q u e n c y EMG and m u l t i c h a n n e l EEG the p r e s e n t bandwidth l i m i t s 
u s u a l l y p r e s e n t p r o b l e m s . B e s i d e s the p h y s i o l o g i c a l p a r a m e t e r s ment ioned so f a r , 
m e c h a n i c a l f o r c e s such as t h o s e i n v o l v e d i n s k i i n g ( H u l l and M o t e , 1974) have been 
measured by some i n v e s t i g a t o r s . Blood p r e s s u r e (Bachmann and Z e r z a w y , 1972) i s 
ano ther v a r i a b l e t h a t has been t r a n s m i t t e d and i s u s u a l l y measured by means o f an 
a u t o m a t i c i n f l a t a b l e c u f f a l t h o u g h sometimes an i n v a s i v e c a t h e t e r i s u s e d . 

The common denominator i n a l l t h e above measurements i s the f a c t t h a t they are u s u a l l y 
n o n i n v a s i v e and must use PF t e l e m e t r y to o b t a i n the r e q u i r e d u s e f u l r a n g e . The above 
a p p l i c a t i o n s are q u i t e w e l l documented w h i l e the s h o r t r a n g e i n v a s i v e t y p e of s y s t e m s 
have c o m p a r a t i v e l y not been e x t e n s i v e l y r e p o r t e d . As an i m p l a n t s y s t e m i s n o t used 
on humans e x c e p t f o r t h e r a p e u t i c or d i a g n o s t i c t r e a t m e n t the development o f t h i s 
a s p e c t has b e e n much s l o w e r and r e q u i r e d more v a l i d a t i o n and t e s t i n g . The most w i d e l y 
known e l e c t r o n i c i m p l a n t i n humans to d a t e i s the pacemaker . A l t h o u g h t h i s i s no t a 
t e l e m e t r y d e v i c e b u t an e l e c t r o n i c o s c i l l a t o r , i t has many f e a t u r e s i n common w i t h 
t e l e m e t r i c i m p l a n t s . The deve lopment of o t h e r i m p l a n t d e v i c e s t h a t do r e q u i r e t r a n s 
cutaneous t e l e m e t r y f o r optimum p e r f o r m a n c e are i n p r o g r e s s i n many r e s e a r c h l a b o r a 
t o r i e s a t p r e s e n t . 

P r o s t h e s i s such as n e r v e s t i m u l a t o r s ( H a l l g r e n and P o t t e r , 1972; J a m e s , 1968) , b l a d d e r 
c o n t r o l ( B r a d l e y et al,, 1962; Timm and B r a d l e y , 1973) , p a i n s u p p r e s s i o n , ( B u r t o n and 
M a u r e r , 1974) , a r t i f i c i a l v i s i o n (Donaldson and S a y e r , 1973) , a r t i f i c i a l h e a r i n g 
( M e r z e n i c h , S c h i n d l e r and S o o y , 1974) and a r t i f i c i a l p a n c r e a s (Bessman and S c h u l t z , 
1972) t o name a few, are d e v i c e s c u r r e n t l y i n v a r i o u s s t a g e s o f deve lopment t h a t w i l l 
p r o b a b l y u t i l i z e t e l e m e t r y l i n k s . Most o f t h e s e d e v i c e s p r i m a r i l y r e q u i r e a t r a n s m i t 
' i n ' c o n t r o l l i n k . But o f t e n the a d d i t i o n o f a f e e d b a c k l o o p , w i t h p h y s i o l o g i c a l 
d a t a p r o v i d e s t h e most e f f e c t i v e o p e r a t i o n . T h i s then would be a two-way t e l e m e t r i c 
l i n k w i t h f e a t u r e s much l i k e the a n i m a l sy s t ems o f F i g s . 1 and 2 . These sy s t ems are 
o n l y i n the e x p e r i m e n t a l s t a g e s a t p r e s e n t b e c a u s e o f t h e i r c o m p l e x i t y and the need 
f o r s a f e t y * I f the problems were e l e c t r o n i c or o f i n s t r u m e n t a t i o n c o m p l e x i t y they 
no doubt c o u l d be r a t h e r e a s i l y s o l v e d w i t h much o f the s o p h i s t i c a t e d i n s t r u m e n t a t i o n 
i n c l u d i n g m i c r o p r o c e s s o r s t h a t are c u r r e n t l y a v a i l a b l e , b u t t h a t i s n o t the p r i m a r y 
p r o b l e m . I t i s more the c o m p l e x i t y o f t h e l i v i n g o r g a n i s m t h a t one i s t r y i n g t o 
r e p l a c e and the many c o m p a t i b i l i t y problems t h a t o c c u r when v a r i o u s m a t e r i a l s a r e 
p l a c e d i n c o n t a c t w i t h body t i s s u e . F o r example e x t e r n a l e l e c t r o d e s can be r e p l a c e d 
when they dry out or o t h e r w i s e become i n e f f e c t i v e , b u t s u r g i c a l l y i m p l a n t e d sys t ems 
must be d e s i g n e d t o f u n c t i o n f o r many y e a r s . A l t h o u g h they do n o t dry o u t , t h e body 
n o r m a l l y w a l l s o f f any f o r e i g n body w i t h a membrane, or s c a r t i s s u e , o f t e n i m p a i r i n g 
i t s i n t e n d e d f u n c t i o n . D i f f i c u l t i e s w i t h m i n i a t u r e low power t r a n s d u c e r s are o f t e n 
ano the r major impediment to p r o g r e s s . F o r i n s t a n c e i n the c a s e o f an a r t i f i c i a l p a n 
c r e a s t h e r e i s the need f o r a t r a n s d u c e r to measure the b l o o d g l u c o s e l e v e l . A l t h o u g h 
such c h e m i c a l t ype s e n s o r s have been r e p o r t e d (Bessman and S c h u l t z , 1972, 1973) ones 
t h a t are n o t e i t h e r w a l l e d o f f by t h e body or s a t u r a t e d a f t e r a p e r i o d o f t ime a r e 
s t i l l n o t a v a i l a b l e . The problems o f s t o r i n g the i n s u l i n t o be d i s p e n s e d i s a f u r 
t h e r p r o b l e m . A l t h o u g h the proposed d e v i c e s are u s u a l l y preprogramed s e l f - c o n t a i n e d 
i m p l a n t s , the use o f a t r a n s c u t a n e o u s t e l e m e t r y f eedback l o o p m i g h t be a d v a n t a g e o u s . 
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This i s e s p e c i a l l y t r u e o f t h i s example and many o t h e r s where c o n t i n u o u s o p e r a t i o n 
i s no t n e c e s s a r y as i n the c a s e o f a pacemaker . E v e n i n the pacemaker a p p l i c a t i o n 
the p i o n e e r d e v i c e s ( C a m m i l l i , P o z z i and P i z z i c h i , 1964) used a t r a n s c u t a n e o u s i n d u c 
t i o n c o u p l i n g from an e x t e r n a l o s c i l l a t o r whose r a t e c o u l d be c o n t r o l l e d . A r t i f i c i a l 
v i s i o n and h e a r i n g are h i n d e r e d by the d i f f i c u l t y o f even a p p r o x i m a t i n g the c o m p l e x i t y 
o f the body and i n t e r f a c i n g to the b o d y ' s nervous s y s t e m . P a i n c o n t r o l and s u p p r e s 
s i o n i s one a r e a i n w h i c h commerc ia l u n i t s a r e c u r r e n t l y b e i n g m a r k e t e d . The com
p l e x i t y i s n o t extreme s i n c e o n l y a s t i m u l a t i n g s i g n a l much l i k e a pacemaker , t o 
the nervous s y s t e m i s n e e d e d . Sys tems v a r y from preprogrammed t o t a l i m p l a n t s to 
i n d u c t i v e l y c o u p l e d t r a n s c u t a n e o u s ones as w e l l as t o t a l l y e x t r a c o r p o r e a l o n e s . 

The development o f v a r i o u s e l e c t r o n i c i m p l a n t p r o s t h e s i s has been more e x t e n s i v e l y 
pursued t o date than d i a g n o s t i c d e v i c e s . I t i s b e l i e v e d t h a t i m p l a n t d i a g n o s t i c 
d e v i c e s c o u l d a l s o s e r v e a v e r y u s e f u l m e d i c a l f u n c t i o n i n i m p r o v i n g the t r e a t m e n t 
o f v a r i o u s a f f l i c t i o n s . T h i s would a l l o w the e f f i c a c y o f v a r i o u s drugs o r o t h e r 
t h e r a p e u t i c t r e a t m e n t to be more a c c u r a t e l y measured and c o n t r o l l e d , e s p e c i a l l y when 
e x t e r n a l measurements are i n a d e q u a t e or 24 h measurements under d i f f e r e n t e n v i r o n 
m e n t a l and s t r e s s c o n d i t i o n s are r e q u i r e d . F o r i n s t a n c e a s a f e r e l i a b l e b l o o d p r e s 
sure m o n i t o r t h a t c o u l d be i m p l a n t e d c o u l d p r o v e v e r y u s e f u l i n the improved t r e a t 
ment o f some h y p e r t e n s i o n p a t i e n t s . A g l u c o s e s e n s o r t h a t c o u l d t e l e m e t e r t h e d a t a 
through the i n t a c t s k i n c o u l d be u s e f u l t o d i a b e t i c s i n a c h i e v i n g a b e t t e r and more 
u n i f o r m b l o o d g l u c o s e l e v e l . Such would be s i m i l a r t o an a r t i f i c i a l p á n c r e a s b u t 
l e s s complex and would r e q u i r e a s i m i l a r s e n s o r b u t n o t the i n s u l i n d i s p e n s e r . The 
use o f myo s i g n a l s t r a n s m i t t e d v i a i m p l a n t d e v i c e s ( H i r s c h , K a i s e r and P e t e r s e n , 
1966) t o o p e r a t e a r t i f i c i a l arm or l e g p r o s t h e s e s have been e x p e r i m e n t a l l y p u r s u e d . 
The use of s h o r t r a n g e t e l e m e t r y t o m o n i t o r t h e e n g i n e e r i n g p e r f o r m a n c e ^ o f an a r t i 
f i c i a l h i p p r o s t h e s i s ( C a r l s o n , Mann and H a r r i s , 1974) i s a n o t h e r s l i g h t l y d i f f e r e n t 
example . The p o s s i b i l i t i e s i n each s p e c i a l t y o f m e d i c i n e a r e numerous and v a r i e d . 

F i g u r e 4 shows an i m p l a n t t e l e m e t r y d e v i c e ( F r y e r et al., 1978) f o r m o n i t o r i n g i n t r a 
c r a n i a l p r e s s u r e ( I C P ) i n the c a s e o f p a t i e n t s w i t h head trauma, c e r e b r a l edema, or 
o t h e r s i t u a t i o n s l i k e l y t o p r o d u c e abnormal i n t r a c r a n i a l p r e s s u r e . The measurement 
o f I C P i s i m p o r t a n t so t h a t the p r o p e r t h e r a p e u t i c t r e a t m e n t can be i n s t i t u t e d f o r 
i t s c o n t r o l . The i m p l a n t d e v i c e c o n t a i n s a p r e s s u r e t r a n s d u c e r , e l e c t r o n i c s i g n a l 
c o n d i t i o n e r t r a n s m i t t e r and e n e r g y p i c k - u p c o i l . The p r e s s u r e c e l l i s a c a p a c i t y 
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BRAIN 

SUBARACHNOID SPACE (CSF) 

F i g . 4 . B a t t e r y l e s s p r e s s u r e t e l e m e t r y s y s t e m f o r i n t r a c r a n i a l 
measurements i n c l i n i c a l a p p l i c a t i o n s . 
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CONCLUSION 
V e r y s h o r t r a n g e , t r a n s c u t a n e o u s , i n d u c t i o n c o u p l e d t e l e m e t r y sys tems f o r use i n 
b o t h human and an imal a p p l i c a t i o n s have been d e s c r i b e d . These sy s t ems c o n t r a s t w i t h 
RF c o u p l e d sys tems t h a t w i l l o p e r a t e over a much g r e a t e r d i s t a n c e b u t w h i c h h a v e 
many l i m i t a t i o n s b e c a u s e o f government r e g u l a t i o n s and c o n t r o l s . T o t a l i m p l a n t 
sys tems f o r p h y s i o l o g i c a l d a t a a c q u i s i t i o n and i n t e r n a l command c o n t r o l a r e most 
e f f e c t i v e l y o p e r a t e d w i t h s h o r t r a n g e i n d u c t i v e c o u p l i n g . I n human a p p l i c a t i o n s such 
sys tems w i l l b r o a d e n the r o l e o f e l e c t r o n i c s i m p l a n t e d w i t h i n the body from the w e l l 
known pacemaker t o a v a s t r a n g e o f e l e c t r o n i c d e v i c e s t o supplement and s u p p l a n t body 
f u n c t i o n s t h a t have weakened or f a i l e d . T e l e m e t r y t r a n s m i s s i o n b o t h ' i n ' and ' o u t ' , 
i n much the same manner as ' u p ' and 'down' t e l e m e t r y l i n k s are used i n s p a c e s a t e l 
l i t e s , can be used e f f e c t i v e l y w i t h i m p l a n t d e v i c e s to expand t h e i r u s e f u l n e s s and 
s c o p e . Both d i a g n o s t i c and t h e r a p e u t i c d e v i c e s such as n e r v e s t i m u l a t o r s , b l a d d e r 
c o n t r o l l e r s , p a i n s u p p r e s s o r s , a r t i f i c i a l v i s i o n , a r t i f i c i a l h e a r i n g , a r t i f i c i a l 
p a n c r e a s and i n t r a c r a n i a l p r e s s u r e m o n i t o r s a r e c u r r e n t l y i n use or i n d e v e l o p m e n t . 

Animal a p p l i c a t i o n s o f i m p l a n t t e l e m e t r y sys tems t o d a t e h a v e b e e n p r i m a r i l y d a t a 
g a t h e r i n g sys tems f o r use i n v a r i o u s p h y s i o l o g i c a l r e s e a r c h p r o g r a m s . As d e s c r i b e d 
i n t h i s r e v i e w lower f r e q u e n c y t r a n s m i t t e r s can be a d v a n t a g e o u s l y used i n s t u d i e s 
i n v o l v i n g s m a l l caged a n i m a l s . L a r g e r a n i m a l s t h a t are sometimes w i l d and f r e e 
r a n g i n g have u s u a l l y been m o n i t o r e d as t o movement h a b i t s or t r a c k i n g , u s i n g e x t e r n a l 
modest power t r a n s m i t t e r s . Many r e s e a r c h e r s are a n x i o u s to expand the c a p a b i l i t y 
o f t r a c k i n g sys tems t o i n c l u d e v a r i o u s p h y s i o l o g i c a l m o n i t o r i n g . The use o f s h o r t 
range i n d u c t i v e t e l e m e t r y i n c o n j u n c t i o n w i t h the l o n g range e x t e r n a l RF t r a n s m i t t e r s 
p r o v i d e s the most p r o m i s i n g method o f i m p l e m e n t i n g such a p p l i c a t i o n s . Two s t a g e 
r e l a y t e l e m e t r y sys tems c a n be used a d v a n t a g e o u s l y i n b o t h human and a n i m a l a p p l i c a 
t i o n s . 
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Abstract — Our e x p e r i e n c e w i t h i m p l a n t t e l e m e t r y o f a few 
s i m p l e p h y s i o l o g i c a l measurements (body t e m p e r a t u r e , h e a r t r a t e , 
and ECG) was aimed a t n o t o n l y r e c o r d i n g i n t e r e s t i n g p h y s i o 
l o g i c a l d a t a b u t a l s o u n d e r s t a n d i n g the d a i l y b e h a v i o r o f t h e 
a n i m a l . About 30 s p e c i e s o f mammals were r a d i o t a g g e d , some 
w e i g h i n g 400 k g . F i r s t i t was n e c e s s a r y to r e a l i z e how v a l u 
a b l e s i m p l e h e a r t r a t e s c a n b e , i f r e c o r d e d e v e r y 30 m i n ; i t 
i s n o t n e c e s s a r y t o know the s t r o k e volume o f the h e a r t a t the 
same t i m e . Body t e m p e r a t u r e and h e a r t r a t e d a t a h a v e t o be 
used a p p r o p r i a t e l y , h o w e v e r , w i t h f u l l knowledge o f the d a y -
n i g h t p h y s i o l o g i c a l s e t t i n g . Examples w i l l be g i v e n o f t h i s 
s e t t i n g as s e e n i n new d a t a from w o l v e r i n e s and from A m e r i c a n 
opossums. Our t e c h n i c a l changes and p r o g r e s s o v e r many y e a r s 
w i l l a l s o be r e p o r t e d . 

INTRODUCTION 
Our r e v i e w s o f i m p l a n t r a d i o t e l e m e t r y p u b l i s h e d i n 1964 ( F o l k ) and 1972 ( F o l k and 
C o p p i n g ) d e s c r i b e d t y p i c a l r e s u l t s and l i s t e d p l a u s i b l e and i m p o r t a n t e x p e r i m e n t s 
f o r t h e f u t u r e . We have not found many p a p e r s on t h e s e key e x p e r i m e n t s i n r e c e n t 
y e a r s . I n a d d i t i o n t o d e s c r i b i n g n e c e s s a r y e x p e r i m e n t s o f t h e f u t u r e , our r e v i e w 
emphas ized: (1) when t o use p h y s i o l o g i c a l r a d i o t e l e m e t r y , (2) t h e arguments f o r 
i n t r a p e r i t o n e a l i m p l a n t a t i o n and i t s h i s t o r y , (3) the d e s i g n o f a s u c c e s s f u l r a d i o 
c a p s u l e , (4) what f u n c t i o n s are t h e most p r o f i t a b l e t o m e a s u r e , (5) what i s the 
e f f e c t upon the a n i m a l w h i l e c a r r y i n g the i m p l a n t e d c a p s u l e , and (6) some t y p i c a l 
r e s u l t s . T h i s i n f o r m a t i o n was o b t a i n e d from Iowa r a d i o c a p s u l e s i m p l a n t e d i n about 
30 s p e c i e s o f mammals, i n c l u d i n g t h r e e s p e c i e s o f b e a r s w e i g h i n g up t o 400 kg ( F o l k , 
F o l k and M i n o r , 1972; F o l k , L a r s o n and F o l k , 1 9 7 6 ) . T h i s r a d i o c a p s u l e i s a l o n g -
l i f e , s h o r t range type w h i c h h a s p r o v i d e d p h y s i o l o g i c a l d a t a from mammals f o r p e r i o d s 
up t o 1 .5 y e a r s (Shook and F o l k , 1965) ; i t i s e s p e c i a l l y i n t e n d e d f o r a n i m a l s w e i g h 
i n g one kg or more . 

I n the p r e s e n t p a p e r we w i l l r e v i e w what can be l e a r n e d from d a i l y h e a r t r a t e 
p a t t e r n s i f r e c o r d e d e v e r y 30 m i n , d e s c r i b e the need f o r u n d e r s t a n d i n g t h e d a y - n i g h t 
p h y s i o l o g i c a l s e t t i n g when i n t e r p r e t i n g t e l e m e t r y d a t a , and d i s c u s s m o d i f i c a t i o n s 
o f our i m p l a n t t e c h n i q u e . F u t u r e c r i t i c a l e x p e r i m e n t s w i l l be d e s c r i b e d . 
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HEART RATE AND DAILY BEHAVIOR RECORDING 
The c a p s u l e s are d e s i g n e d to t r a n s m i t h e a r t r a t e s , E C G , and abdominal body t empera
t u r e . F i r s t w i l l be p r o v i d e d a l i s t o f what can be de termined from t h e h e a r t r a t e 
c a p s u l e a l o n e . I n our e a r l i e r r e v i e w (1972) i l l u s t r a t i o n s o f each o f the f o l l o w i n g 
t y p e s o f e x p e r i m e n t s are p r o v i d e d . One may: (1) d e t e r m i n e whe ther the mammal h a s 
a n o c t u r n a l or d a y - a c t i v e b e h a v i o r p a t t e r n , (2) r e c o r d b a s a l r e s t i n g h e a r t r a t e s o f 
u n r e s t r a i n e d and u n e x c i t e d mammals, (3) measure the 24 h (or n e a r l y 24 h) d a i l y 
rhythm of a c t i v i t y and p h y s i o l o g i c a l f u n c t i o n , (4) measure the a c c u r a c y o f ' p h y s i o 
l o g i c a l c l o c k s ' , (5) use the p a t t e r n o f c a r d i a c a c t i v i t y to r e p r e s e n t e n e r g y e x p e n d i 
t u r e over the 24 h p e r i o d , (6) s t u d y c a r d i a c p h y s i o l o g y : w h i c h s p e c i e s r e g u l a r l y 
doubles or t r i p l e s i t s r e s t i n g h e a r t r a t e due t o spontaneous a c t i v i t y l i k e f e e d i n g ? 
What i s the r e l a t i o n between h e a r t r a t e and s i z e o f an a n i m a l ? How do t h e i n t e r v a l s 
o f the ECG s p i k e s compare between groups o f h i b e r n a t i n g and n o n - h i b e r n a t i n g mammals? 
What i s the p a t t e r n o f the work o f t h e h e a r t e a c h day; which ' h e a r t s ' f r e q u e n t l y 
r e t u r n to b a s e l i n e b o t h day and n i g h t w h i l e o t h e r ' h e a r t s ' show two d i s t i n c t b a s e 
l i n e s e t t i n g s a t two t imes o f the day? What i s the c a r d i a c a c t i v i t y o f a n i m a l s i n 
h i b e r n a t i o n i n deep b u r r o w s , or i n ex treme e n v i r o n m e n t s such as deep snow i n t h e 
f o r e s t , or i n d a r k n e s s ? 

Some o f the e x p e r i m e n t s d e s c r i b e d above can be done by m e a s u r i n g body t e m p e r a t u r e . 
I t i s c l e a r , however , t h a t changes i n b e h a v i o r o f the an imal a r e q u i c k l y e v i d e n t 
i n h e a r t r a t e d a t a w h i l e t h e r e i s more l a g i n changes i n the body t e m p e r a t u r e o f 
the a n i m a l . O f t e n i t i s d e s i r a b l e t o measure b o t h o f t h e s e f u n c t i o n s b u t i f o n l y 
one must be s e l e c t e d , more can be l e a r n e d from h e a r t r a t e s . F u r t h e r m o r e , t h e r e h a s 
been a t endency to a t t e m p t a few e l a b o r a t e e x p e r i m e n t s by t e l e m e t r y w i t h the r e s u l t 
t h a t many b a s i c e x p e r i m e n t s are m i s s i n g . An example o f v a l u a b l e c o n t r i b u t i o n s from 
h e a r t r a t e measurements a lone are found i n t h e papers on growth and b r a d y c a r d i a o f 
deer by J a c o b s e n (1979a, 1979b) . A c l a s s i c h i b e r n a t i o n s t u d y has b e e n done i n the 
f i e l d over t h e e n t i r e w i n t e r s e a s o n by the t e l e m e t r y o f body t e m p e r a t u r e , showing 
t h a t the t o r p o r s e a s o n p r o v i d e s an e n e r g y s a v i n g o f 87 .8 p e r c e n t (Wang, 1 9 7 8 ) . 
More d e t a i l e d i n f o r m a t i o n c o u l d have b e e n c o l l e c t e d w i t h a h e a r t r a t e c a p s u l e i n 
t h a t s t u d y . There h a s been some r e l u c t a n c e t o measure h e a r t r a t e a l o n e b e c a u s e o f 
the i m p r e s s i o n t h a t such f i g u r e s must be combined w i t h s i m u l t a n e o u s measurements o f 
s t r o k e volume and p o s s i b l y b l o o d p r e s s u r e . I t now seems r e a s o n a b l e t o i n t e r p r e t 
p a t t e r n s o f an imal a c t i v i t y b a s e d upon h e a r t r a t e a l o n e b e c a u s e o f t h e work o f Rushmer 
(1970) . He showed t h a t n o r m a l l y t h e r e i s l i t t l e change i n s t r o k e volume even i n 
s p i t e o f e x e r c i s e i n man and i n t h o s e o t h e r mammals w h i c h have been s t u d i e d . T h i s 
h a s been conf i rmed i n the e x p e r i m e n t s o f F r a n k l i n and Van C i t t e r s (1963) w i t h f r e e 
r a n g i n g baboons i n A f r i c a : "The c a r d i a c r e s p o n s e was as i n d o g s ; s t a r t l e r e a c t i o n s , 
p o s t u r a l changes and o n s e t o f e x e r c i s e were accompanied by i n c r e a s e d h e a r t r a t e 
and reduced d u r a t i o n o f e j e c t i o n . S t r o k e volume remained e s s e n t i a l l y c o n s t a n t i n 
s p i t e o f wide v a r i a t i o n s i n c a r d i a c o u t p u t and h e a r t r a t e . " Even under r e v e r s e d 
c i r c u m s t a n c e s (reduced h e a r t r a t e ) such as i n d i v i n g b r a d y c a r d i a ( E i s n e r et al., 
1964) s t r o k e volume does not appear t o c h a n g e . T h e r e f o r e i t seems r e a s o n a b l e t o 
emphasize i n t h i s p a p e r t h e v a l u e o f h e a r t r a t e c a p s u l e s i n e l u c i d a t i n g many b i o l o 
g i c a l phenomena. 

INTERPRETATION OF PHYSIOLOGICAL TELEMETRY DATA 
When d a i l y p a t t e r n s o f h e a r t r a t e or body t empera ture are r e c o r d e d , they a r e much 
more e a s i l y i n t e r p r e t e d i f one v i s u a l i z e s the remarkable c h a n g i n g p h y s i o l o g i c a l 
c o n d i t i o n o f t h e p e r s o n or the an imal over t h e 24 h p e r i o d . T h i s i s n o t a phenomenon 
r e l a t e d t o s l e e p . I t p r o b a b l y does n o t o c c u r w i t h a l l s p e c i e s o f mammals b u t a 
d e f i n i t i v e answer t o t h i s q u e s t i o n must be de termined i n the f u t u r e . L e t us suppose 
t h a t we are asked t o s e l e c t the l o w e s t b a s a l v a l u e s f o r h e a r t r a t e or body t e m p e r a 
t u r e . We might make the m i s t a k e o f assuming t h a t j u s t b e c a u s e the a n i m a l i s s l e e p i n g . 
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DAY-NIGHT PHYSIOLOGICAL SETTINGS RECORDED FROM 
WOLVERINES AND OPPOSSUMS 

R e c o r d i n g s o f body t e m p e r a t u r e s o f w o l v e r i n e s by r a d i o c a p s u l e showed a s i n u s o i d a l 
curve over 24 h w i t h a v a l l e y o f a p p r o x i m a t e l y 38oc and a peak o f n e a r l y 4 0 ° C ; y e t 
the an imal m i g h t s l e e p a t a h i g h s e t t i n g o f 39^0 or a t a low s e t t i n g o f 380C ( F o l k , 
F o l k and C r a i g h e a d , 1977) . These r e s u l t s emphas ize t h a t b e h a v i o r a l o b s e r v a t i o n s i n 
such e x p e r i m e n t s a r e n e c e s s a r y to c o r r e l a t e w i t h the p h y s i o l o g i c a l d a t a . I t s h o u l d 
be emphasized t h a t a c t i v i t y i s m e r e l y super imposed upon t h e s e s e t t i n g s . A s e t t i n g 
can o n l y be r e v e a l e d when f e e d i n g , a c t i v i t y , e x c i t e m e n t , and a c h a n g i n g l i g h t c y c l e 
has been removed as an i n f l u e n c e . S i m i l a r r e s u l t s were o b t a i n e d by r e c o r d i n g t h e 
body t e m p e r a t u r e s o f Amer ican opossums; t h e s e a n i m a l s c o u l d be s l e e p i n g a t a body 
t emperature o f 33°C or a t 3 4 ° C ( T r e a g u s t et al., 1 9 7 9 ) . I n o t h e r w o r d s , i t i s n e c e s 
s a r y t o d e f i n e i n terms o f t h e d a y - n i g h t s e t t i n g which r e s t i n g body t e m p e r a t u r e i s 
b e i n g r e p o r t e d . I t i s p o s s i b l e , however , t h a t some mammals do n o t h a v e t h i s d a y -
n i g h t s e t t i n g ; h e a r t r a t e s o f t h e a r c t i c f o x a p p e a r t o r e t u r n t o a b a s e l i n e a p p r o x i 
m a t e l y e v e r y 30 min b o t h day and n i g h t , so t h a t i t s b a s a l r e s t i n g c o n d i t i o n does 
n o t v a r y w i t h the t ime o f day ( F o l k , 1 9 6 4 b ) . 

THE IOWA IMPLANT PROCEDURE 
I n our e a r l i e r r e v i e w i n 1972, we d e s c r i b e d i n d e t a i l t h e a d v a n t a g e s o f u s i n g 
implant t e l e m e t r y . B e f o r e 1959 we had used h a r n e s s e s o u t s i d e t h e a n i m a l t o c a r r y 
the r a d i o c a p s u l e , b u t i n 1959 l e a r n e d t h a t t h e p e r i t o n e a l c a v i t y was a s u p e r i o r 
p l a c e t o c a r r y a s m a l l e l e c t r o n i c i n s t r u m e n t . F o r many y e a r s a f t e r t h a t we s u t u r e d 
the t r a n s m i t t e r s (which w e i g h e d from 10 t o 40 g ) a t t h e m i d l i n e o f the i n t e r i o r o f 
the p e r i t o n e a l c a v i t y . We d i d t h i s t o h a v e a s t a n d a r d i z e d p o s i t i o n f o r r e c o r d i n g 
the E C G . The m i d l i n e i n c i s i o n was a lways made b e c a u s e c u t t i n g t h r o u g h the l i n e a r 
a l b a r e s u l t s u s u a l l y i n a b l o o d l e s s f i e l d . More r e c e n t l y we have been p l a c i n g the 
c a p s u l e t o one s i d e o f the m i d l i n e f o r t h e f o l l o w i n g r e a s o n ; a l t h o u g h we have done 
s e v e r a l hundred o p e r a t i o n s , p l a c i n g the c a p s u l e i n t h e m i d l i n e i n c i s i o n p o s i t i o n 
w i t h o u t any h a r m f u l e f f e c t s , on t h r e e o c c a s i o n s t h e c a p s u l e d i d work i t s way , o v e r 
a two-month p e r i o d , from t h e abdominal c a v i t y t h r o u g h the abdomina l w a l l and out 
through the s k i n . T h i s happened w i t h t h r e e d i f f e r e n t s p e c i e s . I t i s o f i n t e r e s t 
t h a t t h e r e was no e v i d e n c e o f a p a t e n t f i s t u l a a t a t ime o f f i n d i n g t h e t r a n s m i t t e r s ; 
the t i s s u e s had c l o s e d and h e a l e d from i n s i d e the a n i m a l to t h e o u t s i d e as the o b j e c t 
p r o g r e s s e d . A f t e r the t h i r d o c c a s i o n , we d e c i d e d t o p l a c e t h e c a p s u l e ( f o r c o n s i s 
t e n c y ' s sake) a l w a y s on t h e r i g h t - h a n d s i d e o f t h e m i d l i n e by about two c e n t i m e t e r s . 
E x c e p t f o r the t h r e e c a s e s d e s c r i b e d , t h e r e have been no d i f f i c u l t i e s w i t h the 
p e r i t o n e a l i m p l a n t a t i o n ; about 50 p e r c e n t o f t h e c a p s u l e s h a v e had a tough s a c o f 
c o n n e c t i v e t i s s u e form around them, b u t s u r p r i s i n g l y t h i s h a s n e v e r i n t e r f e r e d w i t h 
o b t a i n i n g a good ECG r e c o r d . 

t h i s w i l l r e p r e s e n t the b a s a l r e s t i n g s t a t e . We found w i t h human s u b j e c t s t h a t 
t h e r e i s a 27 p e r c e n t d i f f e r e n c e i n q u i e t r e s t i n g h e a r t r a t e s be tween 10 a .m. and 
10 p . m . , a f t e r food i n t a k e , body p o s i t i o n , a c t i v i t y , and emot ion had been c o n t r o l l e d . 
T h i s p h y s i o l o g i c a l d a y - n i g h t s e t t i n g i s a s s o c i a t e d w i t h t h e i n d i v i d u a l p h y s i o l o g i c a l 
c i r c a d i a n rhythm, n o t w i t h s l e e p ( F o l k , 1974, p . 7 6 ) . We c o u l d n o t s t u d y i s o l a t e d 
organs o f human s u b j e c t s bu t we c o u l d s t u d y o r g a n s from r o d e n t s , name ly , c u l t u r e d 
a d r e n a l g l a n d s ( s i x days ) and p e r f u s e d h e a r t s ( t h r e e d a y s ) . F o r days e v e r y 12 h 
t h e s e organs would change t h e i r p h y s i o l o g i c a l b a s a l a c t i v i t y by a s much as 60 p e r c e n t 
above or below t h e mean ( F o l k , 1974, p . 6 6 ) . The same o b s e r v a t i o n was made w i t h 
r e s t i n g c u l t u r e d h e a r t c e l l s . T h u s , when you examine the p a t t e r n o f h e a r t r a t e or 
body t empera ture c o l l e c t e d from most mammals, you can e a s i l y f i n d two c l a s s e s o f 
r e s t i n g or s l e e p i n g h e a r t r a t e s or body t e m p e r a t u r e s , each a t two d i f f e r e n t t imes 
o f the d a y , one r e p r e s e n t i n g a h i g h p h y s i o l o g i c a l s e t t i n g and one r e p r e s e n t i n g a 
low one . T h i s p r i n c i p l e i s now i l l u s t r a t e d from r e c e n t work on two s p e c i e s o f 
mammals. 
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THE MIDLINE CLOSE-POSITIONED ELECTRODES 
There a r e some a d v a n t a g e s i n u s i n g ECG e l e c t r o d e s w h i c h are one t o two c e n t i m e t e r s 
a p a r t w i t h t h e i m p l a n t e d r a d i o c a p s u l e between them; s u c h e l e c t r o d e s t o u c h t h e v e n 
t r a l p e r i t o n e a l c a v i t y near the m i d l i n e . We have not s u t u r e d the e l e c t r o d e i t s e l f 
t o the v e n t r a l w a l l , j u s t t h e r a d i o c a p s u l e . Some i n v e s t i g a t o r s w i s h to have a 
long i n s u l a t e d e l e c t r o d e w h i c h p a s s e s v e n t r a l l y from the c a p s u l e out o f the p e r i 
t o n e a l c a v i t y near t o the b a s e o f t h e t a i l under the s k i n , w i t h the o t h e r e l e c t r o d e 
p a s s i n g under the s k i n t o the p e c t o r a l g i r d l e r e g i o n . A n o t h e r method i s t o p a s s an 
e l e c t r o d e t o each end o f t h e s t ernum. Our o b j e c t i o n s t o t h i s are t h a t much more 
s u r g i c a l o p e r a t i n g i s r e q u i r e d , and such e l e c t r o d e s must be an i r r i t a n t t o the 
a n i m a l . E s p e c i a l l y w i t h a n i m a l s t h a t c u r l i n a b a l l when t h e y s l e e p . I t i s a 
f a s t e r and s i m p l e r o p e r a t i o n t o have the two e l e c t r o d e s as an o r g a n i c p a r t o f the 
r a d i o c a p s u l e . We have found l i t t l e a t t e n t i o n i n the l i t e r a t u r e g i v e n t o t h i s 
q u e s t i o n o f how much the r a d i o d e v i c e i r r i t a t e s the a n i m a l s c a r r y i n g the c a p s u l e s . 
I t i s a p p r o p r i a t e t o g i v e c l o s e a t t e n t i o n t o t h i s q u e s t i o n now. 

As we s t a t e d i n an e a r l i e r p a p e r , under n a t u r a l c o n d i t i o n s the v e n t r a l abdomina l 
w a l l , e s p e c i a l l y i n t h e f e m a l e , must be o f s t u r d y d e s i g n s i n c e i n some c a s e s an 
a n i m a l w e i g h i n g 300 g w i l l c a r r y a l i t t e r o f young w e i g h i n g 67 g . Today such an 
an imal i s asked t o c a r r y a t r a n s m i t t e r i n the p e r i t o n e a l c a v i t y w h i c h w e i g h s o n l y 
a p p r o x i m a t e l y 10 g , a t t h e m o s t . We h a v e been impres sed w i t h the a p p a r e n t d i s r e g a r d 
by t h e an imal of the r a d i o c a p s u l e a f t e r s u r g e r y . We have seen a b e a g l e d o g , the 
day a f t e r t h e i m p l a n t i n g o f a g l a s s and s t a i n l e s s s t e e l c a p s u l e w e i g h i n g 20 g , l e a p 
up r e p e a t e d l y a g a i n s t the a t t e n d a n t , s p i n around on the l e a s h , and g a i l y walk or 
t r o t one m i l e o u t d o o r s w i t h o u t e v i d e n t f a t i g u e or d i s c o m f o r t . A l a r g e r o d e n t c a r r y 
i n g an u n n e c e s s a r i l y h e a v y t r a n s m i t t e r w i l l c l i m b up t o a h i g h s h e l f , l e a p from the 
h i g h s h e l f t o the f l o o r , and w i l l p e r f o r m i t s u s u a l r u n n i n g on an e x e r c i s e w h e e l . 
We have never observed an o p e r a t e d a n i m a l t o s c r a t c h , w o r r y , or g i v e any a t t e n t i o n 
to the i n c i s i o n on t h e v e n t r a l abdominal w a l l . A s e r i e s o f a n i m a l s were bred w h i l e 
c a r r y i n g t r a n s m i t t e r s w e i g h i n g 80 g , and s e v e r a l l i t t e r s were n u r s e d t o w e a n i n g by 
t h e s e i n s t r u m e n t e d m o t h e r s . The above remarks a p p l y t o c l o s e - p o s i t i o n e d e l e c t r o d e s 
on the i m p l a n t e d r a d i o c a p s u l e . 

Perhaps more a t t e n t i o n s h o u l d be g i v e n t o t h e p o s s i b l e i r r i t a t i n g e f f e c t o f t r a n s 
m i t t e r s and e l e c t r o d e s upon i n s t r u m e n t e d a n i m a l s . F o r example , the whale ' G i g i * 
had a t r a n s m i t t e r s u t u r e d t o the f l e s h above the backbone f o r t r a c k i n g , and w a l r u s e s 
f o r s e v e r a l days were t r a c k e d by a ' l i m p e t * d e v i c e w i t h f i x e d hooks a t t a c h i n g a 
package to t h e s k i n b e h i n d t h e s k u l l above t h e neck ( S e b e s t e r and L u n d , 1979) . We 
do not know whether t h e t r a n s m i t t e r s b r o u g h t about l o n g e r m i g r a t i o n s due t o t h e 
d r i v i n g e f f e c t o f an i r r i t a t i n g s t i m u l u s ; perhaps when p o s s i b l e an abdomina l i m p l a n t 
would be p r e f e r a b l e . I t h a s a l r e a d y been de termined t h a t t r a c k i n g c a p s u l e s can be 
d e s i g n e d f o r t r a n s p o r t i n the p e r i t o n e a l c a v i t y ( S h i r e r and Downhower, 1 9 6 8 ) . 

A l t h o u g h we f e e l t h a t t h e r e a r e a d v a n t a g e s i n not r u n n i n g w i r e s around the a n i m a l 
t o s e r v e as ECG e l e c t r o d e s , i t now needs t o be e s t a b l i s h e d as t o the type o f r e c o r d 
o b t a i n a b l e w i t h e l e c t r o d e s v e r y c l o s e t o g e t h e r . Such r e c o r d s a r e s u r p r i s i n g l y s i m i 
l a r t o r e c o r d s o b t a i n e d from e l e c t r o d e s on t h e l i m b s . Most o f our r e c o r d s look l i k e 
t h o s e from the human Lead I I , or a r e c o r d from t h e e x p l o r i n g e l e c t r o d e . I n o t h e r 
w o r d s , the ECG e l e c t r o d e s from an i m p l a n t e d c a p s u l e do n o t have t o be p o s i t i o n e d 
one on e i t h e r s i d e o f the h e a r t . S i n c e t h i s i s n o t g e n e r a l l y known, i t o c c u r r e d 
t o us t o s t u d y t h i s f u r t h e r by u s i n g s k i n e l e c t r o d e s on human s u b j e c t s . Three 
i l l u s t r a t i o n s are p r o v i d e d o f t h r e e human s u b j e c t s , (1) a normal male ( F i g . 1 ) , 
(2) a normal f emale ( F i g . 2 ) , and t h e t h i r d a p a t i e n t d e m o n s t r a t i n g a t r i a l f l u t t e r 
( F i g . 3 ) . I n each c a s e , a c o n t r o l r e c o r d i s shown w i t h e l e c t r o d e s on the r i g h t 

w r i s t and t h e l e f t a n k l e . E x c e p t i n one c a s e , the g a i n o f the i n s t r u m e n t was not 
a l t e r e d and the e l e c t r o d e s were p l a c e d on the abdominal s k i n to s i m u l a t e where the 
e l e c t r o d e s are found i n t h e Iowa i m p l a n t p r o c e d u r e . I n many c a s e s t h e c r a n i a d e l e c 
t rode was p l a c e d on t h e x i p h o i d p r o c e s s w h i c h i s s i t u a t e d w e l l caudad to t h e h e a r t . 
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2.5 cm below Xiphoid + 5 cm below 

F i g . 1. ECG r e c o r d from a human s u b j e c t u s i n g m i d l i n e e l e c 
t r o d e s on abdominal s k i n t o show t h a t e l e c t r o d e s need 
n o t be on two s i d e s o f the h e a r t and c a n be i n c l o s e 
p r o x i m i t y . The f i r s t r e c o r d i s a normal c o n t r o l . The 
l a s t was r e c o r d e d from o p p o s i t e s i d e s o f t h e n a v e l . 
The g a i n used f o r the c o n t r o l r e c o r d was n o t c h a n g e d . 

I n two c a s e s , b o t h e l e c t r o d e s were w e l l be low t h e x i p h o i d p r o c e s s on t h e abdominal 
s k i n and o n l y 2 .5 cm a p a r t ( F i g s . 1 and 3 ) . These abdominal r e c o r d i n g s a r e s i m i l a r 
to the c o n t r o l r e a d i n g s and i n most c a s e s , i n t e r v a l s be tween t h e E C G s p i k e s c o u l d 
be measured . I n one c a s e , the g a i n was t u r n e d up ( F i g . 2) t o show t h a t a r e c o r d 
even more l i k e the c o n t r o l can be o b t a i n e d . I n summary, our e x p e r i e n c e h a s shown 
t h a t t h e e l e c t r o d e s do n o t need t o be d i s t a n t from the r a d i o c a p s u l e i n the p e r i 
t o n e a l c a v i t y , and the e l e c t r o d e s do n o t need t o be p o s i t i o n e d on b o t h s i d e s o f the 
h e a r t , a t l e a s t f o r o b t a i n i n g c e r t a i n t y p e s o f ECG r e c o r d i n g s , 

EXAMPLES OF MIDLINE EC6 RECORDING 
One o f the more i n t e r e s t i n g a d v a n t a g e s o f ECG r e c o r d i n g from w i l d a n i m a l s by r a d i o 
c a p s u l e s i s t h e s t u d y o f t h e r e l a t i v e p o s i t i o n s o f the t h r e e s p i k e s r e c o r d e d w i t h 
each h e a r t b e a t ( P , R and Τ w a v e s ) . We have d e m o n s t r a t e d , a s have e a r l i e r i n d i v i 
d u a l s (Dawe and M o r r i s o n , 1955) t h a t t h e s econd and t h i r d s p i k e s a r e v e r y c l o s e 
t o g e t h e r i n h i b e r n a t o r mammals when the a n i m a l s a r e a c t i v e and n o t h i b e r n a t i n g 
( F i g . 4 ) . The second s p i k e (R wave) i s e a s i l y r e c o g n i z e d as b e i n g the one w i t h g r e a t 
e s t a m p l i t u d e ( F o l k , Hunt and F o l k , 1979) . The p r i n c i p l e o f t h i s o b s e r v a t i o n i s 
t h a t the t h i r d s p i k e (T wave) r e p r e s e n t s t h e r e l a x a t i o n o f the h e a r t ; t h e r e f o r e 
h i b e r n a t o r s have a r a p i d r e l a x a t i o n t i m e . There has been c o n s i d e r a b l e d e b a t e as 
to whether the w i n t e r dormancy o f b e a r s can be c a l l e d h i b e r n a t i o n . By u s i n g the 
ECG r e c o r d s we found e v i d e n c e t h a t , from the s t a n d p o i n t o f c a r d i a c p h y s i o l o g y , the 
b e a r s are c l o s e r t o h i b e r n a t o r s than they are t o n o n - h i b e r n a t o r s . T h i s i s demon
s t r a t e d by t h e r e l a t i v e l y l o n g i n t e r v a l between the second and t h i r d s p i k e s 

Control (R. wrist + L. ankle) 

Xiphoid + 2.5 cm below Xiphoid 
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Control (R. wrist + L. ankle) 

Xiphoid + 12.5 cm below Xiphoid 

Xiphoid + 2.5 cm below Xiphoid 

same (higher gain) 

v . . i.y 
F i g . 2 . ECG r e c o r d s from a human s u b j e c t u s i n g m i d l i n e e l e c 

t r o d e s on abdominal s k i n . The l a s t r e c o r d was made 
w i t h the g a i n used f o r the c o n t r o l r e c o r d i n c r e a s e d 
s l i g h t l y . 

(R-T i n t e r v a l ) o f each h e a r t b e a t i n the macaque monkey and the d o g , compared t o 
the r e l a t i v e l y s h o r t i n t e r v a l found i n the t h r e e s p e c i e s o f b e a r s ( F i g s . 5 and 6 ) , 

FUTURE APPLICATIONS OF TELEMETRY 
I n order t o rev i ew the f i e l d o f p h y s i o l o g i c a l t e l e m e t r y , one must t r y t o d i p l o m a t i 
c a l l y rank the i m p o r t a n c e of the t y p e s o f c o m p a r a t i v e p h y s i o l o g y b e i n g done . P r o 
f e s s o r Ladd P r o s s e r once s t a t e d t h a t C o m p a r a t i v e P h y s i o l o g y must n o t become a p r o 
c e s s o f s imply a p p l y i n g o l d t e c h n i q u e s t o a new or d i f f e r e n t s p e c i e s . R a d i o t e l e m e t r y 
s h o u l d not be used i n t h i s f a s h i o n , b e c a u s e t h e r e i s f a r more i m p o r t a n t work t o be 
done . F u r t h e r m o r e , r e s e a r c h i s n o t n e c e s s a r i l y i m p o r t a n t j u s t b e c a u s e i t i s d i f f i c u l t . 

There appear t o be s e v e r a l c l a s s e s o f work b e i n g done; f i r s t , t h e r e i s an abundance 
o f fundamenta l t h e r o e t i c a l work w h i c h i s n o t c o m p a r a t i v e . T h i s i s sometimes done 
b e c a u s e i t i s e a s i e r t o do d i f f i c u l t , modern p h y s i o l o g y on 40 w h i t e r a t s ( c a r e f u l l y 
s t a n d a r d i z e d ) than i t i s t o do s i m p l e e x p e r i m e n t s on b e a r s and e a g l e s . S e c o n d l y , 
t h e r e i s an abundant c l a s s o f c h a l l e n g i n g , i n t e r e s t i n g , p u b l i s h a b l e work w h i c h i s 
not aimed d i r e c t l y a t a p r i n c i p l e o f b i o l o g y . Such work d e s c r i b e s new p h y s i o l o g i c a l 
a d a p t a t i o n s . For e x a m p l e , t h e r e are many papers w h i c h r e c o r d s i m u l t a n e o u s m e a s u r e 
ments on a new s p e c i e s o f a n i m a l , w i t h r e c o r d i n g s o f body t e m p e r a t u r e , oxygen 
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Xiphoid + 1 2 cm below Xiphoid 

IXiXJL 
Xiphoid + 5 c m below Xiphoid 

u 
2.5 cm below Xiphoid + 5 cm below 

JULJUL 
F i g . 3 . ECG r e c o r d s from a p a t i e n t w i t h a t r i a l f l u t t e r , u s i n g 

m i d l i n e e l e c t r o d e s p l a c e d on abdomen. The l a s t one 
was r e c o r d e d from o p p o s i t e s i d e s o f the n a v e l . The 
g a i n used f o r the c o n t r o l r e c o r d was n o t c h a n g e d . 

consumpt ion , e v a p o r a t i v e w a t e r l o s s , w a t e r b a l a n c e , and h e a r t r a t e . Some o f t h i s 
work i s b e i n g done by r a d i o t e l e m e t r y . To many b i o l o g i s t s , t h e s e p a p e r s can be 
e n j o y e d l i k e r e a d i n g a n o v e l , even a t m i d n i g h t , b u t the q u e s t i o n i s w h e t h e r they 
are q u i t e as i m p o r t a n t as our t h i r d c l a s s . We f i n d a d e a r t h o f t h e t h i r d c l a s s o f 
p u b l i c a t i o n w h i c h i s aimed d i r e c t l y a t c o n t r i b u t i n g t o an i m p o r t a n t b i o l o g i c a l p r i n 
c i p l e ; i n many c a s e s c o m p a r a t i v e , w h o l e - a n i m a l mammalian p h y s i o l o g y i s t h e k e y t o 
t h i s type o f c o n t r i b u t i o n . Two i l l u s t r a t i o n s w i l l s u f f i c e : (1) The e s t i m a t i o n o f 
the energy consumpt ion o f a n i m a l s i n t h e f i e l d by r e c o r d i n g t h e i r h e a r t r a t e by 
r a d i o t e l e m e t r y makes an i m p o r t a n t c o n t r i b u t i o n t o not o n l y b i o l o g i c a l s c i e n c e b u t 
to t h e s o l v i n g o f some o f t h e problems o f h u m a n i t y t o d a y , b e c a u s e o f t h e f o o d s h o r t 
ages around t h e w o r l d . U n f o r t u n a t e l y , i l l u s t r a t i o n s o f t h i s k i n d o f work are r a r e : 
Two o f the f i r s t c o n t r i b u t i o n s were by M o r h a r d t and M o r h a r d t (1971) , and by Lund and 
F o l k (1976) . S i n c e t h e n , t h e work o f Moen (1978) and o f Wooley and Owen (1978) 
s t a n d o u t ; they c a l c u l a t e d by u s e o f t e l e m e t r y the e n e r g y c o s t s f o r f r e e r a n g i n g 
a n i m a l s v a r y i n g i n s i z e from ducks up t o w h i t e - t a i l e d d e e r . I t would seem t h a t we 
need more funds and more teams o f b i o l o g i s t s and e l e c t r i c a l e n g i n e e r s f o c u s i n g on 
s u c h p r o b l e m s . 

My second example i s the l a c k o f i n f o r m a t i o n c o n c e r n e d w i t h the h i b e r n a t i o n o f b e a r s . 
Only one worker has r e c o r d e d t h e low h e a r t r a t e o f t h e s e a n i m a l s i n h i b e r n a t i o n . 
T h i s i s a v e r y c o n s p i c u o u s and i m p o r t a n t b i o l o g i c a l e v e n t ; the s l e e p i n g h e a r t r a t e 
o f many b e a r s i n summer i s a r e g u l a r 50 bpm ( F o l k , B e r b e r i c h and S a n d e r s , 1 9 7 3 ) . 

CONTROL (R.wrist + L. ankle) 
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Woodchuck 

Ground Squirrel 
Raccoon 

F i g . 4 . ECG r e c o r d s o f a c t i v e h i b e r n a t o r mammals by i m p l a n t e d 
m i d l i n e r a d i o c a p s u l e ( e x c e p t the b a t ) t o show t h a t the 
second and t h i r d s p i k e s o f each h e a r t b e a t (R wave and 
Τ wave) are i n c l o s e p r o x i m i t y . The s p e c i e s w e r e , 
from l e f t t o r i g h t ; Marmota monax, Myotis luoifugus, 
Citellus tvidecemlineatus, and Prooyon lotor. 

D u r i n g h i b e r n a t i o n the h e a r t r a t e becomes s l o w e r and s l o w e r u n t i l i t i s as low as 
8 bpm. T h i s i s so i m p o r t a n t t h a t c o n f i r m a t o r y s t u d i e s s h o u l d be made on a l l s p e c i e s 
of b e a r s . Why are b e a r s p a r t i c u l a r l y i m p o r t a n t ? T h i s appears to be the o n l y type 
of an imal t h a t can remain i n h i b e r n a t i o n f o r as l o n g as s i x or s e v e n months w i t h o u t 
f e e d i n g , d r i n k i n g , u r i n a t i n g , or d e f e c a t i n g . A g a i n , o n l y a few workers have shown 
c a t e g o r i c a l l y w i t h a few i n d i v i d u a l b e a r s , t h a t t h i s seems t o be the r u l e . There are 
many m e d i c a l i m p l i c a t i o n s to t h i s . F u r t h e r m o r e , t h e s e a n i m a l s appear to remain 
q u i e s c e n t d u r i n g t h i s p e r i o d o f t i m e . Such a p o s s i b i l i t y r e l a t e s , o f c o u r s e , t o 
u n d e r s t a n d i n g bed r e s t i n human s u b j e c t s and the problems o f the a s t r o n a u t s who 
appear t o h a v e m e t a b o l i c d i f f i c u l t i e s i n s p i t e o f a t t e m p t i n g to take e x e r c i s e i n 
t h e i r c a p s u l e s . We have o n l y the h e a r s a y e v i d e n c e from a few o b s e r v e r s who noted 
b e a r s d u r i n g p a r t o f t h e i r h i b e r n a t i o n p e r i o d ; they s t a t e t h a t the b e a r s appear to 
remain immobile most of the w i n t e r . E v e n the p o s s i b i l i t y o f c a l c i u m l e a c h i n g out 
i n a p p r o p r i a t e l y from the bones i n t o the c i r c u l a t i o n o f t h e s e a n i m a l s d u r i n g h i b e r n a 
t i o n i s o f f a s c i n a t i o n t o m e d i c a l s c i e n t i s t s ( N e l s o n et al,, 1973 ) . There s h o u l d 
be teams o f e n g i n e e r s and b i o l o g i s t s u s i n g m o t i o n s e n s i t i v e t r a n s m i t t e r s on the 
heads o f these an imal s d u r i n g the l o n g h i b e r n a t i o n p e r i o d t o d e t e r m i n e d e f i n i t i v e l y 
the l e n g t h o f t h i s s p e c t a c u l a r p e r i o d o f bed r e s t . The i n t e r e s t shown by m e d i c a l 
s c i e n t i s t s i n t h i s h i b e r n a t i o n o f b e a r s i m p l i e s t h a t a p r i n c i p l e o f b i o - m e d i c a l 
s c i e n c e i s a t s t a k e , no t s i m p l y a l i s t i n g o f new a d a p t a t i o n s . A n o t h e r i m p o r t a n t 
p o i n t about t h i s form o f h i b e r n a t i o n i s t h a t t h e s e a n i m a l s a t w i l l can d o u b l e t h e i r 
w e i g h t by a d d i n g a d i p o s e t i s s u e i n the f a l l , and under t h e i r own p h y s i o l o g i c a l c o n 
t r o l c a n remove t h i s e x c e s s w e i g h t a t the end o f the h i b e r n a t i n g s e a s o n ( N e l s o n 
et al,, 1973) . 

The q u e s t i o n now a r i s e s why some i m p o r t a n t work u s i n g t e l e m e t r y has n o t been a p p l i e d 
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Black-tailed Prairie Dog 

F i g , 5 . ECG r e c o r d s made by i m p l a n t e d m i d l i n e r a d i o c a p s u l e s 
from n o n - h i b e r n a t o r s (macaque monkey and dog) to show 
the l o n g i n t e r v a l between the s e c o n d and t h i r d s p i k e s 
o f each h e a r t b e a t (R wave and Τ w a v e ) . The t h i r d 
r e c o r d shows the c l o s e p r o x i m i t y o f the second and 
t h i r d s p i k e s i n an a c t i v e h i b e r n a t o r , the p r a i r i e 
dog (Cynomys ludovioianus) , 

to t h e s e p r i n c i p l e s and t o o t h e r s i m i l a r n e e d s . Many p h y s i o l o g i s t s and a d m i n i s t r a 
t o r s are m i s l e d by t h e i r b e l i e f t h a t i n f o r m a t i o n o b t a i n e d from b e a r s and w i l d - c a u g h t 
an ima l s i s o n l y o f i n t e r e s t t o t h e n a t u r a l i s t . A c t u a l l y much o f the b a s i c work i n 
u n d e r s t a n d i n g the p h y s i o l o g y o f h i b e r n a t i n g b e a r s h a s been a c c o m p l i s h e d w i t h a c o l o n y 
o f b l a c k b e a r s a t the Mayo C l i n i c . From t h e s e r e s u l t s , t h e r e a l r e a d y h a v e been 
a p p l i c a t i o n s on how t o manage p a t i e n t s whose k i d n e y s have f a i l e d . P e r h a p s t h e r e i s 
a l s o some c o n f l i c t between the o p i n i o n s on t h e v a l u e o f w o r k i n g w i t h caged a n i m a l s , 
compared w i t h f r e e a n i m a l s . T e s t e r (1978) and Amlaner (1978) have c o r r e c t l y made the 
p o i n t t h a t p h y s i o l o g i c a l d a t a from a n i m a l s i n e n c l o s u r e s are o f t e n v e r y d i f f e r e n t 
from t h o s e o b t a i n e d from the same s p e c i e s when f r e e r a n g i n g . Y e t , some i m p o r t a n t 
and s u c c e s s f u l c o m p a r a t i v e p h y s i o l o g y can be measured on caged a n i m a l s . F o r example , 
the d e p r e s s i o n i n h e a r t r a t e and the d e p r e s s i o n i n m e t a b o l i s m (Hock, 1960) r e c o r d e d 
from caged b e a r s i n h i b e r n a t i o n are an i m p o r t a n t f i r s t s t e p , and p r o b a b l y when these 
measurements are made i n f r e e l i v i n g b e a r s , the d e p r e s s i o n w i l l be more marked r a t h e r 
than l e s s marked. 
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Grizzly Bear 

Polar Bear 

i ..1 ._L_J. 

Black Bear 

F i g . 6 . ECG r e c o r d s made by i m p l a n t e d m i d l i n e r a d i o c a p s u l e s 
from t h r e e s p e c i e s o f b e a r s , t o show t h a t t h e i r ECG 
p a t t e r n i s s i m i l a r t o t h a t o f o t h e r h i b e r n a t o r s . The 
s e c o n d and t h i r d s p i k e s are i n c l o s e p r o x i m i t y . 

The t r a i n e d b i o l o g i s t s are t h e r e ; they are a c c o m p l i s h i n g i n t e r e s t i n g and c o m p l i c a t e d 
p h y s i o l o g y . E i t h e r they have n o t : (a) l e a r n e d a b o u t , o r h a v e not b e e n t a u g h t , t h o s e 
s p e c i a l a r e a s w h i c h are c r y i n g f o r a t t e n t i o n , or (b) they have b e e n d i s c o u r a g e d by 
the r a d i o t e l e m e t r y equipment w h i c h has been d e s i g n e d b u t n o t d e v e l o p e d , or (c) they 
have been unable to a f f o r d t h e c o s t o f r a d i o t e l e m e t r y e q u i p m e n t . I f we look out 
over t h e panorama o f the f u t u r e p h y s i o l o g i c a l r e s e a r c h w h i c h i s to be a s s i s t e d by 
r a d i o t e l e m e t r y , l e t us hope we w i l l s ee many examples o f team r e s e a r c h d i r e c t e d 
toward those b i o l o g i c a l p r i n c i p l e s w h i c h we are j u s t b e g i n n i n g to u n d e r s t a n d and 
u s e , 

Ackncwledgements — The o r i g i n a l work r e p o r t e d h e r e was s u p p o r t e d by a c o n t r a c t w i t h 
The O f f i c e o f N a v a l R e s e a r c h . 
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Abstract — R e c e n t advances i n t h e t e c h n o l o g y o f m u l t i c h a n n e l 
r a d i o t e l e m e t r y have made p o s s i b l e the s i m u l t a n e o u s m e a s u r e 
ment of s e v e r a l p h y s i o l o g i c a l p a r a m e t e r s from f r e e r a n g i n g 
or c a p t i v e a n i m a l s . D a t a o b t a i n e d under n a t u r a l c o n d i t i o n s are 
e s s e n t i a l t o our u n d e r s t a n d i n g of the b e h a v i o r , e c o l o g y and 
e n v i r o n m e n t a l p h y s i o l o g y o f any s p e c i e s . A s u b c a r r i e r r a d i o 
t r a n s m i t t e r i s d e s c r i b e d i n d e t a i l . I t o p e r a t e s on the 88-108 
MHz b r o a d c a s t band or i n the 150 MHz VHF r a n g e . S u b c a r r i e r 
f r e q u e n c y i s 1 KHz, f a c i l i t a t i n g the use o f i n e x p e n s i v e p o r t a b l e 
r e c e i v e r s and c a s s e t t e tape r e c o r d e r s . A m a g n e t i c s w i t c h and 
CMOS i n t e g r a t e d c i r c u i t r y are used t o p r o v i d e o n / o f f s w i t c h i n g 
o f t h e s u r g i c a l l y i m p l a n t e d r a d i o t r a n s m i t t e r . Problems 
r e q u i r i n g a t t e n t i o n i n the f u t u r e i n c l u d e t r a n s m i t t e r c o s t s , 
improvement o f ' b a t t e r y f r e e ' t r a n s m i t t e r s , r a d i o t e l e m e t r y 
f r e q u e n c y band a l l o c a t i o n s and d a t a a n a l y s i s . 

INTRODUCTION 
The s o l u t i o n t o a b i o l o g i s t ' s problem i s o f t e n l y i n g , d u s t c o v e r e d , on an e n g i n e e r ' s 
s h e l f . One aim o f t h i s c o n f e r e n c e i s t o show what i s a v a i l a b l e , what our v a r i o u s 
needs a r e , and how they may be met . The p u r p o s e o f t h i s p a p e r i s t o d e m o n s t r a t e 
the d i v e r s e a p p l i c a t i o n s o f p h y s i o l o g i c a l r a d i o t e l e m e t r y . S e v e r a l t h o r o u g h r e v i e w s 
are a v a i l a b l e ( S l a t e r , 1963; C a c e r e s , 1965; M a c k a y , 1970, 1974; F o l k and C o p p i n g , 
1973; F r y e r and S a n d l e r , 1974; Amlaner , 1 9 7 8 ) . 

ADVANTAGES OF RADIO TELEMETRY 
I n v e s t i g a t o r s u s i n g r a d i o t a g s have g a i n e d i n s i g h t i n t o the movement, a c t i v i t y p a t 
t e r n s , and home r a n g e s o f s e c r e t i v e a n i m a l s . Measurement o f p h y s i o l o g i c a l p a r a m e t e r s 
from u n d i s t u r b e d f r e e r a n g i n g a n i m a l s i n the w i l d r e q u i r e s r a d i o t e l e m e t r y . A l s o 
b i o t e l e m e t r y may o f f e r a b e t t e r way to make l a b o r a t o r y measurements , e l i m i n a t i n g w i r e 
c o n n e c t i o n s between t h e a n i m a l and o t h e r e l e c t r o n i c e q u i p m e n t . T h i s f r e e s t h e an imal 
and reduces l i n e n o i s e i n t e r f e r e n c e . W i r e l e s s o p e r a t i o n a l s o r e d u c e s the h a z a r d o f 
s h o c k . R e s t r a i n t , even o f h i g h l y i n b r e d l a b o r a t o r y a n i m a l s , o f t e n i n t r o d u c e s s t r e s s 
and a l t e r a t i o n o f p h y s i o l o g i c a l and p s y c h o l o g i c a l p a r a m e t e r s ( K e l l e r and U n b r e i t , 
1956; F o l k and C o p p i n g , 1974) wh ich may o t h e r w i s e i n v a l i d a t e e x p e r i m e n t s . 

H.B.—c 4^ 
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Radio t e l e m e t r y i s no t a p a n a c e a : t r a n s m i t t e r s f a i l , range i n the f i e l d se ldom l i v e s 
up t o e x p e c t a t i o n s , r e c o r d i n g sys tems m a l f u n c t i o n and t e l e m e t r y i s e x p e n s i v e and 
o f t e n d i f f i c u l t t o u s e . S i m p l i c i t y i s b e s t . I f the r e q u i r e d d a t a can be o b t a i n e d 
by more d i r e c t methods t h e use of r a d i o t e l e m e t r y s h o u l d be d i s c o u r a g e d , b u t i t 
o f t e n becomes the method o f c h o i c e by d e f a u l t when no o t h e r t e c h n i q u e i s a d e q u a t e . 

PHYSIOLOGICAL RADIO TELEMETRY 
V i r t u a l l y any p h y s i o l o g i c a l p a r a m e t e r t h a t can be c o n v e r t e d t o an e l e c t r i c a l p o t e n t i a l 
and measured i n the f i e l d may be t r a n s m i t t e d , e . g . t e m p e r a t u r e , b i o p o t e n t i a l s s u c h 
as E C G , EEG and m y o p o t e n t i a l , b l o o d or g l a n d u l a r f l o w r a t e s , b l o o d p r e s s u r e , r e s p i r a 
t i o n r a t e and v o l u m e . V a r i o u s b i o c h e m i c a l p a r a m e t e r s such as pH ( g a s t r i c or b l o o d ) 
P c o 2 j P02 may a l s o be t r a n s m i t t e d . 

I n d i v i d u a l s i n t e r e s t e d i n home r a n g e or h a b i t a t u t i l i z a t i o n can p r o f i t from m e a s u r e 
ment o f p h y s i o l o g i c a l p a r a m e t e r s . C o n v e r s e l y , i t i s o f t e n i m p o s s i b l e f o r the l a b o r a 
t o r y p h y s i o l o g i s t w o r k i n g w i t h h i g h l y i n b r e d l a b o r a t o r y a n i m a l s , t o i n t e r p r e t h i s 
measurements i n a way t h a t i s e c o l o g i c a l l y m e a n i n g f u l . We need an i n t e g r a t e d approach 
t o s t u d y i n g the i n t e r r e l a t i o n o f n a t u r a l h i s t o r y , e c o l o g y , p h y s i o l o g y and b e h a v i o r . 
Measurement o f h e a r t r a t e can h e l p to e s t a b l i s h s o c i a l h i e r a r c h i e s ( R u f f , 1971) and 
measurement o f body t empera ture can a i d u n d e r s t a n d i n g o f h a b i t a t u t i l i z a t i o n . 

RADIO TELEMETRY I N THE LABORATORY 

Requirements f o r l a b o r a t o r y r a d i o t e l e m e t r y are g e n e r a l l y l e s s demanding t h a n f i e l d 
r e q u i r e m e n t s ( t r a n s m i s s i o n o v e r m e t e r s i n s t e a d o f thousands o f m e t e r s ) . N e v e r t h e 
l e s s , t h e r e are p r o b l e m s : most l a b o r a t o r y e n v i r o n m e n t s are e l e c t r i c a l l y n o i s y , o f t e n 
n e c e s s i t a t i n g i n c r e a s e d t r a n s m i t t e r power, s o p h i s t i c a t e d a n t e n n a s or F a r a d a y s h i e l d i n g . 
L a b o r a t o r i e s are o f t e n i n m a j o r m e t r o p o l i t a n a r e a s w i t h h i g h u t i l i z a t i o n o f t h e r a d i o 
f r e q u e n c y bands used i n r a d i o t e l e m e t r y . Commerc ia l t r a n s m i s s i o n o f t e n i n t e r f e r e s 
w i t h r a d i o t e l e m e t r y and c o n v e r s e l y t h e p o s s i b i l i t y o f a c c i d e n t a l i n t e r f e r e n c e by 
t h e t e l e m e t r y t r a n s m i t t e r becomes more l i k e l y . 

PHYSIOLOGICAL RADIO TELEMETRY I N THE F I E L D 

C a p t i v e an ima l s o f t e n behave d i f f e r e n t l y from f r e e r a n g i n g a n i m a l s . F o r e x a m p l e , 
measurements o f body t emperature and h e a r t r a t e under n a t u r a l c o n d i t i o n s d i f f e r from 
s i m i l a r measurements i n the l a b o r a t o r y ( F o l k and C o p p i n g , 1974; S m i t h , P e t e r s o n and 
T h i g p e n , 1975 ) . Q u a l i t a t i v e d i f f e r e n c e s a l s o e x i s t . An example from my own r e s e a r c h 
i s a c a s e i n p o i n t . 

Many v e r t e b r a t e s t h a t f e e d underwater show a marked r e d u c t i o n i n h e a r t r a t e upon s u b 
m e r g e n c e . D i v i n g b r a d y c a r d i a h a s been o b s e r v e d i n many s p e c i e s o f r e p t i l e s , b i r d s 
and mammals ( A n d e r s e n , 1966) . The h e a r t r a t e r e s p o n s e o f a l l i g a t o r s was measured i n 
the l a b o r a t o r y u s i n g t e t h e r s and ambiguous r e s u l t s were o b t a i n e d . F o r c e d and v o l u n 
t a r y d i v e s produced b r a d y c a r d i a ( W i l b e r , 1960; A n d e r s e n , 1961) . Gaunt and Gans 
(1969) v i e w i n g d i v e s w i t h c l o s e d c i r c u i t TV o b s e r v e d v o l u n t a r y d i v e s w i t h no b r a d y 
c a r d i a w h i l e f e a r - e v o k e d d i v e s a lways r e s u l t e d i n marked b r a d y c a r d i a i n Caiman crooo-
dilus. R a d i o t e l e m e t r y s t u d i e s o f a f r e e r a n g i n g a l l i g a t o r c l e a r l y showed the b r a d y 
c a r d i a to be a r e s p o n s e t o f e a r or d i s t u r b a n c e and not to submergence ( S m i t h , A l l i s o n 
and Crowder , 1974 ) . The p r e v i o u s l y r e p o r t e d ' d i v i n g b r a d y c a r d i a ' f o r a l l i g a t o r s was 
an a r t i f a c t o f t h e e x p e r i m e n t a l c o n d i t i o n s . F r e e r a n g i n g a l l i g a t o r s do not e x h i b i t 
d i v i n g b r a d y c a r d i a upon submergence u n l e s s f r i g h t e n e d . 

Te l emetry p r o v i d e s t h e o n l y way o f o b t a i n i n g p h y s i o l o g i c a l d a t a from many a n i m a l s . 
Some s p e c i e s cannot be m a i n t a i n e d i n c a p t i v i t y f o r e x t e n d e d p e r i o d s o f t ime and many 
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animals are dangerous t o h a n d l e or i m p o s s i b l e t o t e t h e r ( F o l k , 1980, t h i s v o l u m e ) . 
O t h e r a n i m a l s , such a s many c e t a c i a n s , are s i m p l y t o o l a r g e t o m a i n t a i n under l a b o r a 
t o r y c o n d i t i o n s . T e l e m e t r y i s e s p e c i a l l y u s e f u l f o r s t u d y i n g h i b e r n a t i o n where 
d i s t u r b a n c e m i g h t awaken the a n i m a l ( F o l k , 1967; F o l k , F o l k and M i n o r , 1972; F o l k , 
L a r s o n and F o l k , 1 9 7 6 ) . 

PROBLEMS OF F I E L D RADIO TELEMETRY 

T r a n s m i t t e d range under f i e l d c o n d i t i o n s se ldom a p p r o a c h e s t h e o r e t i c a l c a l c u l a t i o n s . 
Due to c a p a c i t i v e l o a d i n g e f f e c t s o f the body a t r a n s m i t t e r ' s range may drop from 
one km t o t e n s o f meters when p l a c e d i n s i d e o r a t t a c h e d to an a n i m a l . 

The RF o s c i l l a t o r i s u s u a l l y the p a r t o f the t r a n s m i t t e r c i r c u i t t h a t consumes the 
most power and t r a n s m i t s the s i g n a l t o t h e r e c e i v e r . There are two approaches to 
RF o s c i l l a t o r d e s i g n . The use o f c r y s t a l c o n t r o l l e d o s c i l l a t o r s f i x e s t h e o p e r a t i n g 
f r e q u e n c y of t h e RF o s c i l l a t o r . T h i s s i m p l i f i e s r e c e i v e r o p e r a t i o n and f a c i l i t a t e s 
a u t o m a t i c d a t a c o l l e c t i o n . R a d i o f r e q u e n c y o s c i l l a t o r s c o n t a i n tuned c i r c u i t s w h i c h 
must c o r r e s p o n d t o the c r y s t a l f r e q u e n c y f o r e f f i c i e n t o p e r a t i o n and maximum t r a n s 
m i t t e d r a n g e . U n f o r t u n a t e l y t h e f r e q u e n c y o f t h e tuned c i r c u i t i s a f f e c t e d by t h e 
p r o x i m i t y o f c o n d u c t o r s i n c l u d i n g t h e t a g g e d a n i m a l . I f the c r y s t a l c o n t r o l l e d o s c i l 
l a t o r and tuned c i r c u i t f r e q u e n c y do n o t m a t c h , e f f i c i e n c y and r a n g e f a l l o f f s h a r p l y . 
Th i s i s p r e c i s e l y what happens when a r a d i o t r a n s m i t t e r i s p l a c e d on (or i n s i d e ) an 
a n i m a l . The c i r c u i t may, however , be detuned i n the l a b o r a t o r y i n a n t i c i p a t i o n o f 
the e f f e c t s o f the a n i m a l . Optimum e f f i c i e n c y and maximum r a n g e are d i f f i c u l t t o 
a c h i e v e w i t h most c r y s t a l c o n t r o l l e d o s c i l l a t o r s . 

The o t h e r approach i s t o use a f r e e r u n n i n g RF o s c i l l a t o r where the tuned c i r c u i t 
i t s e l f d e t e r m i n e s the o s c i l l a t o r f r e q u e n c y . Once a g a i n , a t t a c h m e n t or i m p l a n t a t i o n 
a l t e r s t h e t u n i n g o f t h e c i r c u i t . T h i s u s u a l l y r e s u l t s i n a downward s h i f t i n the 
o p e r a t i n g f r e q u e n c y , w h i c h makes r e c e p t i o n and a u t o m a t i c r e c o r d i n g d i f f i c u l t b e c a u s e 
the r e c e i v e r must be tuned t o f i n d and f o l l o w the t r a n s m i t t e d s i g n a l . E f f i c i e n c y 
and t r a n s m i t t e d range however , remain h i g h . 

The k i n d and amount o f v e g e t a t i o n , s o i l t y p e , s o i l m o i s t u r e and t e r r a i n e a c h a f f e c t s 
t r a n s m i t t e d r a n g e . I n w o r k i n g w i t h w e s t e r n diamond back r a t t l e s n a k e s i n w e s t e r n 
Oklahoma, I found t h a t r a n g e s v a r i e d from s e v e r a l meters t o o v e r 2 km depending on 
v e g e t a t i o n and t e r r a i n ( S m i t h , 1 9 7 0 ) . There i s no ready s o l u t i o n t o t h i s p r o b l e m . 

DESIGN PROBLEMS 

U n f o r t u n a t e l y , the s i m u l t a n e o u s s o l u t i o n t o t h e i d e a l d e s i g n c r i t e r i a cannot be 
a c h i e v e d w i t h c u r r e n t t e c h n o l o g y . F o r e x a m p l e , minimum s i z e and maximum range a r e 
a lmos t m u t u a l l y e x c l u s i v e . A c c u r a c y and c o m p l e x i t y must be compromised f o r c o s t , 
e s p e c i a l l y i n f i e l d s t u d i e s w i t h the r i s k o f l o s i n g t h e t r a n s m i t t e r . N e v e r t h e l e s s , 
b i o t e l e m e t r y sys tems are a v a i l a b l e f o r f i e l d s t u d i e s o f v e r t e b r a t e s as s m a l l as a 
few hundred grams or s m a l l e r . 

ENVIRONMENTAL EFFECTS ON EQUIPMENT 

Ambient t e m p e r a t u r e and h u m i d i t y a l t e r s p e r f o r m a n c e o f r e c e i v e r s , r e c o r d e r s and 
d e m o d u l a t o r s . Such equipment must be d e s i g n e d to o p e r a t e a c c u r a t e l y i n the wide range 
o f e n v i r o n m e n t a l ex tremes t o w h i c h i t i s e x p o s e d or i t must be p r o t e c t i v e l y housed 
i n a l^ss s e v e r e m i c r o h a b i t a t ( such as a t h e r m o s t a t i c a l l y c o n t r o l l e d i c e c h e s t ) . 
Te l emetry equipment d e s i g n o f t e n needs to approach m i l i t a r y s p e c i f i c a t i o n s b u t u n f o r 
t u n a t e l y t h i s i n c r e a s e s equipment c o s t . 
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USING BIOTELEMETRY 
ATTACHMENT OF THE TRANSMITTER 

External Attachment 

V a r i o u s methods o f d i r e c t a t t a c h m e n t have been deve loped f o r r a d i o t a g s t u d i e s and 
some o f t h e s e are a d a p t a b l e t o b i o t e l e m e t r y . I f , f o r e x a m p l e , s k i n s u r f a c e t e m p e r a 
t u r e or movement d a t a a r e b e i n g t r a n s m i t t e d t h e n c o l l a r s o r h a r n e s s e s are a c c e p t a b l e . 
I f t r a n s d u c e r s o r e l e c t r o d e s are to be s u r g i c a l l y i m p l a n t e d t h e s e must be c o n n e c t e d 
to t h e t r a n s m i t t e r by w i r e s . The p o i n t o f e x i t o f the l e a d s may produce i r r i t a t i o n 
and i n f e c t i o n . Movement o f the t r a n s m i t t e r ( such as r o t a t i o n o f the c o l l a r ) can 
r e s u l t i n broken w i r e s and t r a n s m i t t e r f a i l u r e . F o r l a r g e a n i m a l s , where l o n g range 
i s n e c e s s a r y , e x t e r n a l l y mounted t r a n s m i t t e r s h a v e been used s u c c e s s f u l l y . An 
e x t e r n a l l y mounted t r a n s m i t t e r must be t e m p e r a t u r e compensated b e c a u s e i t i s o f t e n 
exposed to a h a r s h thermal e n v i r o n m e n t . 

A d v a n t a g e s o f e x t e r n a l a t t a c h m e n t a r e : (a) The t r a n s m i t t e r p r o v i d e s immediate v i s u a l 
i d e n t i f i c a t i o n o f t h e an imal ( e a s i l y f a c i l i t a t e d by the use o f b r i g h t l y c o l o r e d t a p e 
or p a i n t ) . (b) The t r a n s m i t t e r i s a c c e s s i b l e f o r b a t t e r y r e p l a c e m e n t or r e p a i r , 
(c ) A more e f f i c i e n t an tenna can be used thus i n c r e a s i n g range ( s i n c e tuned antennas 
r e p r e s e n t a tuned c i r c u i t , p r o x i m i t y o f the an imal or movement d e t u n e s i t r e s u l t i n g 
i n l o s s o f r a n g e ) . (d) E x t e r n a l r a d i o p a c k a g e s a l s o p e r m i t the use o f s o l a r power 
( P a t t o n , 1973; W i l l i a m s and B u r k e , 1973; C h u r c h , 1980, t h i s v o l u m e ) . 

Tethered Transmitters 

A t t a c h m e n t o f t r a n s m i t t e r s to f i s h may r e s u l t i n a l t e r e d swimming p e r f o r m a n c e and 
problems w i t h i n f e c t i o n w h i l e i n t e r n a l i m p l a n t a t i o n may be d i f f i c u l t . T h u s , some 
i n v e s t i g a t o r s r e s o r t t o a t e t h e r i n g arrangement by w h i c h t h e f i s h p u l l s a n e u t r a l l y 
b u o y a n t t r a n s m i t t e r p a c k a g e . O b v i o u s l y t h i s i s b e s e t w i t h problems c o n c e r n i n g the 
b e h a v i o r o f t h e a n i m a l . 

Surgical Implantation 

F o l k p e r f e c t e d an i m p l a n t a t i o n o p e r a t i o n and d e m o n s t r a t e d t h a t t h e abdominal c a v i t y 
i s an a c c e p t a b l e s i t e f o r r a d i o t r a n s m i t t e r s ( E s s l e r and F o l k , 1 9 6 1 ) . S u r g i c a l p r o 
cedure i s s i m p l e , r e q u i r i n g from l e s s t h a n 30 min t o s e v e r a l h o u r s depend ing on a n i 
mal s i z e . S i d e e f f e c t s are f ew. The i m p l a n t e d t r a n s m i t t e r must be s e a l e d from body 
m o i s t u r e (Shook and F o l k , 1965) and i m p l a n t a b l e e l e c t r o d e s must be u s e d ( F o l k , 1 9 6 4 ) . 
The t r a n s m i t t e r i s o f t e n e n c a p s u l a t e d w i t h i n c o n n e c t i v e t i s s u e and becomes a t t a c h e d 
to t h e abdominal w a l l . Body t empera ture may be t e l e m e t e r e d d i r e c t l y and o t h e r p h y s i o 
l o g i c a l parameters may be measured by t h e use o f a p p r o p r i a t e t r a n s d u c e r s and l e a d s 
( F r y e r , 1970 ) . I o f t e n p l a c e t r a n s m i t t e r s i n t h e abdominal c a v i t y and run two ECG 
leads out o f t h e c a v i t y , then s u b d e r m a l l y t o e a c h end o f the s ternum t o ECG e l e c t r o d e s . 
The t r a n s m i t t e d s i g n a l i s a t t e n u a t e d o n l y s l i g h t l y i n p a s s i n g through t h e abdominal 
w a l l and the t r a n s m i t t e r i s w e l l p r o t e c t e d . S u b c u t a n e o u s i m p l a n t s n e a r the neck are 
p o s s i b l e on l a r g e r a n i m a l s b u t a g a i n , l e a d s must be p l a c e d s u b d e r m a l l y t o v a r i o u s 
t r a n s d u c e r s . 

D i s a d v a n t a g e s o f s u r g i c a l i m p l a n t a t i o n a r e : (a) B a t t e r y r e p l a c e m e n t o r t r a n s m i t t e r 
r e p a i r i n v o l v e s s u r g e r y and r e c o v e r y , (b) The t r a n s m i t t i n g a n t e n n a i s r e s t r i c t e d 
t o t h e m a g n e t i c d i p o l e o f the i n t e r n a l tank c i r c u i t and ranges i n e x c e s s o f 100 m 
become d i f f i c u l t . 

Repeaters 

One can o b t a i n t h e b e s t o f b o t h methods by s u r g i c a l l y i m p l a n t i n g a s m a l l s h o r t range 
t r a n s m i t t e r and e x t e r n a l l y a t t a c h i n g a t r a n s p o n d e r or r e p e a t e r . The i n t e r n a l t r a n s 
m i t t e r sends a weak s i g n a l t o a r e c e i v e r c a r r i e d e x t e r n a l l y on a c o l l a r or h a r n e s s . 
The s i g n a l i s r e c e i v e d and m o d u l a t e s a more p o w e r f u l l o n g range r a d i o t r a n s m i t t e r . 
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Such sys tems have been used to t r a n s m i t d a t a to s a t e l l i t e s . I n f o r m a t i o n was tem
p o r a r i l y s t o r e d i n t h e s a t e l l i t e and r e c o v e r e d when the s a t e l l i t e p a s s e d o v e r t h e 
a p p r o p r i a t e t r a c k i n g s t a t i o n ( C r a i g h e a d et a l , , 1 9 7 1 ) . 

REQUIREMENTS FOR PHYSIOLOGICAL RADIO TELEMETRY 

The s i m p l e s t p h y s i o l o g i c a l t e l e m e t r y t r a n s m i t t e r m i g h t c o n s i s t o f an RF o s c i l l a t o r 
d i r e c t l y modula ted b y a b i o p o t e n t i a l or t r a n s d u c e r . Such t r a n s m i t t e r s have been 
used w i t h v a r y i n g s u c c e s s (Mackay, 1970; F o l k and C o p p i n g , 1973; S m i t h and Crowder, 
1974) . Two problems p r e v a i l : (a) The RF o s c i l l a t o r o p e r a t e s c o n t i n u o u s l y and so 
consumes power and reduces b a t t e r y l i f e , (b) S i n c e many p h y s i o l o g i c a l e v e n t s have 
s u b a u d i o components , s p e c i a l r e c e i v e r s , a m p l i f i e r s and r e c o r d e r s a r e needed to p r o 
c e s s t h e d a t a . 

An improved and w i d e l y u s e d p h y s i o l o g i c a l t e l e m e t r y s y s t e m i s shown i n F i g . 1 (Roy 
and H a r t , 1966; F r y e r , 1970; S m i t h and S a l b , 1 9 7 5 ) . I n a d d i t i o n t o the RF o s c i l l a t o r 
and t r a n s d u c e r i t c o n t a i n s a s u b c a r r i e r o s c i l l a t o r w h i c h r e d u c e s t h e d u t y c y c l e . 
S i n c e the RF o s c i l l a t o r o f t e n consumes more than 10 t imes the power o f the remainder 
of the c i r c u i t (even i n s o p h i s t i c a t e d m u l t i - c h a n n e l s y s t e m s ) , a r e d u c t i o n o f RF duty 
c y c l e r e d u c e s b a t t e r y d r a i n and e x t e n d s o p e r a t i n g l i f e i n s p i t e o f i n c r e a s e d com
p l e x i t y . Duty c y c l e s c a n be made v e r y s h o r t (1 t o 10 p e r c e n t ) w i t h l i t t l e d e g r a d a 
t i o n o f t r a n s m i t t e d r a n g e . The upper f r e q u e n c y component o f t h e measured p h y s i o 
l o g i c a l p a r a m e t e r s d i c t a t e s t h e s u b c a r r i e r f r e q u e n c y . T h e o r e t i c a l l y , the s u b c a r r i e r 
f r e q u e n c y s h o u l d be a t l e a s t 10 t imes the upper f r e q u e n c y o f t h e b i o l o g i c a l s i g n a l 
( S t r o n g , 1 9 7 0 ) . I n p r a c t i c e good f i d e l i t y demands t h a t the s u b c a r r i e r f r e q u e n c y i s 
20 to 50 t i m e s g r e a t e r than t h e h i g h e s t f r e q u e n c y o f t h e p h y s i o l o g i c a l s i g n a l . 

Commercia l t e l e m e t r y sys t ems o f t e n employ s u b c a r r i e r f r e q u e n c i e s from s e v e r a l KHz t o 
100 KHz or h i g h e r . S p e c i a l r e c e i v e r s and wide band r e c o r d e r s must be employed w h i c h 
add to the expense o f t h e t e l e m e t r y s y s t e m . As many p h y s i o l o g i c a l p a r a m e t e r s o f 
i n t e r e s t are low f r e q u e n c y e v e n t s , a b i o l o g i c a l s i g n a l p a s s b a n d o f DC — t o 50 or 
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F i g . 1. S i m p l e s u b c a r r i e r r a d i o t e l e m e t r y s y s t e m . A s u b c a r r i e r 
o s c i l l a t o r r e d u c e s RF d u t y c y c l e and s i m p l i f i e s i n f o r 
m a t i o n s t o r a g e . 
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100 Hz i s an adequate compromise. A s u b c a r r i e r s y s t e m o p e r a t i n g a t a few KHz (Smi th 
and S a l b , 1975) p r o v i d e s s e v e r a l a d v a n t a g e s . The t r a n s m i t t e d s i g n a l may be r e c e i v e d 
by r e a d i l y a v a i l a b l e i n e x p e n s i v e r e c e i v e r s (US $ 5 0 . 0 0 ) . The b i o l o g i c a l s i g n a l ( such 
as ECG or r e s p i r a t i o n ) c a u s e s the a u d i b l e tone to v a r y i n p i t c h . One can o f t e n count 
b r e a t h i n g or h e a r t r a t e d i r e c t l y from t h e r e c e i v e r , thus s i m p l i f y i n g d e m o d u l a t i o n . 
The aud io tone c o n t a i n i n g t h e b i o l o g i c a l d a t a may be r e c o r d e d on an i n e x p e n s i v e c a s 
s e t t e r e c o r d e r . D a t a may be demodulated (by a u d i o f r e q u e n c y d e t e c t i o n ) d i r e c t l y or 
i n f o r m a t i o n s t o r e d on m a g n e t i c tape f o r l a t e r d e m o d u l a t i o n . T h u s , the s u b c a r r i e r 
s y s t e m not o n l y r e s u l t s i n a c o n s i d e r a b l e i n c r e a s e o f b a t t e r y l i f e i n the t r a n s m i t t e r 
b u t a l s o s i m p l i f i e s r e c e p t i o n and d a t a r e c o r d i n g . 

MulHohannel Radio Telemetry 

As v a r i o u s p h y s i o l o g i c a l e v e n t s o f t e n d i f f e r i n f r e q u e n c y c o n t e n t , i t i s p o s s i b l e t o 
m o d i f y the s i m p l e s u b c a r r i e r sys t em d e s c r i b e d above to c a r r y more t h a n one c h a n n e l 
o f b i o l o g i c a l i n f o r m a t i o n . F o r e x a m p l e , body t empera ture changes v e r y s l o w l y and 
can be e a s i l y c o n t a i n e d w i t h i n a bandwidth o f DC to 0 .05 H z . An ECG s i g n a l i s , b i o 
l o g i c a l l y s p e a k i n g , a r a p i d event and can be c o n t a i n e d i n a passband o f 1 .0 to 100 
H z . A r e a s o n a b l e q u a l i t y ECG o c c u p i e s a bandwidth o f 10-50 H z . S i n c e the two p h y 
s i o l o g i c a l e v e n t s , t emperature and E C G , o c c u r a t d i f f e r e n t f r e q u e n c i e s they may b o t h 
be t r a n s m i t t e d through the s i m p l e s u b c a r r i e r s y s t e m d e s c r i b e d a b o v e . 

F i g u r e 2 shows the m o d i f i e d s u b c a r r i e r s y s t e m . Both the s low c h a n g i n g t empera ture 
and r a p i d c h a n g i n g ECG s i g n a l modu la te t h e f r e q u e n c y o f the s u b c a r r i e r o s c i l l a t o r 
and b o t h appear a t the demodula tor o u t p u t . S i m p l e RC low and h i g h p a s s f i l t e r s a r e 
then used to s e p a r a t e the b i o l o g i c a l s i g n a l s and each appears u n a f f e c t e d by t h e 
o t h e r (Venables and S m i t h , 1 9 7 2 ) . 
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F i g . 2 . M u l t i c h a n n e l s u b c a r r i e r p h y s i o l o g i c a l t e l e m e t r y s y s t e m . 
F r e q u e n c y s e p a r a t i o n o f p h y s i o l o g i c a l e v e n t s a l l o w s 
s i m u l t a n e o u s t r a n s m i s s i o n w i t h o u t c r o s s t a l k . 
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T h i s k i n d o f m u l t i c h a n n e l approach i s i d e a l b e c a u s e i t adds l i t t l e c o m p l e x i t y or 
power d r a i n to the t r a n s m i t t e r , and may be e x t e n d e d to many c h a n n e l s o f i n f o r m a t i o n . 
Such a sys tem has been d e s c r i b e d f o r t e l e m e t e r i n g body t e m p e r a t u r e , E C G , and r e s p i r a 
t i o n r a t e f o r b i r d s (Smi th and S a l b , 1975), and r e s u l t s o b t a i n e d f o r a d o m e s t i c duck 
(Smi th et al,, 1975) , f r e e r a n g i n g woodchucks ( S m i t h , 1978; S m i t h and C a u s b y , 1980, 
t h i s v o l u m e ) , and c o t t o n t a i l r a b b i t s (Smi th and Worth , 1980, t h i s v o l u m e ) . The 
sys tem i s s u p p l i e d by B i o t e l e m e t r y S y s t e m s , I n c . ( P . O . Box 10, Rush , New Y o r k 74464, 
U . S . A . ) . 

Reduction of Duty Cycle 

Rapid e v e n t s s u c h a ¿ E C G , E E G , m y o p o t e n t i a l s and n e u r a l p o t e n t i a l s r e q u i r e s a m p l i n g 
of hundreds to thousands o f t imes each s e c o n d . S low e v e n t s such as t e m p e r a t u r e may 
be sampled once e a c h second or l e s s . L o c a t i n g and t r a c k i n g r a p i d l y moving a n i m a l s 
r e q u i r e s a t l e a s t a s i g n a l e v e r y second or s o . T h i s i s e s p e c i a l l y t r u e i f h i g h l y 
d i r e c t i o n a l a n t e n n a s a r e used b e c a u s e t h e a n t e n n a must be p o i n t i n g toward t h e an imal 
when the t r a n s m i t t e r i s t r a n s m i t t i n g . S low p u l s i n g t r a n s m i t t e r s are d i f f i c u l t t o 
l o c a t e . 

W i t h r a p i d e v e n t s s u c h as ECG o n l y a p o r t i o n o f the i n f o r m a t i o n may be n e e d e d . F o r 
example , ECG i s o f t e n used to d e t e r m i n e h e a r t r a t e . S i n c e the R-wave i s the f a s t e s t 
r i s e t ime wave and o f t e n the l a r g e s t a m p l i t u d e component o f an e l e c t r o c a r d i o g r a m i t 
may be used d i r e c t l y t o t r i g g e r a t r a n s m i t t e r . O c c a s i o n a l l y the T-wave a p p r o a c h e s 
the a m p l i t u d e o f the R-wave b u t i t s f r e q u e n c y i s lower and i t s a m p l i t u d e may be e a s i l y 
reduced by an a p p r o p r i a t e h i g h p a s s f i l t e r . The R-wave then c o u l d be used to t r i g g e r 
the RF o s c i l l a t o r w i t h e a c h h e a r t b e a t . T h i s p r o v i d e s a s i m p l e method o f r e c o r d i n g 
h e a r t r a t e w i t h an e x t r e m e l y low duty c y c l e . Problems e x i s t , however . F a i l u r e o f 
the ECG s i g n a l t o t r i g g e r the c i r c u i t from r e d u c e d QRS a m p l i t u d e ( e , g . low body 
t emperature ) or broken l e a d s r e s u l t s i n f a i l u r e o f the t r a n s m i t t e r t o o p e r a t e . 
A l t e r n a t e l y , m u s c u l a r a c t i v i t y may i n t r o d u c e s p u r i o u s t r i g g e r i n g o f the t r a n s m i t t e r . 
N e v e r t h e l e s s , t h i s method h a s been s u c c e s s f u l l y used on s m a l l v e r t e b r a t e s . 

I used a low duty c y c l e m u l t i c h a n n e l t e l e m e t r y s y s t e m f o r m e a s u r i n g t h r e e d i f f e r e n t 
t e m p e r a t u r e s and h e a r t r a t e i n a l l i g a t o r s ( S m i t h , 1974) . The t r a n s m i t t e r t r a n s m i t t e d 
4 s h o r t ( 0 . 5 ms) c l i c k s and t h e t ime between t h e v a r i o u s p u l s e s i n d i c a t e d the t h r e e 
t e m p e r a t u r e s . H e a r t r a t e was o b t a i n e d from the t ime i n t e r v a l o f the f i r s t c l i c k t o 
t h e n e x t f i r s t c l i c k . A v o l t a g e was d e v e l o p e d from the R-wave i n t e r v a l t h a t was p r o 
p o r t i o n a l t o h e a r t r a t e . 

P r o c e s s i n g the a l l i g a t o r ECG i n the t r a n s m i t t e r posed an i n t e r e s t i n g p r o b l e m . ECG 
s i g n a l to m y o p o t e n t i a l n o i s e r a t i o was se ldom g r e a t e r than 5 : 1 , T h i s meant a m p l i f i e r 
g a i n was c r i t i c a l . The h e i g h t o f the QRS s i g n a l (and t o a l e s s e r e x t e n t a m p l i f i e r 
g a i n ) d i m i n i s h e d by a f a c t o r g r e a t e r t h a n 10 w i t h low t e m p e r a t u r e . S e v e r a l a u d i o 
a u t o m a t i c g a i n c o n t r o l c i r c u i t s were t r i e d . Most were u n s t a b l e and a l l used more 
than a few microamps o f c u r r e n t . F i n a l l y , a t h e r m i s t o r was used d i r e c t l y as a tem
p e r a t u r e s e n s i t i v e g a i n c o n t r o l t o reduce p r e a m p l i f i e r s u p p l y v o l t a g e a t h i g h tem
p e r a t u r e s . A m p l i f i e r g a i n was t h e n i n c r e a s e d a t low t e m p e r a t u r e s t o compensate f o r 
reduced QRS h e i g h t . 

Automatic Switching 

The development o f CMOS t e c h n o l o g y e n a b l e s t i m i n g c i r c u i t s t o o p e r a t e w i t h n e a r l y 
n e g l i g i b l e power r e q u i r e m e n t s . T r a n s m i t t e r s may be d e s i g n e d f o r e x a m p l e , t o t u r n 
on one min o u t o f e v e r y t e n min t o e x t e n d b a t t e r y l i f e by a p p r o x i m a t e l y a f a c t o r o f 
t e n . 

Magnetic Switching 

M i n i a t u r e m a g n e t i c reed s w i t c h e s have been used to s w i t c h p h y s i o l o g i c a l ECG t r a n s 
m i t t e r s ( F r y e r , 1970; S m i t h and Crowder , 1974 ) , However , i t was n e c e s s a r y t o keep 
the magnet n e a r t h e animal or use a m a g n e t i c l a t c h i n g s w i t c h to keep the t r a n s m i t t e r 
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o n . M a g n e t i c reed s w i t c h e s may be used i n c o n j u n c t i o n w i t h CMOS l a t c h e s to e l e c 
t r o n i c a l l y s w i t c h the c i r c u i t on or o f f . M a g n e t i c s w i t c h i n g may be used to c o n t r o l 
t r a n s m i t t e r s i n f r e e r a n g i n g an imal s by h i d i n g a magnet near the burrow or den . 

Temperature Switching 

Body temperature can be used t o s w i t c h a t r a n s m i t t e r on or o f f d u r i n g o n s e t o f 
f e v e r , t o r p o r , or h i b e r n a t i o n . A g a i n , t h i s would be o f v a l u e f o r s t u d i e s i n s i d e 
dens or burrows and r e s u l t s i n g r e a t l y e x t e n d e d b a t t e r y l i f e . 

Other Switching Techniques 

L i g h t or darkness c o u l d be used t o c o n t r o l t r a n s m i t t e r s as c o u l d b u r s t s o f RF 
energy or even u l t r a s o u n d . A c t i v i t y or l a c k o f a c t i v i t y c o u l d be used as w e l l . I n 
each c a s e the a p p r o p r i a t e t r a n s d u c e r (photo c e l l , antenna or microphone) would t r i g g e r 
a CMOS l a t c h i n g c i r c u i t and change the s t a t u s o f the t r a n s m i t t e r u n t i l a n o t h e r b u r s t 
o f energy a r r i v e s . 

AREAS REQUIRING ATTENTION 
Biological Batteries 

C o n v e n t i o n a l b a t t e r i e s l i m i t s i z e , range and o p e r a t i o n a l l i f e o f t e l e m e t r y t r a n s 
m i t t e r s . R e c e n t advances i n b i o l o g i c a l b a t t e r i e s t h a t use body f l u i d as the e l e c 
t r o l y t e , look p r o m i s i n g and have a l r e a d y been used e x p e r i m e n t a l l y (Roy, 1971; Wan 
and Tseung , 1974) . R a d i o a c t i v e b a t t e r i e s w i t h h a l f l i v e s o f y e a r s a l s o appear p r o 
m i s i n g ( G r e a t b a t c h and B u s t a r d , 1973; Ko and Hymecek, 1 9 7 4 ) . RF powered s o u r c e s are 
now used to change i m p l a n t e d N i C d b a t t e r i e s f o r l o n g term o p e r a t i o n (Ko , 1979, t h i s 
v o l u m e ) . 

Cost Reduction 

F i e l d s t u d i e s are o f t e n l i m i t e d by the c o s t o f t r a n s m i t t e r s . The c o s t o f mass p r o 
duced , complex f u n c t i o n i n t e g r a t e d c i r c u i t s s u c h as t h o s e used i n e l e c t r o n i c w a t c h e s 
and c a l c u l a t o r s i s low, o f t e n l e s s than a U . S . d o l l a r . U n f o r t u n a t e l y t h e c o s t o f 
a comparably complex custom d e s i g n e d i n t e g r a t e d c i r c u i t f o r use i n r a d i o t e l e m e t r y 
m i g h t exceed US $10,000 i n s m a l l q u a n t i t i e s . I n s t e a d o f 50 d i f f e r e n t l a b o r a t o r i e s 
and a dozen m a n u f a c t u r i n g companies e a c h b u i l d i n g t h e i r own c i r c u i t s we need a u n i t e d 
e f f o r t . We c o u l d t h e n go t o an i n t e g r a t e d c i r c u i t m a n u f a c t u r e r w i t h a l a r g e volume 
o r d e r and o b t a i n a s o p h i s t i c a t e d m u l t i c h a n n e l p h y s i o l o g i c a l t e l e m e t r y t r a n s m i t t e r 
f o r l e s s than US $ 1 0 . 0 0 . We s i m p l y need a v e r s a t i l e c i r c u i t t h a t most o f us c o u l d 
use e i t h e r i n comple te form or use p o r t i o n s o f i t . F o r e x a m p l e , one group m i g h t 
use the c h i p f o r an u l t r a s m a l l r a d i o t a g . Someone e l s e m i g h t use i t f o r t empera ture 
and E C G , w h i l e o t h e r s c o u l d use i t f o r someth ing e l s e . 

Frequency Allocations 

P r e s e n t f r e q u e n c y a l l o c a t i o n s are u s e a b l e f o r narrow band c r y s t a l c o n t r o l l e d RF 
o s c i l l a t o r s b u t more t e l e m e t r y bands are needed f o r the u t i l i z a t i o n o f s m a l l e r , more 
e f f i c i e n t , wide band L C o s c i l l a t o r s . 

Data Processing 

B i o t e l e m e t r y p r o v i d e s thousands o f d a t a p o i n t s i n a s h o r t t i m e . D a t a r e d u c t i o n 
n e c e s s i t a t e s t h e use o f computer s y s t e m s . The advent o f m i c r o p r o c e s s o r s e n a b l e s 
e a r l y r e d u c t i o n o f d a t a and c o u l d be i n c o r p o r a t e d i n t o t e l e m e t r y d e m o d u l a t i o n e q u i p 
ment . M i c r o p r o c e s s o r s c o u l d a l s o be used to demodulate d a t a , make p r e l i m i n a r y c a l 
c u l a t i o n s or c o r r e c t i o n s and p r e p a r e the d a t a d i r e c t l y f o r more s o p h i s t i c a t e d com
p u t e r p r o c e s s i n g . 
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SUMMARY 
The c a p a b i l i t i e s o f modern p h y s i o l o g i c a l r a d i o t e l e m e t r y are e x c i t i n g . R a d i o t r a c k 
i n g s t u d i e s have d e m o n s t r a t e d t h a t w i l d a n i m a l s can be r a d i o m o n i t o r e d and s u r v e i l 
l a n c e m a i n t a i n e d . R a d i o t e l e m e t r y e n a b l e s measurement o f a v a r i e t y o f i m p o r t a n t 
p h y s i o l o g i c a l v a r i a b l e s under n a t u r a l c o n d i t i o n s w i t h m i n i m a l d i s t u r b a n c e . R a d i o 
t e l e m e t r y t e c h n o l o g y , a l r e a d y d e v e l o p e d , can h e l p p r o v i d e s o l u t i o n s to many d i f f i 
c u l t a r e a s o f e c o l o g y , b e h a v i o r , and p h y s i o l o g y . Two a r e a s r e q u i r i n g immediate 
improvement are a r e d u c t i o n i n c o s t , e s p e c i a l l y o f t h e t r a n s m i t t e r , and improvement 
o f communicat ions between e n g i n e e r s and b i o l o g i s t s . 
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Third Generation Radio Telemetry 

I f we c o n s i d e r r a d i o t a g s as c o m p r i s i n g a f i r s t g e n e r a t i o n o f t e l e m e t r y and b i o 
t e l e m e t r y f o r m i n g a second g e n e r a t i o n , we m i g h t c o n s i d e r r a d i o t e l e m e t r y to be 
a p p r o a c h i n g a t h i r d g e n e r a t i o n . We now have the t e c h n o l o g y f o r communica t ing i n 
b o t h d i r e c t i o n s between a n i m a l and i n v e s t i g a t o r . The a n i m a l m i g h t c a r r y b o t h a 
t r a n s m i t t e r and r e c e i v e r w h i l e the i n v e s t i g a t o r measured p h y s i o l o g i c a l r e s p o n s e s to 
v a r i o u s p h y s i o l o g i c a l , p h a r m a c o l o g i c a l , or n e u r a l s t i m u l i . F o r e x a m p l e , t h e i n v e s 
t i g a t o r c o u l d , by remote c o n t r o l , i n j e c t d r u g s , e l e c t r i c a l l y s t i m u l a t e s p e c i f i c a r e a s 
o f t h e b r a i n , or a l t e r t h e t e m p e r a t u r e o f c e r t a i n w e l l d e f i n e d a r e a s i n the a n i m a l 
( such as b l o o d t empera ture to the h y p o t h a l a m u s ) . Once a g a i n , t h i s would p r o v i d e 
new meaning t o t h e k i n d s o f e x p e r i m e n t s t h a t have been done o n l y under l a b o r a t o r y 
c o n d i t i o n s . 
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Abstract — The a d a p t a t i o n o f r a d i o t r a c k i n g to e c o l o g i c a l 
s t u d i e s was a m a j o r t e c h n o l o g i c a l advance a f f e c t i n g f i e l d i n v e s 
t i g a t i o n s o f animal movements and b e h a v i o r . C a r n i v o r e s have 
been the r e c i p i e n t s o f much a t t e n t i o n w i t h t h i s new t e c h n o l o g y 
and s t u d y approaches have v a r i e d from s i m p l e to c o m p l e x . E q u i p 
ment per formance has much improved o v e r the y e a r s , b u t u s e r s s t i l l 
f a c e many d i f f i c u l t i e s . The b e g i n n i n g o f a l l r a d i o t r a c k i n g 
s t u d i e s s h o u l d be a p r e c i s e d e f i n i t i o n o f o b j e c t i v e s . S t u d y 
o b j e c t i v e s d i c t a t e type o f g e a r r e q u i r e d and f i e l d p r o c e d u r e s . 
F i e l d c o n d i t i o n s a f f e c t equipment p e r f o r m a n c e and i n v e s t i g a t o r 
a b i l i t y to g a t h e r d a t a . R a d i o t r a c k i n g c a r n i v o r e s i s demanding 
and g e n e r a l l y r e q u i r e s g r e a t e r t ime than a n t i c i p a t e d . Problems 
s h o u l d be e x p e c t e d and p l a n n e d f o r i n s t u d y d e s i g n . R a d i o t r a c k 
i n g can be an a s s e t i n c a r n i v o r e s t u d i e s b u t c a u t i o n i s needed 
i n i t s a p p l i c a t i o n . 

INTRODUCTION 
The a d a p t a t i o n o f r a d i o t r a c k i n g to e c o l o g i c a l s t u d i e s i n the e a r l y 1960s was a major 
t e c h n o l o g i c a l advance a f f e c t i n g f i e l d i n v e s t i g a t i o n s o f a n i m a l movements and b e h a v i o r 
t h a t i s now w i d e l y used t o s t u d y many s p e c i e s ( S l a t e r , 1963; M a c d o n a l d , 1 9 7 8 ) . 
C a r n i v o r e s have r e c e i v e d much a t t e n t i o n w i t h t h i s new t e c h n o l o g y ; some o f the e a r l i e s t 
r a d i o t r a c k i n g s t u d i e s were on the g r i z z l y b e a r {Ursus horribilis), s t r i p e d skunk 
{Mephitis mephitis), red f o x {Vulpes vulpes), and b a d g e r {Taxidea taxus) ( C r a i g h e a d 
and C r a i g h e a d , 1965; S t o r m , 1965; V e r t s , 1967; S a r g e a n t and Warner , 1972 ) . 

There have been s p e c t a c u l a r advances i n r a d i o t r a c k i n g such as t h e e a r l y development 
o f the C e d a r Creek A u t o m a t i c R a d i o T r a c k i n g S y s t e m ( C o c h r a n et at,, 1965) and the 
r e c e n t s a t e l l i t e t r a c k i n g o f p o l a r b e a r s {Thalarctos maritimus) ( K o l z , L e n t f e r and 
F a l l e k , 1978) . Such advances i l l u s t r a t e the s o p h i s t i c a t i o n o f t e l e m e t r y t e c h n o l o g y . 
Of g r e a t e r importance to most b i o l o g i s t s h a v e b e e n t h e many s u b t l e improvements i n 
t r a n s m i t t e r d e s i g n , power s o u r c e s , e n c a p s u l a t i o n and a t t a c h m e n t , r e c e i v e r c a p a b i l i t i e s , 
and t r a c k i n g p r o c e d u r e s . These advances have improved r e l i a b i l i t y t o the e x t e n t t h a t 
i n v e s t i g a t o r s w i t h l i t t l e e l e c t r o n i c b a c k g r o u n d can c o n d u c t i n d e p e n d e n t f i e l d s t u d i e s . 
However, i n s p i t e of the n e a r l y two d e c a d e s o f r a d i o t r a c k i n g and numerous a d v a n c e s , 
n o v i c e and e x p e r i e n c e d u s e r s s t i l l f a c e many d i f f i c u l t i e s i n u n d e r t a k i n g r a d i o 
t r a c k i n g work. The purpose o f t h i s paper i s t o d i s c u s s some p r a c t i c a l a p p r o a c h e s to 
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u s i n g c o n v e n t i o n a l methods t o r a d i o t r a c k c a r n i v o r e s and t o d i s c u s s some f a c t o r s 
t h a t i n f l u e n c e the outcome o f a s t u d y . 

APPROACHES TO RADIO TRACKING STUDIES 
U s e f u l d a t a are not e a s i l y o b t a i n e d by r a d i o t r a c k i n g . S u c c e s s f u l s t u d i e s a r e t h e 
r e s u l t s o f c a r e f u l d e s i g n s , numerous compromises and r e a l i s t i c a s s e s s m e n t s o f c i r c u m 
s t a n c e s and c a p a b i l i t i e s . I n most s t u d i e s , i n v e s t i g a t o r s must be p r e s e n t to c o l l e c t 
d a t a and must adapt to the t a r g e t s p e c i e s ' t ime s c h e d u l e . The r e t u r n i s n e a r l y 
a lways l e s s than one a n i m a l - h o u r d a t a c o l l e c t e d f o r each i n v e s t i g a t o r - h o u r i n v e s t e d . 
The w i s e i n v e s t i g a t o r a l l o c a t e s t ime c a r e f u l l y and a v o i d s t e m p t a t i o n s t o o v e r e x t e n d 
c a p a b i l i t i e s . I t i s easy t o o v e r l o o k the e f f o r t needed to c o l l e c t the s u p p l e m e n t a r y 
d a t a n e c e s s a r y to i n t e r p r e t the r e s u l t s o f r a d i o t r a c k i n g . 

S tudy o b j e c t i v e s d i c t a t e t y p e o f g e a r , f i e l d p r o c e d u r e s , and d a t a n e e d e d . H e n c e , 
a l l r a d i o t r a c k i n g s t u d i e s s h o u l d b e g i n w i t h p r e c i s e d e l i n e a t i o n o f s t u d y o b j e c t i v e s . 
Th i s fundamenta l f i r s t s t e p i s a l l t o o o f t e n s l i g h t e d b e c a u s e some i n v e s t i g a t o r s 
a p p a r e n t l y s t i l l b e l i e v e t h a t use o f r a d i o t r a c k i n g e n s u r e s c o l l e c t i o n o f u s e f u l 
d a t a . I t i s l i k e l y t h a t more money and e f f o r t have been w a s t e d on i l l - c o n c e i v e d 
t e l e m e t r y s t u d i e s than on the use o f any o t h e r f i e l d t e c h n i q u e . I n v e s t i g a t o r s 
s h o u l d be sure o f t h e i r r e a s o n s f o r u s i n g t e l e m e t r y and i d e n t i f y t h e e x a c t d a t a 
s o u g h t . Examples o f a few w e l l p l a n n e d r a d i o t r a c k i n g s t u d i e s i n v o l v i n g d i f f e r e n t 
approaches a r e Mech et al, (1971) c o n c e r n i n g t imber w o l f {Canis lupus) movements , 
S e i d e n s t i c k e r et al, (1973) on mounta in l i o n {Felis oonoolor) s o c i a l o r g a n i z a t i o n , 
F r i t z e l l (1978a) r e g a r d i n g r a c c o o n {Prooyon lotor) h a b i t a t u s e , and H o u s e k n e c t and 
T e s t e r (1978) on s t r i p e d skunk denn ing h a b i t s . I n t h e s e s t u d i e s r a d i o t r a c k i n g was 
the p r i n c i p a l method f o r d a t a c o l l e c t i o n and i t s use dominated f i e l d a c t i v i t i e s ; t h i s 
i s g e n e r a l l y t r u e . I n some s t u d i e s r a d i o t r a c k i n g i s used to p r o v i d e s u p p l e m e n t a r y 
d a t a . F o r e x a m p l e . S torm et al, (1976) e f f e c t i v e l y used r a d i o t r a c k i n g t o s t u d y 
red f o x d i s p e r s a l t o a i d i n i n t e r p r e t a t i o n o f t a g r e c o v e r y d a t a . 

A t N o r t h e r n P r a i r i e W i l d l i f e R e s e a r c h C e n t e r (NPWRC), U . S . A . , we employ r a d i o e q u i p 
ment t o t r a c k red f o x , r a c c o o n , and s t r i p e d skunks as w e l l as ducks and some o t h e r 
m i g r a t o r y b i r d s . N e a r l y a l l o f our c a r n i v o r e t r a c k i n g i s from v e h i c l e s w i t h r o o f 
mounted a n t e n n a s supplemented by f o o t t r a c k i n g w i t h hand h e l d a n t e n n a s . I n o t h e r 
s t u d i e s we r e l y on a i r c r a f t t r a c k i n g and o c c a s i o n a l l y use b o a t s or f i x e d f i e l d 
a n t e n n a s . 

Our use of r a d i o t r a c k i n g on c a r n i v o r e s i s d i v e r s e . One approach i n v o l v e s e n h a n c i n g 
v i s u a l o b s e r v a t i o n s . A s m a l l m u l t i p l e r e c e i v e r s y s t e m mounted i n an o b s e r v a t i o n 
boo th i n a 4 .4 h a pen i s used t o d i r e c t v i s u a l a t t e n t i o n s . S i g n a l s from up to f o u r 
r a d i o equ ipped an imal s are m o n i t o r e d a u d i b l y from s t r a t e g i c a l l y l o c a t e d s p e a k e r s . 
An an imal a c t i v i t y i s known c o n t i n u o u s l y and i t s d i r e c t i o n from t h e o b s e r v e r i s e a s i l y 
de termined w i t h a c o n v e n i e n t l y l o c a t e d d i r e c t i o n a l a n t e n n a . The s y s t e m r e d u c e s 
o b s e r v e r f a t i g u e and e x t e n d s o b s e r v a t i o n a b i l i t y f u r t h e r i n t o t w i l i g h t p e r i o d s . 
P r e s t o n (1975) used t h i s s y s t e m t o s t u d y red f o x home range d e f e n s e . I n a s i m i l a r 
manner we r e c e n t l y used r a d i o s t o l o c a t e f r e e r a n g i n g s t r i p e d skunks t o o b s e r v e 
f o r a g i n g b e h a v i o r and i n a s l i g h t l y d i f f e r e n t manner t o l o c a t e skunk b e d d i n g s i t e s 
to r e c o v e r i n d i v i d u a l l y i d e n t i f i a b l e f e c a l m a t e r i a l . These a p p r o a c h e s r e s u l t i n 
g a t h e r i n g d a t a w h i c h does not come d i r e c t l y from the t r a c k i n g g e a r and h a v e been 
r e f e r r e d t o as p r e d i c t i v e t r a c k i n g (Macdona ld , 1978) . 

Another approach was t o s t u d y red f o x prey h a n d l i n g d u r i n g pup r e a r i n g by r a d i o t r a c k 
i n g p r e y r a t h e r t h a n f o x e s . Ducks equ ipped w i t h d u r a b l e t r a n s m i t t e r s were made 
a v a i l a b l e to f r e e r a n g i n g f o x e s . The d i s p o s i t i o n o f ducks k i l l e d by f o x e s was t r a c k e d 
and d a t a n e c e s s a r y f o r i n t e r p r e t a t i o n o f duck remains found a t f o x dens was o b t a i n e d 
( J o h n s o n and S a r g e a n t , 1977) . The p o t e n t i a l o f t h i s approach i s a l s o a p p a r e n t i n 
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s t u d i e s o f r a d i o t a g g e d p h e a s a n t s (Phasianus oolohiaus) and w h i t e - t a i l e d deer 
{Odocoileus virginianus) by Dumke and P i l s (1973) and Cook et al. (1971) , r e s p e c 
t i v e l y . 

An approach t h a t we have not used e x t e n s i v e l y b u t w h i c h has much p o t e n t i a l i s g a t h e r 
i n g a c t i v i t y rhythm and t ime b u d g e t d a t a o n l y from i n t e r p r e t a t i o n s o f s i g n a l m o d u l a 
t i o n s or s i g n a l t y p e . Mech, Heezen and S i n i f f (1966) u s e d t h i s approach to s t u d y 
a c t i v i t y o f c o t t o n t a i l r a b b i t s {Sylvilagus floridanus) and snowshoe h a r e s {Lepus 
americanus). Because knowledge o f an imal l o c a t i o n i s not r e q u i r e d , d a t a c o l l e c t i o n 
i s s i m p l e r t h a n i n t r a c k i n g s t u d i e s . T r a n s d u c e r s and r e c o r d i n g d e v i c e s can be 
employed t o a i d i n s i g n a l i n t e r p r e t a t i o n s and t o reduce o b s e r v e r t ime (Knowl ton , 
M a r t i n and H a u g , 1968; Swanson, K u e c h l e and S a r g e a n t , 1 9 7 6 ) . A s i m i l a r approach can 
be used t o de termine p r e s e n c e or absence o f r a d i o t a g g e d a n i m a l s a t s p e c i f i c s i t e s 
( G i l m e r , K u e c h l e and B a l l , 1971) . 

We have used t e l e m e t r y i n more c o n v e n t i o n a l ways t o t r a c k r a c c o o n s ( F r i t z e l l , 
1978a, b ) , and i n two r e c e n t l y comple ted s t u d i e s t o t r a c k red f o x and s t r i p e d s k u n k s . 
The l a t t e r s t u d i e s had some un ique a s p e c t s . We i n t e g r a t e d our f o x s t u d y w i t h c o n 
t i n u i n g s t u d y o f c o y o t e {Canis latrans) e c o l o g y b e i n g c o n d u c t e d by a n o t h e r a g e n c y . 
We were i n t e r e s t e d i n s p a t i a l r e l a t i o n s between f o x e s l i v i n g among or near the r a d i o 
t a g g e d c o y o t e s . F i e l d a c t i v i t i e s and d a t a r e c o r d i n g were c o o r d i n a t e d to s a v e t i m e , 
money and manpower. 

I n the s t r i p e d skunk s t u d y an e n t i r e p o p u l a t i o n l i v i n g on a 21-32 km^ s t u d y a r e a was 
r a d i o t a g g e d d u r i n g each o f t h r e e s p r i n g s . Up t o 38 skunks were s y s t e m a t i c a l l y 
t r a c k e d from two v e h i c l e s d u r i n g e a c h o f about 9 0 , 12-24 h t r a c k i n g p e r i o d s by u s e 
o f a newly deve loped programmable memory r e c e i v e r (Winter et a l . , 1978) and by c a r e 
f u l l y p l a n n e d t r a c k i n g s c h e d u l e s . Skunk b e d d i n g s i t e s were l o c a t e d d a i l y w i t h hand 
h e l d t r a c k i n g g e a r . The f u l l t i m e e f f o r t s o f f o u r i n v e s t i g a t o r s were r e q u i r e d t o 
m a i n t a i n d a i l y c o n t a c t w i t h the s t u d y a n i m a l s ; t h e s e e f f o r t s y i e l d e d o v e r 20 ,000 
l o c a t i o n s on 113 s k u n k s . 

FIELD CONSIDERATIONS 
Many f a c t o r s i n t e r a c t t o d e t e r m i n e the q u a l i t y and q u a n t i t y o f d a t a o b t a i n e d from 
r a d i o t r a c k i n g s t u d i e s . Equipment l i m i t s t h e t y p e o f d a t a t h a t c a n be o b t a i n e d , bu t 
f i e l d c o n d i t i o n s and the i n v e s t i g a t o r d e t e r m i n e how e f f e c t i v e l y equipment can be and 
i s u s e d . That c o m b i n a t i o n o f p a r t i c u l a r s i s s o u g h t t h a t w i l l b e s t a c h i e v e s t u d y 
o b j e c t i v e s . E a c h s t u d y i s , o f c o u r s e , u n i q u e , b u t the r e c e n t red f o x - c o y o t e and 
s t r i p e d skunk s t u d i e s a t NPWRC p r o v i d e good examples o f f i e l d c o n s i d e r a t i o n s . 

I n t h e s e s t u d i e s , o b j e c t i v e s and s p e c i e s ' c h a r a c t e r i s t i c s g r e a t l y a f f e c t e d c h o i c e 
o f g e a r . The f o x - c o y o t e s t u d y was c o n c e r n e d a l m o s t e x c l u s i v e l y w i t h g e n e r a l s p a t i a l 
r e l a t i o n s h i p s whereas t h e skunk s t u d y was c o n c e r n e d w i t h p r e c i s e s p a t i a l r e l a t i o n 
s h i p s , r e s o u r c e u t i l i z a t i o n and f o r a g i n g b e h a v i o r . From p r e v i o u s e x p e r i e n c e we knew 
t h a t c o n t i n u o u s s i g n a l s p r o v i d e d more q u a l i t a t i v e a c t i v i t y d a t a and more a c c u r a t e 
t r i a n g u l a t i o n l o c a t i o n s t h a n p u l s i n g s i g n a l s , b u t t h a t more b a t t e r y power was r e q u i r e d 
f o r c o n t i n u o u s t r a n s m i s s i o n . We were a l s o aware t h a t c l o s e d l o o p t r a n s m i t t e r an tennas 
would p r o v i d e a c t i v i t y d a t a b e c a u s e o f s i g n a l n u l l s n o t e x p e r i e n c e d w i t h w h i p s . 
F r e q u e n c y c h o i c e o f 30 and 164 MHz was i m p o r t a n t t o o . The 30 MHz f r e q u e n c y p r o v i d e d 
b e t t e r o b s t a c l e p e n e t r a t i o n than 164 MHz b u t 30 MHz r e s t r i c t e d v e h i c l e and f o o t t r a c k 
i n g to use o f lower g a i n loop r e c e i v i n g a n t e n n a s b e c a u s e Y a g i a n t e n n a s were too 
l a r g e f o r p r a c t i c a l u s e . The 164 MHz f r e q u e n c y p r o v i d e d maximum a l t h o u g h more v a r i 
a b l e range and a l l o w e d use o f s m a l l , e a s i l y t r a n s p o r t e d Y a g i a n t e n n a s . 

For the skunk s t u d y we c h o s e t h e low f r e q u e n c y band b e c a u s e o f b e t t e r t r a n s m i s s i o n 
from burrows and t h r o u g h dense v e g e t a t i o n where skunks spend much t i m e . We a l s o 
chose c o n t i n u o u s s i g n a l s from c l o s e d l o o p antennas b e c a u s e we needed h i g h q u a l i t y 
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PROBLEMS 
D i f f i c u l t i e s s h o u l d be a n t i c i p a t e d i n r a d i o t r a c k i n g c a r n i v o r e s . Equipment p e r f o r 
mance s h o u l d be a n a l y z e d i n the s t u d y d e s i g n phase so t h a t s t e p s can be t a k e n to 
m i n i m i z e p r o b l e m s . I n v e s t i g a t o r s s h o u l d c o n s u l t b o t h s u p p l i e r s and u s e r s o f t e l e 
metry g e a r f o r i n f o r m a t i o n about s u i t a b i l i t y o f equipment f o r p a r t i c u l a r need , p e r 
formance and manner o f u s e . Be aware t h a t equipment i s se ldom as good o r bad as i s 
o f t e n p o r t r a y e d . C o n s u l t a n t s need to know a c t u a l s t u d y c o n s t r a i n t s ( i . e , minimum 
l i f e , w e i g h t , and range o f t r a n s m i t t e r s needed) and the i n t e n d e d u s e o f equipment 
t o p r o v i d e u s e f u l recommendat ions . I f p o s s i b l e , t e s t equipment a t f i e l d s i t e s to 
de termine a c t u a l p e r f o r m a n c e . 

Be sure to make f i r m arrangements w i t h s u p p l i e r s r e g a r d i n g s e r v i c e . A f u r t h e r p r e 
c a u t i o n i s t o have b a c k u p , s p a r e p i e c e s o f equipment r e a d i l y a v a i l a b l e . I n our f o x -
c o y o t e and skunk s t u d i e s , s t a n d b y r e c e i v e r s , b a t t e r i e s , c a b l e s , e a r p h o n e s , a n t e n n a s , 
and a v a r i e t y o f components and r e p a i r m a t e r i a l s were i m m e d i a t e l y a v a i l a b l e a t a 
f i e l d s t a t i o n . C o n s i d e r i n g the o v e r a l l expense o f r a d i o t r a c k i n g s t u d i e s , p r o c u r i n g 
backup equipment i s a s m a l l i n v e s t m e n t to ensure d a t a c o l l e c t i o n . 

Equipment problems w i l l be m i n i m i z e d by c a r e f u l h a n d l i n g . R a d i o t r a c k i n g equipment 
i s d e l i c a t e w i t h many components s e n s i t i v e to t e m p e r a t u r e , m o i s t u r e , and s h o c k . 
C a r r y i n g s t r a p s , p a d d i n g , mount ing b r a c k e t s , w e a t h e r p r o o f i n g and o t h e r p r e c a u t i o n s 
can be u t i l i z e d t o reduce s t r e s s e s . Problems can e a s i l y a r i s e d u r i n g f i n a l s t a g e s 
o f t r a n s m i t t e r p r e p a r a t i o n e s p e c i a l l y when c o n d u c t e d a t f i e l d s i t e s . S h o r t c i r c u i t 
i n g b a t t e r i e s , e x c e s s i v e h e a t , d r o p p i n g , mis t u n i n g , and c a r e l e s s p o t t i n g a r e common 
e r r o r s t h a t can reduce p e r f o r m a n c e . F i e l d t e s t s o f each t r a n s m i t t e r p r i o r to u s e 
s h o u l d be p a r t o f the r o u t i n e . T h i s p r o c e d u r e i d e n t i f i e s poor p e r f o r m a n c e t a g s 
and a l l o w s m a t c h i n g t r a n s m i t t e r s to p a r t i c u l a r a n i m a l s . B e f o r e r e l e a s i n g a n i m a l s 

a c t i v i t y d a t a and maximum l o c a t i o n a c c u r a c y . However , c o n t i n u o u s t r a n s m i s s i o n s 
r e q u i r e d the r e c a p t u r e o f a l l s t u d y a n i m a l s midway through each f i e l d s e a s o n f o r 
the rep lacement o f t r a n s m i t t e r b a t t e r i e s ; the s h o r t e r range c l o s e d l o o p a n t e n n a s 
r e q u i r e d a d d i t i o n a l e f f o r t to l o c a t e a n i m a l s . For the f o x - c o y o t e s t u d y we chose 
the h i g h f r e q u e n c y band and used p u l s i n g s i g n a l s and p r o t r u d i n g whip a n t e n n a s to 
maximize t r a n s m i t t e r l i f e and r a n g e . With t h i s c h o i c e we s a c r i f i c e d s i g n a l q u a l i t y 
and l o c a t i o n a c c u r a c y . The compromise was a c c e p t a b l e and was n e c e s s a r y t o a v o i d 
r e c a p t u r e o f s tudy a n i m a l s wh ich i s v e r y d i f f i c u l t , and to f a c i l i t a t e m a i n t a i n i n g 
c o n t a c t w i t h the f o x e s on a 360 km^ s t u d y a r e a w i t h l i m i t e d road n e t w o r k . 

We were aware o f s t u d y a r e a i n f l u e n c e s on t e l e m e t r y g e a r per formance and on our 
a b i l i t y t o t r a c k a n i m a l s . Our day and n i g h t t r a c k i n g r e q u i r e d good roads and a c c e s s 
to p r i v a t e l a n d s . We were e s p e c i a l l y concerned w i t h t r i a n g u l a t i o n a c c u r a c y on the 
skunk s t u d y and r e c o g n i z e d the e f f e c t s o f i n h e r e n t t r a c k i n g e r r o r s ( S l a d e , C e b u l a 
and R ö b e l , 1965; Heezen and T e s t e r , 1967 ) , The e r r o r e f f e c t s were m i n i m i z e d by 
c h o o s i n g a s t u d y a r e a w i t h l a r g e or i s o l a t e d h a b i t a t b l o c k s and a good r o a d network 
where most l o c a t i o n s c o u l d be de termined from d i s t a n c e s o f 0 ,8 km or l e s s . Of 
s p e c i a l c o n c e r n was s u i t a b i l i t y o f roads d u r i n g wet w e a t h e r and f a c t o r s a f f e c t i n g 
s i g n a l r e c e p t i o n . Roads and i n t e r f e r e n c e from power l i n e s were f i e l d checked and 
s t u d y a r e a r e s i d e n t s were c o n t a c t e d r e g a r d i n g a t t i t u d e s toward t r e s p a s s and n i g h t 
l o n g t r a f f i c . S m a l l f a c t o r s such as b a r k i n g farm dogs c o u l d p r e v e n t n i g h t use o f 
s t r a t e g i c t r a c k i n g s i t e s . P o t e n t i a l s t u d y a r e a s w i t h h e a v y or f a s t t r a f f i c would 
i n c r e a s e c h a n c e s o f a c c i d e n t . 

Fewer c o n s t r a i n t s were imposed on s e l e c t i o n o f the f o x - c o y o t e s t u d y a r e a b e c a u s e 
o f t h e s u i t a b i l i t y o f l o n g range t r a c k i n g . C h o i c e , however , was l i m i t e d to a few 
areas b e c a u s e o f s p e c i e s d i s t r i b u t i o n s . Long range t r a n s m i t t e r s p e r m i t t e d a v o i d a n c e 
o f d i f f i c u l t t r a c k i n g s i t e s and p e r m i t t e d use o f an a r e a w i t h l i m i t e d road n e t w o r k . 
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always check o p e r a t i o n o f each newly a t t a c h e d t r a n s m i t t e r and mark e x a c t t u n i n g 
l o c a t i o n on the r e c e i v e r . A s i m p l e c h e c k l i s t w i l l e n s u r e t h a t t h e s e and o t h e r f i n a l 
s t e p s are t a k e n . 

T r a n s m i t t e r e n c a p s u l a t i o n s h o u l d be a r t f u l l y c o n d u c t e d . The c o m b i n a t i o n o f t i m e , 
env ironment , and an imal abuses a l l a c t to reduce p e r f o r m a n c e . Our g e n e r a l e x p e r i 
ence i s t h a t most t r a n s m i t t e r f a i l u r e s o c c u r b e c a u s e o f d i f f i c u l t i e s a s s o c i a t e d 
w i t h e n c a p s u l a t i o n and a t t a c h m e n t . M o i s t u r e , c o r r o s i v e a g e n t s used i n c o n s t r u c t i o n , 
g a s s e s from b a t t e r i e s , and antenna b r e a k a g e from f l e x i n g can cause c o n s i d e r a b l e 
d i f f i c u l t y . 

E n v i r o n m e n t a l f a c t o r s are a l s o a s o u r c e o f d i f f i c u l t y . A t m o s p h e r i c n o i s e ( i . e . 
e l e c t r i c a l s torms) and i n t e r f e r e n c e from power l i n e s and e l e c t r i c a l d e v i c e s mask 
s i g n a l s thereby r e d u c i n g r a n g e . H i g h winds and v i b r a t i o n s b r e a k a n t e n n a s and bad 
weather may make t r a c k i n g i m p o s s i b l e . M e t a l o b j e c t s such as c u l v e r t s and j u n k 
p i l e s detune t r a n s m i t t e r s or b l o c k s i g n a l s . On our skunk s t u d y we e x p e r i e n c e d 
range r e d u c t i o n o f about 50 p e r c e n t from A p r i l to J u l y due to v e g e t a t i o n g r o w t h . 
T r a n s m i t t e r p u l s e r a t e s and d u r a t i o n were a l s o o f i m p o r t a n c e i n the f o x - c o y o t e 
s t u d y . R a t e s l e s s than 90 p u l s e s min~^ or d u r a t i o n s l e s s t h a n 20 ms were u n s u i t a b l e 
f o r r a p i d a u d i o i d e n t i f i c a t i o n and t r i a n g u l a t i o n . A new prob lem w i t h u s i n g the 
30 MHz f r e q u e n c y band i n our a r e a i s s i d e b a n d i n t e r f e r e n c e from v e r y p o p u l a r C i t i z e n 
Band r a d i o s . 

The s t u d y an imal s t h e m s e l v e s pose p r o b l e m s . Some s p e c i e s or i n d i v i d u a l s are more 
a b u s i v e t o r a d i o t a g s than o t h e r s . F u r t h e r m o r e , i n v e s t i g a t o r s must c o n s i d e r the 
e f f e c t s o f r a d i o t a g g i n g on the a n i m a l ; few t e s t s have b e e n c o n d u c t e d i n t h i s r e g a r d 
(see Amlaner , 1978, f o r r e v i e w ) . P h y s i c a l problems can d e v e l o p from c o l l a r or 
h a r n e s s f i t . I f a t t a c h m e n t s are too l o o s e r a d i o t a g s may s l i p o f f a n i m a l s or e n t a n g l e 
them. I f they are too t i g h t , i r r i t a t i o n can d e v e l o p and l e a d to s e r i o u s d i f f i c u l t i e s . 
Growing a n i m a l s and s p e c i e s s u b j e c t to s e a s o n a l w e i g h t changes pose t h e most s e r i o u s 
p r o b l e m s . I n some c a s e s e x p a n d a b l e c o l l a r s can be used ( F o l l m a n n and B u i t t , 1978) 
but t h e s e are not s u i t a b l e f o r a l l s p e c i e s and are not e a s i l y adapted to c l o s e d l o o p 
a n t e n n a s . Wrap-around c o l l a r s are g e n e r a l l y used f o r whip a n t e n n a t r a n s m i t t e r s 
b e c a u s e they are a d j u s t a b l e and e a s i l y a t t a c h e d . C o l l a r s w i t h c l o s e d l o o p antennas 
must be l i t e r a l l y b u i l t around an a n i m a l ' s neck or body (Mech et al., 1965) or 
s l i p p e d over the head or body and h e l d i n p l a c e by s t r a p s ( V e r t s , 1963) or i n n e r 
s p a c e r s . We found preformed s l i p - o v e r c o l l a r s w i t h i n n e r s p a c e r s e s p e c i a l l y u s e f u l 
on skunks b u t f o u r s i z e s were needed and c o n t a c t i n g s u r f a c e s had to be p o l i s h e d to 
a v o i d s k i n i r r i t a t i o n . T h i s method was u n s u i t a b l e f o r f o x e s b e c a u s e o f extreme 
h e a d - n e c k s i z e d i f f e r e n c e s . P e r i o d i c h a n d l i n g o f an ima l s s u b j e c t to growth or s u b 
s t a n t i a l w e i g h t changes i s a d v i s a b l e to check a t t a c h m e n t f i t . Removal o f r a d i o 
t a g s upon s t u d y c o m p l e t i o n s h o u l d be a t t e m p t e d i f p o s s i b l e . 

CONCLUSIONS 
R a d i o t r a c k i n g i s a t e c h n i q u e t h a t i s d i f f i c u l t t o u s e b u t w h i c h i s s o u g h t by f i e l d 
b i o l o g i s t s b e c a u s e o f t h e un ique a d v a n t a g e s i t o f f e r s i n u n d e r s t a n d i n g a n i m a l e c o l o g y . 
Many f a c t o r s i n t e r a c t t o a f f e c t the outcome o f r a d i o t r a c k i n g s t u d i e s , o n l y some o f 
w h i c h were i d e n t i f i e d i n t h i s p a p e r . Good equ ipment , a l t h o u g h i m p o r t a n t , does not 
ensure s t u d y s u c c e s s . C a r e f u l p l a n n i n g , i n g e n u i t y , and s t r o n g commitment a r e i n t e 
g r a l p a r t s o f s u c c e s s f u l r a d i o t r a c k i n g s t u d i e s . R a d i o t r a c k i n g can be an a s s e t i n 
c a r n i v o r e s t u d i e s b u t c a u t i o n i s needed i n i t s a p p l i c a t i o n . 
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Abstract — Rad io t r a c k i n g i s p r a c t i s e d i n e c o l o g i c a l r e s e a r c h 
on red f o x (Vulpes vulpes), f r e e roaming farm c a t (Felis catus), 
beech marten (Martes foina), p o l e c a t (Putorius putorius), 
European h a r e (Lepus europaeus), h a r b o r s e a l (Phooa vitulina), 
b l a c k g r o u s e (Lyrurus tetrix) and l i t t l e owl (Athene noctua) . 
T r a n s m i s s i o n a t 27 MHz was used f o r land mammals and b i r d s 
b e c a u s e o f low a t t e n u a t i o n o f the s i g n a l by o b s t a c l e s , and a t 
154 MHz f o r the h a r b o r s e a l b e c a u s e o f l o n g e r r a n g e s i g n a l 
c a p a b i l i t i e s . S c h e m a t i c s and a t t a c h m e n t o f the t r a n s m i t t e r s 
are d e s c r i b e d . Data c o n c e r n i n g t h e b a t t e r i e s and the a n t e n n a s 
are g i v e n . F o r t r a c k i n g wide r a n g i n g a n i m a l s , a r e c e i v e r was 
d e v e l o p e d , equ ipped w i t h d i g i t a l s t a b i l i z a t i o n o f the VFO 
i n c l u d i n g a s i g n a l s t r e n g t h - and t u n i n g - i n d i c a t o r w i t h memory. 
A p p l i c a t i o n s , p r o p e r t i e s o f the equ ipment , methods a p p l i e d , 
r e l i a b i l i t y o f the t r a n s m i t t e r s and the i n f l u e n c e o f c a p t u r i n g 
and r a d i o t r a c k i n g on the a n i m a l s * b e h a v i o r a r e d e a l t w i t h . 

INTRODUCTION 
W i l d l i f e r e s e a r c h , c a r r i e d out a t the R e s e a r c h I n s t i t u t e f o r N a t u r e Management 
m a i n l y c o n c e r n s i n v e s t i g a t i o n s i n t o p o p u l a t i o n d y n a m i c s , movements , a c t i v i t y p a t t e r n s , 
d i s p e r s a l , i n t e r r e l a t i o n s , s i z e and u t i l i z a t i o n o f home r a n g e s o f s p e c i e s w h i c h are 
s u b j e c t to n a t u r e management. R a d i o t r a c k i n g i s i n d i s p e n s i b l e f o r the s t u d y o f 
s p e c i e s which a r e e l u s i v e owing t o t h e i r l i f e s t y l e , p r o t e c t i v e c o l o r i n g , n o c t u r n a l 
b e h a v i o r or s h y n e s s . Problems o c c u r r i n g w i t h t h e u s e o f t h i s method, can be s u b 
d i v i d e d i n t o f o u r i n t e r r e l a t e d c a t e g o r i e s : 

1. problems c o n c e r n i n g the a n i m a l s such as c a p t u r i n g and r e c a p t u r i n g , h a n d l i n g , 
a n e s t h e t i z i n g , s i z e and a t t a c h m e n t o f the t r a n s m i t t e r ; 

2 . problems c o n c e r n i n g the c o n s t r u c t i o n o f the t r a n s m i t t e r , o p e r a t i v e p e r i o d , d i s 
t a n c e c o v e r e d , b a t t e r i e s , an tennas and the a p p l i c a t i o n o f a p r a c t i c a l and a d j u s t a b l e 
r e c e i v i n g u n i t ; 

3 . problems c o n c e r n i n g l e g a l and s o c i a l r e s t r i c t i o n s s u c h a s maximum a l l o w a b l e t r a n s 
m i t t i n g f r e q u e n c i e s and r e s t r i c t e d a c c e s s i b i l i t y o f t h e s t u d y a r e a s ; 
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Α. problems c o n c e r n i n g the a c c u r a c y o f the d a t a , such as p r e c i s e l o c a l i z a t i o n i n 
r e l a t i o n to the d i s t a n c e and t o p o g r a p h y . 

Not o n l y i s c o l l a b o r a t i o n w i t h e l e c t r o n i c e n g i n e e r s i m p o r t a n t f o r the deve lopment o f 
the r e q u i r e d equipment , but a l s o a t e c h n i c a l s e r v i c e i s r e q u i r e d w h i c h s u p p o r t s the 
b i o l o g i s t s when t h e equipment f a i l s or needs m o d i f i c a t i o n . 

To d a t e r a d i o t r a c k i n g has been a p p l i e d to (a) f o x , s o c i a l s t r u c t u r e and d i s p e r s a l , 
home range and a c t i v i t y r a d i u s ; (b) h a r e , u t i l i z a t i o n o f home range and p o s i t i o n o f 
doe and young i n the n u r s i n g p e r i o d ; ( c ) p o l e c a t and b e e c h m a r t e n , u t i l i z a t i o n o f 
home range and h a b i t a t r e q u i r e m e n t s r e l a t i v e t o a v a i l a b i l i t y o f f o o d and r e s t i n g -
p l a c e s ; (d) f r e e roaming farm c a t , and the human impact on p o p u l a t i o n s i z e , s o c i a l 
s t r u c t u r e and d i s p e r s a l ; (e) harbour s e a l , w i n t e r i n g q u a r t e r s and i n f l u e n c e s o f 
d i s t u r b a n c e ; ( f ) b l a c k g r o u s e , f a c t o r s d e t e r m i n i n g the r e p r o d u c t i o n r a t e ; and (g ) l i t t l e 
o w l , t e r r i t o r y s i z e r e l a t i v e t o h a b i t a t r e q u i r e m e n t s . R a d i o t r a c k i n g i s m a i n l y used 
to l o c a l i z e a r a d i o t a g g e d an imal i n o r d e r t o v i s u a l l y o b s e r v e i t l a t e r . The a c t i 
v i t i e s o f common s e a l , p o l e c a t , b e e c h marten and b l a c k g r o u s e a r e now b e i n g r e c o r d e d 
a u t o m a t i c a l l y as w e l l . 

GENERAL PRINCIPLES AND REQUIREMENTS 
For our r a d i o t r a c k i n g program o n l y t h e 27 and 154 MHz f r e q u e n c i e s were a v a i l a b l e . 
The s i g n a l c o u l d not be a t t e n u a t e d and r e f l e c t e d t o o much by o b s t a c l e s s u c h as t r e e s , 
b u i l d i n g s and s m a l l h i l l s . T h e r e f o r e , the 27 MHz t r a n s m i t t i n g f r e q u e n c y was chosen 
f o r l a n d mammals and b i r d s . F o r the s e a l s , however , a r a n g e of a t l e a s t 15 km was 
r e q u i r e d . As the problems o f s i g n a l a t t e n u a t i o n a r e minor i n a f l a t c o a s t a l a r e a , 
the 154 MHz f r e q u e n c y was used f o r t h o s e a n i m a l s . 

A p u l s e f r e q u e n c y o f 40-60 min"-^ proved t o be s a t i s f a c t o r y f o r the l o c a l i z a t i o n o f 
an a c t i v e a n i m a l . S m a l l e r a n i m a l s , however , were g i v e n a f r e q u e n c y o f 20-30 min"^ 
i n order t o e x t e n d t h e t r a n s m i t t e r l i f e t i m e , and a l s o a l l o w a good d e t e r m i n a t i o n o f 
s i g n a l a v a i l a b i l i t y on an a c t i v i t y p e n r e c o r d e r . The s e a l ' s t r a n s m i t t e r p r o d u c e s , 
d u r i n g the f i r s t 5 s a f t e r e m e r s i o n , f i v e p u l s e s (80 ms l o n g ) s~^ and a f t e r w a r d s 
o n l y 1 s"^. When the s e a l d i v e s , t h e t r a n s m i t t e r i s s w i t c h e d o f f i n o r d e r to save 
e n e r g y . 

27 MHz t r a n s m i t t e r s a r e a t t a c h e d around the body w i t h a band w h i c h s e r v e s as a loop 
a n t e n n a . I t c o n s i s t s o f a m e t a l l i c c o r e and a p l a s t i c c o v e r . The band i s a t t a c h e d 
around the neck f o r mammals and f o r b i r d s i t i s wrapped around t h e body b e h i n d the 
w i n g s . The loop antenna h a s the a d v a n t a g e t h a t i t s p o s i t i o n a f f e c t s the s t r e n g t h 
o f the r e c e i v e d s i g n a l w h i c h makes a n i m a l ' s a c t i v i t y more n o t i c e a b l e . A d i s a d v a n 
t a g e i s t h a t s i g n a l d i r e c t i o n i s more d i f f i c u l t t o i d e n t i f y when t h e s i g n a l s t r e n g t h 
f l u c t u a t e s . 

A s p e c i a l n e t t i n g h a r n e s s was d e s i g n e d w h i c h k e p t the t r a n s m i t t e r on t h e back o f the 
s e a l . As the s i g n a l can be r e c e i v e d o n l y when the s e a l has s u r f a c e d , a rod antenna 
p l a c e d on the foremos t p a r t o f the back s w i t c h e s on the t r a n s m i t t e r a s soon as the 
antenna t i p comes out o f the w a t e r . 

The w e i g h t o f a t r a n s m i t t e r i s a d j u s t e d depending on the s p e c i e s i n v o l v e d and some
t imes on t h e s e x , s t a t u s , and b e h a v i o r o f t h e i n d i v i d u a l . As b a t t e r i e s a c c o u n t f o r 
a major p a r t o f the p a c k a g e w e i g h t , o f t e n one has t o e x p e r i m e n t a l l y d e t e r m i n e the 
maximum p e r m i s s i b l e w e i g h t f o r s m a l l e r s p e c i e s ( T a b l e 1 ) . 

I f r a d i o t r a c k i n g i s done on f o o t or by b i c y c l e , a p o r t a b l e r e c e i v e r and b a t t e r i e s 
are r e q u i r e d . F o r t r a c k i n g a n i m a l s wh ich cannot be f o l l o w e d c o n t i n u o u s l y , a r e c e i v e r 
p r o v i d e d w i t h VFO s t a b i l i z a t i o n , a s i g n a l s t r e n g t h meter and t u n i n g i n d i c a t o r w i t h 
memory i s recommended. 



Radio Tracking in the Netherlands 

T a b l e 1. 
T o t a l w e i g h t s o f t r a n s m i t t e r p a c k a g e s used i n r a d i o t r a c k i n g , 

compared w i t h the body w e i g h t s o f the a n i m a l s 
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S p e c i e s Body 
w e i g h t (kg) 

T o t a l p a c k a g e 
w e i g h t (g) 

P a c k a g e - b o d y 
w e i g h t (%) 

Harbor s e a l 80-100 3000 3 - 3 . 8 

F o x a d u l t 4-7 200 2 . 9 - 5 

Fox j u v e n i l e 1 . 5 - 3 . 5 65 1 . 9 - 4 . 3 

F o x cub 0 . 6 - 1 . 5 25 1 . 7 - 4 . 2 

D o m e s t i c c a t 2 . 5 - 5 65 1 . 3 - 2 . 6 

Beech m a r t e n , 9 + s u b a d u l t s 1.5 40 2 .7 

P o l e c a t cíd 1.2 40 3 . 3 

P o l e c a t 99 0 .75 25 3 . 3 

Hare 3 . 5 65 1.9 

B l a c k g r o u s e 1.0 29 2 .9 

L i t t l e owl 0 .19 15 7.9 

M o b i l e r e c e i v e r s p r o v i d e d w i t h a tuned l o o p a n t e n n a a r e a p p r o p r i a t e f o r d e t e r m i n i n g 
s i g n a l d i r e c t i o n . I n permanent a p p l i c a t i o n s where the a c t i v i t y p a t t e r n i s t o be 
a s s e s s e d , a whip a n t e n n a , s e n s i t i v e i n a l l d i r e c t i o n s , i s p r e f e r a b l e . S h o u l d the 
a n i m a l e s p o s i t i o n a l s o be r e q u i r e d , a c o m b i n a t i o n o f two or more r o t a t i n g a n t e n n a s 
might be u s e d . 

EQUIPMENT 
27 MHz TRANSMITTER 

Circuit Diagram 

A s t a n d a r d c r y s t a l c o n t r o l l e d t r a n s m i t t e r c i r c u i t i s used ( F i g . 1 ) . The p u l s e *on* 
t ime and i n t e r p u l s e p e r i o d can be v a r i e d by c h a n g i n g the v a l u e s o f R l , R2 and C I . 
The t r a n s m i t t i n g f r e q u e n c y can be chosen w i t h i n a 50 KHz band between 27 .5 and 2 8 . 0 
MHz ( a c c o r d i n g t o Dutch r e g u l a t i o n s ) . S i n c e t h e d i a m e t e r o f the loop i s d i c t a t e d by 

L O O P 

2.8V 
MMT3014 

X tal HC 25 U XS2811 

F i g . 1. C i r c u i t d iagram o f the 27 MHz t r a n s m i t t e r s . Component 
v a l u e s g i v e an on t ime o f 80 ms and a i n t e r p u l s e 
i n t e r v a l o f 1.5 s . 
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the s i z e o f the a n i m a l ' s neck or b o d y , i t i s n e c e s s a r y t o tune the loop w i t h the 
tr imming c a p a c i t o r C 2 . Used on t i n y a n i m a l s w i t h a neck c i r c u m f e r e n c e s m a l l e r than 
25 cm, the t u n i n g o f t h e loop becomes v e r y c r i t i c a l . To a v o i d t h i s p r o b l e m , a l o o p 
c o n s i s t i n g o f two w i n d i n g s i s u s e d . To a c h i e v e as compact as p o s s i b l e a t r a n s m i t t e r , 
the e l e c t r o n i c components a r e s o l d e r e d d i r e c t l y t o g e t h e r . F o r v e r y s m a l l t r a n s 
m i t t e r s even the tr imming c a p a c i t o r i s l e f t o u t . O b v i o u s l y t h i s means t h a t the s i z e 
o f the loop antenna cannot be v a r i e d w i d e l y . E a c h t r a n s m i t t e r i s i n d i v i d u a l l y 
a d j u s t e d ( tuned) f o r i t s own s i z e loop a n t e n n a . 

Mechanical Design 

A f t e r t e s t i n g s e v e r a l p o s s i b l e modes , a d e s i g n was c h o s e n , c o n s t r u c t e d o f p o l y v i n y l 
c h l o r i d e (PVC) p l a s t i c , w h i c h was machined t o o b t a i n the d e s i r e d o u t e r s h a p e . H o l e s 
f o r the t r a n s m i t t e r and the b a t t e r i e s ( F i g . 2) were d r i l l e d . PVC i s e a s y t o m a c h i n e , 
i s no t h y g r o s c o p i c , can e a s i l y be g l u e d , has good e l e c t r i c a l i n s u l a t i n g p r o p e r t i e s , 
i s s t r o n g and w a t e r p r o o f and i s c o m p a r a t i v e l y l i g h t . The h o l d e r s f o r the b a t t e r i e s 
are s e a l e d w i t h a screw cap so t h a t the b a t t e r i e s a r e e a s i l y r e p l a c e a b l e . The t r a n s 
m i t t e r compartment can be f i l l e d w i t h a two p a r t epoxy a d h e s i v e w h i c h g u a r a n t e e s 
good p r o t e c t i o n of t h e t r a n s m i t t e r a g a i n s t m o i s t u r e and m e c h a n i c a l v i b r a t i o n s . 
The loop antenna on mammals c o n s i s t s o f a copper or s t a i n l e s s s t e e l s t r i p , wh ich i s 
e a s i l y a t t a c h a b l e t o the t r a n s m i t t e r by means o f threaded b o l t s . When a t r a n s m i t t e r 
i s a t t a c h e d t o a b i r d , the h a r n e s s c o n s i s t s o f a c h e s t and body loop o f f l e x i b l e 
4 mm copper w i r e w i t h i n s u l a t i o n . The two l o o p s a r e c o n n e c t e d on the b i r d ' s back by 
a canvas s t r i p , and the t r a n s m i t t e r i s s i t u a t e d on the c h e s t . When a t t a c h i n g t h e 
t r a n s m i t t e r , the canvas s t r i p must be c u t t o f i t , and the body loop i s s o l d e r e d 
t o g e t h e r . A l l the t r a n s m i t t e r s and c o l l a r s used on mammals are p r o v i d e d w i t h S c o t c h -
l i t e 3M r e f l e c t i n g t a p e , so t h a t the a n i m a l s a r e easy t o i d e n t i f y w i t h a s p o t l i g h t 
or i n f r a red b i n o c u l a r s . 

ack strap 
stainless steel collar 

neck loop 

shrinkhose 
cover 

screw cap 

F i g . 2 . H o u s i n g s o f 27 MHz t r a n s m i t t e r s . 1. a d u l t f o x ; 
2 . f o x c u b , p o l e c a t ; 3 . j u v e n i l e f o x , house c a t , h a r e ; 
4 . b l a c k g r o u s e . 
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F i g . 3 . B lock d iagram o f the 154 MHz t r a n s m i t t e r . 

The two s t a g e t r a n s m i t t e r i s c a p a b l e o f d e l i v e r i n g 
c u r r e n t consumpt ion o f a p p r o x i m a t e l y 12 mA and can 
p l i e d from the d i g i t a l c o n t r o l l o g i c . The d i g i t a l 
powered by a 6 . 8 V tap of the b a t t e r y pack i n o r d e r 
t i o n . The o s c i l l a t o r runs a t a speed o f 10 p u l s e s 
p u l s e s h a p e r , t h a t produces narrow, n e g a t i v e g o i n g 
The o u t p u t o f the p u l s e shaper i s c o n n e c t e d t o the 
b e s i d e s the RF s i g n a l o f t h e t r a n s m i t t e r t h e r e i s a 
the a n t e n n a . 

50 mW of RF e n e r g y a t a b a t t e r y 
be s w i t c h e d by a l o g i c l e v e l sup-
l o g i c o f the t r a n s m i t t e r i s 

t o r e d u c e t h e c u r r e n t consump-
s~^ and the o u t p u t i s f e d to a 
c o n t r o l p u l s e s o f 3 ms w i d t h , 
an tenna v i a a 10 Κ r e s i s t o r , so 
I s o a p u l s e s i g n a l p r e s e n t a t 

The t r a n s m i t t e r and l o g i c ground are c o n n e c t e d v i a C406 t o the m e t a l c a s e o f t h e 
t r a n s m i t t e r . F o r RF s i g n a l s t h i s c a p a c i t o r a l m o s t r e p r e s e n t s a s h o r t c i r c u i t , b u t 
i t e f f e c t i v e l y b l o c k s t h e c o n t r o l p u l s e s t h a t appear on the t r a n s m i t t e r c a s e when, 
due t o the c o n d u c t i n g s e a w a t e r , t h e r e i s e l e c t r i c a l c o n d u c t i o n between the a n t e n n a 
t i p and the c a s e . The r e c e i v e d c o n t r o l p u l s e s t h e n c o n t i n u o u s l y r e s e t the c o n t r o l 
l o g i c so the t r a n s m i t t e r r e c e i v e s no k e y i n g s i g n a l , and remains s w i t c h e d o f f . 

When the s e a l emerges , f i r s t the a n t e n n a t i p comes out o f the w a t e r , the c o n d u c t i v e 
p a t h through the s e a w a t e r d i s a p p e a r s , and the c o n t r o l l o g i c no l o n g e r r e c e i v e s r e s e t 
p u l s e s . 

Dur ing the f i r s t f i v e s e c o n d s , the c o n t r o l l o g i c g e n e r a t e s a p u l s e s i g n a l a t a r a t e 
o f 5 p u l s e s s"-^, and a f t e r t h i s p e r i o d a p u l s e s i g n a l o f 1 p u l s e s~-^. The e x t r a 
energy r e q u i r e d f o r t h e i n c r e a s e d p u l s e r a t e i s compensated f o r by the t ime the s e a l 
i s under w a t e r . 

154 MHz TRANSMITTERS 

Block Diagram 

F i g u r e 3 shows the b l o c k d iagram o f the t o t a l s e a l t r a n s m i t t e r . 



70 S. Broekhuizen et al 

^ 
x m i t t e r c o n t r o l 

5 K 6 

Antenna 

4 K ^ 

R 3 0 2 

R 3 0 1 

J / B S X 2 0 

C D 

8 W D G < 

Nop 

| 4 7 0 

I R 3 0 3 

C 4 0 2 

J 2 2 

c r y s t a l 
X S 2 9 0 4 H C 4 3 / U 

J l O K p 

Τ 

l33p 
, 3 W D G " T j o i 

R 4 0 2 

L 2 

I B F W 3 O ^ 

L 3 

C 4 0 3 

4 7 0 

J l O K p 

^ 4 0 5 

[ R 3 0 4 

koKp 

1/4 A 

1 0 Κ 

R 4 0 1 

P u l s e o u t p u t 

F i g . 4. C i r c u i t o f the 154 MHz t r a n s m i t t e r . 

T r a n s i s t o r T l o p e r a t e s w i t h L I and a c r y s t a l i n p a r a l l e l r e s o n a n c e a t h a l f the 
antenna f r e q u e n c y , T2 s e r v e s as a d o u b l e r / p o w e r a m p l i f i e r s t a g e i n a grounded b a s e 
c o n f i g u r a t i o n . T h i s c o n f i g u r a t i o n g u a r a n t e e s t h e n e c e s s a r y i s o l a t i o n between antenna 
and o s c i l l a t o r . The o s c i l l a t o r i s s w i t c h e d on and o f f by the p u l s e s i g n a l from the 
c o n t r o l l o g i c by p r o v i d i n g the c o r r e c t base c u r r e n t . The a n t e n n a i s a q u a r t e r wave 
whip antenna and the RF antenna i n p u t i s a p p r o x i m a t e l y 50 mW a t a b a t t e r y v o l t a g e 
o f 10 V . 

With the o s c i l l a t o r e m i t t e r r e s i s t o r RE the RF o u t p u t can be a d j u s t e d t o t h e d e s i r e d 
v a l u e . The c i r c u i t around L I r e s o n a t e s a t 77 MHz w h i l e L 2 / C 4 0 1 and L 3 / C 4 0 3 r e s o n a t e 
a t 154 MHz. C404 f a c i l i t a t e s the a n t e n n a t u n i n g . T h i s must be done w i t h t h e t r a n s 
m i t t e r i n s t a l l e d i n i t s f i n a l h o u s i n g , and w i t h the o r i g i n a l a n t e n n a . 

Circuit Description of the Control Logic ( F i g . 5) 

The c o n t r o l l o g i c i s b u i l t up around f o u r CMOS i n t e g r a t e d c i r c u i t s . G a t e s 4093 A 
and Β o p e r a t e as an a s t a b l e o s c i l l a t o r w i t h a p e r i o d t ime o f 0 . 1 s 4093 C i s used 
w i t h C103 and R103 as a p u l s e s h a p e r , t h a t p r o v i d e s n e g a t i v e g o i n g p u l s e s o f 3 ms. 
These p u l s e s are f e d t o the a n t e n n a through R401, w h i c h has a n e g l i g i b l e e f f e c t on 
the RF o u t p u t o f t h e t r a n s m i t t e r . 

G a t e 4093 D s e r v e s as a S c h m i t t t r i g g e r f o r the c o n t r o l p u l s e s , t h a t a p p e a r on the 
t r a n s m i t t e r h o u s i n g when t h e r e i s a c o n d u c t i v e p a t h between the a n t e n n a and the h o u s i n g . 

Circuit Description of the Transmitter Section ( F i g . 4) 

S p e c i a l a t t e n t i o n h a s been p a i d t o r e d u c i n g f eedback e f f e c t s o f the f i n a l a m p l i f i e r 
when the antenna t u n i n g i s d i s t u r b e d , f o r i n s t a n c e when the antenna i s o n l y p a r t i a l l y 
above s e a - l e v e l . 
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F i g . 5 . C i r c u i t o f the c o n t r o l l o g i c . 

The o u t p u t o f t h i s S c h m i t t t r i g g e r r e s e t s t h e c o u n t e r s 4029 and 4017 e v e r y 0 . 1 s 
so t h a t t h e s e c o u n t e r s remain i n the s t a t e . S i n c e QO o f the 4017 i s h i g h , the 
o u t p u t o f 4023A i s low, thus k e e p i n g t h e o u t p u t o f 4023B h i g h . C O . o f t h e 4029 i s 
h i g h , so the o u t p u t o f 4023C remains low and thus the t r a n s m i t t e r remains o f f . 

When the c o n d u c t i n g p a t h between a n t e n n a and t r a n s m i t t e r h o u s i n g d i s a p p e a r s , t h e 
o u t p u t o f 4093D remains low, so t h e 4029 and 4017 c o u n t e r s r e c e i v e a r e s e t s i g n a l 
no l o n g e r , and are a l l o w e d t o c o u n t . Q l o f the 4029 p r o v i d e s c o n t r o l p u l s e s o f 100 ms, 
a t a r a t e o f 5 p u l s e s s~^, and d u r i n g t h i s t ime the 4017 c o u n t e r needs to r e a c h the 
'5* s t a t e , t h e s e p u l s e s a r e a l l o w e d to s w i t c h the t r a n s m i t t e r . A f t e r the 4017 h a s 
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reached the ' 5 ' s t a t e , the C O . o f the 4017 goes low and b l o c k s g a t e 4023B, the o u t 
p u t o f which goes h i g h , and now o n l y the p u l s e s o f the C O . o f the 4029 c a n s w i t c h 
the t r a n s m i t t e r a t a r a t e o f 1 p u l s e s~^. 

Mechanical Design 

Due t o the shape and g r e a t f l e x i b i l i t y o f the s e a l body and the f a c t t h a t s e a l s 
remain f r e q u e n t l y on sandbanks , a s p e c i a l h a r n e s s was d e v e l o p e d . The h a r n e s s i s 
k n o t t e d rope i n n e t t i n g form from one p i e c e o f 4 mm neoprene rubber cord ( F i g . 6 ) . 

F i g . 6. S e a l t r a n s m i t t e r h a r n e s s . 

To a t t a c h the t r a n s m i t t e r , the s e a l i s f o r c e d i n t o a c a g e i n w h i c h i t s movements 
can be c o n s t r a i n e d . The n e t t i n g i s a l r e a d y f a s t e n e d on t h e bo t tom o f t h i s c a g e . 
F i r s t the n e t t i n g i s f i x e d around the s e a l ' s body w i t h i t s f l i p p e r s t h r o u g h the 
neoprene n e t t i n g r i n g s . A d e t a c h a b l e neoprene r i n g f i t t e d around the a n i m a l ' s neck 
i s p u l l e d over the head and f a s t e n e d t o the n e t t i n g by l e a t h e r s t r a p s . A f t e r t h a t 
the t r a n s m i t t e r i s p l a c e d on the s e a l ' s b a c k , and a l s o f a s t e n e d t o the n e t t i n g w i t h 
n y l o n s t r a p s . D u r i n g t h i s p r o c e d u r e the n e t t i n g i s c l o s e l y p u l l e d around the s e a l ' s 
b o d y . The t r a n s m i t t e r h o u s i n g i s made o f two p a r t u r e t h a n e rubber ( F i g . 7 ) . Two 
s t a i n l e s s s t e e l c y l i n d e r s w i t h screw caps c o n t a i n the t r a n s m i t t e r and the t h r e e 
b a t t e r i e s ( F i g . 7 ) . The t r a n s m i t t e r i s b u i l t i n a c y l i n d r i c a l form, and c o n s i s t s 
o f f o u r p r i n t e d c i r c u i t b o a r d s , c o n t a i n i n g the c o n t r o l l o g i c and the R F - t r a n s m i t t e r . 
The s e p a r a t e boards are f i r s t t e s t e d and p r e - a d j u s t e d and t h e n as sembled i n t o a com
p a c t u n i t . 

The antenna must be composed of a s t a i n l e s s s t e e l s p r i n g w i t h v e r y f l e x i b l e c a b l e 
i n i t and c o n n e c t e d t o a s m a l l r o d . The e n t i r e p a c k a g e i n c l u d i n g the rod a e r i a l 
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F i g . 7a . Hous ing o f t h e 154 MHz t r a n s m i t t e r f o r s e a l s . 

can be moulded i n the u r e t h a n e compound. A p i e c e o f s t a i n l e s s s t e e l p l a t e s o l d e r e d 
t o the m e t a l c a s e and the n o n - c o v e r e d t o p - e n d o f the a n t e n n a a c t as c o n t a c t s f o r 
s w i t c h i n g the t r a n s m i t t e r on and o f f when the s e a l e m e r g e s . 

BATTERIES 

A f t e r the f i r s t e x p e r i m e n t s , i t became o b v i o u s t h a t t r a n s m i t t e r s , equ ipped w i t h com
m e r c i a l M a i l o r y - m e r c u r y b a t t e r i e s , d i d not r e a c h t h e c a l c u l a t e d o p e r a t i n g t i m e . We 
changed t o pacemaker mercury c e l l s w i t h a c a p a c i t y o f 1000 mAh ( t y p e MR85 made by 
L e c l a n c h é , S w i t z e r l a n d ) . 

S i n c e b i g g e r c e l l s o f the same q u a l i t y were not a v a i l a b l e , L e c l a n c h é a d v i s e d us t o 
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F i g . 7b. The s e p a r a t e p r e - a s s e m o l e d p r i n t e d c i r c u i t b o a r d . 

c o n n e c t the b a t t e r i e s i n s e r i e s / p a r a l l e l f o r a p p l i c a t i o n s where a g r e a t e r c a p a c i t y 
i s needed , f o r i n s t a n c e i n t r a n s m i t t e r s f o r a d u l t f o x e s . T h i s c o n f i g u r a t i o n r e s u l t s 
i n a c a p a c i t y o f 2000 mAh a t a v o l t a g e o f 4 . 2 V . The h i g h e r v o l t a g e c a u s e s a g r e a t e r 
RF o u t p u t , n e c e s s a r y f o r good t r a c k i n g o v e r l o n g e r d i s t a n c e s . 

A f t e r t e s t i n g the e x p e n s i v e and s t r i c t l y c o n t r o l l e d m e d i c a l c e l l s , we s w i t c h e d t o 
t h e cheaper i n d u s t r i a l s e r i e s o f L e c l a n c h é , w i t h o u t n o t i c e a b l e l o s s o f t r a n s m i t t e r 
o p e r a t i n g t i m e . F o r s m a l l e r t r a n s m i t t e r s we u s e s m a l l e r c a p a c i t y types a c c o r d i n g 
to the m a n u f a c t u r e r s recommendat ions . Due t o t h e p u l s e d c h a r a c t e r o f t h e b a t t e r y 
d i s c h a r g e , and a s l i g h t l y l o n g e r i n t e r p u l s e i n t e r v a l than c a l c u l a t e d , remarkably 
l o n g e r b a t t e r y l i f e was a c h i e v e d ( e . g . f o x t r a n s m i t t e r c a l c u l a t e d l i f e — 138 d a y s , 
r e a l i z e d l i f e - 320 d a y s ) . 

The s e a l t r a n s m i t t e r i s powered by t h r e e TADIRAN l i t h i u m c e l l s t y p e H E - D (3 .4 V , 
12 A h ) , which have a b e t t e r c a p a c i t y - v o l u m e r a t i o than o t h e r t y p e s , and a v e r y low 
s e l f - d i s c h a r g e . 

RECEIVER FOR RADIO TRACKING 

I n a d d i t i o n t o the n o r m a l l y used r e c e i v e r s , we take a d v a n t a g e o f a r e c e i v e r w h i c h 
has no c h a n n e l s e l e c t o r but a v a r i a b l e f r e q u e n c y o s c i l l a t o r (VFO) and w h i c h i s f r e 
q u e n c y - s t a b i l i z e d by a d i g i t a l c o n t r o l c i r c u i t . The a n t e n n a f r e q u e n c y i s read out 
w i t h a d i g i t a l f r e q u e n c y m e t e r . The s i g n a l s t r e n g t h meter has an a n a l o g memory. 
To p r o v i d e c o r r e c t t u n i n g b e f o r e t h e narrow c r y s t a l f i l t e r i s s w i t c h e d on , t h e 
r e c e i v e r i s a l s o equ ipped w i t h a t u n i n g i n d i c a t o r . The c o n t i n u o u s f r e q u e n c y c o v e r a g e 
e n a b l e s us t o use a v e r y l a r g e number o f t r a n s m i t t e r s , each a few KHz a p a r t i n 
f r e q u e n c y . 

Block Diagram 

The r e c e i v e r i s a double s u p e r h e t e r o d y n e w i t h a f i r s t I . F . o f 9 MHz and a second 
I F o f 455 KHz ( F i g . 8 ) . The RF a m p l i f i e r and f i r s t m i x e r a r e equ ipped w i t h d u a l 
g a t e m o s f e t s w h i c h have good c r o s s m o d u l a t i o n p r o p e r t i e s . I n the f i r s t I . F . s t a g e 
two c r y s t a l f i l t e r s can be s e l e c t e d t o p r o v i d e a 500 Hz or 3 KHz I F p a s s b a n d . A 
RF volume p o t e n t i o m e t e r c o n t r o l s the a m p l i f i c a t i o n o f the RF and I F s t a g e s , so 
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o v e r l o a d i n g can he a v o i d e d due t o v e r y s t r o n g s i g n a l s i n c l o s e p r o x i m i t y to the 
t r a n s m i t t e r . The p r o d u c t d e t e c t o r d e l i v e r s the d e t e c t e d p u l s e d CW s i g n a l to the 
A . F . a m p l i f i e r t o which a l o u d s p e a k e r i s c o n n e c t e d . The t u n i n g of the r e c e i v e r i s 
c a r r i e d out w i t h the V F O , to w h i c h a f r e q u e n c y meter i s c o n n e c t e d to read out the 
antenna f r e q u e n c y . T h i s f r e q u e n c y meter has an e x t r a memory, i n w h i c h the VFO f r e 
quency can be s t o r e d by p u s h i n g a b u t t o n . An a u t o m a t i c d i g i t a l s u b t r a c t i o n c i r c u i t 
p r o d u c e s a v o l t a g e w h i c h i s d i r e c t l y p r o p o r t i o n a l to the d i f f e r e n c e between the 
s t o r e d f r e q u e n c y and t h e a c t u a l VFO f r e q u e n c y . T h i s v o l t a g e i s used to c o r r e c t the 
f r e q u e n c y o f the V F O , so any f r e q u e n c y d r i f t due t o changes i n t empera ture or s u p p l y 
v o l t a g e i s c a n c e l l e d . 

O t h e r s e c t i o n s o f i n t e r e s t are t h e t u n i n g i n d i c a t o r and the s i g n a l s t r e n g t h m e t e r . 
Both c i r c u i t s a r e equ ipped w i t h an a n a l o g memory t o p r o v i d e a s t a b l e r e a d i n g i n 
s p i t e o f the p u l s e d c h a r a c t e r of t h e s i g n a l . 

The p u l s e d e t e c t o r c i r c u i t p i c k s the t r a n s m i t t e r p u l s e s out o f the r e c e i v e r n o i s e 
and c o n v e r t s them i n t o d i g i t a l c o n t r o l p u l s e s . The A . M . d e t e c t o r o u t p u t o f the 
r e c e i v e r i s c o n n e c t e d to a s a m p l e / h o l d c i r c u i t t h a t i s g a t e d by the d i g i t a l c o n t r o l 
p u l s e s . The ' S * meter i s c o n n e c t e d t o the o u t p u t o f the s a m p l e / h o l d c i r c u i t . The 
F . M . demodulator o u t p u t i s sampled by a n o t h e r s a m p l e / h o l d c i r c u i t t h a t d r i v e s t h e 
t u n i n g i n d i c a t o r . A c o r r e c t r e c e i v e r t u n i n g p u t s the meter r e a d i n g m i d s c a l e w h i l e 
i n c o r r e c t t u n i n g r e s u l t s i n a lower or h i g h e r meter r e a d i n g . T h i s p r o v i s i o n e n a b l e s 
c o r r e c t t u n i n g w i t h the wide bandwidth f i l t e r s w i t c h e d on . When the narrow b a n d w i d t h 
f i l t e r i s s w i t c h e d o n , the r e c e i v e d s i g n a l w i l l s u r e l y be w i t h i n the p a s s b a n d o f 
t h i s f i l t e r . 

Circuit Description of the 'S^ Meter and the Tuning Indicator 

A r e c e i v e d r a d i o t r a c k i n g s i g n a l , c o n s i s t i n g o f n e g a t i v e g o i n g p u l s e s , d e r i v e d from 
the A . M . d e t e c t o r i s a m p l i f i e d and i n v e r t e d by FET T l and then f e d to a low p a s s 
f i l t e r , c o n s i s t i n g o f C 2 , L I , C 3 , L2 and C 4 , w i t h a c u t o f f f r e q u e n c y o f 150 Hz 
( F i g . 9 ) . T r a n s i s t o r T2 a m p l i f i e s the f i l t e r e d s i g n a l t o a s u f f i c i e n t l e v e l and 
i n v e r t s i t . The c i r c u i t around t r a n s i s t o r s T 3 , T4 and T5 s e r v e s t o s e p a r a t e the 
p u l s e s from t h e n o i s e . T h i s i s done by comparing the a v e r a g e s i g n a l l e v e l t h a t i s 
deve loped a c r o s s c a p a c i t o r C5 w i t h t h e d i r e c t s i g n a l a t the b a s e o f T 3 . That p a r t 
o f t h e d i r e c t s i g n a l , g r e a t e r than t h e a v e r a g e s i g n a l l e v e l , c a u s e s a c l e a n n e g a t i v e 
g o i n g o u t p u t p u l s e a t the c o l l e c t o r o f T 4 . V a r i a t i o n s i n p u l s e a m p l i t u d e have no 
i n f l u e n c e on t h e per formance o f the c i r c u i t . T6 a m p l i f i e s and i n v e r t s t h e o u t p u t 
of T4, so a t the c o l l e c t o r o f T6 a p o s i t i v e g o i n g p u l s e a t CMOS l e v e l i s a v a i l a b l e . 
V i a D 3 , C6 i s kept c h a r g e d a s l o n g as the p u l s e s a t the c o l l e c t o r o f T6 a r e p r e s e n t 
and b e c a u s e o f t h i s , t h e o u t p u t o f the CD 4093 remains low. 

When the t r a n s m i t t e r p u l s e s d i s a p p e a r , C6 i s no l o n g e r c h a r g e d and b e g i n s t o d i s 
c h a r g e through R15 . A f t e r a few s e c o n d s t h e o u t p u t o f the 4093 goes h i g h , t o p e r m i t 
a c o n t i n u o u s r e a d i n g o f b o t h meters ( d e s c r i b e d l a t e r ) , when no t r a n s m i t t e r s i g n a l 
i s p r e s e n t . 

The ' S ' meter c i r c u i t c o n s i s t s o f two a n a l o g s w i t c h e s , t ype CD 4016, t h e h o l d c a p a 
c i t o r C 8 , a FET i n p u t Op Amp type yA 740 and a m i l l i a m p m e t e r . The s i g n a l from 
the A . M . d e t e c t o r , t a k e n from t h e s o u r c e o f T l , i s f ed through s w i t c h A and Β to the 
h o l d c a p a c i t o r . With no t r a n s m i t t e r s i g n a l p r e s e n t , s w i t c h Β i s c o n t i n u o u s l y c l o s e d 
and t h e meter reads t h e r e c e i v e r s n o i s e l e v e l . When a s i g n a l i s r e c e i v e d , s w i t c h Β 
opens , and s w i t c h A c l o s e s e v e r y t ime the p u l s e s i g n a l i s p r e s e n t . 

I n the i n t e r v a l between t h e p u l s e s , s w i t c h A opens and the s t o r e d c h a r g e i n C8 keeps 
the meter r e a d i n g a t t h e l a s t v a l u e . I n t h i s way o n l y changes i n s i g n a l s t r e n g t h 
cause a change i n the meter r e a d i n g , so t h a t an a c c u r a t e i n t e r p r e t a t i o n o f the s i g n a l 
s t r e n g t h i s p o s s i b l e . 
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The t u n i n g i n d i c a t o r c i r c u i t o p e r a t e s i n the same way as the ' S ' meter c i r c u i t 
d o e s . The s i g n a l here i s d e r i v e d from a r a t i o d e t e c t o r , wh ich i n d i c a t e s a z e r o o u t 
put l e v e l when the r e c e i v e r t u n i n g i s c o r r e c t and the I . F . s i g n a l f r e q u e n c y i s a t 
the c e n t e r of t h e c r y s t a l f i l t e r s p a s s b a n d . T h i s c a u s e s a m i d s c a l e meter r e a d i n g . 
When the r e c e i v e r i s tuned too h i g h or too low, a lower or h i g h e r meter r e a d i n g 
r e s u l t s . 

ANTENNAS 

For r a d i o t r a c k i n g 27 MHz t r a n s m i t t e r s , u s e i s made o f a d j u s t e d loop a n t e n n a s w i t h 
a d i a m e t e r o f about 50 cm. These antennas have the a d v a n t a g e t o be handy and 
l i g h t , and b e s i d e s they are e x t r e m e l y s e n s i t i v e t o d i f f e r e n c e s i n d i r e c t i o n w h i c h 
renders them v e r y a p p r o p r i a t e f o r making b e a r i n g s . The a d j u s t m e n t o f the a n t e n n a 
i s done on t h e top by means o f a 25 p f t u n i n g c a p a c i t o r ( F i g . 1 0 ) . The r e c t a n g u l a r 
loop i n s i d e the main loop s e r v e s t o a c h i e v e a p r o p e r impedance m a t c h i n g w i t h the 
coax c a b l e connec ted to the r e c e i v e r . 

F i g . 10. 27 MHz a n t e n n a . (A) C o n s t r u c t i o n scheme and 
r a d i a t i o n p a t t e r n w i t h (B) and w i t h o u t (C) c o a x 
c o i l . 

Normal ly the antenna has a r a d i a t i o n p a t t e r n as shown i n F i g . l O B . Due t o as3mimetry 
the n u l l i s not s h a r p . However, by p r o v i d i n g the coax c o i l w i t h about 10 w i n d i n g s , 
the coax s h i e l d i n g o f the antennas i s d i s c o n n e c t e d which makes the a n t e n n a work as 
a t r u e l o o p . The r a d i a t i o n p a t t e r n i s now s y m m e t r i c a l and has a s h a r p n u l l . 

For t h e l o c a l i z a t i o n o f 154 MHz t r a n s m i t t e r s a v e r t i c a l l y p o l a r i z e d y a g i a n t e n n a 
w i t h 8 e l ements i s a p p l i e d ( F i g . 1 1 ) . I n o r d e r t o r e g i s t e r a n i m a l a c t i v i t y a u t o 
m a t i c a l l y , a f i x e d s t a t i o n i s used w i t h a 5 /8 λ o m n i d i r e c t i o n a l g r o u n d - p l a n e an tenna . 

APPLICATION OF 27 MHz TRANSMITTERS 
ANIMALS 

I n 1968 the f i r s t red f o x e s r a i s e d i n c a p t i v i t y , were f i t t e d w i t h p r o t o t y p e t r a n s 
m i t t e r s and r e l e a s e d i n t o the f i e l d . The q u e s t i o n was p u t f o r w a r d o f w h e t h e r c o n t r o l 
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F i g . 11. R e c e i v i n g s y s t e m s . A : m o b i l e t r a c k i n g 27 MHz 
f r e q u e n c y ( l oop a n t e n n a ) ; B: m o b i l e t r a c k i n g 154 MHz 
f r e q u e n c y ( y a g i a n t e n n a ) ; C : f i x e d s t a t i o n a c t i v i t y 
r e g i s t r a t i o n (ground p l a n e a n t e n n a ) . 

o f f o x e s i n an a r e a i n d u c e d a m i g r a t i o n from a h i g h e r d e n s i t y a r e a , and c o n s e q u e n t l y 
a d i s p e r s i o n o f r a b i e s . T h i s l e d among o t h e r t h i n g s t o i n v e s t i g a t i o n s c o n c e r n i n g 
m i g r a t i o n and s o c i a l r e l a t i o n s i n f o x e s , d u r i n g w h i c h t ime the use o f r a d i o t r a c k i n g 
became n e c e s s a r y . A f t e r some e a r l y p r o b l e m s , due to f a i l u r e s o f b a d l y ad ap ted t r a n s 
m i t t e r m o d e l s , poor b a t t e r y o p e r a t i o n and problems i n c a t c h i n g f o x e s , t h e r e s e a r c h 
was w e l l under way by 1972. D u r i n g 1970 t o 1977, 86 cubs and young f o x e s up t o 
5 months o f age ( t o September) were t r a c k e d , 72 f o x e s i n t h e i r f i r s t y e a r (September-
A p r i l ) and 78 (32 m a l e s , 46 f e m a l e s ) a d u l t s . 

Furthermore 22 h a r e s were f i t t e d w i t h t r a n s m i t t e r s and s t u d i e d from 1973 to 1977. 
D u r i n g 1976 f o u r l i t t l e owls were r a d i o t r a c k e d , d u r i n g 1977 n i n e f r e e roaming 
d o m e s t i c farm c a t s and s i n c e 1978 two beech m a r t e n s , f o u r p o l e c a t s and s e v e n b l a c k 
g r o u s e h e n s . 

PROPERTIES OF THE EQUIPMENT AND METHODS 

As t h e r a d i o t r a c k i n g methods and the equipment used d u r i n g our s t u d i e s w i t h f o x e s 
s e r v e d as a model f o r l a t e r i n v e s t i g a t i o n s w i t h o t h e r s p e c i e s , the f o l l o w i n g a c c o u n t 
d e s c r i b e s m a i n l y the e x p e r i m e n t s w i t h f o x e s . 

I n f l a t and open c o u n t r y t h e b i g g e s t t r a n s m i t t e r s , used on a d u l t f o x e s , had a range 
o f 2 km w h i l e the s m a l l e s t o n e s , used on f o x cubs and l i t t l e owls r e a c h e d 1 km m a x i 
mum. Due t o the s m a l l d i a m e t e r o f the p o l e c a t c o l l a r , t h i s t ype o n l y r e a c h e d about 
500 m. H i l l s , heavy t r e e s , m e t a l w i r e f e n c e s and b u i l d i n g s o f t e n caused u n e x p e c t e d 
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r e f l e c t i o n s which c o u l d o n l y be r e c o g n i z e d w i t h e x p e r i e n c e . However, s i g n a l s t r e n g t h 
was a t t e n u a t e d o n l y s l i g h t l y . A t a d i s t a n c e o f 500 m i n open and f l a t c o u n t r y the 
b i g t r a n s m i t t e r s c o u l d be t r i a n g u l a t e d w i t h an a c c u r a c y o f 25 m. 

The p o s i t i o n o f the t r a c k e d a n i m a l s was p l o t t e d on maps i n the f i e l d . The s c a l e of 
t h e s e maps depended on the home range s i z e o f the an imal c o n c e r n e d . For i n s t a n c e 
a s c a l e o f 1:12,500 was used f o r f o x e s w i t h t e r r i t o r i e s of 50-250 h a , w h i l e a s c a l e 
o f 1:25,000 was used f o r f o x e s w i t h t e r r i t o r i e s o f about 1,000 ha and a s c a l e o f 
1:10,000 f o r h a r e s and p o l e c a t s . 

B e a r i n g s were c a r r i e d out by a m o b i l e r e c e i v i n g u n i t from c o n v e n i e n t l y s i t u a t e d 
s p o t s a l o n g roads and p a t h s , marked w i t h r e f l e c t i n g tape so as to f i n d them more 
e a s i l y d u r i n g the n i g h t . The d i r e c t i o n o f the a n i m a l s was de termined e i t h e r by 
t u r n i n g the antenna i n such a way t h a t a maximal s i g n a l s t r e n g t h was o b t a i n e d (peak 
s i g n a l ) or by t a k i n g the m i d d l e o f the two d i r e c t i o n s a t w h i c h no s i g n a l c o u l d be 
heard ( n u l l s i g n a l ) . The n u l l s i g n a l proved t o be e a s i e r w i t h i n d i s t a n c e s o f about 
500 m. I n most c a s e s a c r o s s - b e a r i n g from a n o t h e r s p o t c o u l d be a c h i e v e d w i t h i n 
2-3 min , w h i l e s i g n a l s t r e n g t h gave a d d i t i o n a l i n f o r m a t i o n about the p o s i t i o n . F o r 
f a s t moving i n d i v i d u a l s the i n t e r v a l between two b e a r i n g s appeared to be too l o n g . 
I n most c a s e s , however , the moving d i r e c t i o n o f the an imal c o u l d be de termined from 
d i f f e r e n c e s i n s i g n a l s t r e n g t h . V i s u a l o b s e r v a t i o n s by i n f r a red b i n o c u l a r s p r o 
v i d e d r e g u l a r checks of t h e r a d i o t r a c k i n g method. 

With a h i g h d e n s i t y o f f o x e s i t was p o s s i b l e t o f o l l o w 3-5 s i m u l t a n e o u s l y , l o c a t i n g 
them e v e r y 30 min d u r i n g the n i g h t , p r o v i d e d t h a t the f o x e s d i d n o t show abnormal 
b e h a v i o r . I n a d d i t i o n t o t h i s t r a c k i n g method, a n i m a l s were f o l l o w e d more or l e s s 
c o n t i n u o u s l y i n such a way t h a t a t l e a s t e v e r y 15 min an e x a c t l o c a t i o n was p l o t t e d , 
w h i l e i n be tween , the r o u t e o f the an imal was mapped u s i n g s i g n a l s t r e n g t h d i f f e r 
ences and v i s u a l o b s e r v a t i o n s . To de termine the home range d u r i n g a g i v e n p e r i o d , 
the p l o t s o f t h a t p e r i o d were combined on a map. I n the a r e a w i t h s m a l l t e r r i t o r i e s 
a r a d i o f i x i n t e r v a l was made each 30 min and e a c h 15 min f o r the a r e a w i t h l a r g e 
t e r r i t o r i e s . A l t h o u g h v e r y l a b o r i n t e n s i v e , t h i s method a l s o p r o v e d to be s a t i s 
f a c t o r y r e g a r d i n g the s t u d y o f s o c i a l s t r u c t u r e i n f o x p o p u l a t i o n s . A u t o m a t i c 
d e v i c e s f o r b e a r i n g and p l o t t i n g the l o c a t i o n s o f the a n i m a l s can s a v e a l o t o f 
l a b o r . However, d i r e c t o b s e r v a t i o n s i n the f i e l d are o f e s s e n t i a l i m p o r t a n c e to 
r e a c h the n e c e s s a r y b a s i c knowledge o f the h a b i t s o f a n i m a l s . 

D u r i n g the i n a c t i v e p e r i o d , t h e i n d i v i d u a l s were i n g e n e r a l t r a c k e d o n l y once a d a y . 
Underground a n i m a l s , such as f o x e s and p o l e c a t s c o u l d be l o c a t e d w i t h i n one meter 
by u s i n g the coax c a b l e o f t h e r e c e i v e r as an antenna near the d e n . T h i s a c c u r a c y 
i s important to r e s t r i c t damage to the den by d i g g i n g when the a n i m a l s have to be 
dug o u t . F o x e s w i t h o u t a t r a n s m i t t e r c o u l d o f t e n be l o c a t e d e x a c t l y i n t h e i r den 
by r e l e a s i n g a dachshund w i t h a t r a n s m i t t e r whose p o s i t i o n underground was then 
p i n p o i n t e d . 

A i r f o r c e a i r p l a n e s o r h e l i c o p t e r s were used t o t r a c k l o s t a n i m a l s . The l o o p 
antenna was f a s t e n e d under the p l a n e p e r p e n d i c u l a r t o i t s l o n g i t u d i n a l a x i s and the 
r e c e i v e r c o u l d be tended by t h e crew. F l y i n g a t a h e i g h t o f 300-400 m the r a n g e 
of the b i g f o x t r a n s m i t t e r s appeared t o be about 4 km. I n s p i t e o f t h i s r a n g e the 
r e s u l t s o f t h e s e t r i a l s were u n s a t i s f a c t o r y : o n l y once were a l o s t f o x and h a r e 
r e c o v e r e d . 

I t i s w o r t h m e n t i o n i n g t h a t , one c o u l d a s s e s s when f o x e s went i n t o w a t e r , f o r 
i n s t a n c e to c r o s s a c a n a l . The wet c o a t i n s i d e the c o l l a r caused a h i g h e r p u l s e 
f r e q u e n c y . 

R E L I A B I L I T Y OF THE TRANSMITTERS 

The c a l c u l a t e d t r a n s m i t t e r l i f e - t i m e , b a s e d on b a t t e r y c a p a c i t y , c o u l d be a c h i e v e d 
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i n the f i e l d . A broad v a r i a t i o n i n l i f e - t i m e c o u l d be e x p e c t e d s i n c e t h e loop 
antennas of the t r a n s m i t t e r s had to be i n d i v i d u a l l y a d j u s t e d f o r the a n i m a l s . Some 
t r a n s m i t t e r s , however, f a i l e d b e f o r e the b a t t e r i e s were d i s c h a r g e d . The d i s t r i b u t i o n 
and the causes o f f a i l u r e i n f o x t r a n s m i t t e r s a r e g i v e n i n T a b l e 2 . 

The c o n s t r u c t i o n o f t h e c o l l a r i s o f g r e a t i m p o r t a n c e , and must be s u f f i c i e n t l y 
s t u r d y . D e f o r m a t i o n of c o l l a r s by o t h e r f o x e s o c c u r r e d s e v e n t i m e s , i n t h r e e o f 
which an an imal was i n j u r e d . I n young f o x e s a r a t h e r l o o s e c o l l a r was chosen to 
p r e v e n t i n j u r i e s to a n i m a l s t h a t c o u l d not be r e c a p t u r e d a t the p r o p e r t ime to 
r e p l a c e the t r a n s m i t t e r w i t h an a d u l t t y p e . I n i t i a l l y the growth o f f o x e s sometimes 
caused t r a n s m i t t e r f a i l u r e b e c a u s e a t h i c k e r neck detuned the l o o p a n t e n n a . Most 
o f t h e s e d i f f i c u l t i e s c o u l d be a v o i d e d by the use o f a c o l l a r l o o p a n t e n n a w i t h a 
double w i n d i n g . A l o o s e c o l l a r proved a p o s s i b l e r i s k to young f o x e s w h i c h hooked 
a f r o n t paw through the loop a n t e n n a . S i n c e t h i s too changed the p u l s e f r e q u e n c y , 
an i n d i v i d u a l c o u l d be i d e n t i f i e d and r e c a u g h t . I n one c a s e we were u n s u c c e s s f u l 
and the f o x d i e d . I n two more c a s e s the cubs c o u l d not be r e c a p t u r e d ; one o f w h i c h 
was s h o t a f t e r s i x months w i t h i t s c o l l a r d e e p l y embedded i n t o i t s n e c k . 

Of t h e j u v e n i l e f o x e s , 23 c o u l d not be r e c a p t u r e d on t i m e , 12 o f t h e s e were s h o t or 
caught a f t e r w a r d s . I n two of t h e s e 12 , b o t h l a r g e m a l e s , the t r a n s m i t t e r caused 
l i g h t s k i n a b r a s i o n s . As the r e c o v e r y r a t e o f e a r - t a g g e d j u v e n i l e s h a s proved to 
be about 50 p e r c e n t , i t i s u n l i k e l y t h a t the c o l l a r caused a remarkab le m o r t a l i t y . 
The r e l i a b i l i t y o f t h e t r a n s m i t t e r s , a c o n t i n u a l f i e l d c o n t r o l and a l a r g e l a b o r 
i n p u t i n r e c a p t u r e e f f o r t s r e s u l t e d i n what we j u d g e d t o be an a c c e p t a b l e r i s k f o r 
t h e cubs and j u v e n i l e s w i t h t h e s m a l l t r a n s m i t t e r s . 

The t r a n s m i t t e r s used on c a t s , beech m a r t e n s , p o l e c a t s and h a r e s were h i g h l y r e l i a b l e . 
I n the few c a s e s i n w h i c h t h e t r a n s m i t t e r f a i l e d e a r l y i t was due to an i n f e r i o r 
c o n n e c t i o n between t r a n s m i t t e r and c o l l a r . A l t h o u g h l i t t l e owls were r a d i o t r a c k e d 
f o r o n l y a week, the o b s e r v a t i o n s were s u c c e s s f u l and the f e e d i n g t e r r i t o r i e s o f the 
males d u r i n g May and J u n e c o u l d be d e t e r m i n e d s a t i s f a c t o r i l y . 

The f i r s t f o u r b l a c k g r o u s e hens l o s t t h e i r t r a n s m i t t e r s b e c a u s e o f weak s o l d e r i n g 
j o i n t s between body l o o p and t r a n s m i t t e r . A f t e r improvements were made on t h i s c o n 
n e c t i o n one t r a n s m i t t e r s topped a f t e r 120 d a y s . A s e c o n d hen was swept down by a 
hawk a f t e r which the c a r r i o n c o u l d be t r a c e d by the s t i l l w o r k i n g t r a n s m i t t e r , and 
a t h i r d hen d i s a p p e a r e d w h i l e she was i n c u b a t i n g a c l u t c h o f e g g s . 

INFLUENCE OF RADIO TRACKING ON THE A N I M A L ' S BEHAVIOR 

Immedia te ly a f t e r r e l e a s e , a n i m a l s w i t h a r a d i o c o l l a r s c r a t c h e d t h e i r necks f r e 
q u e n t l y . T h i s b e h a v i o r d i s a p p e a r e d i n one or two days a f t e r w h i c h , we b e l i e v e , they 
d i d n o t r e a c t f u r t h e r to t h e t r a n s m i t t e r . T h i s i m p r e s s i o n i s a l s o b a s e d on o b s e r v a 
t i o n s w i t h i n f r a red b i n o c u l a r s and a remote c o n t r o l l e d TV camera w i t h v i d e o r e c o r d e r 
s i t u a t e d i n the f i e l d , by w h i c h t h e b e h a v i o r o f a n i m a l s w i t h and w i t h o u t t r a n s m i t t e r s , 
c o u l d be compared. 

A l t h o u g h the t r a n s m i t t e r o f the l i t t l e owl was r e l a t i v e l y heavy ( T a b l e 1 ) , o b s e r v a 
t i o n s showed no abnormal b e h a v i o r . One b i r d s t i l l b e a r i n g the t r a n s m i t t e r was c a u g h t 
i n the same n e s t c a v i t y a f t e r one y e a r . T r a n s m i t t e r s on red f o x e s showed some c l e a r 
p u n c t u r e s of t e e t h and a few weak c o l l a r s were de formed . D i r e c t i n f l u e n c e o f a 
t r a n s m i t t e r on the b e h a v i o r o f c a t s and h a r e s took the form o f d i f f i c u l t y i n j u m p i n g . 
A f t e r a few j u m p s , however , the a n i m a l s a d a p t e d to the new a d d i t i o n to t h e i r w e i g h t . 

Due to t h e i r c a p t u r e , f o x e s were o f t e n r a t h e r i n a c t i v e d u r i n g the f i r s t 24 h o u r s . 
Sometimes they went out o f t h e i r normal home r a n g e , a phenomenon a l s o o b s e r v e d i n 
h a r e s , p o l e c a t s and b l a c k g r o u s e . However i t d i d not l e a d to a permanent home range 
s h i f t . P o s s i b l y t h i s may happen i n young a n i m a l s t h a t are not y e t e s t a b l i s h e d , 
a l t h o u g h t h i s c o u l d not be shown. 
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Table 2 . 
D i s t r i b u t i o n and c a u s e s o f f a i l u r e i n f o x t r a n s m i t t e r s 

CUB t y p e : l o n g e s t o p e r a t i o n t ime 34 days 

Days 0-10 10-20 20-30 30-40 t o t a l 

R e c a p t u r e 8 15 13 36 

Transm. s t o p 4 6 8 18 

s t o p a f t e r 21 days 4 

54 (13 l i t t e r s ) 

Causes of failure: e x t e r i o r damage 
f r o n t paw w i t h i n c o l l a r 
bad c o n t a c t s 

3 
1 

10 
18 

J U V E N I L E t y p e : l o n g e s t o p e r a t i o n t ime 155 days 

Days 0-25 25-50 50-75 75-100 100-125 125-150 150-175 t o t a l 

R e c a p t u r e 9 20 7 5 6 47 

Transm. l o s s 4 1 1 6 

Transm. s t o p 6 2 1 4 3 4 3 23 

s t o p a f t e r 3 months 

76 

12 

Causes of failure: e x t e r i o r damage 
m i g r a t i o n 
c r i t i c a l t u n i n g and bad c o n t a c t s e t c . 

1 
1 

J_ 
23 

ADULT t y p e : l o n g e s t o p e r a t i o n t ime 320 days 

Days 0-50 50-100 100-150 150-200 200-250 250-300 300-350 t o t a l 

R e c a p t u r e 14 13 27 6 4 5 3 72 

M i g r a t i o n , 
o b s , s t o p 

1 1 3 2 2 1 10 

Transm. s t o p 25 11 7 16 11 8 1 79 

s t o p a f t e r { y e a r 

Causes of failure: e x t e r i o r damage 
bad p r i n t s , c o n t a c t s , c r y s t a l s , b a t t e r i e s 
p r o d u c t i o n f a u l t s (1974-1975) 
unknown 

29 

9 
13 
14 
14 
79 

161 

One i n s t a n c e o f shock o c c u r r e d i n f o x e s . T h i s happened more o f t e n i n h a r e s ; n e a r l y 
5 p e r c e n t o f t h e a n i m a l s d i e d o f shock s h o r t l y a f t e r b e i n g c a p t u r e d . C a t s and 
m u s t e l i d s were a n e s t h e t i z e d i n t h e i r t r a p s w i t h Rompun and Ketamine r e s p e c t i v e l y t o 
f a c i l i t a t e the a t t a c h m e n t o f a t r a n s m i t t e r and no c o m p l i c a t i o n s were o b s e r v e d . The 
b l a c k grouse a l l s u f f e r e d a c e r t a i n d e g r e e o f shock w h i c h o f t e n r e s u l t e d i n r e s t r a i n e d 
movements a f t e r r e l e a s e . T h e r e f o r e they were p u t i n the dark f o r some hours b e f o r e 
r e l e a s e . R e s t r i c t e d movement even a f t e r a few days may imply t h a t t h e i r shock s u b 
s i d e d s l o w l y . 
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AUTOMATIC A C T I V I T Y RECORDING 

S i m u l t a n e o u s v i s u a l o b s e r v a t i o n s and r a d i o t r a c k i n g showed t h a t some components o f 
t h e a n i m a l ' s b e h a v i o r c o u l d be r e c o g n i z e d by v a r i a t i o n s i n p a t t e r n and s t r e n g t h o f 
the s i g n a l . To make use o f t h i s i n an e f f i c i e n t way a d e v i c e was made to r e g i s t e r 
the s i g n a l a u t o m a t i c a l l y on a p e n r e c o r d e r ( F i g . 1 1 ) . The s t r u c t u r e i s r a t h e r s i m p l e 
and our p r e l i m i n a r y e x p e r i e n c e w i t h b e e c h m a r t e n , p o l e c a t and b l a c k g r o u s e i s 
e n c o u r a g i n g . Much l a b o r can be saved i n t h i s w a y . N e s t v i s i t a t i o n and f o r a g i n g 
t imes c o u l d be f o l l o w e d i n a b l a c k g r o u s e hen d u r i n g the whole b r e e d i n g p e r i o d . 

A t m o s p h e r i c a c t i v i t y ( s t o r m s , l i g h t n i n g ) form a p r o b l e m , s e v e r e l y d i s t u r b i n g t h e 
r e c o r d i n g p a t t e r n l o c a l l y . T h e r e f o r e , a n o i s e f i l t e r was d e v e l o p e d and i s t o be 
t e s t e d i n the f i e l d t h i s y e a r . 

APPLICATION OF 154 MHz TRANSMITTERS 
I n 1978 t h e f i r s t two a d u l t s e a l s were p r o v i d e d w i t h a t r a n s m i t t e r , a t t a c h e d to 
t h e i r b a c k s w i t h a h a r n e s s made o f n e o p r e n e . An Ό ' - r i n g around the n e c k , a l s o 
made o f n e o p r e n e , p r e v e n t s the n e t from s l i p p i n g backwards ( F i g . 6 ) . 

I n the f i r s t r e l e a s e d s e a l a b r e a k a b l e p i e c e o f s i s a l was a t t a c h e d w i t h i n the n e o 
prene Ό ' - r i n g . Based on c a l c u l a t i o n s t h i s s i s a l s h o u l d decay a f t e r about 9 months 
i n s e a w a t e r . A f t e r 3 weeks , however , t r a n s m i t t e r and h a r n e s s were found on a s a n d 
bank . The s i s a l c o n n e c t i o n was b r o k e n . 

I n A u g u s t a s econd s e a l ( a d u l t f e m a l e ) was c a p t u r e d on a sandbank and p r o v i d e d w i t h 
a h a r n e s s w i t h o u t s i s a l i n t h e Ό ' - r i n g . The f i r s t day the a n i m a l moved some d i s 
t a n c e away and c o u l d n o t be o b s e r v e d on a sandbank . A l t h o u g h the a n i m a l r e t u r n e d 
to i t s normal r a n g e on t h e second day i t d i d n o t r e s t on the bank as u s u a l . From 
the t h i r d day onwards no abnormal b e h a v i o r was s e e n . By v i s u a l o b s e r v a t i o n s on the 
bank the animal was watched r o l l i n g o v e r on the sand w i t h o u t d i s t u r b a n c e to the p o s i 
t i o n o f the t r a n s m i t t e r . 

The t r a n s m i t t e r range depended on the p o s i t i o n o f the t r a n s m i t t i n g a n t e n n a and t h e 
h e i g h t o f the r e c e i v i n g a n t e n n a . S i g n a l s t r e n g t h i s maximal when t h e a n t e n n a i s 
c o m p l e t e l y above s e a - l e v e l . From an a i r p l a n e , f l y i n g a t a h e i g h t o f 2 km t h e m a x i 
mal range was about 100 km. A t a h e i g h t o f 100 m t h i s f i g u r e amounted t o 25 km 
and from a b o a t or d i k e about 8 m above s e a - l e v e l , 10 km. 

A u t o m a t i c r e c o r d i n g was a c h i e v e d u s i n g t h e equipment i n F i g . 12c , and r e s u l t s 
are shown i n F i g 12 . A whip antenna was p o s i t i o n e d on a h i g h chimney (106 m) on 
the nearby c o a s t . U n f o r t u n a t e l y the t r a n s m i t t e r s t o p p e d w o r k i n g a f t e r one month, 
too s h o r t a t ime t o d e v e l o p a good and r e l i a b l e r a d i o t r a c k i n g method t o use a t h i g h 
t i d e when the s e a l s are i n the w a t e r . T r i a n g u l a t i o n was hampered f u r t h e r m o r e by t h e 
s h o r t d u r a t i o n o f t h e s e a l s b e i n g above s e a - l e v e l and t r a n s m i t t i n g . A p a r t from 
f o l l o w i n g s e a l s a t c l o s e d i s t a n c e s and v i s u a l o b s e r v a t i o n s from a b o a t , r a d i o 
t r a c k i n g s i m u l t a n e o u s l y from two s t a t i o n s or from two b o a t s seems to be a p o s s i b i l i t y . 

Remarkable d i f f e r e n c e s i n s h y n e s s among s e v e r a l i n d i v i d u a l s o f the same s p e c i e s 
o c c u r r e d . Some f o x e s f o r i n s t a n c e were s een o n l y o c c a s i o n a l l y o r watched t h e t r a c k 
i n g c a r c o n t i n u o u s l y from c o n s i d e r a b l e d i s t a n c e s w h i l e o t h e r s behaved n o r m a l l y even 
i n the beam o f t h e h e a d l i g h t s . S i m i l a r i n d i v i d u a l d i f f e r e n c e s c o u l d be o b s e r v e d 
i n h a r e s and p o l e c a t s . C a t s were r a r e l y o b s e r v e d i n the f i e l d . The b e h a v i o r o f 
a l l an imals seemed l e s s r e s t r i c t e d i f the o b s e r v e r was on the o b s e r v a t i o n s p o t 
b e f o r e the animal a p p e a r e d , so m o b i l e r a d i o t r a c k i n g may i n f l u e n c e an a n i m a l ' s 
b e h a v i o r . 
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Abstract — I n a c o n t i n u i n g s t u d y o f w o l v e s {Canis lupus) and 
t h e i r major p r e y , w h i t e - t a i l e d deer {Odocoileus virgíníanus), 
i n n o r t h e a s t e r n M i n n e s o t a ( U . S . A . ) , r a d i o t r a c k i n g has been 
t h e pr imary t e c h n i q u e used s i n c e 1968. Some 182 w o l v e s and 
106 deer have been c a p t u r e d i n one s t u d y a r e a , and most o f 
them r a d i o t r a c k e d . A l l i n d i v i d u a l s c a p t u r e d f o r r a d i o t a g g i n g 
were a l s o b l o o d - s a m p l e d so t h a t t h e i r n u t r i t i o n a l and p h y s i o 
l o g i c a l s t a t e c o u l d be d e t e r m i n e d . B a s i c i n f o r m a t i o n has been 
g a t h e r e d about the s o c i o e c o l o g y o f b o t h s p e c i e s and about i n t e r 
a c t i o n s o f the two. S e a s o n a l movements , home r a n g e and t e r r i 
t o r y s i z e s , m i g r a t i o n s , and d i s p e r s a l o f i n d i v i d u a l w o l v e s and 
deer have been s t u d i e d , and h i s t o r i e s have been a c c u m u l a t e d f o r 
as l o n g a s 4 y e a r s f o r a d e e r , 7 y e a r s f o r an i n d i v i d u a l w o l f , 
and 11 y e a r s f o r a p a c k . Compos i t e d a t a o v e r the s t u d y p e r i o d 
has been a c c u m u l a t e d f o r over 16 c o n t i g u o u s w o l f p a c k s . 

S t u d y i n g l a r g e numbers o f b o t h p r e d a t o r s and p r e y o v e r a l o n g 
enough p e r i o d , however , has a l s o made i t p o s s i b l e t o g a t h e r 
d a t a on p o p u l a t i o n p a r a m e t e r s o f t h e s e s p e c i e s . Thus p r o d u c t i 
v i t y , d e n s i t y , p o p u l a t i o n t r e n d , s u r v i v a b i l i t y , m o r t a l i t y , and 
p r e d a t i o n r a t e s have a l s o been measured , and d e t a i l s o f the 
i n t e r a c t i o n between w o l v e s and deer have been d e s c r i b e d from the 
s t a n d p o i n t o f b o t h s p e c i e s . 

W i t h the i d e n t i t i e s and l o c a t i o n s o f i n d i v i d u a l s and s o c i a l u n i t s 
known, a w e a l t h o f s u p p l e m e n t a r y i n f o r m a t i o n c o u l d a l s o be 
g a t h e r e d . I n d i v i d u a l w o l f p a c k s were t r a c k e d and t h e i r s c e n t -
mark ing d e s c r i b e d . Packs o f known c o m p o s i t i o n s were i n d u c e d to 
howl under v a r i o u s c i r c u m s t a n c e s , and t h e i r r e s p o n s e s a n a l y z e d . 
C a r c a s e s o f s t u d y a n i m a l s were g i v e n thorough a u t o p s i e s , so t h a t 
c a u s e s o f dea th c o u l d be a s c e r t a i n e d . The s p a t i a l d i s t r i b u t i o n 
o f w o l f - k i l l e d deer were p l o t t e d i n r e l a t i o n to d e e r - c o n c e n t r a 
t i o n a r e a s and to w o l f - p a c k t e r r i t o r i e s , and a r e l a t i o n s h i p 
was d i s c o v e r e d between deer and w o l f s o c i o e c o l o g y . 

* M a i l i n g a d d r e s s : N o r t h C e n t r a l F o r e s t E x p e r i m e n t S t a t i o n , 1992 F o l w e l l Avenue , 
S t . P a u l , M i n n e s o t a 55108, U . S . A . 

H . B .- D * S5 
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INTRODUCTION 
Radio t r a c k i n g has been i n common use f o r w i l d l i f e r e s e a r c h s i n c e about 1963 when 
C o c h r a n and L o r d (1963) d e v i s e d a p r a c t i c a l r a d i o t r a c k i n g s y s t e m . S i n c e t h e n , t h i s 
t e c h n i q u e has r e v o l u t i o n i z e d w i l d l i f e e c o l o g y s t u d i e s . E a r l i e r I t r a c e d the h i s t o r y 
o f r a d i o t r a c k i n g (Mech, 1968) and d i s c o v e r e d t h a t s e v e r a l s c h o o l s o f i n v e s t i g a t i o n 
had been d e v e l o p i n g p a r a l l e l t e c h n i q u e s a t about the same t i m e . Now, some 15 y e a r s 
a f t e r p e r f e c t i o n o f t h i s i m p o r t a n t method, a g r e a t v a r i e t y o f s p e c i e s are b e i n g r a d i o 
t r a c k e d r o u t i n e l y i n most p a r t s o f the w o r l d . One o f the l e a d i n g commerc ia l s u p p l i e r s 
o f r a d i o t r a c k i n g equipment had s o l d o v e r 17,500 t r a n s m i t t e r s as o f M a r c h , 1979. 

Because r a d i o t r a c k i n g was such a r e v o l u t i o n a r y t e c h n i q u e , i t s a p p l i c a t i o n even to 
common and w e l l s t u d i e d w i l d l i f e h a s p r o v i d e d new i n s i g h t s i n t o many a s p e c t s o f the 
l i v e s o f t h e s e s p e c i e s . F u r t h e r m o r e , i t s a p p l i c a t i o n to e l u s i v e a n i m a l s , w i l d e r n e s s 
s p e c i e s , l a r g e c a r n i v o r e s , and o t h e r a n i m a l s d i f f i c u l t t o s t u d y , h a s been e s p e c i a l l y 
p r o d u c t i v e . Even f i s h are commonly s t u d i e d through the u s e o f r a d i o t r a c k i n g , and 
marine mammals under the A n t a r c t i c s h e l f i c e are r o u t i n e l y i n v e s t i g a t e d v i a t h i s 
t e c h n i q u e . 

S e v e r a l o f the a p p l i c a t i o n s o f r a d i o t r a c k i n g a r e i m m e d i a t e l y o b v i o u s to any r e s e a r 
c h e r . However, t h e r e are many o t h e r h i g h l y p r o d u c t i v e uses t h a t may o n l y o c c u r to 
an i n v e s t i g a t o r when he or she i s d e e p l y i n v o l v e d i n an i n t e n s i v e r a d i o t r a c k i n g 
s t u d y . I n t h i s paper I w i l l d i s c u s s the o b v i o u s u s e s o f r a d i o t r a c k i n g as w e l l as 
some l e s s o b v i o u s o n e s . I w i l l take as an example a s e r i e s o f my own s t u d i e s on 
w o l v e s and t h e i r prey i n n o r t h e a s t e r n M i n n e s o t a , U . S . A . , supplemented w i t h o t h e r 
examples t h a t seem to be p a r t i c u l a r l y good examples o f the c r e a t i v e use o f r a d i o 
t r a c k i n g . 

The most o b v i o u s use o f r a d i o t r a c k i n g i s i n f o l l o w i n g the movements o f t h e s u b j e c t 
a n i m a l s . With enough p e r s i s t e n c e , i n g e n u i t y , f u n d i n g , a n d / o r hard work, i t i s now 
t h e o r e t i c a l l y p o s s i b l e to keep c o n s t a n t t r a c k o f the movements o f most i n d i v i d u a l 
a n i m a l s . One h i g h l y s o p h i s t i c a t e d v a r i a t i o n o f t h i s t e c h n i q u e i n v o l v e s a u t o m a t i c 
m o n i t o r i n g o f t h e movements o f r a d i o t a g g e d a n i m a l s (Cochran et al,, 1965) . Those 
not f o r t u n a t e enough t o have s u c h a s p a c e - a g e s y s t e m a t our d i s p o s a l must be c o n t e n t 
w i t h o b t a i n i n g o n l y a l o c a t i o n per day or sometimes even l e s s i f our s u b j e c t s a r e 
w i d e r r a n g i n g or more e l u s i v e . Some p e o p l e have even s o l v e d t h i s problem w i t h l a r g e , 
e l u s i v e s p e c i e s such as t h e p o l a r b e a r (Ursus maritimus) by p l a c i n g t h e i r r e c e i v i n g 
a p p a r a t u s i n s a t e l l i t e s ( K o l z , L e n t f e r and F a l l e k , 1978, 1980) . 

R e g a r d l e s s of whether the l o c a t i o n s are o b t a i n e d v i a an a u t o m a t i c t r a c k i n g s y s t e m , 
a s a t e l l i t e , an a i r p l a n e , a v e h i c l e o r by an o b s e r v e r on f o o t , c e r t a i n t y p e s o f 
i n f o r m a t i o n c a n be e x t r a c t e d from the d a t a . A s e r i e s o f c o n t i n u a l r a d i o f i x e s , 
r e g a r d l e s s o f the s a m p l i n g i n t e r v a l , p r o v i d e s a t l e a s t a rough a p p r o x i m a t i o n o f an 
a n i m a l ' s t r a v e l r o u t e . A c o m p o s i t e o f such p o i n t s over a l o n g enough p e r i o d g i v e s 
an i d e a about t h e e x t e n t o f the i n d i v i d u a l ' s t r a v e l . A f t e r r e c o g n i z i n g the p o s s i b l e 
b i a s e s i n v o l v e d i n the s a m p l i n g i n t e r v a l s or t imes o f day or s e a s o n , one c a n a l s o 
o b t a i n an a p p r o x i m a t i o n o f an a n i m a l ' s i n t e n s i t y o f use o f i t s range from such a 
compos i t e o f r a d i o l o c a t i o n s . An i d e a o f the s i z e , shape and g e o g r a p h i c l o c a t i o n o f 
an a n i m a l ' s home range or t e r r i t o r y can a l s o be formed . M o s a i c s o f s u c h d a t a from 
s e v e r a l i n d i v i d u a l s i n the same p o p u l a t i o n p r o v i d e c o n s i d e r a b l e i n s i g h t i n t o the 
s p a c i n g and r e l a t i o n s h i p s among s o c i a l u n i t s o f the p o p u l a t i o n . 

T h i s a t t empt a t combin ing r a d i o t r a c k i n g o f b o t h p r e d a t o r and 
p r e y , o f b l o o d - s a m p l i n g s t u d y a n i m a l s , and o f s u p p l e m e n t i n g the 
r a d i o t r a c k i n g s t u d i e s as much as p o s s i b l e , produced a m a t r i x 
o f i n f o r m a t i o n about the e n t i r e p r e d a t o r - p r e y sys t em t h a t f a r 
e x c e e d s the v a l u e o f m e r e l y r e c o r d i n g a s e r i e s o f r a d i o l o c a 
t i o n s f o r i t s c o n s t i t u e n t a n i m a l s . 
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D i s p e r s a l o f i n d i v i d u a l s from l o c a l p o p u l a t i o n s are e s p e c i a l l y w e l l s t u d i e d through 
the use o f r a d i o t r a c k i n g . We have f o l l o w e d d i s p e r s i n g w o l v e s f o r s t r a i g h t - l i n e 
d i s t a n c e s o f up to 208 km. Much w i d e r r a n g i n g movements o f , f o r e x a m p l e , m i g r a t i n g 
b i r d s have been s t u d i e d w i t h e x t r e m e l y i n t e r e s t i n g r e s u l t s . The l o n g e s t p a t h o f 
t r a v e l t h a t I know of wh ich h a s been d e s c r i b e d through t h e use o f r a d i o t r a c k i n g 
i s the southward m i g r a t i o n o f a p e r e g r i n e f a l c o n f o l l o w e d by C o c h r a n (1975) from 
W i s c o n s i n i n t o M e x i c o d u r i n g a 16 day j o u r n e y , a l t h o u g h p o s s i b l y some o f the r e c e n t 
s a t e l l i t e s t u d i e s have broken t h i s r e c o r d . 

I f enough members o f a l o c a l p o p u l a t i o n are s t u d i e d over a l o n g enough p e r i o d , the 
compos i te r e s u l t s o f a l l o f the i n d i v i d u a l p a r a m e t e r s d i s c u s s e d above w i l l amount 
to more than the mere sum o f those p a r a m e t e r s . The ne t r e s u l t w i l l be a d e s c r i p t i o n 
of the s o c i o e c o l o g y o f t h e s p e c i e s . To a c h i e v e t h i s the s t u d y must be c o n t i n u e d 
l o n g enough t o a l l o w the f o l l o w i n g o f i n d i v i d u a l s b o r n to r a d i o t a g g e d p a r e n t s , the 
r a d i o t a g g i n g o f those o f f s p r i n g , and the f o l l o w i n g o f the o f f s p r i n g through d i s p e r 
s a l and i n t o the n e x t g e n e r a t i o n , e i t h e r w i t h i n the p o p u l a t i o n or i n newly c o l o n i z e d 
a r e a s , A few such s t u d i e s have a l r e a d y been c o n d u c t e d , e . g . t h o s e on b l a c k b e a r s 
( R o g e r s , 1977) , w o l v e s (Mech, 1972, 1973, 1974, 1977a; P e t e r s and Mech , 1975; Rothman 
and Mech, 1979) , and w h i t e - t a i l e d deer ( N e l s o n and Mech , s u b m i t t e d ) . 

I n a n o t h e r s i t u a t i o n , we combined r a d i o t r a c k i n g s t u d i e s o f the s o c i o e c o l o g y o f the 
w o l f and i t s major prey the w h i t e - t a i l e d d e e r . T h i s combined r e s e a r c h i s l e a d i n g to 
a new u n d e r s t a n d i n g o f the c o - e v o l u t i o n o f the s o c i a l l i v e s o f t h e s e s p e c i e s 
(Hoskinson and Mech, 1976; Mech, 1977a, 1977c; N e l s o n and Mech , s u b m i t t e d ) . 

A new d imens ion can be added t o r a d i o t r a c k i n g s t u d i e s by c o l l e c t i n g as much d a t a 
as p o s s i b l e from t h e a n i m a l t o w h i c h the r a d i o w i l l be a t t a c h e d , f o r e x a m p l e , s e x , 
approx imate a g e , and w e i g h t o f the s u b j e c t a n i m a l . However much more can be done . 
W i t h many s p e c i e s , a t o o t h can be e x t r a c t e d f o r p r e c i s e a g i n g by means o f d e n t a l 
a n n u l a t i o n s . T h i s has proven e x t r e m e l y u s e f u l f o r s t u d i e s o f b l a c k b e a r s ( R o g e r s , 
1977) , deer ( N e l s o n and M e c h , s u b m i t t e d ) , and many o t h e r s p e c i e s . A t the v e r y l e a s t , 
care can be t a k e n to r e t r i e v e c a r c a s e s o f r a d i o t a g g e d a n i m a l s t h a t d i e d u r i n g the 
s t u d y , and t e e t h then can be removed f o r a g i n g , a l o n g w i t h o t h e r o b v i o u s t i s s u e 
spec imens such as r e p r o d u c t i v e t r a c t s , s tomach c o n t e n t s , e t c . 

One o f t h e most v a l u a b l e p i e c e s o f i n f o r m a t i o n about the s u b j e c t a n i m a l can be 
o b t a i n e d t h r o u g h c o l l e c t i n g and a n a l y z i n g a b l o o d s a m p l e . A l t h o u g h so f a r b l o o d 
a n a l y s e s and i n t e r p r e t a t i o n h a s r e q u i r e d c o l l a b o r a t i o n w i t h a b l o o d p h y s i o l o g i s t , an 
i m p r e s s i v e l i t e r a t u r e i s now g r o w i n g , g i v i n g b a s e l i n e d a t a and examples o f b l o o d 
v a l u e s o f many s p e c i e s , a l o n g w i t h s u g g e s t i o n s on i n t e r p r e t i n g the v a l u e s . The 
advantage o f knowing whether y o u r s t u d y a n i m a l i s i n g o o d , m o d e r a t e , or poor n u t r i 
t i o n a l c o n d i t i o n , or i s i n f e c t e d w i t h a c e r t a i n d i s e a s e , i s i m m e a s u r a b l e . 

S e v e r a l o t h e r p i e c e s o f i n f o r m a t i o n or spec imens can be c o l l e c t e d from t h e s u b j e c t 
a n i m a l . A s m a l l h a n d f u l o f h a i r can g i v e an i d e a o f i t s n u t r i t i o n a l s t a t e and p o s 
s i b l e m i n e r a l d e f i c i e n c e s (Franzmann, F l y n n and A r n e s o n , 1975 ) . S a l i v a , u r i n e , m i l k 
and p i e c e s o f h o o f , c l a w , and v a r i o u s t i s s u e s can be c o l l e c t e d and a n a l y z e d f o r 
n u t r i e n t s . Hormone s t i m u l a t i o n t e s t s , wh ich we are now p e r f o r m i n g r o u t i n e l y on our 
w o l v e s , can g i v e an i d e a about the s t a t e o f m a t u r i t y and r e p r o d u c t i v e s t a t u s o f the 
s u b j e c t a n i m a l . 

Another c a t e g o r y o f i n f o r m a t i o n t h a t can be o b t a i n e d through r a d i o t r a c k i n g i n v o l v e s 
u s i n g the r a d i o t o l o c a t e a s u b j e c t a n i m a l so t h a t f u r t h e r o b s e r v a t i o n s can be made. 
A b e h a v i o r i s t c o u l d use the r a d i o to l o c a t e and i d e n t i f y a s u b j e c t a n i m a l and then 
watch i t f o r l o n g p e r i o d s . I n our s t u d y we n o t e t h e a c t i v i t y and the number o f i n d i 
v i d u a l s i n each r a d i o t r a c k e d w o l f pack and c o u p l e d w i t h i n f o r m a t i o n on the t e r r i 
t o r y s i z e o f each p a c k , t h e s e d a t a a l l o w p o p u l a t i o n e s t i m a t e s to be made. I f t h i s 
i s done f o r a l o n g enough p e r i o d a p o p u l a t i o n t r e n d c a n be s e e n and a t t e m p t s then 
made to r e l a t e i t t o o t h e r c o n d i t i o n s . 
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K i l l s , n a t a l dens , n e s t s , w i n t e r d e n s , c a l v i n g grounds and o t h e r a r e a s o f s p e c i a l 
importance i n an a n i m a l ' s l i f e can be found through the use o f r a d i o t r a c k i n g . I n 
the c a s e of b e a r s , l o c a t i o n o f w i n t e r dens i s o f extreme i m p o r t a n c e b o t h f o r d e t e r 
m i n i n g the number o f cubs produced and f o r a l l o w i n g e a s y r e p l a c e m e n t of the r a d i o 
c o l l a r e a c h y e a r ( R o g e r s , 1977) . With w o l v e s , our a b i l i t y to f i n d dens and r e n d e z 
vous s i t e s ( n e s t s above ground where w o l f pups l i v e u n t i l autumn a f t e r l e a v i n g the 
den) a l l o w s us to o b s e r v e from an a i r p l a n e the number o f pups produced and s u r v i v i n g 
f o r e a c h w o l f p a c k . E a r l y w i n t e r o b s e r v a t i o n s o f the same pack when the cubs are 
t r a v e l i n g w i t h i t , y i e l d s an e s t i m a t e o f the summer and f a l l pup m o r t a l i t y (Mech, 
1977b) . 

J u s t as s t u d y i n g p r o d u c t i v i t y i s g r e a t l y a i d e d by the use o f r a d i o t r a c k i n g , so t o o 
i s the i n v e s t i g a t i o n o f m o r t a l i t y . By knowing how many i n d i v i d u a l s h a v e s u r v i v e d 
f o r c e r t a i n p e r i o d s and a l s o knowing what p e r c e n t a g e o f r a d i o t a g g e d a n i m a l s d i e d , 
one can determine m o r t a l i t y r a t e s and the s e a s o n a l d i s t r i b u t i o n o f m o r t a l i t y (Mech, 
Barnes and T e s t e r , 1968; T r e n t and R o n g s t a d , 1974; Mech 1 9 7 7 c ) . The most i m p o r t a n t 
a s p e c t o f m o r t a l i t y s t u d i e s , i . e . d e t e r m i n i n g the c a u s e o f d e a t h , i s g r e a t l y a i d e d 
by r a d i o t r a c k i n g by w a t c h i n g c l o s e l y f o r a l a c k o f change i n an a n i m a l ' s l o c a t i o n . 
U s u a l l y a f r e s h c a r c a s e can be found w h i c h can be examined f o r cause of d e a t h . 
U n l e s s the m o r t a l i t y c a u s e i s o b v i o u s , t h e c a r c a s e s h o u l d a lways be s u b m i t t e d to a 
v e t e r i n a r y p a t h o l o g i s t f o r a u t o p s y (Mech et at,, 1968; Mech , 1977c) . 

A s p e c i a l c a s e o f m o r t a l i t y , e . g . p r e d a t i o n , can a l s o be s t u d i e d t h r o u g h r a d i o t r a c k 
i n g (Mech, 1967) . I n f a c t , anyone r a d i o t r a c k i n g p r e y a n i m a l s w i l l a u t o m a t i c a l l y 
s t u d y p r e d a t i o n , f o r sooner or l a t e r some r a d i o t a g g e d p r e y w i l l be k i l l e d by p r e d a 
t o r s . By k e e p i n g v e r y c l o s e t r a c k o f each r a d i o t a g g e d p r e y a n i m a l , a r e s e a r c h e r 
can q u i c k l y de termine when an an imal i s dead and can then make a d i r e c t check to 
g a t h e r i n f o r m a t i o n about t h e i n s t a n c e o f p r e d a t i o n . 

To f a c i l i t a t e t h e s t u d y o f p r e d a t i o n through r a d i o t r a c k i n g , however , one can use a 
s p e c i a l a c t i v i t y t r a n s m i t t e r t h a t i n d i c a t e s when an an imal i s a c t i v e (Knowl ton , 
M a r t i n and H a u g , 1968) . Then by m o n i t o r i n g the s i g n a l , the i n v e s t i g a t o r can d e t e r 
mine whether or not the a n i m a l i s a c t i v e . I f i t i s i n a c t i v e f o r a l o n g enough p e r i o d , 
m o r t a l i t y i s s u s p e c t e d , and a d i r e c t check i s made. A more s o p h i s t i c a t e d type o f 
t r a n s m i t t e r i s made e s p e c i a l l y to i n d i c a t e when an a n i m a l has d i e d . Such a t r a n s 
m i t t e r i s s e t t o produce a c e r t a i n k i n d o f p u l s i n g s i g n a l as l o n g as the a n i m a l c o n 
t i n u e s t o move i n t e r m i t t e n t l y . However , i f the a n i m a l s t o p s moving f o r a s p e c i f i e d 
p e r i o d , f o r example 1 or 2 h o u r s , the p u l s e r a t e c h a n g e s , i n d i c a t i n g t h a t the 
an imal has p r o b a b l y d i e d ( K o l z , 1975) . E x t e n s i v e use o f t h i s type o f c o l l a r has been 
made i n s t u d i e s of p r e d a t i o n on young u n g u l a t e s ( S c h l e g e l , 1976; B a l l a r d and T a y l o r , 
1978) . 

O b v i o u s l y the more b a c k g r o u n d i n f o r m a t i o n o b t a i n e d about the r a d i o t a g g e d p r e y a n i m a l , 
the more u s e f u l i s the p r e d a t i o n s t u d y . F o r example we r e c e n t l y l e a r n e d t h a t i n 
s p r i n g w h i t e - t a i l e d deer fawns h a v i n g a s i g n i f i c a n t l y lower amount o f n o n - e s t e r i f i e d 
f a t t y a c i d s had a g r e a t e r p r o b a b i l i t y o f b e i n g k i l l e d by w o l v e s i n the S u p e r i o r 
N a t i o n a l F o r e s t , U . S . A . ( S e a l et a l . , 1978) . The f o l l o w i n g i s a summary o f p r e d a t o r -
prey r e s e a r c h on w o l v e s and w h i t e - t a i l e d d e e r f a w n s . 

WOLF STUDIES 
The w o l f r e s e a r c h h a s f o c u s e d on e c o l o g y , b e h a v i o r , movements , s p a t i a l o r g a n i z a t i o n , 
and p r e y r e l a t i o n s h i p s o f s e v e r a l c o n t i g u o u s w o l f packs i n an a r e a o f about 2 ,600 km^ 
i n the e a s t c e n t r a l p a r t o f the S u p e r i o r N a t i o n a l F o r e s t o f n o r t h e a s t e r n M i n n e s o t a , 
U . S . A . The S u p e r i o r N a t i o n a l F o r e s t ( F i g . 1) l i e s a t 9 2 ° w e s t l o n g i t u d e and 48° 
n o r t h l a t i t u d e and has been w e l l d e s c r i b e d by S t e n l u n d (1955) and Mech and F r e n z e l 
( 1971) . 
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O n t a r i o 

F i g . 1. The s t u d y a r e a . 

The pr imary prey o f the w o l f i n the s t u d y a r e a i s w h i t e - t a i l e d d e e r , w i t h moose 
(Aloes aloes) and b e a v e r {Castor oanadensis) s u p p l e m e n t i n g t h i s d i e t . A l l t h r e e 
prey s p e c i e s a r e h a r v e s t e d by humans, a l t h o u g h much o f the i n t e n s i v e s t u d y a r e a i s 
i n a c c e s s i b l e . 

METHODS 
Wolves were c a p t u r e d i n s t e e l f o o t t r a p s (Ko lenosky and J o h n s t o n , 1967; Mech and 
F r e n z e l , 1971; Mech, 1974 ) . They were a n e s t h e t i z e d v i a a j a b s t i c k w i t h a s y r i n g e 
o f s e r n y l a n and promazine ( S e a l , E r i c k s o n and Mayo , 1970; Mech , 1974) , and were then 
b l o o d - s a m p l e d , w e i g h e d , and measured . A r a d i o c o l l a r ( C o c h r a n and L o r d , 1963) was 
a t t a c h e d t o e a c h w o l f , a f t e r w h i c h t h e a n i m a l was r e l e a s e d . Most o f the r a d i o 
t r a c k i n g was done from an a i r c r a f t ; u s u a l l y one f l i g h t per week t h r o u g h o u t the y e a r 
and d a i l y f l i g h t s d u r i n g w i n t e r , w e a t h e r p e r m i t t i n g . D u r i n g w i n t e r the r a t e o f 
o b s e r v a t i o n o f w o l v e s and t h e i r p a c k s was about 75 p e r c e n t , whereas i n summer i t 
was about 10 p e r c e n t (Mech, 1974) . R e c o r d s were k e p t on the number o f w o l v e s seen 
a t each l o c a t i o n , t h e i r b e h a v i o r , and whether o r not t h e y were a t a k i l l . When 
p o s s i b l e , we l a t e r landed and examined the remains o f k i l l s made by our r a d i o t a g g e d 
w o l v e s and by any o t h e r w o l v e s i n the a r e a . 

A d d i t i o n a l i n f o r m a t i o n was o b t a i n e d on the w o l v e s ' p r i m a r y p r e y i n the a r e a , the 
w h i t e - t a i l e d d e e r . Records were k e p t on the l o c a t i o n and d i s t r i b u t i o n o f the deer 
and t h e i r numbers . An a e r i a l census was a l s o c o n d u c t e d i n p a r t o f the s t u d y a r e a 
d u r i n g l a t e r y e a r s ( F l o y d , Mech and N e l s o n , 1979) . From 1974 o n , my c o l l e a g u e s and 
I a l s o l i v e - t r a p p e d deer v i a d a r t g u n , c l o v e r t r a p s and r o c k e t n e t s , and r a d i o 
c o l l a r e d them (Hosk inson and Mech , 1976; N e l s o n and Mech , s u b m i t t e d ) . We a l s o b l o o d -
sampled , w e i g h e d , and measured the deer and r a d i o t r a c k e d them s e v e r a l t imes per 
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week, depending on s e a s o n . The l o c a t i o n e r r o r f o r t h i s t ype o f t r a c k i n g was measured 
a t 7 to 40 m ( H o s k i n s o n , 1976 ) . 

To supplement the a e r i a l s t u d i e s , we c a r r i e d out a number o f a d d i t i o n a l i n v e s t i g a t i o n s 
from the g r o u n d . R a d i o t a g g e d w o l v e s and t h e i r pack mates were f o l l o w e d f o r a t o t a l 
o f 373 km i n t h e snow, and r e c o r d s were k e p t o f the number o f t imes they s c e n t -
marked d u r i n g t h a t d i s t a n c e ( P e t e r s and Mech , 1975; Rothman and Mech, 1 9 7 9 ) . We a l s o 
s t u d i e d the f u n c t i o n s o f w o l f h o w l i n g . Our main t e c h n i q u e was t o approach the r a d i o 
t a g g e d w o l v e s on the ground and howl towards them and r e c o r d any r e p l i e s o b t a i n e d . 
R e p l i e s were t h e n a n a l y z e d by s o n a g r a p h i n g ( H a r r i n g t o n and Mech, 1978a, 1 9 7 9 ) . 
Another p a r t o f t h i s s t u d y i n v o l v e d p l a c i n g microphones w i t h i n 0 . 5 km of a c t i v e w o l f 
h o m e s i t e s and r e c o r d i n g any h o w l i n g t h a t o c c u r r e d around them ( H a r r i n g t o n and Mech, 
1978b) . 

An i m p o r t a n t a s p e c t o f t h e o v e r a l l s t u d y i n v o l v e d t h e a n a l y s i s and i n t e r p r e t a t i o n 
of the b l o o d samples taken from b o t h the w o l v e s and the d e e r . F o r b o t h s p e c i e s t h e 
f o l l o w i n g b l o o d parameters were examined: h e m o g l o b i n , number o f red b l o o d c e l l s , 
p e r c e n t h e m a t o c r i t , mean c o r p u s c u l a r vo lume , mean c o r p u s c u l a r h e m o g l o b i n c o n c e n t r a 
t i o n , number o f w h i t e b l o o d c e l l s , and c o n c e n t r a t i o n s o f cho les tero l , c a l c i u m , p h o s 
p h o r u s , b i l i r u b i n , u r i c a c i d , serum u r e a n i t r o g e n , g l u c o s e , l a c t i c d e h y d r o g e n a s e , 
a l k a l i n e p h o s p h a t a s e , serum g l u t a m i c o x a l a c e t i c t r a n s a m i n a s e , t o t a l p r o t e i n , a l b u m i n , 
gamma g l o b u l i n , t h y r o x i n e , and Cort i so l ( S e a l , Mech and Van B a l l e n b e r g h e , 1975; S e a l 
et al.^ 1978 ) . I n a d d i t i o n o t h e r p a r a m e t e r s such as t h y r o x i n e and n o n - e s t e r i f i e d 
f a t t y a c i d s were examined when n e c e s s a r y . T h u s , the h e a l t h and n u t r i t i o n a l s t a t u s 
o f the i n d i v i d u a l s t u d y a n i m a l s t h a t were b e i n g r a d i o t r a c k e d was m o n i t o r e d , 

RESULTS 

Through e a r l y 1979, a t o t a l o f 182 w o l v e s and 106 deer had been c a p t u r e d , and most 
of these were r a d i o t r a c k e d . Over 50 r e c a p t u r e s o f r a d i o c o l l a r e d w o l v e s have been 
made; one w o l f (No . 2407) was r a d i o t a g g e d s i x t imes o v e r a 7 y e a r p e r i o d . One deer 
(No. 98) was s t u d i e d over a 4 y e a r p e r i o d . D a t a a r e now a v a i l a b l e on t e n s of t h o u 
sands of l o c a t i o n s o f w o l v e s and d e e r , and on s e v e r a l hundred w o l f - k i l l e d d e e r . 
The f o l l o w i n g r e s u l t s , however , p e r t a i n o n l y t o the d a t a a n a l y z e d f o r the s p e c i f i e d 
p e r i o d s . 

PREDATION ON DEER 

D u r i n g the s t u d y the deer p o p u l a t i o n d e c l i n e d m a r k e d l y , and the f o l l o w i n g d e s c r i p t i o n 
o f t h a t d e c l i n e i s from Mech and Karns (1977) . The deer d e c l i n e r e s u l t e d from a com
b i n a t i o n o f t h r e e f a c t o r s : (1) g r a d u a l m a t u r a t i o n o f the f o r e s t r e s u l t i n g i n a d e t e r i 
o r a t i o n o f deer h a b i t a t , (2) a s e r i e s o f s even s e v e r e w i n t e r s from 1966 through 1972, 
and (3) a h i g h w o l f d e n s i t y a p p r o x i m a t i n g one w o l f 26 km"^ (Mech, 1973) . 

The deer d e c l i n e became most a p p a r e n t a f t e r the s e v e r e w i n t e r o f 1968-69, and by 
1974 deer were e s s e n t i a l l y gone from an a r e a o f about 3 ,000 km^ o f the p o o r e s t deer 
h a b i t a t . On the edge o f t h i s a r e a deer d e n s i t i e s i n 1975-76, 76 -77 , and 77-78 were 
0 .4 t o 0 .7 deer km"^ ( F l o y d et al,^ 1 9 7 9 ) . 

Throughout the s t u d y , w o l v e s had been k i l l i n g p r i m a r i l y f a w n s , deer aged 5 y e a r s o l d 
o r o l d e r , and i n d i v i d u a l s w i t h v a r i o u s a b n o r m a l i t i e s (Mech and F r e n z e l , 1971; Mech 
and K a r n s , 1977 ) . I n g e n e r a l , r a d i o t a g g e d fawns k i l l e d by w o l v e s i n w i n t e r had 
s i g n i f i c a n t l y lower n o n - e s t e r i f i e d f a t t y a c i d s i n t h e i r b l o o d than t h o s e who s u r v i v e d 
( S e a l et al,j 1978) . Under u s u a l c o n d i t i o n s the pr ime members o f the deer h e r d were 
s t i l l l e f t t o produce enough o f f s p r i n g t o e n a b l e the herd to c o n t i n u e t o s u r v i v e i n 
a moderate d e n s i t y . However, p r o b a b l y b e c a u s e o f b o t h h a b i t a t d e g e n e r a t i o n and the 
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s e r i e s o f s e v e r e w i n t e r s , the p r o d u c t i v i t y o f the deer h e r d dropped markedly and the 
h i g h d e n s i t y of w o l v e s b r o u g h t e x t r a p r e s s u r e on the r e m a i n i n g o l d e r deer and on the 
fawns t h a t were produced (Mech and K a r n s , 1 9 7 7 ) . 

The s u r v i v i n g deer had s e v e r a l i n t e r e s t i n g c h a r a c t e r i s t i c s . F i r s t , t h e i r b l o o d 
v a l u e s i n d i c a t e d t h a t a t l e a s t i n l a t e w i n t e r and e a r l y s p r i n g the a n i m a l s were n u t r i 
t i o n a l l y d e f i c i e n t i n s e v e r a l ways ( S e a l et al,, 1 9 7 8 ) . S e c o n d l y , the s u r v i v o r s were 
u n u s u a l l y o l d , a v e r a g i n g about 4 .6 y e a r s of age ( H o s k i n s o n and Mech , 1976; N e l s o n 
and Mech , s u b m i t t e d ) . F u r t h e r m o r e , d u r i n g the s t u d y t h e s e deer c o n t i n u e d to s u r v i v e 
a t an u n u s u a l l y h i g h r a t e ; f o r e x a m p l e , the s t u d y a n i m a l s s u r v i v e d on the a v e r a g e a 
minimum o f 2 . 2 a d d i t i o n a l y e a r s . 

The t h i r d c h a r a c t e r i s t i c o f the s u r v i v i n g deer t h a t may w e l l h a v e caused t h e i r 
l o n g e v i t y was the f a c t t h a t most o f them l i v e d , b o t h i n w i n t e r and summer, i n the 
b u f f e r zones o f w o l f pack t e r r i t o r i e s ( H o s k i n s o n and Mech, 1976; Mech, 1977b; N e l s o n 
and Mech, s u b m i t t e d ) . B u f f e r zones are s t r i p s about 2 km wide a l o n g t h e edges o f 
w o l f pack t e r r i t o r i e s where packs from e i t h e r s i d e can v e n t u r e b u t where n e i t h e r 
spend v e r y much t ime ( P e t e r s and Mech , 1 9 7 5 ) . A p p a r e n t l y w o l v e s do n o t k i l l many 
deer i n t h e i r b u f f e r zones u n t i l they have d e p l e t e d the v u l n e r a b l e prey w i t h i n t h e i r 
pack t e r r i t o r i e s and then become d e s p e r a t e (Mech, 1 9 7 7 a ) . 

B e f o r e deer d e c l i n e d d r a s t i c a l l y i n the s t u d y a r e a , the k i l l r a t e by w o l v e s a v e r a g e d 
about 18 deer p e r w o l f p e r y e a r , or 2 .5 kg p e r w o l f per d a y , b a s e d on w i n t e r k i l l 
e s t i m a t e s , e x c l u d i n g b e a v e r s and moose i n the c a l c u l a t i o n s (Mech and F r e n z e l , 1 9 7 1 ) . 
However, when consumpt ion o f b e a v e r and moose are c o n s i d e r e d , the e s t i m a t e d k i l l 
r a t e d e c r e a s e d t o about 15 deer per w o l f p e r y e a r (Mech, 1 9 7 1 ) . W i t h w o l v e s a t a 
d e n s i t y o f about one 26 km~^, which was the a p p r o x i m a t e d e n s i t y i n 1971 (Mech, 1973) , 
i t would take a deer d e n s i t y o f about one km~^ t o produce the number o f deer consumed 
by wo lves p e r y e a r . There p r o b a b l y has n o t been an a v e r a g e deer d e n s i t y t h i s h i g h 
i n the s t u d y a r e a s i n c e about 1970, A f t e r the deer d e c l i n e , the a v e r a g e d a i l y c o n 
sumpt ion r a t e dropped as low a s 1.5 kg per w o l f p e r day (Mech, 1 9 7 7 a ) . 

WOLF SPATIAL ORGANIZATION 

A p p r o x i m a t e l y 16 c o n t i g u o u s w o l f packs have been s t u d i e d i n the c e n t r a l S u p e r i o r 
N a t i o n a l F o r e s t , U . S . A . Based on an a n a l y s i s o f d a t a through 1973, the pack t e r r i 
t o r i e s ranged i n s i z e from 125 t o 310 km^ e a c h (Mech, 1974) , and w i n t e r pack s i z e s 
a v e r a g e d 4 .1 to 7 .3 meirbers fromi 1970 through 1975 (Mech, 1 9 7 7 c ) . E a c h pack t e r r i 
t o r y i s surrounded by the t e r r i t o r i e s o f s e v e r a l o t h e r p a c k s (Mech, 1973) . The 
t e r r i t o r i e s are m a i n t a i n e d by two m e t h o d s . F i r s t , s c e n t mark ing by r a i s e d - l e g u r i n a 
t i o n p r o v i d e s a network o f o l f a c t o r y l o c a t i o n s , i n d i c a t i n g which w o l v e s occupy the 
p a r t i c u l a r a r e a . These marks o c c u r a t an a v e r a g e f r e q u e n c y o f about one f r e s h mark 
450 m"^, and t h e r a t e a l o n g the edges o f the t e r r i t o r y ( t h a t i s i n t h e b u f f e r zone) 
i s t w i c e as h i g h as t h a t i n the t e r r i t o r y c e n t e r ( P e t e r s and Mech, 1 9 7 5 ) . 

The second method t h a t w o l v e s use to h e l p m a i n t a i n t h e i r l a n d t enure i s h o w l i n g . 
L i t t l e i s s t i l l known about the r a t e o f spontaneous h o w l i n g by p a c k s d u r i n g a l l t imes 
o f the y e a r . However, two p a c k s s t u d i e d d u r i n g summer had a s p o n t a n e o u s h o w l i n g 
r a t e around t h e i r h o m e s i t e s o f 0 .75 to 1 .0 h o w l i n g s e s s i o n s 24 h~^ p e r i o d ( H a r r i n g t o n 
and Mech , 1 9 7 8 b ) . F u r t h e r m o r e , w o l f packs tended t o r e p l y a t h i g h r a t e s to our s i m u 
l a t e d wolf h o w l i n g when they had k i l l s , dens or rendezvous s i t e s to d e f e n d ( H a r r i n g t o n 
and Mech, 1979) . A p p a r e n t l y h o w l i n g i s used to a d v e r t i s e the immediate l o c a t i o n o f 
the pack when i t has someth ing i t i s p r e p a r e d to d e f e n d . 

A l l w o l v e s are b o r n i n t o a p a c k , and pups can mature s e x u a l l y as e a r l y as 9 or 10 
months o f age (Medjo and Mech , 1 9 7 6 ) , However more o f t e n w o l v e s do n o t mature u n t i l 
they are 2 o r 3 y e a r s o l d (Mech, 1970 ) , Some o f the m a t u r i n g w o l v e s l e a v e the pack 
and become l o n e w o l v e s . Lone w o l v e s may be nomadic around the w o l f p o p u l a t i o n i n 
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WOLF REPRODUCTION 

As b r e e d i n g season a p p r o a c h e s , wo lves s c e n t - m a r k more o f t e n ( P e t e r s and Mech, 1975; 
Rothman and Mech, 1979) , and p a i r members s l e e p i n c r e a s i n g l y c l o s e r to each o t h e r 
(Mech and K n i c k , 1978) . I n n o r t h e a s t e r n M i n n e s o t a , w o l v e s b r e e d as e a r l y as J a n u a r y 
28 or as l a t e as March 4, and the pups are b o r n i n A p r i l and e a r l y May . D u r i n g the 
p r e s e n t s t u d y i n d i v i d u a l l i t t e r s i z e s r a n g e d up to s even pups per l i t t e r , b u t mean 
l i t t e r s i z e s g r a d u a l l y d e c l i n e d (Mech, 1 9 7 7 c ) . Pup growth r a t e s and s i z e s v a r i e d 
c o n s i d e r a b l y ; some members we ighed a lmos t t w i c e as much as some o f t h e i r l i t t e r 
mates i n autumn (Van B a l l e n b e r g h e and Mech, 1 9 7 5 ) . An i n c r e a s i n g number o f w o l f 
pups were u n d e r w e i g h t , as the deer h e r d d e c l i n e d , and many o f t h e i r b l o o d v a l u e s 
were d e v i a n t from the norm ( S e a l et dl,^ 1975 ) . Underwe ight pups u s u a l l y p e r i s h e d 
by November o f t h e i r f i r s t y e a r (Van B a l l e n b e r g h e and Mech , 1 9 7 5 ) . Immature and 
s u b o r d i n a t e pack members tended to have more d e v i a n t b l o o d v a l u e s t h a n the ' a l p h a ' 
or b r e e d i n g p a i r ( U . S . S e a l , i n Mech, 1 9 7 7 a ) . As l i t t e r s i z e s d e c r e a s e d , the p r o 
p o r t i o n o f male pups t h a t were b o r n and s u r v i v e d i n c r e a s e d , and i n 1973 m a l e s com
p r i s e d 83 p e r c e n t o f t h e pups c a p t u r e d i n the s t u d y a r e a (Mech, 1 9 7 5 ) . 

MORTALITY 

Three major t y p e s o f m o r t a l i t y a f f e c t e d the w o l v e s i n t h i s s t u d y . D u r i n g the e a r l y 
p a r t o f the i n v e s t i g a t i o n , human-caused m o r t a l i t y was one o f the most i m p o r t a n t 
f a c t o r s . However , as l e g a l p r o t e c t i o n took e f f e c t , human-caused m o r t a l i t y d i m i n i s h e d , 
and n a t u r a l m o r t a l i t y became much more s i g n i f i c a n t (Mech, 1 9 7 7 c ) . Of e q u a l i m p o r 
tance were two n a t u r a l m o r t a l i t y f a c t o r s : (1) pup m a l n u t r i t i o n ( S e a l et al,y 1975) 
and (2) i n t r a s p e c i f i c s t r i f e , t h a t i s , k i l l i n g o f w o l v e s by s t r a n g e p a c k s , u s u a l l y 
d u r i n g t r e s p a s s e s (Mech, 1 9 7 7 , a , c ) . A n n u a l o v e r - w i n t e r m o r t a l i t y o f pups and a d u l t s 
v a r i e d from 5 t o 51 p e r c e n t ; t h e h i g h e s t m o r t a l i t y r a t e s o c c u r r i n g w i t h i n a few 
y e a r s a f t e r t h e deer d e c l i n e d . 

A C T I V I T Y 

On t h e b a s i s o f w i n t e r o b s e r v a t i o n s o f f i v e o f our r a d i o t a g g e d w o l v e s d u r i n g w i n t e r 
1968-69 , Mech and F r e n z e l (1971, p . 11) c o n c l u d e d the f o l l o w i n g : " the w o l v e s were 
r e s t i n g 62 p e r c e n t o f the t i m e , t r a v e l i n g 28 p e r c e n t and f e e d i n g 10 p e r c e n t . They 
tended to t r a v e l more b e f o r e 11:00 a . m . and a f t e r 3:00 p . m . , a l t h o u g h r e s t i n g s t i l l 
composed a t l e a s t 45 p e r c e n t o f the a c t i v i t y d u r i n g e v e r y h o u r . " I n t h i s a n a l y s i s , 
' r e s t i n g ' and ' s l e e p i n g ' were p o o l e d and p r e s e n t e d as ' r e s t i n g ' . 

An i n t e n s i v e a n a l y s i s o f the w i n t e r dayt ime a c t i v i t y o f one o f the s t u d y p a c k s o v e r 

which they were b o r n , c o v e r i n g areas up t o 5000 km^ and c o n c e n t r a t i n g t h e i r movements 
around the edges of w o l f pack t e r r i t o r i e s (Mech and F r e n z e l , 1971; Mech , 1 9 7 3 ) . Or 
they can d i s p e r s e d i r e c t i o n a l l y from t h e i r p o p u l a t i o n f o r d i s t a n c e s o f 200 km or 
more (Mech and F r e n z e l , 1971) . I n e i t h e r c a s e i f they f i n d a v a c a n t t e r r i t o r y and 
a w o l f o f the o p p o s i t e s e x , they may s e t t l e i n the t e r r i t o r y w i t h t h a t i n d i v i d u a l . 

P r o b a b l y b e c a u s e lone w o l v e s w i l l be chased and k i l l e d i f they are c a u g h t by r e s i d e n t 
p a c k s , they keep a low p r o f i l e by r e s p o n d i n g a t a v e r y low r a t e to s i m u l a t e d h o w l i n g 
( H a r r i n g t o n and Mech, 1979) , and o n l y r a r e l y s c e n t mark ing by r a i s e d - l e g u r i n a t i o n 
(Rothman and Mech , 1979) . However, w i t h i n a t most a few days o f encoun^tering a member 
of the o p p o s i t e s e x , the lone w o l v e s b e g i n s c e n t - m a r k i n g , and they mark a t an u n u s u 
a l l y h i g h r a t e d u r i n g the f i r s t few weeks o f b o n d i n g , so a p p a r e n t l y s c e n t - m a r k i n g i s 
p a r t o f t h e p a i r - b o n d i n g p r o c e s s (Rothman and Mech , 1979) . Meanwhi le they have 
h e a v i l y marked t h e i r new a r e a and c l a i m e d i t f o r t h e i r t e r r i t o r y . They are then ready 
to b r e e d . 



Wolf Studies in Northeastern Minnesota 93 

6 y e a r p e r i o d showed i n t e r e s t i n g c h a n g e s . As the deer p o p u l a t i o n d e c l i n e d t h r o u g h o u t 
the p e r i o d , t h i s pack t r a v e l e d l e s s and s l e p t more . They s l e p t o n l y 17 p e r c e n t o f 
the t ime i n 1968-69, b u t i n 1974-75 , they s l e p t 70 p e r c e n t o f the t ime (Mech, 1977a) . 

POPULATION TREND 

W i t h i n 2 y e a r s a f t e r the b e g i n n i n g o f the deer d e c l i n e , the w o l f p o p u l a t i o n a l s o 
began to drop (Mech, 1 9 7 7 c ) . As i n d i c a t e d a b o v e , m o r t a l i t y o f pups due t o m a l n u t r i 
t i o n was one o f t h e f i r s t f a c t o r s r e c o g n i z a b l e i n t h i s d e c l i n e . However , t h a t was soon 
f o l l o w e d by a d e c r e a s e i n a v e r a g e l i t t e r s i z e s and an i n c r e a s e i n m o r t a l i t y . The 
r e s u l t was a d e c l i n e i n p o p u l a t i o n o f about 55 p e r c e n t from 1969 to 1974. However, 
t h i s s e v e r e d e c l i n e i n w o l f numbers e v i d e n t l y amounted to an o v e r a d j u s t m e n t , f o r 
the nex t y e a r the p o p u l a t i o n i n c r e a s e d (Mech, 1 9 7 7 c ) , and d u r i n g the n e x t 2 y e a r s 
i t remained a p p r o x i m a t e l y a t the same l e v e l . 

A l t h o u g h i t i s p o s s i b l e t h a t the i n c r e a s e i n w o l f numbers was p r e c e d e d by an i n c r e a s e 
i n deer numbers, our b e s t i n d i c a t i o n s are t h a t the deer p o p u l a t i o n was c o n t i n u i n g 
to d e c l i n e , or a t l e a s t had d e c l i n e d and remained s t a b l e , d u r i n g those 3 y e a r s 
( F l o y d et al,, 1979) . Perhaps a s w i t c h i n g by the w o l v e s t o a g r e a t e r r e l i a n c e on 
b e a v e r s d u r i n g A p r i l through November, and on moose (Mech, 1977a) t h r o u g h o u t the 
y e a r , h e l p e d t h e i r numbers to i n c r e a s e m o d e s t l y , b u t t h i s remains as s p e c u l a t i o n . 

POPULATION REGULATION 

R e g u l a t i o n o f the S u p e r i o r N a t i o n a l F o r e s t w o l f p o p u l a t i o n i s a complex p r o c e s s , 
i n v o l v i n g a number o f f a c t o r s (Mech, 1972, 1977c; P a c k a r d and M e c h , i n p r e s s ) . 
S o c i a l f a c t o r s t h a t h e l p e d r e g u l a t e the p o p u l a t i o n , are t e r r i t o r i a l i t y , i n t r a s p e c i f i c 
s t r i f e , d i s p e r s a l , r e p r o d u c t i v e f a i l u r e o f s u b o r d i n a t e f e m a l e s , d e l a y e d m a t u r i t y , 
and d i s p a r a t e s e x r a t i o s , b u t t h e s e f a c t o r s were i n f l u e n c e d t o v a r y i n g d e g r e e s by 
n u t r i t i o n . F u r t h e r m o r e , n u t r i t i o n a c t i n g d i r e c t l y through s t a r v a t i o n and d i s e a s e , 
or i n d i r e c t l y through i n f l u e n c i n g l i t t e r s i z e and pup s u r v i v a l c e r t a i n l y a l s o p l a y e d 
an impor tant r o l e i n the r e g u l a t i o n p r o c e s s . Thus s o c i a l and n u t r i t i o n a l f a c t o r s 
combined i n a complex way i n a f f e c t i n g the r e g u l a t i o n o f t h i s w o l f p o p u l a t i o n , and 
the c o n t i n u i n g i n v e s t i g a t i o n s s h o u l d h e l p f u r t h e r to d i s t i n g u i s h t h e p r e c i s e r o l e s 
o f e a c h . 

CONCLUSION 
During the decade o f t h i s s t u d y , the w o l f and deer p o p u l a t i o n s h a v e been d e c l i n i n g , 
and the r e s e a r c h has produced much i n f o r m a t i o n about the d e t a i l s and m e c h a n i c s o f 
the p o p u l a t i o n d y n a m i c s . One o f the most s i g n i f i c a n t e n v i r o n m e n t a l c a u s e s o f t h e 
d e c l i n e was a s e r i e s o f s e v e r e w i n t e r s . C o n c e i v a b l y the s t u d y a r e a c o u l d e v e n t u a l l y 
e x p e r i e n c e a p e r i o d o f m i l d w i n t e r s , and t h e deer herd p o p u l a t i o n may i n c r e a s e . I f 
s o , an i n c r e a s e i n the w o l f p o p u l a t i o n would a l s o be e x p e c t e d , so f u t u r e r e s e a r c h 
would be d i r e c t e d toward d e s c r i b i n g the d e t a i l s and mechanisms o f t h a t c h a n g e . 
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Abstract — T h i s paper i s a c o n s i d e r a t i o n o f f i e l d t e c h n i q u e s 
r a t h e r t h a n o f equipment d e s i g n . The f i r s t o f t h r e e p a r t s 
r e v i e w s a p p l i c a t i o n s o f r a d i o m o n i t o r i n g i n b i r d o f p r e y s t u d i e s , 
w i t h s u g g e s t i o n s c o n c e r n i n g t e r m i n o l o g y . There h a s been some 
r a d i o t e l e m e t r y o f a c t i v i t y and i n c u b a t i o n p a r a m e t e r s , b u t most 
m o n i t o r i n g o f r a p t o r s has i n v o l v e d r a d i o t r a c k i n g . T h i s h a s 
i n c l u d e d l o c a t i o n o f b i r d s f o r i n v e s t i g a t i o n o f movements , 
r a n g e s , h a b i t a t u t i l i z a t i o n and r o o s t s i t e s , b u t c o u l d a l s o 
be used f o r s u r v e i l l a n c e o f what b i r d s were d o i n g . 

The second s e c t i o n d e s c r i b e s t e c h n i q u e s used i n r a d i o s u r 
v e i l l a n c e o f a p a r t i c u l a r l y s e c r e t i v e r a p t o r , t h e goshawk, 
and p r e s e n t s o r i g i n a l d a t a on prey s e l e c t i o n w h i c h were c o l l e c t e d 
d u r i n g s t u d i e s o f p r e d a t i o n on woodpigeons and p h e a s a n t s . 
F i n a l l y , t h e r e i s an o u t l i n e o f how s e l e c t i o n d a t a were com
b i n e d w i t h p r e d a t i o n r a t e measurements and hawk d e n s i t y e s t i 
m a t e s , o b t a i n e d u s i n g r a d i o t a g s as a L i n c o l n I n d e x marker d u r i n g 
hawk s i g h t i n g s , t o d e t e r m i n e the impact o f p r e d a t i o n on t h e s e 
e c o n o m i c a l l y i m p o r t a n t p r e y . 

INTRODUCTORY REVIEW 
B i r d s o f p r e y , or r a p t o r s , are e x c e l l e n t s u b j e c t s f o r r a d i o m o n i t o r i n g , a term w h i c h 
may be used to i n c l u d e r a d i o t e l e m e t r y ( the t r a n s m i s s i o n o f measurements o f a c t i v i t y , 
t e m p e r a t u r e , e t c . ) and r a d i o t r a c k i n g o f an unmodulated t r a n s m i t t e r . Many r a p t o r s 
are b i g , which e n a b l e s l a r g e b a t t e r i e s and t r a n s m i t t e r antennas to be c a r r i e d . Ba ld 
e a g l e s {Haliaetus leucocephalus) were among the f i r s t b i r d s to be r a d i o t r a c k e d 
( S o u t h e r n , 1964) , and a l t h o u g h the s m a l l e s t r a p t o r s can now be t a g g e d w i t h m i n i a t u r e 
t r a n s m i t t e r s , o n l y l a r g e b i r d s can s u p p o r t p a c k a g e s s u i t a b l e f o r t r a c k i n g by s a t e l 
l i t e s ( C r a i g h e a d and D u n s t a n , 1 9 7 6 ) . T a i l f e a t h e r s on b i r d s o f prey are u s u a l l y l ong 
and do not d e t a c h e a s i l y , so t h a t t r a n s m i t t e r s may be a t t a c h e d by t a i l m o u n t i n g , 
which has s e v e r a l a d v a n t a g e s o v e r o t h e r t e c h n i q u e s ( D u n s t a n , 1973; F u l l e r and T e s t e r , 
1973) . Most b i r d s o f p r e y spend the m a j o r i t y o f t h e i r t ime p e r c h e d w e l l above the 
ground , or i n f l i g h t , w h i c h e n s u r e s b e t t e r s i g n a l t r a n s m i s s i o n t h a n f o r b i r d s which 
l i v e m a i n l y on or near the g r o u n d . 

Moreover , t h e r e are many f r u i t f u l a p p l i c a t i o n s f o r r a d i o m o n i t o r i n g among b i r d s o f 
p r e y . Many l i v e s o l i t a r y l i v e s , such t h a t r a d i o t r a n s m i s s i o n p r o v i d e s an unambiguous 
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means of l ong range i d e n t i f i c a t i o n and , f o r the more s e c r e t i v e s p e c i e s such as 
a c c i p i t e r s , p r o v i d e s the f i r s t comprehens ive s t u d y t e c h n i q u e away from the n e s t . 
Thus P i a t t (1973) r e c o r d e d h a b i t a t u t i l i z a t i o n o f a b r e e d i n g p a i r o f s h a r p - s h i n n e d 
hawks (Aocipiter striatus), Bendock (1975) found r o o s t s i t e s o f an A l a s k a n goshawk 
(A, gentilis), and an e x t e n s i v e s t u d y o f sparrowhawks (̂ 4. nisus) b e f o r e and t h r o u g h 
out the b r e e d i n g season i s p r o v i d i n g v a l u a b l e i n f o r m a t i o n on range s i z e v a r i a t i o n 
w i t h h a b i t a t q u a l i t y , s e x and s t a g e o f b r e e d i n g c y c l e (Newton and M a r q u i s s , i n p r e 
p a r a t i o n ) . The n o c t u r n a l h a b i t s o f owls make them a d i f f i c u l t group to s t u d y , b u t 
a c t i v i t y and l o c a t i o n s have been r e c o r d e d a u t o m a t i c a l l y f o r owls and d i u r n a l r a p t o r s 
by f i x e d s t a t i o n s a t Cedar Creek N a t u r a l H i s t o r y A r e a i n M i n n e s o t a ( N i c h o l l s and 
Warner , 1968, 1972; F u l l e r and T e s t e r , 1973; F o r b e s and Warner , 1 9 7 4 ) . I n E u r o p e , 
Hardy (1977) and N i l s s o n (1978) have i n v e s t i g a t e d range used and a c t i v i t y o f r a d i o 
t a g g e d tawny owls (Strix aluoo). 

R a d i o m o n i t o r i n g can be u s e f u l i n the c o n s e r v a t i o n o f endangered b i r d s o f p r e y , f o r 
i n s t a n c e by p r o v i d i n g i n f o r m a t i o n on h a b i t a t and food r e q u i r e m e n t s ( F u l l e r , N i c h o l l s 
and T e s t e r , 1974) . Thus T . Dunstan ( p e r s o n a l communicat ion) showed t h a t r a p t o r s 
n e s t i n g i n the Snake R i v e r r e s e r v e i n Idaho hunt f a r out i n the a d j o i n i n g c o u n t r y , 
and he p o i n t s out t h a t p r o t e c t i o n o f the n e s t i n g s i t e s i s u s e l e s s i f t h e h u n t i n g 
areas are not a l s o taken i n t o a c c o u n t . E l s e w h e r e Duns tan has r a d i o l o c a t e d n e s t s 
themse lves w i t h t r a n s m i t t e r s i n food taken by a d u l t s . 

Knowledge of m i g r a t i o n may be i m p o r t a n t f o r c o n s e r v a t i o n . C o c h r a n (1972a, 1975) 
p i o n e e r e d work i n t h i s a r e a , and f o l l o w e d one r a d i o t a g g e d p e r e g r i n e {Falco pere-
grinus) by p l a n e from the G r e a t Lakes t o M e x i c o . A n o t h e r c o n s e r v a t i o n a p p l i c a t i o n 
i s i n r e l e a s e p r o j e c t s , b o t h f o r i n j u r e d w i l d b i r d s a f t e r v e t e r i n a r y t r e a t m e n t 
( S e r v e e n and E n g l i s h , 1976) and f o r r e - s t o c k i n g programs w i t h d o m e s t i c progeny 
( e . g . Meng and Kaufmann, 1975; S h e r r o d and C a d e , 1978) . T e l e m e t e r i n g o f e g g s has 
a s s i s t e d i n the development o f d o m e s t i c b r e e d i n g i t s e l f ( E l l i s and V a r n e y , 1973; 
S c h w a r t z et al.^ 1977) . 

A p p l i c a t i o n i n f a l c o n r y has enhanced demand f o r r a d i o t r a c k i n g equipment and s t i m u 
l a t e d i t s development; some u s e f u l i n s t r u c t i o n s on t r a c k i n g t e c h n i q u e s h a v e appeared 
i n f a l c o n r y j o u r n a l s ( G r i e r , 1970; C o c h r a n , 1972b) and equipment i s custom b u i l t f o r 
f a l c o n e r s i n b o t h N o r t h A m e r i c a and G r e a t B r i t a i n . R a d i o t r a c k i n g has a l s o been used 
to i n v e s t i g a t e the s u r v i v a l o f l o s t f a l c o n e r s ' b i r d s , wh ich have h e l p e d i n a d v e r t e n t l y 
to r e s t o c k B r i t a i n w i t h goshawks (Kenward, M a r q u i s s and Newton, i n p r e p a r a t i o n ) . 

Most r a d i o t r a c k i n g s t u d i e s o f r a p t o r s have c o n c e n t r a t e d on the r a d i o l o c a t i o n o f 
i n d i v i d u a l s . L e s s use has been made o f the o p p o r t u n i t y f o r r a d i o s u r v e i l l a n c e o f 
what they were d o i n g . R a d i o s u r v e i l l a n c e can be used f o r a c c u r a t e a s se s sment o f 
p r e d a t i o n , w h i c h causes c o n t r o v e r s y about some b i r d s o f p r e y . The goshawk, f o r 
i n s t a n c e , i s a c c u s e d of s u f f i c i e n t p r e d a t i o n on game to j u s t i f y the annual d e s t r u c t i o n 
o f thousands i n S c a n d i n a v i a , whereas i n B r i t a i n i t has been s u g g e s t e d t h a t the s p e c i e s 
might be a u s e f u l c o n t r o l l e r o f p e s t s such as woodpigeons (Columba palumhus) and 
grey s q u i r r e l s (Sciurus carolinensis). The second p a r t o f t h i s paper d e s c r i b e s 
r a d i o s u r v e i l l a n c e t e c h n i q u e s f o r r e c o v e r y o f f r e s h goshawk k i l l s , which c o u l d be 
a n a l y z e d f o r an i n v e s t i g a t i o n o f s e l e c t i o n e f f e c t s . R a d i o s u r v e i l l a n c e was a l s o 
used f o r measur ing p r e d a t i o n r a t e s , and the f i n a l s e c t i o n o u t l i n e s how t h e s e were 
combined w i t h t h e s e l e c t i o n d a t a to a s s e s s the impact of goshawk p r e d a t i o n on p i g e o n s 
i n B r i t a i n and p h e a s a n t s (Phasianus colchicus) i n Sweden. 

SELECTIVE PREDATION BY GOSHAWKS 
MATERIALS AND METHODS 

S i n c e goshawks had not y e t e s t a b l i s h e d t h e m s e l v e s i n a s t u d y a r e a i n t h e B r i t i s h 
l o w l a n d s , f o u r imported hawks were r e l e a s e d . Two had been t r a p p e d i n l a t e autumn 
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i n F i n l a n d , one i n Germany, and one had r e c e i v e d f a l c o n r y t r a i n i n g a f t e r b e i n g t a k e n 
from a F i n n i s h n e s t . Hawks r a d i o t a g g e d i n Sweden were a l l w i l d b i r d s t r a p p e d i n 
t h e s t u d y a r e a s . 

The b i r d s were equipped w i t h t a i l mounted r a d i o p a c k a g e s w e i g h i n g 1 -2 .5 p e r c e n t o f 
body w e i g h t , t h e main antenna b e i n g a 1 mm T e f l o n (PTFE) c o a t e d w i r e f a s t e n e d a l o n g 
the f e a t h e r s h a f t . T h i s t e c h n i q u e p r o t e c t s a l i g h t w e i g h t a n t e n n a , k e e p i n g i t s t r a i g h t 
and o f f t h e ground f o r o p t i m a l s i g n a l t r a n s m i s s i o n w i t h min imal r i s k o f e n t a n g l e m e n t , 
and e n s u r e s l o s s o f t h e p a c k a g e a t the n e x t m o u l t . Harnes s mount ings ( N i c h o l l s and 
Warner , 1968; D u n s t a n , 1972) can e n t a n g l e the f e e t o f b i r d s o f p r e y and on o t h e r 
b i r d s can cause a b r a s i o n s , w e i g h t l o s s o r b e h a v i o r a l a b n o r m a l i t i e s (Boag , 1972; 
Ramakka, 1972; Greenwood and S a r g e a n t , 1973; L a n c e and Watson , 1977 ) . However , 
goshawks w i t h t a i l mounted t r a n s m i t t e r s d i d n o t d i f f e r i n w e i g h t changes or t endency 
to l e a v e an a r e a from hawks marked o n l y w i t h r i n g s (Kenward, 1 9 7 8 a ) . I n i t i a l l y , 
f o u r t r a n s m i t t e r s were a t t a c h e d to s i n g l e m o u l t e d f e a t h e r s w h i c h c o u l d t h e n be 
' s h a f t - i m p e d ' i n t o a b i r d (Kenward, 1976 ) . T h i s t y p e o f m o u n t i n g , i n w h i c h the t r a n s 

m i t t e r f e a t h e r was g l u e d and t i e d i n t o the p r o x i m a l 3 cm o f h o l l o w s h a f t l e f t a f t e r 
the end had been c u t o f f an e x i s t i n g f e a t h e r , c o u l d be comple ted i n f i v e m i n u t e s . 
The t r a n s m i t t e r s remained a t t a c h e d f o r up t o f o u r months , b u t a s u p p l y o f mou l t ed 
f e a t h e r s was r e q u i r e d a n d , s i n c e t h r e e such f e a t h e r s e v e n t u a l l y b r o k e o f f , the method 
was l e s s s e c u r e t h a n t h a t used f o r 74 s u b s e q u e n t a t t a c h m e n t s i n w h i c h two f e a t h e r s 
were used t o s u p p o r t the p a c k a g e . A t t a c h m e n t t h r e a d s were then sewn t h r o u g h one 
r e c t r i x and t i e d round a n o t h e r so t h a t the f e a t h e r s c o u l d m o u l t s e p a r a t e l y (Kenward, 
1978a) . Seven o f t h e s e p a c k a g e s were r e c o v e r e d and a l l had d e t a c h e d s a t i s f a c t o r i l y , 
a l t h o u g h f o u r of the 74 were shed a f t e r a few d a y s , p o s s i b l y b e c a u s e the a r e a where 
a f e a t h e r e n t e r e d t h e body had been b r u i s e d d u r i n g r a d i o m o u n t i n g . 

The f i r s t f o u r hawks were m o n i t o r e d w i t h a 3 - c h a n n e l RB4 ' F a l c o n e r ' r e c e i v e r from 
Custom E l e c t r o n i c s , U r b a n a , I l l i n o i s . F o r use w i t h many hawks i n Sweden, a 1 2 - c h a n n e l 
LA12 r e c e i v e r was p u r c h a s e d from AVM I n s t r u m e n t Company, Champaign , I l l i n o i s . Both 
r e c e i v e r s were o p e r a t e d w i t h a 3 -e l ement h a n d - h e l d y a g i a n t e n n a . 

The f o u r hawks r e l e a s e d i n B r i t a i n were f o l l o w e d c o n t i n u o u s l y , t o r e c o r d as many o f 
t h e i r f l i g h t s and k i l l s as p o s s i b l e . A l t h o u g h t h i s p r o v i d e d comprehens ive b e h a v i o r 
d a t a , i t r e s t r i c t e d the number o f b i r d s o b s e r v e d . I n Sweden emphas is was p l a c e d on 
o b t a i n i n g m a t e r i a l from a l a r g e number o f hawks . O n l y e x p e r i e n c e can t e l l how many 
b i r d s can be kept under s u r v e i l l a n c e a t a t ime i n a g i v e n a r e a ; a b e g i n n e r s h o u l d 
s t a r t w i t h one or two, p r e f e r a b l y w i t h s t r o n g e r t r a n s m i t t e r s t h a n a more e x p e r i e n c e d 
o p e r a t o r m i g h t need . Good a c c e s s t o t e r r a i n i s e s s e n t i a l , p r e f e r a b l y w i t h few a r e a s 
more than 1km from v e h i c l e a c c e s s p o i n t s and no b a r r i e r s n e c e s s i t a t i n g l o n g d e t o u r s . 
I n the most f a v o r a b l e c i r c u m s t a n c e s up t o s i x hawks c o u l d be m o n i t o r e d a t a t i m e . 
To s t a n d a r d i z e r a n g e - u s e d a t a , t h e i r p o s i t i o n s were r e c o r d e d f o u r t i m e s a day: m i d -
morn ing , m i d - d a y , m i d - a f t e r n o o n and a f t e r d a r k . They were checked more f r e q u e n t l y 
f o r k i l l s , w i t h t h e aim o f r e c o v e r i n g a l l l a r g e p r e y ( w e i g h i n g more t h a n about 500 g ) , 
which took w e l l over an hour and o f t e n s e v e r a l v i s i t s t o p l u c k and consume. Hawk 
b e h a v i o r c o u l d be i n f e r r e d from s i g n a l v a r i a t i o n s . F l i g h t was t y p i f i e d by l a r g e 
s i g n a l a m p l i t u d e f l u c t u a t i o n s , w h i c h v a r i e d r h y t h m i c a l l y f o r s o a r i n g and were u s u a l l y 
b e s t r e c e i v e d w i t h a h o r i z o n t a l p o l a r i z a t i o n o f the y a g i a n t e n n a . P e r c h e d hawks 
gave a f a i r l y s t e a d y s i g n a l , u s u a l l y w i t h a more v e r t i c a l p o l a r i z a t i o n o f t h e r e c e i v 
i n g a n t e n n a . B a t h i n g w e t t e d the t r a n s m i t t e r a n t e n n a and caused s l i g h t f r e q u e n c y 
f l u c t u a t i o n s . 

Cues f o r a p p r o a c h i n g l o c a t e d k i l l s were c e s s a t i o n o f the t y p i c a l r e g u l a r h u n t i n g 
f l i g h t s , low s i g n a l s t r e n g t h a t s h o r t r a n g e i n d i c a t i n g t h a t a hawk was on the g r o u n d , 
and , w i t h some t r a n s m i t t e r s , a f l u c t u a t i o n o f s i g n a l f r e q u e n c y as the a n t e n n a touched 
the ground when the hawk b r a c e d i t s t a i l t o p u l l a t f o o d . The d e c i s i o n t o s t a l k was 
c r u c i a l , b e c a u s e a p p r o a c h i n g on f o o t was t ime consuming and c o u l d r e s u l t i n f a i l u r e 
to comple te a d a y ' s r a n g e - u s e d a t a f o r a n o t h e r b i r d (a t r a n s m i t t e r g i v i n g an unam
b i g u o u s f e e d i n g s i g n a l would be i n v a l u a b l e ) . The aim o f a s t a l k was t o m i n i m i z e the 
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A d u l t s J u v e n i l e s 

Se x s u b t o t a l s Bodyweight (g) Bodyweight (g ) 

T o t a l Female Male 9 N o . Mean Range N o . Mean Range 

C a p t u r e d 21 8 7 6 14 471 396-579 5 443 342-517 

S h o t 38 19 17 2 22 540 415-589 16 528 487-587 

The f a l c o n r y t r a i n e d hawk d i d n o t d i f f e r from the o t h e r s i n h i s h u n t i n g b e h a v i o r or 
k i l l s , bu t remained on prey when approached and c o u l d , w i t h c a r e , be e n t i c e d onto 
the f i s t . Other r e l e a s e d t r a i n e d b i r d s have behaved s i m i l a r l y a t k i l l s a n d , by 
w e i g h i n g i n d i v i d u a l s and t h e food consumed, t h i s tameness m i g h t be e x p l o i t e d f o r 
e n e r g e t i c s s t u d i e s . 

T a b l e 2 g i v e s bodyweight e s t i m a t e s f o r p h e a s a n t s c a p t u r e d by t e n goshawks or s h o t 
a t an e s t a t e i n Sweden where about 4 ,000 p o u l t s were r e l e a s e d a n n u a l l y . The mean 
w e i g h t of shot p h e a s a n t s d i f f e r e d s i g n i f i c a n t l y between months , b u t to s i m p l i f y 

a r e a t o be s e a r c h e d f o r a c a r c a s e or o t h e r remains when a hawk f l u s h e d . S i g n a l 
s t r e n g t h (an i n d e x o f d i s t a n c e ) and d i r e c t i o n were m o n i t o r e d e v e r y few p a c e s , u s i n g 
v e r t i c a l and h o r i z o n t a l r e c e i v i n g antenna p o l a r i z a t i o n s . H o r i z o n t a l y a g i p o l a r i z a 
t i o n o f t e n gave g r e a t e s t a c c u r a c y , e s p e c i a l l y i n c o n i f e r p l a n t a t i o n s where the v e r t i 
c a l s i g n a l component m i g h t c o n t a i n many r e f l e c t i o n s (see L e m n e l l , i n p r e p a r a t i o n ) . 
With t h i c k v e g e t a t i o n or good t o p o g r a p h i c c o v e r i t was sometimes s a f e to move to 
the s i d e o f a hawk to t r i a n g u l a t e i t a t s h o r t range w i t h o u t c a u s i n g i t to f l u s h . 
O t h e r w i s e , the f e e d i n g b i r d was approached d i r e c t l y u n t i l the s i g n a l or a s i g h t i n g 
i n d i c a t e d t h a t i t had f l o w n . I n t h i c k c o v e r a hawk m i g h t f l y up 10 m away, b u t a t 
o t h e r t imes a segment 100 m l o n g needed to be s e a r c h e d . Snow c o v e r made k i l l s e a s i e r 
t o s p o t . 

Hawks u s u a l l y c a r r i e d away s m a l l k i l l s when f l u s h e d , i n w h i c h c a s e p l u c k i n g s were 
used f o r i d e n t i f i c a t i o n . The f o u r hawks r a d i o t a g g e d i n B r i t a i n were males and 
e a c h had d i f f i c u l t y c a r r y i n g p i g e o n s , which were u s u a l l y r e c o v e r e d a f t e r l i t t l e had 
been e a t e n and r e p l a c e d w i t h a s i m i l a r amount o f o t h e r f o o d . The Swedi sh hawks 
r a r e l y moved p h e a s a n t k i l l s , and r e t u r n e d to f e e d up to f o u r more t imes a f t e r b e i n g 
d i s t u r b e d so t h a t c a r c a s e s c o u l d be measured . I f p o s s i b l e a pectoralis minor (supra-
coraooideus) musc l e was removed as a p r e d i c t o r of body w e i g h t and an i n d e x of n u t r i 
t i v e c o n d i t i o n (Kenward, 1977, 1978b) . The e x c i s e d musc l e was about 3 p e r c e n t of 
the k i l l w e i g h t , so i t s removal d i d n o t g r e a t l y reduce the food a v a i l a b l e to a hawk. 

RESULTS AND DISCUSSION 
Bodyweight e s t i m a t e s f o r p i g e o n s c a p t u r e d by the goshawks or s h o t i n O x f o r d s h i r e 
between November, 1974 and M a r c h , 1975 are shown i n T a b l e 1. S h o t p i g e o n s a m p l e s , 
o b t a i n e d i n November, December, J a n u a r y and F e b r u a r y , d i d not d i f f e r s i g n i f i c a n t l y 
i n b o d y w e i g h t , p r o b a b l y b e c a u s e shed g r a i n was u n u s u a l l y a v a i l a b l e on unploughed 
s t u b b l e s as a r e s u l t o f a wet h a r v e s t and autumn. Peotoralis minor dry w e i g h t s o f 
c a p t u r e d p i g e o n s were s i g n i f i c a n t l y lower than t h o s e o f s h o t b i r d s , b o t h among 
a d u l t s (Mann-Whitney U t e s t ; ζ = 3 . 5 0 , Ρ < 0 .001) and among j u v e n i l e s (2 = 2 . 5 0 , 
Ρ < 0 . 0 1 ) . A l t h o u g h t h e r e was s e l e c t i o n f o r poor c o n d i t i o n , t h e r e was no e v i d e n c e 
o f any between p a r t i c u l a r age or s e x c l a s s e s . 

T a b l e 1. 
The s e x and e s t i m a t e d b o d y w e i g h t of woodpigeons c a p t u r e d by 
goshawks or s h o t i n O x f o r d s h i r e between November 1974 and 

March 1975 
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T a b l e 2 . 
The e s t i m a t e d bodjA^eight o f j u v e n i l e p h e a s a n t s c a p t u r e d by 
goshawks or s h o t a t F r ö t u n a e s t a t e be tween O c t o b e r 1976 and 

J a n u a r y 1977 

F e m a l e s , 
shot or c a p t u r e d a t 
same s i t e s between 
O c t o b e r & December 

M a l e s , 
s h o t or c a p t u r e d a t 

same s i t e s i n 
O c t o b e r 

M a l e s , 
s h o t or c a p t u r e d a t 

d i f f e r e n t s i t e s i n 
J a n u a r y 

N o . Mean 
(g) 

Range 
(g) 

N o . Mean 
(8) 

Range 
(8) 

N o . Mean 
(8) 

Range 
(8) 

C a p t u r e d 

S h o t 

22 

298 

957 758-1110 

967 701-1200 

3 906 650-1106 4 

6 1109 1031-1166 43 

1294 1226-1388 

1288 1047-1500 

comparisons the mean o f t h e l a r g e s t s h o t sample ( i n December) was used as a s t a n d a r d ; 
f o r e a c h month a l l p h e a s a n t w e i g h t s were a d j u s t e d by t h e d i f f e r e n c e between t h e s h o t 
sample mean i n t h a t month and the s h o t sample mean i n December. The w e i g h t o f c a p 
t u r e d f e m a l e s was not s i g n i f i c a n t l y lower t h a n t h a t o f s h o t b i r d s ( s = 0 . 9 7 , Ρ = 0 . 1 7 ) . 
Too few c a p t u r e d m a l e s were a v a i l a b l e f o r an adequate a n a l y s i s i n the p e r i o d when 
s h o t samples were o b t a i n e d . A l t h o u g h t h e r e was some e v i d e n c e o f s e l e c t i o n among 
male s i n O c t o b e r (P = 0 . 0 5 ) , t h e r e was no s i g n o f p a r t i c u l a r l y poor b i r d s b e i n g c a p 
t u r e d i n J a n u a r y , when l a c k o f marked i n t e r - s i t e b o d y w e i g h t d i f f e r e n c e s made c o m p a r i 
son w i t h samples s h o t a t o t h e r s i t e s more a c c e p t a b l e . 

The s e x r a t i o among 399 r e l e a s e d p o u l t s , and 222 s h o t a t random i n November, d i d not 
d i f f e r s i g n i f i c a n t l y from 1:1 . However, as the r e l e a s e d p h e a s a n t s grew t o f u l l s i z e 
the p r o p o r t i o n o f f e m a l e s i n c r e a s e d marked ly among hawk k i l l s : i n A u g u s t 33 p e r c e n t 
o f k i l l s were f emale (n = 1 5 ) , i n O c t o b e r 67 p e r c e n t (n = 9 7 ) , and i n November 93 
p e r c e n t (n = 1 5 ) . 

Why were t h e r e t h e s e d i f f e r e n c e s i n s e l e c t i o n between p i g e o n s and p h e a s a n t s ? S e l e c 
t i o n f o r c o n d i t i o n p r o b a b l y depended on whether the p r e y ' s e s c a p e r e a c t i o n p r o v i d e d 
o p p o r t u n i t y f o r a c h a s e by the goshawk. P i g e o n s a t t e m p t t o o u t f l y an a t t a c k i n g 
hawk and , i n a r r a n g e d a t t a c k s (Kenward, 1978b) , the f u r t h e r away a goshawk was when 
p i g e o n s f l u s h e d t h e g r e a t e r was t h e t endency t o s e l e c t poor c o n d i t i o n s t r a g g l e r s . 
There was l i t t l e s e l e c t i o n when the p i g e o n s were t a k e n by s u r p r i s e . Among the f o u r 
r e l e a s e d hawks' k i l l s , two o f the h e a v i e s t p i g e o n s were t a k e n a t r o o s t t r e e s j u s t 
a f t e r f i r s t l i g h t , and t h r e e o f t h e a d u l t s t a k e n c o n s i d e r a b l y f u r t h e r from c o v e r 
(> 50 m) than any o t h e r s had s i g n i f i c a n t l y lower pectoralis minor dry w e i g h t s 
(z = 1 ,79 , Ρ = 0 . 0 4 ) . I t i s u n l i k e l y t h a t b i r d s f e e d i n g f a r from c o v e r tended t o 
be be low a v e r a g e i n c o n d i t i o n , b e c a u s e woodpigeons u s u a l l y f e e d i n open f i e l d s i n 
w i n t e r (Murtón, 1965) . 

P h e a s a n t s , on the o t h e r hand , respond t o a goshawk a t t a c k by s e e k i n g c o v e r . They 
r a r e l y f e d f a r from s h e l t e r , w h i c h they c o u l d r a p i d l y e n t e r w i t h l i t t l e chance o f 
a c h a s e i f a hawk d i d not take them by s u r p r i s e . O n l y 18 p e r c e n t o f 79 p h e a s a n t 
k i l l s were more than 5 m from m o d e r a t e l y dense c o v e r . I t i s u n l i k e l y t h a t t h e absence 
o f marked s e l e c t i o n f o r poor c o n d i t i o n was a r e s u l t o f r e l e a s e d p h e a s a n t s b e i n g p a r 
t i c u l a r l y v u l n e r a b l e , b e c a u s e c a p t u r e d w i l d p h e a s a n t s too showed no more s e l e c t i o n 
than o t h e r p o p u l a t i o n samples (Kenward, M a r c s t r ö m and K a r l b o m , i n p r e p a r a t i o n ) . 
However, the abundance o f r e l e a s e d p h e a s a n t s may have e n a b l e d hawks t o choose t o 
a t t a c k m a i n l y f e m a l e s , t h e s m a l l e r s e x . Goshawks f l o w n i n f a l c o n r y o f t e n e v e n t u a l l y 
r e f u s e to s e i z e h o l d o f cock p h e a s a n t s . There was no s i g n i f i c a n t s e l e c t i o n f o r 
female w i l d p h e a s a n t s , b u t they were p r e s e n t more f r e q u e n t l y among k i l l s when snow 
was on the ground t h a n a t o t h e r t i m e s . 
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RADIO TAGGING FOR PREDATION ASSESSMENT 
As w e l l as p r o v i d i n g f r e s h k i l l s f o r s e l e c t i o n a n a l y s i s , r a d i o m o n i t o r i n g o f s e v e r a l 
hawks e n a b l e s e s t i m a t i o n o f t h e a v e r a g e number o f a p a r t i c u l a r p r e y t a k e n per hawk-
day of r a d i o t r a c k i n g . T h i s p r e d a t i o n r a t e , m o d i f i e d i f n e c e s s a r y by t h e s e l e c t i o n 
e f f e c t , can be used w i t h d a t a on hawk and prey p o p u l a t i o n s t o e s t i m a t e the p r o p o r t i o n 
o f the prey p o p u l a t i o n removed. An example i s the woodpigeon s t u d y o f Kenward (1976, 
1979) . 

Woodpigeons were the most f r e q u e n t goshawk d i e t i t e m (40 p e r c e n t ) , w i t h one k i l l e d 
per 0 .27 h a w k - d a y s . U s i n g p i g e o n d e n s i t y d a t a from Murtón (1965, 1974) , goshawk 
d e n s i t i e s r a n g i n g from 1 t o 4 per 1000 ha c o u l d cause a 7 p e r c e n t t o 28 p e r c e n t ne t 
r e d u c t i o n i n the p i g e o n b r e e d i n g p o p u l a t i o n , b u t would have no e f f e c t on t h e s i z e o f 
the m i d - w i n t e r p o p u l a t i o n w h i c h damages b r a s s i c a c r o p s . The h i g h e s t goshawk d e n s i t y 
recorded i s about 1 p a i r per 1000 ha (Bednarek, 1975) . 

The impact o f p r e d a t i o n on B r i t i s h p i g e o n s c o u l d o n l y be p r e d i c t e d , whereas w i l d 
goshawk p r e d a t i o n on Swedish p h e a s a n t s c o u l d be a c c u r a t e l y a s s e s s e d , u s i n g r a d i o 
t a g g i n g not o n l y t o de termine p r e d a t i o n r a t e s and i n v e s t i g a t e s e l e c t i o n b u t a l s o to 
e s t i m a t e goshawk numbers . E x c e p t f o r hawks b e i n g t r a c k e d a t the t i m e , e a c h one s e e n 
c o u l d be r e c o r d e d as r a d i o t a g g e d or n o t even i f i t was g l i m p s e d o n l y m o m e n t a r i l y . 
Knowing the number of t a g g e d b i r d s h u n t i n g the a r e a , t h e t o t a l number c o u l d be e s t i 
mated from t h e i r p r o p o r t i o n i n t h e s i g h t i n g s . Combining t h i s t o t a l w i t h the p r e d a 
t i o n r a t e i n d i c a t e d t h a t c l o s e t o 40 p h e a s a n t s per week were b e i n g taken (about 
1 p e r c e n t p e r w e e k ) . D u r i n g the same p e r i o d the gamekeepers n o t e d a l l t h e k i l l s 
they found , w i t h o u t b e i n g t o l d where m o n i t o r e d hawks had k i l l e d . The p r o p o r t i o n o f 
mon i tored hawk k i l l s i n t h e s e f i n d s was the same as the p r o p o r t i o n o f t a g g e d hawks 
i n t h e s i g h t i n g s , w h i c h gave c o n f i d e n c e i n the r a d i o t a g e s t i m a t e o f hawk numbers 
(Kenward, 1977 ) . The same t e c h n i q u e was t h e r e f o r e used to e s t i m a t e hawk numbers i n 
a w i l d p h e a s a n t s t u d y a r e a , where the prey was censused u s i n g men i n l i n e a b r e a s t 
w i t h dogs t o s e a r c h the undergrowth i n autumn and s p r i n g . The goshawks t h e r e r e d u c e d 
the o v e r w i n t e r p h e a s a n t p o p u l a t i o n by a n e t 25 p e r c e n t , b e i n g r e s p o n s i b l e f o r 37 
p e r c e n t o f the o v e r w i n t e r m o r t a l i t y (Kenward et al,^ i n p r e p a r a t i o n ) . 

These examples show how p r e d a t i o n c a n be a s s e s s e d by r a d i o t a g g i n g a s m a l l number 
o f p r e d a t o r s . O t h e r approaches are t o r a d i o m o n i t o r a l a r g e number o f p r e y t o d e t e r 
mine what p r o p o r t i o n i s p r e d a t e d ( S t o d d a r t , 1970; Dumke and P i l s , 1973; B r a n d , 

I t i s c l e a r l y unwise to assume t h a t p r e d a t o r s a lways take poor q u a l i t y p r e y , b u t 
what i s t h e i r e f f e c t on a p r e y p o p u l a t i o n when they do? I f a r e l a t i o n s h i p can be 
found between prey s u r v i v a l and one or more parameters w h i c h can be measured a t 
k i l l s , i t i s p o s s i b l e to s e p a r a t e the ' n e t ' e f f e c t o f p r e d a t i o n from the ' g r o s s ' 
number o f prey k i l l e d . From a r e a n a l y s i s o f mark ing d a t a c o l l e c t e d by M u r t ó n , 
I s a a c s o n and Westwood (1971) , R. S i b l y ( p e r s o n a l communicat ion) has produced l i n e a r 
r e l a t i o n s h i p s between a s u r v i v a l i n d e x (y) and m i d - w i n t e r bodjrweight o f woodpigeons 
(x), a s f o l l o w s : 

y = 0 .0019 X - 0 . 60 f o r a d u l t s , and ( i ) 

y = 0 .0012 X - 0 .28 f o r j u v e n i l e s . ( i i ) 

U s i n g t h e s e e q u a t i o n s , the mean s u r v i v a l p r o s p e c t s o f c a p t u r e d p i g e o n s were 72 p e r 
cen t those o f s h o t b i r d s . F o r e x a m p l e , i f a g r o s s p r e d a t i o n o f 100 p i g e o n s o c c u r r e d , 
the n e t removal from t h e p o p u l a t i o n would o n l y have been 72, b e c a u s e 28 would have 
d i e d anyway. I n a more extreme c a s e , n e t p r e d a t i o n may be n e g l i g i b l e b e c a u s e a l m o s t 
a l l prey t a k e n would have d i e d anyway ( J e n k i n s , Watson and M i l l e r , 1964 ) . I t i s 
t h e r e f o r e i m p o r t a n t f o r p r e d a t i o n a s s e s s m e n t s to i n c l u d e an i n v e s t i g a t i o n o f s e l e c 
t i o n e f f e c t s . 



Radio Monitoring Birds of Prey 103 

Vowles and K e i t h , 1975) , or s i m p l y to s e a r c h an a r e a f o r k i l l s . I n such p r e y - b a s e d 
i n v e s t i g a t i o n s t h e r e may be d i f f i c u l t y a s c e r t a i n i n g t h e cause o f d e a t h , t h e e x t e n t 
of s e l e c t i o n , and whether c e s s a t i o n o f a r a d i o s i g n a l i n d i c a t e s l o s s from the a r e a , 
b a t t e r y f a i l u r e or d e s t r u c t i o n o f a r a d i o a t the t ime o f d e a t h . P r e d a t o r t a g g i n g 
overcomes t h e s e problems and p r o v i d e s a d d i t i o n a l d a t a on p r e d a t o r b e h a v i o r , b u t 
r e q u i r e s s e p a r a t e c o l l e c t i o n of p r e y p o p u l a t i o n d a t a and o n l y a s s e s s e s p r e d a t i o n by 
the s p e c i e s t a g g e d . D e c i d i n g whether t o u s e r a d i o t a g g i n g on p r e y , p r e d a t o r , or 
a n o t h e r t e c h n i q u e e n t i r e l y , w i l l depend on the c i r c u m s t a n c e s and i n f o r m a t i o n 
r e q u i r e d i n a p a r t i c u l a r p r e d a t i o n s t u d y . 
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Abstract — Most f i s h w e i g h 0 . 1 - 5 kg and r e q u i r e s m a l l b i o t e l e 
metry t r a n s m i t t e r s . A c o u s t i c underwater t r a n s m i s s i o n i s used 
most o f t e n s i n c e r a d i o i s a t t e n u a t e d by c o n d u c t i v e n a t u r a l 
w a t e r s . R a d i o i s however p r e f e r a b l e i n s h a l l o w f r e s h w a t e r . 
S a t e l l i t e t r a c k i n g can be used f o r l a r g e a n i m a l s near the s u r 
f a c e . S t r e s s s p e c t r a are d i s c u s s e d and i t i s shown t h a t f i s h 
spend v e r y l i t t l e t ime a t ex tremes o f t h e i r s cope o f a c t i v i t y . 
The s m a l l amount o f t ime spent near the l e t h a l l i m i t s i s i m p o r 
t a n t b u t d i f f i c u l t t o measure; t h i s i s o n l y p o s s i b l e by means 
of b i o t e l e m e t r y . Both i n b e h a v i o r and p h y s i o l o g y , b i o t e l e m e t r y 
i n c r e a s e s the r e s o l u t i o n o f measurements on the t ime s c a l e . 

INTRODUCTION 
F i s h are g e n e r a l l y not r e a d i l y v i s i b l e i n t h e i r n a t u r a l e n v i r o n m e n t . Knowledge o f 
t h e i r b i o l o g y and movements h a s been assembled from many i s o l a t e d d i s c o n t i n u o u s 
o b s e r v a t i o n s . O n l y s i n c e t h e advent o f u l t r a s o n i c t r a c k i n g and b i o t e l e m e t r y t e c h 
n i q u e s has c o n t i n u o u s o b s e r v a t i o n o f movements and b e h a v i o r o f i n d i v i d u a l s become 
p o s s i b l e . I n s t u d i e s on t e r r e s t r i a l a n i m a l s r a d i o t r a c k i n g i s o f t e n used as a means 
o f f i n d i n g an i n d i v i d u a l wh ich can t h e n be s u b s e q u e n t l y v i s u a l l y o b s e r v e d f o r d e t a i l e d 
measurements . I n f i s h t r a c k i n g the b i o l o g i s t i s g e n e r a l l y e n t i r e l y dependent on h i s 
i n s t r u m e n t s as the o n l y means o f o b s e r v i n g the a n i m a l . I n a d d i t i o n to s i m p l e t r a c k 
i n g t h e r e f o r e much e f f o r t i s d i r e c t e d t o t e l e m e t r y o f p h y s i o l o g i c a l and b e h a v i o r a l 
d a t a from the a n i m a l . 

D e s p i t e the l a r g e v a r i e t y o f f i s h ( from minnows t o l a r g e s h a r k s ) c o m m e r c i a l l y s i g n i 
f i c a n t s p e c i e s w e i g h m a i n l y between 100 g and 5 k g . The main deve lopments o f t e l e 
metry have been i n d e v i c e s w e i g h i n g 5 to 50 g f o r t h i s s o r t o f s i z e r a n g e o f f i s h . 
A t l a n t i c sa lmon {Salmo salar L . ) . a t the s m o l t s t a g e w e i g h about 50 g when t h e y 
m i g r a t e from the r i v e r s i n t o the s e a . These have p r o v i d e d the s t i m u l u s f o r d e v e l o p 
ment o f some o f the s m a l l e s t t r a c k i n g t r a n s m i t t e r s . 

A c o u s t i c underwater t r a n s m i s s i o n i s the most commonly used t e c h n i q u e i n s t u d i e s on 
f i s h b u t r a d i o i s coming i n t o i t s own f o r f r e s h w a t e r work . Two m a j o r r e v i e w papers 
i n the l a s t two y e a r s ( S t a s k o and P i n c o c k , 1977; I r e l a n d and K a n w i s h e r , 1978) g i v e 
thorough a c c o u n t s o f the t e c h n o l o g y u s e d . T h i s paper w i l l t h e r e f o r e b r i e f l y rev iew 
the scope of a v a i l a b l e t e c h n i q u e s and then go on t o c o n s i d e r the p h i l o s o p h y b e h i n d 
a p p l i c a t i o n o f the more s o p h i s t i c a t e d t e l e m e t r y t e c h n i q u e s . 
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ACOUSTIC TRANSMISSION 
Underwater a c o u s t i c s i g n a l s i n t h i s c o n t e x t are a l m o s t u n i v e r s a l l y g e n e r a t e d by 
means o f l e a d z i r c o n a t e t i t a n a t e (PZT) c y l i n d r i c a l t r a n s d u c e r s . The c y l i n d e r i s 
h o l l o w and i s m a n u f a c t u r e d as a p i e z o e l e c t r i c c e r a m i c w h i c h responds t o an o s c i l l a t 
i n g v o l t a g e a p p l i e d between the i n n e r and o u t e r w a l l by e x p a n d i n g and c o n t r a c t i n g 
i n d i a m e t e r ( F i g . 1 ) . T h i s g e n e r a t e s an a p p r o x i m a t e l y o m n i d i r e c t i o n a l f i e l d of 
sound i n the s u r r o u n d i n g water ( M i t s o n and Y o u n g , 1975) . A b s o r p t i o n o f sound by 
w a t e r i n c r e a s e s w i t h f r e q u e n c y and 300 KHz i s the h i g h e s t p r a c t i c a l f r e q u e n c y . The 
upper h e a r i n g t h r e s h o l d o f f i s h v a r i e s between 1 and 7 KHz (Hawkins , 1973) wh ich i s 
be low the f r e q u e n c y used i n t e l e m e t r y d e v i c e s . Some marine mammals use f r e q u e n c i e s 
up t o 100 KHz f o r communicat ion; t h i s i s a p o t e n t i a l s o u r c e o f n o i s e and o t h e r 
p r o b l e m s . 

F i g . 1. G e n e r a t i o n o f sound by a c y l i n d r i c a l PZT c e r a m i c t r a n s 
d u c e r . The i n n e r and o u t e r w a l l s are c o a t e d w i t h a c o n 
d u c t i v e m e t a l l i c c o a t i n g t o w h i c h the l e a d s are a t t a c h e d . 
An a p p l i e d o s c i l l a t i n g v o l t a g e g e n e r a t e s r a d i a l m e c h a n i 
c a l o s c i l l a t i o n s ( i n d i c a t e d by the a r r o w s ) . The r e c i p r o 
c a l p i e z o e l e c t r i c e f f e c t i s used i n h y d r o p h o n e s , h / d i s 
g e n e r a l l y l e s s than 1. 

The g r e a t e s t e f f i c i e n c y o f sound r a d i a t i o n i s a c h i e v e d i f the t r a n s d u c e r c y l i n d e r 
i s d r i v e n a t i t s r e s o n a n t f r e q u e n c y . A 20 KHz c y l i n d e r i s about 40 mm d i a m e t e r and 
i s too l a r g e f o r most f i s h t o c a r r y . A t h i g h e r f r e q u e n c i e s the c y l i n d e r c a n be 
s m a l l e r and a 2 mm d i am eter c y l i n d e r a t 300 KHz i s the s m a l l e s t i n use ( M i t s o n and 
S t o r e t o n - W e s t , 1971) . C h o i c e o f f r e q u e n c y i s t h e r e f o r e a t r a d e - o f f be tween i n c r e a s e d 
range a t low f r e q u e n c i e s and compactness o f h i g h f r e q u e n c y t r a n s d u c e r s . An 80 KHz 
t r a n s d u c e r 12 .5 mm d i a m e t e r i s c o n v e n i e n t f o r most u s e s w i t h 200 t o 300 KHz b e i n g 
used f o r the s m a l l e s t t r a n s m i t t e r s . 

S i g n a l s are d e t e c t e d by hydrophones p l a c e d i n the w a t e r and u s u a l l y made from p i e z o -
c e r a m i c e l ements w h i c h g e n e r a t e an e l e c t r i c a l s i g n a l e q u i v a l e n t t o t h e t r a n s m i t t e d 
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sound s i g n a l s . The PZT r e c e i v e r t r a n s d u c e r can be i d e n t i c a l to the c y l i n d e r used 
i n the t r a n s m i t t e r w i t h a p p r o p r a i t e p a r a b o l i c r e f l e c t o r s to p r o v i d e d i r e c t i o n a l 
s e n s i t i v i t y i f n e c e s s a r y . H i g h e f f i c i e n c y o f the hydrophone i s e s s e n t i a l and the 
b e s t s i g n a l t o n o i s e r a t i o s are o b t a i n e d i f the t r a n s d u c e r i s r e s o n a n t a t t h e f r e 
quency o f the t r a n s m i t t e r . The o u t p u t from the hydrophone can be v e r y s m a l l , so a 
tuned p r e a m p l i f i e r c l o s e to t h e t r a n s d u c e r e l ement i s u s e f u l . Broad band h y d r o 
phones are g e n e r a l l y not s a t i s f a c t o r y ; b a c k g r o u n d n o i s e b e i n g a problem even i f 
s u f f i c i e n t s e n s i t i v i t y can be a c h i e v e d . 

Sound p r o p a g a t e s i n s t r a i g h t l i n e s underwater b u t i s s u b j e c t to r e f r a c t i o n , and 
r e f l e c t i o n as w e l l as a b s o r p t i o n . Underwater o b s t a c l e s b l o c k the s i g n a l ; a d i r e c t 
' l i n e o f s i g h t ' b e i n g r e q u i r e d between t r a n s m i t t e r and hydrophone . O b s t a c l e s and 
shore l i n e can r e f l e c t s i g n a l s and b o t h r e f l e c t i o n or r e f r a c t i o n c a n o c c u r a t i n t e r 
f a c e s between w a t e r s o f d i f f e r e n t d e n s i t i e s ( i . e . , d i f f e r e n t s a l i n i t i e s or t empera
t u r e s ) . A i r b u b b l e s i n f a s t f l o w i n g s t reams or s u r f zones o f b e a c h e s can v e r y 
s e v e r e l y a t t e n u a t e sound s i g n a l s . C e r t a i n s p e c i e s o f a l g a e c o n t a i n a i r s a c s ( e . g . 
Anaboena s p p . ) ; when i n bloom t h e s e produce a g r e e n a p p e a r a n c e i n the w a t e r and can 
s e v e r e l y a t t e n u a t e sound s i g n a l s . S e a n o i s e i n rough w e a t h e r and t h e n o i s e s o f 
an imal s such as snapper shrimp {Alpheus s p p . ) can be a prob lem i n c e r t a i n a r e a s . 

For l o c a t i o n and t r a c k i n g purposes a number o f d i f f e r e n t hydrophones sy s t ems a r e 
p o s s i b l e ( F i g . 2 ) . 

SIMPLE DIRECTIONAL HYDROPHONE 

Most commonly used i s a s m a l l p o r t a b l e hydrophone mounted on a v e r t i c a l rod w h i c h 
i s d ipped i n the w a t e r and the d i r e c t i o n o f maximum s i g n a l i s d e t e r m i n e d a u d i b l y 
u s i n g a l o u d s p e a k e r or headphones on a p o r t a b l e r e c e i v i n g u n i t . T h i s can be used 
e i t h e r on f o o t from the shore or from a b o a t . Permanent m o u n t i n g s can be used f o r 
ex tended work on l a r g e r b o a t s . Movement o f the hydrophone t h r o u g h t h e w a t e r can 
g e n e r a t e n o i s e and a s t r e a m l i n e d h o u s i n g i s r e q u i r e d f o r t r a c k i n g 'on the m o v e ' . 
N o i s e from the e n g i n e can a l s o be a p r o b l e m . 

S i g n a l s t r e n g t h can p r o v i d e a measure o f range ( H o l l i d a y et al,_, 1973) b u t two or 
more hydrophones are r e q u i r e d f o r p r o p e r l y t r i a n g u l a t i n g f i x e s on the f i s h . I n 
areas where f i s h are i n t e n s i v e l y s t u d i e d i n t h e i r home range permanent hydrophone 
s t a t i o n s s e t on p y l o n s w i t h remote c o n t r o l and s i g n a l m o n i t o r i n g from a s h o r e b a s e d 
l a b o r a t o r y have been used (Young et αΐ,^ 1 9 7 2 ) . 

F I S H PASS INDICATOR 

A s i n g l e f i x e d hydrophone s c a n n i n g a c r o s s a l i n e a r s y s t e m s u c h as a r i v e r can d e t e c t 
p a s s a g e o f f i s h equ ipped w i t h s o n i c t a g s . T h i s i s p a r t i c u l a r l y e f f e c t i v e i f t h e 
hydrophone i s p l a c e d i m m e d i a t e l y above a w e i r . Upstream movement i s t h e n c h a r a c 
t e r i z e d b y sudden appearance o f the s i g n a l as t h e f i s h comes o v e r t h e w e i r . Down
s t ream movement i s c h a r a c t e r i z e d by g r a d u a l i n c r e a s e i n the s i g n a l w h i c h then s u d 
d e n l y d i s a p p e a r s ( T . L a n g f o r d , u n p u b l i s h e d ) . A number o f such l i s t e n i n g s t a t i o n s 
i n a r i v e r sys t em can be r e a d i l y automated t o r e c o r d i n d i v i d u a l f i s h . 

OMNIDIRECTIONAL HYDROPHONE 

With 3 or more o m n i d i r e c t i o n a l hydrophones the a r r i v a l o f a s o n i c p u l s e from a f i s h 
can be t imed a t e a c h h y d r o p h o n e . From t h i s the p o s i t i o n o f t h e f i s h can be c a l c u 
l a t e d (Hawkins et αΐ,^ 1974 ) . With an o n - l i n e comput ing f a c i l i t y , f i x e s can be 
o b t a i n e d a t i n t e r v a l s o f l e s s t h a n a s e c o n d . 
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TRANSPONDERS 

T h i s sys tem employs a t r a n s p o n d i n g t a g on the f i s h . The hydrophone e m i t s an i n t e r 
r o g a t i o n p u l s e which e l i c i t s a r e s p o n s e from the f i s h t a g . The t ime i n t e r v a l between 
i n t e r r o g a t i o n and r e s p o n s e i s then a measure o f r a n g e . I f d i r e c t i o n can be d e t e c t e d 
t h i s g i v e s an a b s o l u t e f i x u s i n g o n l y one hydrophone s t a t i o n . 

I n t h e f i s h t a g i t i s c o n v e n i e n t t o use one PZT t r a n s d u c e r f o r b o t h r e c e i v i n g and 
s e n d i n g s i g n a l s so the two s i g n a l s are g e n e r a l l y on the same f r e q u e n c y . Tags o f 
t h i s t ype tend to be more b u l k y than the s i m p l e p i n g e r t a g s b u t can h a v e v e r y low 
power consumpt ions when not i n t e r r o g a t e d . 

The most e l e g a n t a p p l i c a t i o n o f t r a n s p o n d e r s i s i n c o n j u n c t i o n w i t h s e c t o r s c a n n i n g 
sonar g e a r . The f i s h t a g i s t r i g g e r e d by the normal s o n a r p u l s e s and i t s s i g n a l 
t h e r e f o r e i s r e c e i v e d by the s c a n n e r as an u l t r a r e f l e c t i v e t a r g e t w h i c h appears on 
a d i s p l a y s c r e e n as a b r i g h t s p o t a g a i n s t the f e a t u r e s o f the s e a bed ( F i g . 2) 
( M i t s o n and S t o r e t o n - W e s t , 1971; G r e e r - W a l k e r et al,, 1 9 7 1 ) . 

DEPTH DETERMINATION 

Depth can be de termined by means o f v e r t i c a l t r i a n g u l a t i o n w i t h any o f the above 
t r a c k i n g s y s t e m s . G i v e n a hydrophone a t some d i s t a n c e from the f i s h , v e r t i c a l a n g u 
l a r d i s p l a c e m e n t i s s m a l l and d i f f i c u l t t o r e s o l v e , a c c u r a t e l y . G a r d e l l a and S t a s k o 
(1974) d e s c r i b e a s i m p l e p o r t a b l e l i n e a r hydrophone a r r a y which can p r o v i d e an i n e x 
p e n s i v e means o f depth measurement . O t h e r w i s e depth must be de termined by means o f 
p r e s s u r e t e l e m e t r y . 

SHIP POSITION 

L o c a t i o n o f the f i s h r e l a t i v e to the hydrophones can be as a c c u r a t e as 1 m. For 
t r a c k i n g i n open w a t e r the s h i p or b o a t can r a r e l y be so a c c u r a t e l y l o c a t e d . Manual 
n a v i g a t i o n a l p o s i t i o n f i x i n g a t f r e q u e n t i n t e r v a l s p o s e s p r o b l e m s . Mos t European 
merchant s h i p s and f i s h i n g v e s s e l s c a r r y t h e DECCA n a v i g a t o r s y s t e m . T h i s works 
on a h y p e r b o l i c p r i n c i p l e ; a s h i p b o a r d r e c e i v e r measures the phase d i f f e r e n c e between 
s y n c h r o n i z e d r a d i o s i g n a l s from f i x e d shore s t a t i o n s . The r e c e i v e r c o n t i n u a l l y 
a u t o m a t i c a l l y d i s p l a y s c o o r d i n a t e s o f the s h i p ' s p o s i t i o n . The c o o r d i n a t e s can be 
d i r e c t l y f e d o n t o an x - y p l o t t e r . R e p e a t a b i l i t y o f f i x e s i s about 50 m a l t h o u g h 
quoted t y p i c a l n a v i g a t i o n a l a c c u r a c y i s 0 .25 n a u t i c a l m i l e s (DECCA N a v i g a t o r C o . 
L t d . , 9 A l b e r t Embankment, London , U . K . ) . T h i s i s a v e r y c o n v e n i e n t s y s t e m f o r 
f i s h t r a c k i n g a p p l i c a t i o n s a v a i l a b l e i n many p a r t s o f the w o r l d b u t n o t N o r t h 
A m e r i c a . A more a c c u r a t e v e r s i o n (Decca H i - f i x ) has p o r t a b l e t r a n s m i t t e r s w h i c h 
c a n be d e p l o y e d by t h e u s e r i n any a r e a o f i n t e r e s t . F o r t r a c k i n g from s m a l l b o a t s 
w i t h o u t s o p h i s t i c a t e d a i d s a p p r o x i m a t e f i x i n g o f the f i s h r e l a t i v e to the b o a t w i t h 
a s i m p l e d i r e c t i o n a l hydrophone i s s u f f i c i e n t , a s the l i m i t i n g f a c t o r i s i n a b i l i t y 
t o l o c a t e the b o a t t o an a c c u r a c y o f b e t t e r than 100 m. 

RADIO TELEMETRY 
E a r l y s u c c e s s w i t h s o n i c t a g s ( T r e f e t h e n , 1956) d i r e c t e d a t t e n t i o n away from r a d i o 
f r e q u e n c i e s . R a d i o waves are s e v e r e l y a t t e n u a t e d by s e a w a t e r b u t i n f r e s h w a t e r o f 
low e l e c t r i c a l c o n d u c t i v i t y a u s e f u l s i g n a l emerges from the w a t e r above a submerged 
t r a n s m i t t e r ( F i g . 3 ) . Rays w i t h an a n g l e o f i n c i d e n c e i n e x c e s s o f 6 ° from t h e n o r 
mal are r e f l e c t e d b a c k from the s u r f a c e . The r e s t o f the r a y s are r e f r a c t e d and 
take the form o f an o m n i d i r e c t i o n a l f i e l d emanat ing from a c i r c l e above the f i s h . 
The r e c e i v i n g a n t e n n a s h o u l d be as h i g h as p o s s i b l e i n the a i r and M c C l e a v e et al, 
(1978) have s u c c e s s f u l l y t r a c k e d m i g r a t i n g sa lmon from an a i r c r a f t . 
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F i g . 3 . R a d i o t r a n s m i s s i o n from u n d e r w a t e r . Note how r a y s a r e 
r e f l e c t e d and r e f r a c t e d a t the s u r f a c e of the w a t e r . 
Only a p p r o x i m a t e l y p e r p e n d i c u l a r r a y s t o the s u r f a c e 
p a s s through and can be r e c e i v e d by an e l e v a t e d a n t e n n a . 

R a d i o s i g n a l s are n o t a f f e c t e d by a i r b u b b l e s , w a t e r t u r b i d i t y or o b s t r u c t i o n s i n 
the way t h a t s o n i c s i g n a l s a r e . T h e r e f o r e r a d i o i s p r e f e r a b l e to a c o u s t i c t r a c k i n g 
p a r t i c u l a r l y i n f a s t f l o w i n g s h a l l o w r i v e r s . I t i s a l s o r e p o r t e d t h a t r a d i o s i g n a l s 
can be d e t e c t e d through i c e . R a d i o l o c a t i o n i s not as a c c u r a t e as i s a c o u s t i c t r a c k 
i n g b u t d a t a t r a n s m i s s i o n r a t e s may be much f a s t e r f o r r a d i o t e l e m e t r y . 

The t e c h n o l o g y f o r r a d i o t r a c k i n g i s t h e same as f o r o t h e r r a d i o sys t ems d e s c r i b e d 
e l s ewhere i n t h i s symposium so no s p e c i a l d e s c r i p t i o n s are r e q u i r e d . D e s i g n c r i t e r i a 
f o r e f f i c i e n t c o u p l i n g o f the underwater t r a n s m i t t i n g a n t e n n a i n t o the a q u a t i c medium 
have not been r i g o r o u s l y d e s c r i b e d , A s h o r t e r a n t e n n a t h a n the e q u i v a l e n t one i n 
a i r i s r e q u i r e d ( S t a s k o and P i n c o c k , 1977 ) . 

SATELLITES 
T r a c k i n g o f a n i m a l s by use o f s a t e l l i t e s has been demons tra ted i n p o l a r b e a r s and 
marine mammals ( L e n t f e r e t a Z - . j 1977; J e n n i n g s et at.j 1979 ) . Development work so 
f a r has been c a r r i e d out u s i n g the NIMBUS-6 s a t e l l i t e random a c c e s s measurement 
s y s t e m (RAMS) but from 1979 S e r v i c e ARGOS i s t h e main o p e r a t i o n a l s y s t e m f o r t h i s 
k i n d o f work. A s i m p l e e a r t h b a s e d r a d i o t r a n s m i t t e r ( c a r r i e d by an a n i m a l ) ( F i g . 4) 
i s l o c a t e d r e l a t i v e t o the o r b i t o f t h e s a t e l l i t e by m e a s u r i n g the D o p p l e r s h i f t o f 
the s i g n a l due t o the m o t i o n o f t h e s a t e l l i t e . 

Frequency s t a b i l i t y o f the t r a n s m i t t e r o s c i l l a t o r i s t h e r e f o r e i m p o r t a n t to e n s u r e 
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Sate l l i t e 

( T I R O S N ) 

T e l e m e t r y 
Stat ions 

D a t a 

Processing 

Bask ing shark 
D a t a to 

A b e r d e e n 

F i g . 4 . E l ements o f a s a t e l l i t e t r a c k i n g s y s t e m as u s e d on 
b a s k i n g s h a r k s {Cetorhinus maximus) ( F r i e d e , 1 9 7 9 ) , 

l o c a t i o n a c c u r a c y w h i c h c a n be as good as a few hundred m e t e r s . A t p r e s e n t s u c h 
s t a b i l i t y i s d i f f i c u l t t o a c h i e v e f o r a n i m a l t r a n s m i t t e r s and e r r o r s up t o s e v e r a l 
k i l o m e t e r s a r e l i k e l y . Good a n t e n n a d e s i g n and s i g n a l s t r e n g t h are a l s o i m p o r t a n t 
and d e t a i l s are a v a i l a b l e i n l i t e r a t u r e i s s u e d by S e r v i c e ARGOS, ONES, T o u l o u s e , 
F r a n c e . 

For work a t s e a t h e r a d i o t r a n s m i t t e r must o b v i o u s l y be on t h e s u r f a c e o f t h e w a t e r 
and p r e s e n t d e s i g n s w e i g h a t l e a s t 2 t o 3 k g . A p p l i c a t i o n s f o r f i s h work a r e l i m i t e d 
b u t t r i a l s have been c a r r i e d o u t on b a s k i n g s h a r k s u s i n g a towed t r a n s m i t t e r e n c l o s e d 
i n a buoyant c a p s u l e ( F r i e d e , 1 9 7 9 ) . 

The ARGOS sys tem can a l s o be used f o r s h i p l o c a t i o n and d a t a t r a n s m i s s i o n . T h i s 
may be u s e f u l i n an a n c i l l a r y r o l e i n t r a c k i n g s t u d i e s . Use o f s a t e l l i t e b a s e d 
e a r t h s u r f a c e imagery may be a good way o f o b t a i n i n g e n v i r o n m e n t a l d a t a t o c o r r e l a t e 
w i t h an imal b e h a v i o r . Development o f s a t e l l i t e t e c h n o l o g y i s l i k e l y t o make a c o n 
t r i b u t i o n t o v a r i o u s a s p e c t s o f f i e l d s t u d i e s o f a n i m a l s even i f t r a c k i n g per se i s 
r e s t r i c t e d m a i n l y to l a r g e t e r r e s t r i a l a n i m a l s . 

ATTACHMENT OF TRANSMITTERS TO THE FISH 
The t e c h n i q u e s used a r e the same as f o r a t t a c h m e n t o f c o n v e n t i o n a l f i s h t a g s ( L a i r d 
and S t o t t , 1978; L a i r d , 1 9 7 8 ) . A t t a c h m e n t can be e x t e r n a l w i t h w i r e or f l e x i b l e mono
f i l a m e n t b r i d l e s . The e p i d e r m i s o f f i s h i s d e l i c a t e and h a r n e s s e s w h i c h c a u s e e x c e s 
s i v e a b r a s i o n s h o u l d be a v o i d e d ; a f i r m subdermal a t t a c h m e n t or a n c h o r a g e p a s s i n g 
through the m u s c u l a t u r e i s p r e f e r r e d . T r a n s m i t t e r s can a l s o be p l a c e d i n t e r n a l l y i n 
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the s tomach or body c a v i t y (Har t and S u m m e r f e l t , 1975) . The body t i s s u e s are e s s e n 
t i a l l y t r a n s p a r e n t t o a c c o u s t i c t r a n s m i t t e r s . R a d i o t a g s can be a r r a n g e d to have a 
t r a i l i n g e x t e r n a l an tenna p a s s i n g out through the g i l l s l i t s ( M c C l e a v e et al,, 1 9 7 8 ) . 

E x t e r n a l t a g s i n c r e a s e drag on f i s h whereas s tomach t a g s may a f f e c t f e e d i n g b e h a v i o r . 
E q u i l i b r i u m may a l s o be d i s t u r b e d b u t i t i s p o s s i b l e to make t a g s n e u t r a l l y b u o y a n t 
so as to m i n i m i z e such e f f e c t s . B e f o r e any s t u d y p r o c e e d s c a r e f u l c o n s i d e r a t i o n 
must be g i v e n t o the l i k e l y e f f e c t s o f the t r a n s m i t t e r p a c k a g e and c o n s i d e r a b l e 
e f f o r t may be r e q u i r e d t o d e v e l o p s a t i s f a c t o r y a t t a c h m e n t m e t h o d s . 

APPLICATIONS 
F i s h t r a c k i n g i s now a w e l l e s t a b l i s h e d t e c h n i q u e used i n many f i s h e r i e s s t u d i e s i n 
the c o u r s e o f normal management p o l i c y . Equipment i s c o m m e r c i a l l y a v a i l a b l e from a 
number o f s u p p l i e r s p a r t i c u l a r l y i n N o r t h A m e r i c a f o r b o t h s o n i c and r a d i o s y s t e m s . 

The importance o f t r a c k i n g t e c h n o l o g y i n an o t h e r w i s e u n o b s e r v a b l e an imal i s s e l f 
e v i d e n t . I t s h o u l d however be no ted t h a t the major m i g r a t i o n s o f f i s h have been 
worked out u s i n g c o n v e n t i o n a l t e c h n i q u e s ; e . g . the c l a s s i c a l d i s c o v e r y o f the spawn
i n g ground o f the European e e l i n the S a r g a s s o s e a ( B e r t i n , 1956) . E l e c t r o n i c t r a c k 
i n g d e v i c e s p r o v i d e d e t a i l s o f t i m i n g and p a t t e r n o f movements on a s h o r t e r t ime 
s c a l e . The p a t t e r n o f m i g r a t i o n o f p l a i c e {JPleuvonectes platessa) i n the S o u t h e r n 
Nor th S e a h a s been w e l l known f o r some t i m e . S o n i c t a g g i n g however r e v e a l e d the 
s e l e c t i v e t i d a l t r a n s p o r t s y s t e m used by t h e s e f i s h d u r i n g the m i g r a t i o n ( G r e e r -
Walker et al,, 1978) . The f i s h r e s t s on the bo t tom d u r i n g a d v e r s e t i d a l f l o w and 
moves i n t o mid w a t e r on f a v o r a b l e t i d e s . T r a c k i n g s i m i l a r l y r e v e a l s the d i u r n a l and 
t i d a l p e r i o d i c i t y o f movement o f salmon s m o l t s t h r o u g h e s t u a r i e s ( M c C l e a v e , 1 9 7 8 ) . 

TELEMETRY DATA 

Te lemetry o f d a t a from the f i s h i n a d d i t i o n t o s i m p l e p o s i t i o n f i x i n g i s the major 
area i n which advances are l i k e l y t o t a k e p l a c e i n the n e x t d e c a d e . S a t c h e l l (1971) 
looked to t e l e m e t r y as a means o f e x t e n d i n g p h y s i o l o g i c a l s t u d i e s to f i s h too l a r g e 
or d i f f i c u l t t o h a n d l e i n t h e l a b o r a t o r y . I t has s i n c e become a p p a r e n t t h a t t e l e 
metry may be of more fundamenta l impor tance i n our u n d e r s t a n d i n g o f t h e b i o l o g y o f 
f i s h e s . 

Te lemetry o f d a t a can f a l l i n t o two c a t e g o r i e s , e x t e r n a l and i n t e r n a l . 

External or Environmental Data 

Telemetry o f p r e s s u r e has been used f o r d e t e r m i n a t i o n o f depth o f f i s h ( S t a n d o r a 
et al,, 1972; S t a s k o and Rommel, 1974 ) . Temperature t r a n s m i t t e r s a r e a v a i l a b l e and 
are p a r t i c u l a r l y u s e f u l i n s t u d i e s o f b e h a v i o r o f f i s h i n r e l a t i o n to thermal d i s 
c h a r g e s ( K e l s o , 1974, 1976) . T e l e m e t r y o f l i g h t l e v e l was used by Gayduk and M a l i n i n 
(1971) and deve lopments are l i k e l y i n t e l e m e t r y o f s a l i n i t y , p H , oxygen and a number 
o f o t h e r e n v i r o n m e n t a l f a c t o r s . 

Internal Data 

Both r a d i o (Nomura et al,, 1972) and s o n i c ( F r i e d e and Y o u n g , 1977) h e a r t b e a t b i o 
t e l e m e t r y d e v i c e s have been d e m o n s t r a t e d . W h i l s t no t s t r i c t l y i n t e r n a l , compass 
o r i e n t a t i o n o f the f i s h can be d e t e c t e d as w e l l as swimming speed ( S t a n d o r a et al,, 
1972) . T a i l b e a t f r e q u e n c y as a measure o f swimming a c t i v i t y has a l s o b e e n b i o t e l e -
metered by Young et al, ( 1 9 7 2 ) . 

B r e a t h i n g and f e e d i n g movements o f the jaws have been b i o t e l e m e t e r e d by d e t e c t i o n 
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a b l e to D i s : 

M o r t a l i t y i s e q u a l t o the t ime s p e n t a t e a c h D l e v e l m u l t i p l i e d by the r a t e o f mor
t a l i t y a t t h a t D l e v e l . I f a number o f independent D f a c t o r s are c o n s i d e r e d then 
the m o r t a l i t i e s a t t r i b u t a b l e t o e a c h can be s i m p l y added to g i v e a t o t a l m o r t a l i t y 
f i g u r e M t o t a l -

t o t a l β 1 ζ d yi 

Where Μβ i s a background m o r t a l i t y n o t a t t r i b u t a b l e t o any i d e n t i f i a b l e f a c t o r . 
( I n p r a c t i c e such s i m p l e a r i t h m e t i c a d d i t i o n would r a r e l y be p o s s i b l e . ) 

I t can g e n e r a l l y be assumed t h a t a n i m a l s w i l l b e h a v e so as to m i n i m i z e M ^ o t a l 
f a r a s aims o f growth and u l t i m a t e r e p r o d u c t i o n a l l o w . I f a s h i f t i n s t r e s s s p e c t r a 
i s observed s u c h as to change M^^^^i t h i s s h o u l d be an e a r l y i n d i c a t o r o f p o p u l a t i o n 
changes b e f o r e changes i n m o r t a l i t y r a t e are n o t i c e d . 

D can a l s o be a s p a t i a l measure s u c h as r a d i u s from the c e n t e r o f a c t i v i t y where 
the p r o b a b i l i t y o f m o r t a l i t y i n c r e a s e s when the an imal l e a v e s i t s home r a n g e . I f 
D i s a f a c t o r such as l i g h t l e v e l wh ich v a r i e s i n an o b v i o u s l y c y c l i c a l manner then 
i t may be more r e v e a l i n g t o p l o t the a c t i v i t y o f the a n i m a l a g a i n s t t ime of day or 
any o t h e r c y c l e o f i n t e r e s t ( F i g . 5 ) . T h i s d i s t r i b u t i o n can t h e n be s u b s t i t u t e d 

of the e l ec tromyogram o f the adductor mandibulae o f brown t r o u t ( O s w a l d , 1978) and 
b i o t e l e m e t r y of the EMG o f o t h e r m u s c l e s i s p o s s i b l e . EEG b i o t e l e m e t r y from t h e 
b r a i n may be p o s s i b l e and b i o t e l e m e t r y o f a v a r i e t y o f i n t e r n a l p h y s i o l o g i c a l v a r i 
a b l e s i s p r o b a b l e i n the f u t u r e i n b o t h the s i n g l e and m u l t i c h a n n e l mode. S t a n d o r a 
et al, (1972) demons tra ted m u l t i c h a n n e l b i o t e l e m e t r y f o r a s h a r k b u t c u r r e n t d e v e l o p 
ments s u g g e s t t h a t more compact t r a n s m i t t e r s w i l l become a v a i l a b l e f o r use w i t h the 
s m a l l e r s i z e s o f f i s h . 

A RATIONALE FOR FUTURE WORK 

E x t e r n a l e n v i r o n m e n t a l f a c t o r s can be r e g a r d e d as stress a p p l i e d t o t h e a n i m a l . 
By m e c h a n i c a l a n a l o g y t h e p h y s i o l o g i c a l or b e h a v i o r a l r e s p o n s e can be r e g a r d e d as 
strain. I n s t r e t c h i n g a w i r e the r e l a t i o n s h i p be tween s t r e s s and s t r a i n i s w e l l 
known and measurement o f e i t h e r v a r i a b l e can be used to d e f i n e t h e s t a t e o f the 
s y s t e m . S i m i l a r l y i f the r e s p o n s e o f a f i s h t o t empera ture i s w e l l u n d e r s t o o d one 
can choose t o m o n i t o r e i t h e r the e n v i r o n m e n t a l t e m p e r a t u r e or the r e s p o n s e . F o r 
any an imal a number o f e x t e r n a l and i n t e r n a l v a r i a b l e s o r d i m e n s i o n s can be c o n s i 
dered as i m p o r t a n t w i t h r e s p e c t t o s u r v i v a l o f t h e i n d i v i d u a l . 

Suppose we m o n i t o r the l e v e l o f such a v a r i a b l e , r e l e v a n t t o the a n i m a l ' s s u r 
v i v a l . I n course o f t ime D w i l l f l u c t u a t e as i n F i g . 5 . L i m i t s can be p l a c e d on 
the v a l u e o f Ό wh ich can be c o n s i d e r e d as the upper and lower l e t h a l l i m i t s . I f Ό 
i s t emperature then t h e s e are the upper and lower l e t h a l t e m p e r a t u r e s . I t i s c o n 
v e n i e n t t o n o r m a l i z e d a t a so t h a t the lower l i m i t i s 0 and the upper l i m i t 1. These 
l i m i t s can be e x p r e s s e d as t h e d i s t r i b u t i o n o f p r o b a b i l i t y o f m o r t a l i t y w i t h r e s p e c t 
to D a s i n the graph on the l e f t i n F i g . 5 . As the a n i m a l a p p r o a c h e s the ex tremes 
o f i t s range o f t o l e r a n c e , p r o b a b i l i t y o f m o r t a l i t y i n c r e a s e s e v e n t u a l l y to 1. The 
m o r t a l i t y p r o b a b i l i t y may be u n i m o d a l : e . g . l e v e l s o f e n v i r o n m e n t a l t o x i n s where 
t h e r e w i l l be an upper l e t h a l l i m i t b u t no lower l i m i t . 

Over a p e r i o d o f t ime the d i s t r i b u t i o n o f t ime Tj^ s p e n t a t d i f f e r e n t l e v e l s o f Ό can be 
d e t e r m i n e d . T h i s , i n terms o f r e l i a b i l i t y t h e o r y , i s the s t r e s s s p e c t r u m ( B a z o v s k y , 
1961) . I f Md i s the m o r t a l i t y as a f u n c t i o n o f Ό then the t o t a l m o r t a l i t y a t t r i b u t 
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Mor ia l i t y 
p robab i l i t y 
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If D v a r i e s 
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Rad ians 

(T ime of Day /T ide /Yea i /e t c . ) 

F i g . 5 . i s any v a r i a b l e r e l e v a n t to the a n i m a l ' s s u r v i v a l . 
Ό f l u c t u a t e s c o n t i n u o u s l y and t h i s can o n l y be t r a c e d 
by b i o t e l e m e t r y b u t i n t e r m i t t e n t s a m p l i n g a t r e g u l a r 
i n t e r v a l s may be p o s s i b l e ( d o t s on t h e c e n t e r graph) 
u s i n g c o n v e n t i o n a l t e c h n i q u e s . The graph on the l e f t 
shows t h e i n c r e a s e i n m o r t a l i t y p r o b a b i l i t y as t h e 
upper and lower l e t h a l l i m i t s are a p p r o a c h e d . The 
graph on the r i g h t shows a t y p i c a l f r e q u e n c y d i s t r i 
b u t i o n o f Ό or s t r e s s s p e c t r u m . 

f o r Tj^ i n the a n a l y s i s . D i u r n a l f i s h f o r example may w e l l s u f f e r p r e d a t i o n a t dawn 
and dusk and i t may be p o s s i b l e t o e x p r e s s m o r t a l i t y as a f u n c t i o n o f t i m e . I n 
a n a l y s i s o f c y c l i c a l d a t a c i r c u l a r s t a t i s t i c s s h o u l d be used ( M a r d i a , 1972; F r i e d e , 
1978) . 

Niche 

The f i s h can be c o n s i d e r e d as l i v i n g i n a m u l t i d i m e n s i o n a l s p a c e w i t h d imens ions 
{D) y the l i m i t s o f w h i c h i t i s h a z a r d o u s t o a p p r o a c h . T h i s p a r a l l e l s the c o n c e p t 
o f a n i c h e as t h e o r e t i c a l l y d e v e l o p e d by a number o f a u t h o r s ( e , g . May, 1974; 
P i a n k a , 1976) . These a u t h o r s h a v e d i s c u s s e d the methods o f d e a l i n g w i t h the m u l t i 
d i m e n s i o n a l problem q u a n t i t a t i v e l y . T e l e m e t r y i s p r o b a b l y more u s e f u l f o r i n v e s t i 
g a t i n g the a b i o t i c a s p e c t s o f the n i c h e r a t h e r t h a n problems such as i n t e r s p e c i f i c 
c o m p e t i t i o n . T e l e m e t r y methodo logy a l s o a l l o w s a n a l y s i s o f the s h o r t term t ime 
s c a l e r e l e v a n t t o day by day s u r v i v a l r a t h e r t h a n p r o b a b i l i t y o f u l t i m a t e r e p r o d u c t i o n . 

HEART RATE BIOTELEMETRY 

F r i e d e and Young (1977) d e s c r i b e t h e t e c h n i q u e s i n a s t u d y o f h e a r t r a t e o f brown 
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t r o u t {Salmo trutta L . ) i n the w i l d i n a S c o t t i s h l o c h . H e a r t r a t e was used as a 
measure o f m e t a b o l i c r a t e R ( F r i e d e and T y t l e r , 1977) . I f R^ i s the a c t i v e or m a x i 
mum m e t a b o l i c r a t e and Rq i s t h e r e s t i n g or s t a n d a r d m e t a b o l i c r a t e then t h e d a t a 
can be n o r m a l i z e d : 

= S 

S then r e p r e s e n t s t h e m e t a b o l i c scope ( F r y , 1947) w i t h 0 f o r r e s t i n g and 1 f o r m a x i 
mum m e t a b o l i s m . The d i s t r i b u t i o n o f t ime s p e n t a t d i f f e r e n t r a t e s i s p l o t t e d i n 
c u m u l a t i v e form i n F i g . 6 . The h e a r t r a t e to m e t a b o l i s m c o n v e r s i o n has u n i d i r e c 
t i o n a l e r r o r c h a r a c t e r i s t i c s ( F r i e d e and T y t l e r , 1977) so the t r u e m e t a b o l i s m v a l u e s 
s h o u l d l i e t o the l e f t o f the l i n e s on the g r a p h . H e a r t r a t e s and m e t a b o l i c r a t e s 
are much h i g h e r i n summer than i n w i n t e r b u t i t can be s een t h a t a f t e r n o r m a l i z a t i o n 
the d a t a from 3 f i s h a t d i f f e r e n t s e a s o n s o f the y e a r a l l l o o k v e r y s i m i l a r . Both 
extreme h i g h and low r a t e s are r a r e , most t ime b e i n g s p e n t a t i n t e r m e d i a t e l e v e l s 
of S. 

F i g . 6 . C u m u l a t i v e f r e q u e n c y d i s t r i b u t i o n s o f 5 . 5 i s a r e l a 
t i v e measure o f m e t a b o l i c r a t e b a s e d on h e a r t r a t e 
t e l e m e t r y . D is shown f o r 3 d i f f e r e n t brown t r o u t . 
T r i a n g l e s - f i s h i n the summer a t I S ^ C ( F r i e d e and 
Y o u n g , 1977) . S q u a r e s and c i r c l e s are two d i f f e r e n t 
f i s h a t 5 . 5 C i n t h e w i n t e r ( F r i e d e , 1 9 7 8 ) . Rq -
s t a n d a r d m e t a b o l i c r a t e . R^ — a c t i v e m e t a b o l i c r a t e . 

A g e n e r a l i z e d l o g - n o r m a l d i s t r i b u t i o n can be f i t t e d t o t h i s d a t a and t h i s shown i n 
F i g . 7 w i t h a p l a u s i b l e m o r t a l i t y d i s t r i b u t i o n s u p e r i m p o s e d . The m o r t a l i t y c u r v e 
i s c o n s t r u c t e d so as t o g i v e a r e a l i s t i c v a l u e f o r n a t u r a l m o r t a l i t y r a t e o f 0 .1 p e r 
c e n t per day ( F r i e d e , 1977) . I n t h i s model 90 p e r c e n t o f the m o r t a l i t y i s a c c o u n t e d 
f o r by the t ime s p e n t a t S v a l u e s be low 0 .1 and above 0 . 9 . The m o r t a l i t y f u n c t i o n 
i s a n o t i o n a l d i s t r i b u t i o n w h i c h h a s b e e n s k e t c h e d i n , b u t d e s p i t e p o s s i b l e e r r o r s , 
the e s s e n t i a l f e a t u r e i s t h a t most m o r t a l i t y o c c u r s a t ex tremes o f the s t r e s s or 
s t r a i n s p e c t r u m . 
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F i g . 7. Brown t r o u t i n a l o c h as i n F i g . 6 . The f r e q u e n c y 
d i s t r i b u t i o n (based on l o g - n o r m a l ) o f t ime a t d i f f e r 
e n t l e v e l s o f S, The U shaped c u r v e i s t h e c o r r e 
s p o n d i n g m o r t a l i t y d i s t r i b u t i o n ( F r i e d e , 1977 ) , The 
v e r t i c a l l i n e s r e p r e s e n t iS* = 0 ,1 and 5 = 0 , 9 , i n t h i s 
model most m o r t a l i t y o c c u r s o u t s i d e t h o s e l i m i t s . 

SAMPLING OF STRESS SPECTRA 

U s i n g o r d i n a r y o b s e r v a t i o n or s a m p l i n g t e c h n i q u e s i t may be p o s s i b l e t o measure D 
a t r e g u l a r i n t e r v a l s as i n d i c a t e d i n F i g . 5 . F o r example f i s h p o s i t i o n c o u l d be 
de termined by sonar and c o r r e l a t e d w i t h c o n v e n t i o n a l t empera ture p r o f i l i n g t e c h n i q u e s . 
A good e s t i m a t e o f t h e mean v a l u e o f D may be o b t a i n e d b u t n o t h i n g would be known 
about the t a i l s o f the s t r e s s d i s t r i b u t i o n f u n c t i o n . 

The t a i l s o f t h e d i s t r i b u t i o n f u n c t i o n o f t ime spent a t d i f f e r e n t v a l u e s o f D d e t e r 
mine the r a t e o f m o r t a l i t y . The r a t e o f m o r t a l i t y d e t e r m i n e s the f a t e o f the p o p u 
l a t i o n and i s u l t i m a t e l y the b a s i s o f n a t u r a l s e l e c t i o n . I t seems t h a t b i o t e l e m e t r y 
i s one o f the few t e c h n i q u e s w i t h p r e c i s e enough r e s o l u t i o n on the t ime s c a l e to 
measure a c c u r a t e l y t h e ex tremes of s t r e s s or s t r a i n s p e c t r a , B i o t e l e m e t r y t h e r e f o r e 
has a c e n t r a l r o l e to p l a y i n f u t u r e a d v a n c e s i n the s t u d y o f f i s h b i o l o g y . 

CONCLUSIONS 
T r a c k i n g and b i o t e l e m e t r y t e c h n i q u e s are a l r e a d y c o n t r i b u t i n g to our u n d e r s t a n d i n g 
of f i s h b i o l o g y . The b r o a d scope o f l i f e c y c l e s , b e h a v i o r and p h y s i o l o g y c a n be 
s t u d i e d by c o n v e n t i o n a l means . The main b e n e f i t o f t r a c k i n g and b i o t e l e m e t r y l i e s 
i n t h e a b i l i t y to r e s o l v e changes on a t ime s c a l e o f m i n u t e s r a t h e r t h a n weeks or 
m o n t h s . A t t h i s l e v e l many fundamenta l mechanisms a r e o p e r a t i v e w h i c h cannot be 
i n v e s t i g a t e d by any o t h e r means . 
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Abstract — A s u r v e y o f t h e f i e l d o f b i o t e l e m e t r i c measurements 
o f r a d i o n u c l i d e s i s p r e s e n t e d . C l i n i c a l and b i o l o g i c a l e x a m i n a 
t i o n s u s i n g r a d i o n u c l i d e s and measured by s t a t i o n a r y equipment 
such as the gamma-camera or whole body c o u n t e r s are g e n e r a l l y l i m i t e d 
t o t ime p e r i o d s o f l e s s than one h o u r . I n c o n t r a s t , b i o t e l e 
m e t r i c methods do not r e q u i r e t h a t the p a t i e n t or a n i m a l be 
r e s t r a i n e d and thus such t e c h n i q u e s can be used f o r l o n g t e r m 
p h y s i o l o g i c a l i n v e s t i g a t i o n s as an e x t e n s i o n o f the c a p a b i l i t i e s 
o f c o n v e n t i o n a l m e t h o d s . Ten y e a r s a g o , o n l y n u c l e a r d e t e c t o r s 
w i t h v e r y low gamma-count ing e f f i c i e n c i e s were a v a i l a b l e , f o r 
example , t h e GM d e t e c t o r , the C a S O ^ : Dy t h e r m o l u m i n e s c e n t d o s i 
meter and the S I ( L i ) - s e m i c o n d u c t o r d e t e c t o r . R e c e n t l y a s i g n i 
f i c a n t improvement o f the gamma-count ing e f f i c i e n c y has been 
a c h i e v e d by s m a l l , r e l i a b l e , s i n g l e c r y s t a l d e t e c t o r s , made 
from m a t e r i a l s l i k e Cadmium T e l l u r i d e (CdTe) and M e r c u r i c 
I o d i d e ( H g l 2 ) . These t r a n s d u c e r s promote the f i e l d o f b i o t e l e 
metry w i t h r a d i o n u c l i d e s from an e x p e r i m e n t a l t o o l t o i n c l u d e 
c l i n i c a l r o u t i n e and a p p l i e d p h y s i o l o g y . A v a r i e t y o f u s e f u l 
e x t e r n a l and i m p l a n t a b l e b i o t e l e m e t r i c equipment has been 
deve loped by s e v e r a l g r o u p s , c h a n g i n g the a c t u a l problems from 
the u s e r s p o i n t o f v i e w , to a n a l y s i s c o n c e r n i n g t r a c e r s t a b i l i t y 
t e s t s , c o u n t i n g geometry a d j u s t m e n t s and i n t e r p r e t a t i o n o f the 
r e s u l t s . 

INTRODUCTION 
T r a c e r a n a l y s i s h a s become an e x t r e m e l y v a l u a b l e t o o l i n b o t h b a s i c r e s e a r c h and 
c l i n i c a l m e d i c i n e . With t h e a i d o f a s t a t i o n a r y γ - s c i n t i l l a t i o n camera i n combina
t i o n w i t h r a d i o p h a r m a c e u t i c a l a g e n t s , a g r e a t v a r i e t y o f c h a r a c t e r i s t i c s i n t r a c e r -
d i s t r i b u t i o n images and t r a c e r - d i s a p p e a r a n c e p a t t e r n s have been d e s c r i b e d which are 
u s e f u l f o r the c l i n i c a l r o u t i n e . 

U n t i l r e c e n t l y the s t a t i o n a r y γ - c a m e r a has been t h e most s i g n i f i c a n t i m a g i n g d e v i c e 
f o r the d i s t r i b u t i o n o f r a d i o n u c l i d e s i n d i a g n o s i s and p a t i e n t m o n i t o r i n g . However, 
d r a m a t i c a l l y good r e s u l t s have been a c h i e v e d i n c l i n i c a l work by the use o f compu
t e r i z e d tomography ( C T - s c a n ) and u l t r a s o u n d , b o t h w i t h a c o n s i d e r a b l e improvement 
i n s p a t i a l r e s o l u t i o n . As a l o g i c a l consequence o f t h i s c o m p e t i t i o n the f u t u r e 
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Y~camera , a l t h o u g h s t i l l s t a t i o n a r y and i m a g i n g , w i l l p r o b a b l y be f u r t h e r improved 
to show i t s s u p e r i o r i t y i n dynamic , p h y s i o l o g i c a l f u n c t i o n s t u d i e s combined w i t h 
a p p r o p r i a t e p h a r m a c o k i n e t i c s . 

These are t h e c o n d i t i o n s w i t h w h i c h b i o t e l e m e t r i c measurements u s i n g r a d i o n u c l i d e s 
as t r a c e r s have to compete . A l t h o u g h i t seems a t f i r s t v e r y d i f f i c u l t t o e s t a b l i s h 
an a l t e r n a t i v e to such s o p h i s t i c a t e d a p p a r a t u s as d e s c r i b e d a b o v e , i t h a s been 
proven p o s s i b l e , when s u p p o r t e d by the fundamenta l i d e a s o f b i o t e l e m e t r y . The 
b a s i c i d e a i s t o keep the p a t i e n t i n h i s normal c i r c u m s t a n c e s d u r i n g the i n v e s t i g a 
t i o n , and t h i s requirement cannot be f u l f i l l e d by huge m a c h i n e s . 

Te l emetry equipment which h a s been d e v e l o p e d i n the p a s t s h o u l d have been r e f i n e d 
not o n l y on t h e b a s i s o f t e c h n o l o g y and c i r c u i t r y , b u t a l s o by e x p e r i e n c e from 
a p p l i c a t i o n s i n c o n t r o l l e d b i o l o g i c a l i n v e s t i g a t i o n s . Such e x p e r i m e n t s were some
t imes l a c k i n g , a l t h o u g h they a r e n e c e s s a r y f o r d e v e l o p i n g a r e l i a b l e c o n s t r u c t i o n . 

T h i s r e p o r t i s a s u r v e y of b i o t e l e m e t r y i n r e l a t i o n t o t h e measurement o f r a d i o 
n u c l i d e t r a c e r s as a t o o l i n p h y s i o l o g i c a l s t u d i e s . The methods a r e d e s c r i b e d , 
e v a l u a t e d and compared t o c o n v e n t i o n a l t e c h n i q u e s commonly used i n c l i n i c a l p h y 
s i o l o g y , n u c l e a r m e d i c i n e or r a d i o g r a p h y . 

CONVENTIONAL MEASURING TECHNIQUES 

As a g e n e r a l c h a r a c t e r i s t i c the c o n v e n t i o n a l γ - c a m e r a or whole body c o u n t e r r e q u i r e s 
i m m o b i l i t y o f t h e p a t i e n t d u r i n g the i n v e s t i g a t i o n , and c o n s e q u e n t l y p r e c l u d e s s t u d i e s 
l a s t i n g more than one h o u r , o r d u r i n g a c t i v e p h y s i o l o g i c a l c o n d i t i o n s l i k e work, 
e x e r c i s e and s l e e p . The fundamenta l need f o r k e e p i n g the p a t i e n t i m m o b i l i z e d has to 
be s een i n c o n n e c t i o n w i t h a g e n e r a l d e s i g n p h i l o s o p h y b a s e d on b i g and heavy l e a d 
s h i e l d e d N a l ( T l ) d e t e c t o r s w i t h p h o t o - m u l t i p l i e r s , h e l d s t a t i o n a r y w i t h r e s p e c t to 
the p a t i e n t , a s h o r t d i s t a n c e from the body . I f the p a t i e n t , who i s the r a d i o a c t i v e 
s o u r c e , moves i n r e l a t i o n t o the d e t e c t o r s , s e r i o u s a r t i f a c t s w i l l be i n t r o d u c e d , 
wh ich cannot e a s i l y be d i s t i n g u i s h e d from the d i s a p p e a r a n c e o f the t r a c e r 

BIOTELEMETRY TECHNIQUES 

I n t h e use o f b i o t e l e m e t r y , p a t i e n t s or e x p e r i m e n t a l a n i m a l s remain u n r e s t r i c t e d i n 
t h e i r normal s u r r o u n d i n g s d u r i n g the p h y s i o l o g i c a l i n v e s t i g a t i o n , w h i c h then can 
l a s t f o r days or w e e k s . The c o n d i t i o n i s , however , t h a t the b i o t e l e m e t r y equipment 
be p o r t a b l e and m i n i a t u r i z e d to f u l f i l the g e n e r a l r e q u i r e m e n t s o f s m a l l w e i g h t , 
s m a l l s i z e and l o n g t e r m o p e r a t i o n . I n human a p p l i c a t i o n s the equipment i s g e n e r a l l y 
k e p t e x t e r n a l ( n o n - i n v a s i v e ) c o n t r a r y t o t h e i m p l a n t a b l e m e a s u r i n g d e v i c e s used i n 
exper iments w i t h a n i m a l s . 

MATERIALS AND METHODS 
RADIONUCLIDE TRACERS 

When the γ - camera i s used f o r e x t e r n a l c o u n t i n g , the t r a c e r has to be l a b e l e d w i t h 
a s u i t a b l e γ - e n e r g y - e m i t t e r . The most commonly used r a d i o n u c l i d e today i s ^ ^ ™ T c 
w i t h a γ - e n e r g y p h o t o - p e a k a t 140 k e V , and a p h y s i c a l h a l f l i f e t i m e o f 6 h . Where 
b i o t e l e m e t r y i s u s e d , i t i s p o s s i b l e to move the d e t e c t o r c l o s e r to the r a d i o a c t i v e 
s o u r c e and a p a r t from the γ - e m i t t e r s , measurements w i t h 3 - e m i t t e r s are p o s s i b l e , 
e s p e c i a l l y when equipment i s p l a c e d d i r e c t l y i n c o n t a c t w i t h the o r g a n under s t u d y . 



Biotelemetry with Radionuclide Tracers 121 

RADIOACTIVITY DETECTORS 

B i o t e l e m e t r y d e t e c t o r s can be a t t a c h e d t o the s k i n as i s most common i n human a p p l i 
c a t i o n s or f i x e d i n t i s s u e a f t e r i m p l a n t a t i o n i n e x p e r i m e n t s w i t h a n i m a l s i n order 
to g a i n a c o n s t a n t c o u n t i n g geometry i n d e p e n d e n t o f motor a c t i v i t i e s e t c . Few 
n u c l e a r d e t e c t o r s , w h i c h c o u l d work a t body t e m p e r a t u r e w i t h r e a s o n a b l e 3 - c o u n t i n g 
e f f i c i e n c y were a v a i l a b l e f o r b i o t e l e m e t r y a p p l i c a t i o n s a decade a g o . O n l y the GM-
d e t e c t o r (Mackay, 1970; G u g n i n et al.^ 1972; B o j s e n and W a l l e v i k , 1972) , t h e CaS04:DY 
thermoluminescent d o s i m e t e r ( B o j s e n et al,^ 1974, 1977) and the S i ( L i ) - s e m i c o n d u c t o r 
d e t e c t o r (Kobayash i et αΐ,^ 1974) , These d e t e c t o r s have a v e r y low γ - c o u n t i n g e f f i 
c i e n c y . R e c e n t l y a s i g n i f i c a n t improvement o f the γ - c o u n t i n g e f f i c i e n c y h a s been 
a c h i e v e d by s m a l l , r e l i a b l e , s i n g l e c r y s t a l d e t e c t o r s , made from s e m i c o n d u c t o r 
m a t e r i a l s w i t h h i g h a t o m i c numbers l i k e cadmium t e l l u r i d e (CdTe) and m e r c u r i c i o d i d e 
( H g l 2 ) . 

CdTe- and Eg12-detectors 

S e m i c o n d u c t o r d e t e c t o r c h a r a c t e r i s t i c s i n r e l a t i o n to b i o t e l e m e t r y are g i v e n i n 
t h i s p a p e r , b u t d e t a i l s about c r y s t a l growth and d e t e c t o r f a b r i c a t i o n can be read 
i n p u b l i c a t i o n s b y S i f f e r t , Ponpon and C o r n e t (1975) ; S i f f e r t (1978) and S c h i e b e r 
(1977 ) . Three d e t e c t o r t y p e s have r e c e n t l y b e e n examined i n our l a b o r a t o r y and 
found t o be u s e f u l i n b i o l o g i c a l e x p e r i m e n t s : 

1. The cadmium t e l l u r i d e ( C d T e ) , made by C e n t r e de R e c h e r c h e s N u c l e a i r e s , S t r a s b o u r g , 
F r a n c e , 3^ χ 0 .6 mm, P - t y p e , 10^-10^ Ω cm r e s i s t i v i t y , w i t h o u t e x t e r n a l c h e m i c a l 
c o m p e n s a t i o n , γ - e n e r g i e s > 35 keV and 100 keV are measured w i t h an e n e r g y r e s o l u 
t i o n o f about 10 p e r c e n t a t 60 k e V , b u t e n e r g i e s up t o 200 keV c a n be d e t e c t e d . A 
^^™Tc p o i n t source w i l l g i v e 2 c p s / y C i and a volume s o u r c e : 200 c o u n t s per second 
( c p s ) / y C i / m l . B i a s v o l t a g e and c u r r e n t a-re 100 V and 10 nA, r e s p e c t i v e l y . 

2 . The cadmium t e l l u r i d e d e t e c t o r ( C e T e ( C l ) ) , made by R a d i a t i o n M o n i t o r i n g D e v i c e s 
I n c . , Watertown, M a s s . , U . S . A . , 7^ x 1.5 mm, P - t y p e , 10^-10^ Ω cm r e s i s t i v i t y w i t h 
c h l o r i n e c o m p e n s a t i o n , γ - e n e r g i e s > 50 keV and < 600 keV are d e t e c t e d w i t h n e a r l y 
no r e s o l u t i o n , bu t due t o the d e t e c t o r volume t h e c o u n t i n g e f f i c i e n c y i s h i g h . A 
^^^Tc p o i n t s o u r c e g i v e s 500 c p s / v i C i . The volume s o u r c e g i v e s r i s e to 11 .000 c p s / 
y C i / m l . The b i a s v o l t a g e and c u r r e n t a r e 30 V and 0 .1 yA r e s p e c t i v e l y , 

3 . The m e r c u r i c i o d i d e d e t e c t o r ( H g l 2 ) , made by Hebrew U n i v e r s i t y o f J e r u s a l e m , 
I s r a e l ( S c h i e b e r , 1977) , 44 mm^ χ 0 .75 mm. γ - e n e r g i e s > 10 keV and < 700 keV are 
d e t e c t e d w i t h energy r e s o l u t i o n up t o 200 k e V , depend ing on t h e b i a s v o l t a g e , w h i c h 
s h o u l d be about 2 kV to g e t the b e s t r e s o l u t i o n (6 p e r c e n t a t 60 keV) and c h a r g e 
c o l l e c t i o n . However, when b i a s v o l t a g e i s d e c r e a s e d t o 200 V , wh ich i s more r e a s o n 
a b l e i n r e l a t i o n t o a p a t i e n t ' s s a f e t y , t h e c o u n t i n g e f f i c i e n c y o f ^^™Tc d e c r e a s e d 
t o 92 p e r c e n t , b u t even a t 200 V the X - r a y s i n the 20 keV r a n g e were d e t e c t e d w i t h 
r e s o l u t i o n i n e n e r g y . When the lower d i s c r i m i n a t o r l e v e l i s a d j u s t e d to 10 k e V , 
t h e c o u n t i n g e f f i c i e n c y i s comparable t o t h a t o f the C d T e ( C l ) - d e t e c t o r . B i a s c u r r e n t 
was measured to be about 50 p A . 

No p o l a r i z a t i o n e f f e c t s were found i n any o f t h e d e t e c t o r s . P o l a r i z a t i o n i n the 
d e t e c t o r c r y s t a l means a d e c r e a s e i n c h a r g e c o l l e c t i o n e f f i c i e n c y w i t h t ime and a 
change i n e n e r g y r e s o l u t i o n . I t s h o u l d be n o t e d t h a t the l i n e a r range o f the count 
r a t e d e t e c t e d from c a l i b r a t e d ^^^^Tc s o u r c e s , h a s been i n c r e a s e d and was found to be 
maximum 12,000 c p s . The d e t e c t o r s m e n t i o n e d are o n l y examples o f a g r e a t v a r i e t y 
o f s i z e s and c h a r a c t e r i s t i c s a v a i l a b l e today ( B o j s e n et al.^ 1976; B o j s e n et al,^ 

Any b i o t e l e m e t r i c d e v i c e c o n s i s t s o f : t h e t r a n s d u c e r , the r a d i o t r a n s m i t t e r or t h e 
s t o r a g e d e v i c e , and a t a remote l o c a t i o n : the r a d i o r e c e i v e r or the s t o r a g e r e p l a y 
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u n i t , w i t h d i f f e r e n t r e a d - o u t d e v i c e s . O n l y the t r a n s d u c e r , the r a d i o t r a n s m i t t e r 
and s t o r a g e d e v i c e w i l l be d i s c u s s e d . 

' R A D I O P I L L S ' 

I n l o n g t e r m e x p e r i m e n t s the b i o t e l e m e t r y equipment has to be i m p l a n t e d s u b c u t a n e o u s l y 
or i n t r a p e r i t o n e a l l y i f a p p r o p r i a t e count r a t e s cannot be o b t a i n e d p e r c u t a n e o u s l y . 
More t h a n 10 y e a r s a g o , a r a d i o t e l e m e t r y u n i t was d e v e l o p e d t o c i r c u m v e n t t h i s 
problem f o r d e t e c t i o n of r a d i o n u c l i d e t r a c e r s i n the g a s t r o i n t e s t i n a l t r a c t i n 
humans. The u n i t was c o n s t r u c t e d as a p i l l and was i n t r o d u c e d i n t o the i n t e s t i n a l 
t r a c t by s w a l l o w i n g (Mackay, 1 9 7 0 ) . The p i l l c o n s i s t e d o f a G M - d e t e c t o r , D C / D C 
c o n v e r t e r f o r the h i g h v o l t a g e s u p p l y , s h o r t range HF r a d i o t r a n s m i t t e r and b a t t e r i e s . 
Gugn in et al, {V^ID d e s c r i b e d a s i m i l a r p i l l equ ipped w i t h a p i e z o e l e c t r i c t r a n s 
former t o g e n e r a t e the 300 V h i g h v o l t a g e f o r the G M - d e t e c t o r . The p i l l measured 
29 X 12 mm i n d i a m e t e r , and t h e b a t t e r y l i f e t i m e was about 30 h . R e c e n t l y a r a d i a 
t i o n p i l l 27 X 10 mm w i t h a s m a l l H g l 2 - d e t e c t o r , h i g h i n p u t impedance p r e a m p l i f i e r 
and 10 m range VHF r a d i o t r a n s m i t t e r (106 MHz) h a s been c o n s t r u c t e d ( H a s s a n , P e a r c e 
and Edwards , 1978) . The H g l 2 - d e t e c t o r volume was 2 x 2 χ 0 . 4 mm w i t h a volume 
source s e n s i t i v i t y o f ^^^Tc e q u a l to 70 c p s / y C i / m l . The l i f e t i m e o f the b a t t e r y 
(1 .35 V) was about two days o f c o n t i n u o u s o p e r a t i o n . 

EXTERNAL RADIO TELEMETRIC D E V I C E S 

The use o f a p o r t a b l e e x t e r n a l t w o - c h a n n e l r a d i o t e l e m e t r i c G M - d e t e c t o r u n i t w i t h 
a w e i g h t o f 260 g f o r t r a n s c u t a n e o u s measurements o f r a d i o n u c l i d e t r a c e r s i n humans 
has been p u b l i s h e d by B o j s e n and V a d s t r u p ( 1 9 7 4 ) . I t c o n s i s t e d o f two 26^ mm end 
window G M - d e t e c t o r s , a h i g h v o l t a g e s u p p l y f o r g e n e r a t i o n o f the 600 V o p e r a t i o n 
v o l t a g e from a I t 3 5 V (1 Ah) b a t t e r y , two s u b c a r r i e r o s c i l l a t o r s one f o r each 
channe l o f 5 KHz and 20 KHz f o r FM/FM m o d u l a t i o n , and a VHF t r a n s m i t t e r a t 106 MHz 
w i t h a range o f 10-15 m. A s e p a r a t e b a t t e r y s u p p l y o f 1.35 V (1 Ah) f o r the modu
l a t o r and t r a n s m i t t e r c i r c u i t s was u s e d . The maximum count r a t e a t l i n e a r o p e r a 
t i o n was found t o be 100 c p s . With c o n t i n u o u s t r a n s m i s s i o n the o p e r a t i o n t ime was 
about 5 m o n t h s . W i t h a b a t t e r y s u p p l y w i t h no r e f e r e n c e t o ground p o t e n t i a l and 
a h i g h o u t p u t impedance o f t h e h i g h v o l t a g e s u p p l y , the r e q u i r e m e n t s f o r t h e s a f e t y 
of t h e p a t i e n t were f u l f i l l e d . 

EXTERNAL STORAGE TELEMETRIC D E V I C E S 

When ECG or b l o o d p r e s s u r e i n the ambulant p a t i e n t i s m o n i t o r e d c o n t i n u o u s l y the 
s i m u l t a n e o u s r e g i s t r a t i o n by r a d i o t e l e m e t r y can be o f v i t a l i m p o r t a n c e . However, 
i n b i o t e l e m e t r y w i t h r a d i o n u c l i d e t r a c e r s the need o f s i m u l t a n e o u s r e g i s t r a t i o n o f 
d a t a i s g e n e r a l l y l a c k i n g and the a l t e r n a t i v e s t o r a g e t e l e m e t r y t e c h n i q u e may be 
used w i t h a d v a n t a g e , a s d i f f e r e n t t e c h n i c a l problems c o n c e r n i n g RF n o i s e and i n t e r 
f e r e n c e can be a v o i d e d . 

B o j s e n and V a d s t r u p (1976) p u b l i s h e d a s t o r a g e t e l e m e t r i c s y s t e m w i t h two G M - d e t e c t o r s 
as a s u b s t i t u t e f o r the e x t e r n a l r a d i o t e l e m e t r y u n i t ment ioned a b o v e . The r e c o r d i n g 
medium was a c o m m e r c i a l l y a v a i l a b l e p o c k e t - s i z e d c a s s e t t e t a p e r e c o r d e r w i t h 24 h 
c o n t i n u o u s r e g i s t r a t i o n . The maximum count r a t e was s t i l l l i m i t e d to 100 cps and 
t h e t o t a l w e i g h t 600 g . 

Due t o e l e c t r i c a l n o i s e from the DC-motor and i n p a r t i c u l a r the v e r y l i m i t e d c o u n t i n g 
c a p a c i t y o f 100 c p s , we d e c i d e d t o d e v e l o p a s e m i c o n d u c t o r memory s y s t e m b a s e d on 
C M O S - t e c h n o l o g y as a r e a l i s t i c a l t e r n a t i v e to o t h e r r e c o r d i n g media ( B o j s e n , 1 9 7 6 ) . 
A p o r t a b l e s e m i c o n d u c t o r memory s y s t e m c a r r i e d i n a b e l t w i t h two 1024 b i t s t a t i c 
random a c c e s s memories >(RAM) o r g a n i z e d i n two 64 s u b - c h a n n e l s , e a c h s u b - c h a n n e l 
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h a v i n g a s t o r a g e c a p a c i t y o f 5 d e c a d e s , was made as a f i r s t v e r s i o n ( ' L O G I K ' , 
E n g i n e e r i n g C o . L t d . , Denmark) . D w e l l - t i m e p e r i o d s o f 0 . 3 s , 5 m i n , 10 min or 
20 min c o u l d be p r e s e l e c t e d . The b a t t e r y c a p a c i t y was s u f f i c i e n t f o r c o n t i n u o u s 
48 h measurements . The s i z e o f the memory u n i t was about t h a t o f a c i g a r e t t e p a c k 
age and the w e i g h t 250 g . By t h i s r e c o r d i n g method the maximum count r a t e o f r e g i s 
t r a t i o n has r e c e n t l y been e x t e n d e d t o 12000 c p s , o n l y l i m i t e d by t h e d w e l l - t i m e 
s e l e c t e d and t h e p r o p e r s e m i c o n d u c t o r d e t e c t o r (CdTe or H g l 2 ) . 

When C d T e - or H g l 2 - d e t e c t o r s a r e u s e d , c h a r g e s e n s i t i v e p r e a m p l i f i e r s are needed 
and they s h o u l d be b u i l t a d j o i n i n g t h e d e t e c t o r i t s e l f , i n o r d e r to r e d u c e t h e i n f l u 
ence from e x t e r n a l n o i s e s o u r c e s . However , i f the p r e a m p l i f i e r s are b u i l t from d i s 
c r e t e components , i t has been n e c e s s a r y t o change t h e d e s i g n p h i l o s o p h y t o keep the 
s i z e o f the a t t a c h e d s k i n s u r f a c e d e t e c t o r s m a l l . I n p r i n c i p l e B o j s e n et al. (1976) 
and H a s s a n et al. (1978) have used s i m i l a r p r e a m p l i f i e r c i r c u i t s w i t h a FET s o u r c e 
f o l l o w e r and an A C - a m p l i f i e r , wh ich seems t o f u l f i l t h e demands, a t l e a s t when 
measurements i n the c o u n t i n g mode are p e r f o r m e d . 

IMPLANTED RADIO TELEMETRIC D E V I C E S 

More than 10 y e a r s ago a c i r c a d i a n v a r i a t i o n i n ^^P c o n c e n t r a t i o n or u p t a k e was 
r e c o g n i z e d i n human b r e a s t c a n c e r by s e v e r a l i n v e s t i g a t o r s ( B u l l e n et αΐ.^ 1963; 
C a l c u t t et αΐ.^ 1967; S t o l l and B u r c h , 1968; T a y l o r et al.y 1968; W o l l e y - H a r t et al.y 
1968) , and t h a t the i n h i b i t i o n o f t h e c a n c e r c e l l s by c y t o t o x i c d r u g s or i r r a d i a t i o n 
s h o u l d be s c h e d u l e d i n r e l a t i o n t o t h e s e f l u c t u a t i o n s i n the ^ ^ P - c o n t e n t . However , 
i n an a t t e m p t t o produce e v i d e n c e i n s u p p o r t o f t h e s e t h e o r i e s i t became q u i t e 
o b v i o u s t h a t s y s t e m a t i c r e s e a r c h had t o be per formed on an e x p e r i m e n t a l tumor m o d e l . 

I n an imal e x p e r i m e n t s , the u s u a l r a d i o n u c l i d e t r a c e r t e c h n i q u e s are g e n e r a l l y l i m i t e d 
by the f o l l o w i n g p r o c e d u r e s : (1) B l o o d s a m p l i n g : t h i s p r o c e d u r e i s s t r e s s p r o v o k i n g 
and f u r t h e r m o r e r e p e a t e d s a m p l i n g w i l l change t h e e r y t h r o c y t e and p r o t e i n c o n c e n 
t r a t i o n s i n t h e b l o o d o f the a n i m a l . (2) U r i n e and f e c e s s a m p l i n g i n v o l v e g r e a t 
u n c e r t a i n t y of measurement due t o l o s s . (3) Whole body c o u n t i n g i s s t r e s s p r o v o k i n g , 
l i k e b l o o d s a m p l i n g , as i t i s g e n e r a l l y p e r f o r m e d d u r i n g r e s t r a i n t . However , the 
c i r c a d i a n v a r i a t i o n i n ^^P u p t a k e i n hormone dependent mammary tumors i s e a s i l y d i s 
turbed and i t would t h e n be o f a d v a n t a g e t o keep the a n i m a l s u n r e s t r a i n e d . T h e r e 
f o r e , we had t o d e v e l o p a b i o t e l e m e t r i c m e a s u r i n g t e c h n i q u e , w h i c h c o u l d be used 
r e p e a t e d l y on an u n r e s t r a i n e d mouse or r a t i n l o n g t e r m s t u d i e s w i t h r a d i o n u c l i d e s . 
Such b i o t e l e m e t r y methods w o u l d , i n a d d i t i o n , p e r m i t each a n i m a l t o be i t s own c o n 
t r o l , and t h e r e b y d i m i n i s h the u n c e r t a i n t y due to i n d i v i d u a l v a r i a t i o n . 

The f i r s t equipment d e v e l o p e d was an i m p l a n t a b l e r a d i o t e l e m e t r y G M - d e t e c t o r w h i c h 
c o u l d be a p p l i e d f o r c o n t i n u o u s r e g i s t r a t i o n o f the d i s a p p e a r a n c e o f r a d i o n u c l i d e -
t r a c e r s i n b o t h s h o r t and l o n g t e r m e x p e r i m e n t s ( B o j s e n , W a l l e v i k and M i l l e r , 1972; 
B o j s e n and W a l l e v i k , 1 9 7 2 ) . I t w a s , however , so b u l k y t h a t o n l y r a b b i t s c o u l d be 
used as e x p e r i m e n t a l a n i m a l s . The h i g h v o l t a g e s u p p l y (600 V) and the G M - d e t e c t o r 
are n e a r l y i d e n t i c a l to t h e s e p r e v i o u s l y d e s c r i b e d i n the e x t e r n a l two c h a n n e l 
d e v i c e . The end window d e t e c t o r (26Φ mm) p o i n t e d toward the c e n t e r o f t h e r a b b i t 
i n which a f r a c t i o n o f t h e whole body was m o n i t o r e d w i t h a maximum c o u n t r a t e o f 
100 c p s . The VHF t r a n s m i t t e r (106 MHz) had a r a n g e o f about 10 m, and w i t h 1.35 V 
mercury b a t t e r i e s o f 'pacemaker ' q u a l i t y c o n t i n u o u s measurements c o u l d be performed 
w i t h i n a p e r i o d up t o f i v e m o n t h s . When t h e d e v i c e was e q u i p p e d w i t h a m a g n e t i c 
s w i t c h , t h e measurements c o u l d i n t e r m i t t e n t l y be e x t e n d e d to about one y e a r . The 
w e i g h t of the i m p l a n t a b l e u n i t , c o a t e d i n A r a l d i t e , was 135 g . An i m p o r t a n t p o i n t 
i s t h e u n a v o i d a b l e r e q u i r e m e n t , t h a t the e n c a p s u l a t i o n s h o u l d be as w a t e r p r o o f as 
p o s s i b l e , a s a h i g h v o l t a g e (600 V) i s g e n e r a t e d i n s i d e t h e i m p l a n t . The l i f e s p a n 
o f one y e a r i s due t o a s low d i f f u s i o n o f w a t e r i n t o t h e e l e c t r o n i c c i r c u i t r y . 

Semiconductor d e t e c t o r s were i n t r o d u c e d i n t o b i o t e l e m e t r y s e v e r a l y e a r s a g o , when a 
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IMPLANTED STORAGE TELEMETRIC DEVICE 

The i n t e n t i o n was t o measure the ^^P u p t a k e i n u n r e s t r a i n e d r a t s . R a d i o t e l e m e t r y 
would have been an a t t r a c t i v e t e c h n i q u e , b u t i t was not p o s s i b l e t o r e d u c e the 
volume and w e i g h t o f the i m p l a n t a b l e G M - d e t e c t o r u n i t ( B o j s e n and W a l l e v i k , 1972) , 
w i t h o u t d r a s t i c a l l y r e d u c i n g the c o u n t i n g e f f i c i e n c y as w e l l . T h e r e f o r e an a l t e r 
n a t i v e s t o r a g e t e l e m e t r y method was d e v e l o p e d u t i l i z i n g t h e r m o l u m i n e s c e n t ( T L ) -
d o s i m e t e r s (CaSOi^:Dy) f o r l o n g t e r m measurements o f i n c o r p o r a t e d r a d i o a c t i v e s u b 
s t a n c e s ( B o j s e n et al., 1977) . By s e q u e n t i a l r e p l a c e m e n t o f double T L - d o s i m e t e r s 
(60 mg) through a permanent ly i m p l a n t e d s i l i c o n t u b e , the c o n c e n t r a t i o n o f d i f f e r e n t 
r a d i o n u c l i d e s ( e . g . ^ ^ P ) , c o u l d be de termined s i m u l t a n e o u s l y i n tumors and normal 
t i s s u e over s e v e r a l 24 h p e r i o d s i n each u n r e s t r a i n e d a n i m a l . Rep lacement o f d o s i 
m e t e r c a t h e t e r s may s t r e s s the animal and i n f l u e n c e the r e s u l t s o f the ^^P u p t a k e 
measurements . M i l e s (1962) found t h a t the p e r s i s t e n c e o f the c i r c a d i a n body t e m p e r a 
t u r e rhythm or t h e body t emperature i t s e l f over s h o r t terms a r e i n d i c a t o r s , w h i c h 
i n d i c a t e when the a n i m a l s are a f f e c t e d by the e x p e r i m e n t a l c o n d i t i o n s ( r e v i e w e d by 
A m l a n e r , 1978) . T h e r e f o r e t h e T L - d o s i m e t e r s have been u s e d i n c o m b i n a t i o n w i t h an 
i m p l a n t e d t emperature t r a n s m i t t e r f o r c o n t i n u o u s r e g i s t r a t i o n (max. 2 months) o f 
the c i r c a d i a n body t emperature rhythm ( B o j s e n , M i l l e r and F a b e r , 1 9 7 1 ) . The w e i g h t 
of t h e sys t em i n t o t a l was about 6 g or 3 p e r c e n t o f t h e body w e i g h t o f t h e r a t . 

APPLICATIONS 
' R A D I O P I L L S ' 

The l i t e r a t u r e on measurements o f g a s t r o i n t e s t i n a l r a d i o a c t i v e t r a c e r s by ' r a d i o -
p i l l s ' i s v e r y l i m i t e d . Mackay (1970) , G u g n i n et al, (1974) and H a s s a n et al, 
(1978) have p u b l i s h e d d i f f e r e n t v e r s i o n s o f a r a d i a t i o n s e n s i t i v e r a d i o t r a n s m i t t e r 
as a p i l l , p r i m a r i l y f o r l o c a t i o n o f the s i t e o f b l e e d i n g a l o n g the g a s t r o i n t e s t i n a l 
t r a c t . Mackay (1970) and G u g n i n et al, (1974) c l a i m e d t h a t s i t e s o f hemorrhage can 
be d e t e c t e d by t h e r e l e a s e of ^^P l a b e l e d e r y t h r o c y t e s i n t o the g u t . On the o t h e r 
hand c o u l d g a s t r o i n t e s t i n a l tumors be r e c o g n i z e d by an i n c r e a s e d ^^P u p t a k e i n the 
t i s s u e i t s e l f ? The h i g h e n e r g y o f the ^^P 3 - p a r t i c l e s p e r m i t t e d r e c o g n i t i o n o f 
the n u c l i d e . H a s s a n et al, (1978) used a H g l 2 - d e t e c t o r i n s t e a d o f GM-tube and 
s u g g e s t the use o f ^ ^ ™ T c , wh ich i s a γ - e m i t t e r , a l t h o u g h the d e t e c t o r i s a l s o s e n s i 
t i v e to 32p (Hassan, 1978) . 

A p a r t from l a b o r a t o r y t e s t s o n l y Mackay (1970) has made r e f e r e n c e to some p r e l i m i n a r y 
b i o l o g i c a l e x p e r i m e n t s w i t h dogs i n w h i c h a r e l i a b l e s e n s i n g o f l a b e l e d c e l l s was 
i m p o s s i b l e a t moderate doses due t o a b s o r p t i o n i n the c o a t i n g and the window t h i c k 
n e s s o f the G M - d e t e c t o r . 

EXTERNAL GM-DETECTORS 

A number o f l o n g t e r m measurements on humans have been made p o s s i b l e by t h e f o l l o w i n g 
t e c h n i q u e s . R a d i o t e l e m e t r y equipment w i t h two G M - d e t e c t o r c h a n n e l s ( B o j s e n and 
V a d s t r u p , 1974) was p r i m a r i l y deve loped t o measure the ^^P u p t a k e i n b r e a s t c a n c e r 

p a r t i a l l y i m p l a n t a b l e r a d i o t e l e m e t r y sys tem was p u b l i s h e d by K o b a y a s h i et al, 
(1974 ) . I t was deve loped f o r e x p e r i m e n t s w i t h d o g s . A s m a l l w i n d o w l e s s s i l i c o n 
r a d i a t i o n d e t e c t o r ( S i ( L i ) ) , 5 mm i n d i a m e t e r , and i m p l a n t a b l e ( e . g . i n t h e l i v e r ) , 
was used f o r 3 - d e t e c t i o n i n c o n n e c t i o n w i t h an e x t e r n a l t r a n s m i t t e r u n i t 2 x 6 x 
9 .5 cm i n s i z e and a w e i g h t o f 170 g . The power consumpt ion was 100 mW and c o n t i n u o u s 
o p e r a t i o n c o u l d be performed f o r 20 h . L i k e the C d T e - and H g l 2 - - d e t e c t o r s , t h i s t y p e 
o f s e m i c o n d u c t o r a l s o r e q u i r e s a low n o i s e , w i d e - b a n d p r e a m p l i f i e r a d j o i n i n g the 
d e t e c t o r i t s e l f . 
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over s e v e r a l 24 h p e r i o d s i n ambula tory p a t i e n t s , i n o r d e r t o e x t e n d i n v e s t i g a t i o n s 
by S t o l l and Burch (1968) , who used s t a t i o n a r y e q u i p m e n t . I t c o u l d , h o w e v e r , a l s o 
be used f o r c o u n t i n g l o w - e n e r g y y - e m i t t e r s i n l o c a l c l e a r a n c e s t u d i e s w i t h ^^^Xe or 
i n the c o n t i n u o u s measurements o f -^^^I uptake i n the l o b e s o f the t h y r o i d g l a n d . 

When t h e s t o r a g e t e l e m e t r y equipment became a v a i l a b l e ( B o j s e n and V a d s t r u p , 1976) , 
the c o n t i n u o u s d e t e c t i o n o f ^ ^ ^ I - l a b e l e d f i b r i n o g e n was s u g g e s t e d d u r i n g i t s d i s 
appearance from the l e g s o f p a t i e n t s w i t h t h r o m b o p h l e b i t i s . The p e r c u t a n e o u s d e t e c 
t i o n o f ^ ^ ^ I - l a b e l e d i n s u l i n d i s a p p e a r a n c e from depots i n d i a b e t i c s has p r o v e n t o 
be o f g r e a t i n t e r e s t . V e r y r e c e n t l y Ki^lendorf , B o j s e n and J ^ r g e n s e n (1978) p u b l i s h e d 
a c l i n i c a l i n v e s t i g a t i o n on t h e s u b c u t a n e o u s a b s o r p t i o n o f ^ ^ ^ I - N P H - i n s u l i n from 
b o t h l e g s i n t e n newly d i a g n o s e d , j u v e n i l e k e t o t i c d i a b e t i c s . The measurements 
were performed w i t h 24 h c o n t i n u o u s r e g i s t r a t i o n to be compared w i t h p lasma i n s u l i n 
measured by s e q u e n t i a l b l o o d s a m p l i n g a f t e r s u b c u t a n e o u s i n j e c t i o n o f u n l a b e l e d NPH-
i n s u l i n and were found to a g r e e . Comparable s t u d i e s w i t h a s t a t i o n a r y N a l - d e t e c t o r 
equipment have b e e n performed by B i n d e r ( 1 9 6 9 ) . The g r e a t e s t a d v a n t a g e o f u s i n g a 
b i o t e l e m e t r y t e c h n i q u e i s c o n t i n u o u s d e t e c t i o n and c o m p l e t e l y u n d i s t u r b e d c o n d i t i o n s 
o f the p a t i e n t d u r i n g the i n v e s t i g a t i o n , as the r e l e a s e o f i n s u l i n from s u b c u t a n e o u s 
t i s s u e i s a f u n c t i o n o f d i f f e r e n t p h y s i o l o g i c a l c o n d i t i o n s ( K í í l e n d o r f , B o j s e n and 
N i e l s e n , 1979) . 

EXTERNAL CdTe-DETECTORS 

The appearance o f the C d T e - s e m i c o n d u c t o r d e t e c t o r s i n c o m b i n a t i o n w i t h the CMOS-
s e m i c o n d u c t o r memory have e x t e n d e d the p r a c t i c a b i l i t y o f b i o t e l e m e t r y w i t h r a d i o 
n u c l i d e t r a c e r s . I n r e l a t i o n t o the t a p e r e c o r d e r , t h e CMOS-memory has a number o f 
a d v a n t a g e s . I t has a h i g h e r maximum count r a t e , no a c o u s t i c n o i s e and t a p e c o s t s , 
and a lower w e i g h t , power c o n s u m p t i o n , and r e a d - o u t t ime due t o the c a l c u l a t i o n o f 
count r a t e s b e f o r e s t o r i n g . 

A number o f l o c a l c l e a r a n c e s t u d i e s has been per formed w i t h ^^^Xe i n man d u r i n g 
r e s t and e x e r c i s e i n a d i p o s e t i s s u e and m u s c l e s . A f t e r i n j e c t i o n i n the a n t e r i o r 
t i b i a l musc l e the d i s a p p e a r a n c e o f Xenon was s i m u l t a n e o u s l y measured a t r e s t w i t h 
the C d T e - d e t e c t o r a t t a c h e d t o t h e s k i n s u r f a c e and a 3 " - N a I - d e t e c t o r f i x e d 10-20 cm 
a p a r t from the i n j e c t i o n s i t e ( B o j s e n et al.y 1977) . Due t o t h e s m a l l t i s s u e volume 
m o n i t o r e d by t h e C d T e - d e t e c t o r , i t measures more c o r r e c t l y the l o c a l d i s a p p e a r a n c e 
r a t e o f the Xenon d e p o t , even w i t h o u t the need o f l e a d s h i e l d i n g . C o n t r a r y t o t h i s , 
the N a l - d e t e c t o r m o n i t o r s a r a t h e r b i g t i s s u e volume even when r e s t r i c t e d by l e a d 
s h i e l d i n g , so the r a d i o a c t i v e Xenon i s d e t e c t e d w i t h h i g h e f f i c i e n c y a l s o a f t e r i t 
has been moved away from t h e depot by the b l o o d . I n a s i m i l a r e x p e r i m e n t the b l o o d 
f l o w was measured i n t h e a n t e r i o r f e m o r a l m u s c l e s d u r i n g r e s t and e r g o n o m e t r y i t 
was not p o s s i b l e to m o n i t o r the d i s a p p e a r a n c e r a t e o f Xenon w i t h the N a l - d e t e c t o r s 
d u r i n g the e x e r c i s e , b u t the s m a l l d e t e c t o r was not d i s t u r b e d by motor a c t i v i t y . 

There i s a need f o r d e t e r m i n a t i o n o f c a r d i a c o u t p u t d u r i n g e x e r c i s e . P r e l i m i n a r y 
i n v e s t i g a t i o n s were performed i n p a t i e n t s ( B o j s e n et al,y 1977) w i t h the C d T e - d e t e c t o r 
a t t a c h e d t o t h e s k i n s u r f a c e over the h e a r t , i t was p o s s i b l e to measure t h e w a s h 
o u t from the h e a r t o f a ^^^Tc r a d i o a c t i v e dose i n j e c t e d i . v . a s a b o l u s . The r e s u l t s 
were compared w i t h s i m u l t a n e o u s measurements w i t h a c o m p u t e r i z e d γ - c a m e r a w i t h d i g i 
t i z e d r e g i o n s o f i n t e r e s t . The count r a t e c u r v e s were found a l i k e . 

R e c e n t l y a method f o r d e t e r m i n a t i o n o f g l o m e r u l a r f i l t r a t i o n r a t e (GFR) w i t h ^ ^ ^ T c -
DTPA(Sn) and s k i n s u r f a c e s e m i c o n d u c t o r d e t e c t o r s was i n t r o d u c e d f o r r o u t i n e m e a s u r e 
ments i n t h e c l i n i c ( B o j s e n and R ö s s i n g , 1978; R ö s s i n g , B o j s e n and F r e d e r i k s e n , 
1 9 7 8 ) . By s i n g l e i n j e c t i o n and e x t e r n a l c o u n t i n g i n a 3 h p e r i o d w i t h C d T e - d e t e c t o r s 
a t t a c h e d t o the c h e s t j u s t be low t h e c l a v i c l e s o n l y one b l o o d sample i s n e c e s s a r y 
f o r an e x a c t d e t e r m i n a t i o n o f GFR compared t o t h e c o n v e n t i o n a l ^ - ^ C r - E t h y l e n e d i a m i n e -
t e t r a a c e t i c a c i d (EDTA) t e c h n i q u e b a s e d on 4 b l o o d samples i n a 5 h p e r i o d . By 
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u s i n g the c o n v e n t i o n a l b l o o d s a m p l i n g t e c h n i q u e w i t h ^ ^ C r - E D T A the d e t e r m i n a t i o n o f 
GFR w i l l take about 9 h from t h e t ime o f i n j e c t i o n o f the t r a c e r , due to p r e p a r a 
t i o n and c o u n t i n g o f p lasma s a m p l e s . I n compar i son t o t h i s , the GFR v a l u e can be 
c a l c u l a t e d about 3 h a f t e r t h e i n j e c t i o n , when a c o n t i n u o u s measurement by t e l e 
metry i s u s e d . The c o r r e l a t i o n c o e f f i c i e n t between the b i o t e l e m e t r y and r e f e r e n c e 
method i s r = 0 .98 (29 p a t i e n t s , range 30 to 140 ml min"^) ( B o j s e n et al,, 1 9 7 8 ) . 
McLeod (1977) and McLeod , Sampson and H o u s t o n (1977) c o n f i r m our f i n d i n g s o f the 
e x t e r n a l GFR measurements u s i n g a s t a t i o n a r y e x t e r n a l arm c o u n t i n g i n t e r m i t t e n t l y 
a f t e r s i n g l e i n j e c t i o n i . v . o f ^^°^Tc-(Sn)DTPA. The f i n a l p a r t o f the e x t e r n a l 
measured curve i s m o n o e x p o n e n t i a l ( f i n a l s l o p e ) a f t e r 45 m i n . We found t h a t i n 
e x t e r n a l measurements on t h e c h e s t w i t h C d T e - d e t e c t o r s t h e f i n a l s l o p e was a l r e a d y 
a t t a i n e d 30 min a f t e r i n j e c t i o n . When p lasma s a m p l i n g t e c h n i q u e s are used t h e 
f i n a l s l o p e o f t h e p lasma c o n c e n t r a t i o n c u r v e i s r e a c h e d a f t e r 3 h , 

IMPLANTED GM-DETECTORS 

The purpose o f u s i n g i m p l a n t a b l e r a d i o n u c l i d e d e t e c t o r s e s p e c i a l l y i n a n i m a l s has 
t h r e e pr imary o b j e c t s . One i s to e x t e n d t h e f i e l d o f m o n i t o r i n g p h y s i o l o g i c a l p h e n o 
mena w h i l e t h e a n i m a l i s c o m p l e t e l y u n d i s t u r b e d . The second i s to e x t e n d the m e a s u r e 
ments over l o n g t ime p e r i o d s . The t h i r d i s t o o b t a i n c o n t i n u o u s measurements d u r i n g 
t h i s t i m e . The p o s s i b i l i t i e s o f the methods h a v e , however , n o t y e t been f u l l y 
e l u c i d a t e d . 

I m p l a n t e d r a d i o t e l e m e t r y G M - d e t e c t o r u n i t s have been used i n s t u d i e s o f c i r c a d i a n 
rhythms i n r e n a l f u n c t i o n i n r a b b i t s ( V a d s t r u p and B o j s e n , 1 9 7 6 a ) . The d e t e c t o r 
measured t h e body d i s a p p e a r a n c e o f ^ ^ ^ I - i o d i d e (1 cps per 1 n C i / m l ) f o l l o w i n g an 
i n j e c t i o n i . V . , and s i n c e t h e food c o n t a i n e d c a r r i e r i o d i d e , the e x c r e t i o n s o f 
i o d i d e were s o l e l y r e n a l and f o l l o w e d f i r s t o r d e r k i n e t i c s . Such s t u d i e s show t h a t 
u n d i s t u r b e d r a b b i t s have a c i r c a d i a n rhythm i n the r e n a l i o d i d e c l e a r a n c e s y n c h r o 
n i z e d to the l i g h t - d a r k c y c l e . I o d i d e e x c r e t i o n i s de termined b o t h by g l o m e r u l a r 
and t u b u l a r f a c t o r s , b u t was chosen b e c a u s e o f a s u i t a b l y low t o t a l d i s a p p e a r a n c e 
r a t e , w h i c h a l l o w s c o n t i n u o u s measurements d u r i n g more than 24 h . As the c i r c a d i a n 
rhythm i s l a b i l e and w i l l d i s a p p e a r i f the a n i m a l i s d i s t u r b e d , a r a d i o t e l e m e t r y 
t e c h n i q u e would be e s p e c i a l l y s u i t e d f o r t h i s t y p e o f s t u d y . The method c o u l d a l s o 
be used i n a s i m i l a r way t o de termine t h e r e n a l c l e a r a n c e o f ^ ^ ^ I - i o t h a l a m a t e (GFR) 
and ^ ^ ^ I - h i p p u r a n ( r e n a l p la sma f l o w = RPF) i n r a b b i t s f o l l o w i n g s i n g l e i n j e c t i o n s 
i . V . o f the t r a c e r s ( V a d s t r u p and B o j s e n , 1 9 7 6 c ) , When normal p a t t e r n s o f e x c r e 
t i o n have been d e t e r m i n e d , the e f f e c t s o f d i f f e r e n t p h a r m a c e u t i c a l s and hormones 
can be i n v e s t i g a t e d by i , v . or s . c . a d m i n i s t r a t i o n d u r i n g the e x c r e t i o n phase o f 
the t r a c e r and the e x c r e t i o n c u r v e can be a n a l y z e d f o r c h a n g e s . T h i s has b e e n t h e 
b a s i s f o r s t u d i e s o f the r e n a l e f f e c t o f p i t u i t a r y hormones on the r e n a l i o d i d e 
e x c r e t i o n i n r a b b i t s ( V a d s t r u p and B o j s e n , 1976b; V a d s t r u p , 1977) . 

IMPLANTED S i ( L i ) - D E T E C T O R S 

P a r t i a l l y i m p l a n t a b l e r a d i o t e l e m e t r y equipment w i t h a S i ( L i ) - d e t e c t o r p u b l i s h e d by 
K o b a y a s h i et al, (1974) was d e v e l o p e d f o r d e t e c t i o n o f 3 - r a y e m i t t i n g r a d i o i s o t o p e s i n 
d o g s . I t was s u g g e s t e d t o use the equipment i n the s t u d y o f l i v e r m e t a b o l i s m by i . v . 
i n j e c t e d ^ ^ C - l a b e l e d a l c o h o l , b u t no b i o l o g i c a l r e s u l t s were p r e s e n t e d . A l t h o u g h 
^ ^ C - s p e c t r a were measured i n t h e l a b o r a t o r y by the S i ( L i ) - p r o b e , i t i s q u e s t i o n a b l e 
t h a t measurements in vivo would s u c c e e d b e c a u s e o f t i s s u e r e a c t i o n , w h i c h w i l l 
a lways appear around the i m p l a n t s . I t w a s , however , a d m i t t e d t h a t improvements o f 
t h e s y s t e m s t i l l r e m a i n . 

IMPLANTED THERMOLUMINESCENT DOSIMETERS (TLD) 

The c o m b i n a t i o n o f T L - d o s i m e t e r s , w h i c h c o u l d be r e p l a c e d , f o r i n s t a n c e e v e r y s e c o n d 
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hour through an i m p l a n t e d s i l i c o n c a t h e t e r , and an i m p l a n t e d t e m p e r a t u r e t r a n s m i t t e r 
( B o j s e n et αΐ,^ 1 9 7 7 ) have been used i n 4 8 h e x p e r i m e n t s w i t h normal and DMBA-tumor 
b e a r i n g r a t s . Both 32p ( E ^ ^ ^ = 1 . 7 MeV) and ^ ^ K ( E ^ ^ ^ = 3 . 6 M e V ) , which a r e 3 -
e m i t t e r s , were used i n doses o f 0 . 0 2 y C i g~-̂  body w t , and the c o e f f i c i e n t o f v a r i a 
t i o n o f each 2 h i n t e g r a t e d dose was found to be ± 2 p e r c e n t ( S D ) . Due to the s h o r t 
range o f 3 r a y s i n t i s s u e the r e s u l t s c o u l d be r e l a t e d to s p e c i f i c t i s s u e s around 
the d o s i m e t e r s . I n normal s u b c u t a n e o u s t i s s u e the ^^P u p t a k e was m o n o e x p o n e n t i a l 
w i t h a h a l f - l i f e t ime o f about 6 d a y s , s i m i l a r to t h a t found i n e x t e r n a l G M - d e t e c t o r 
measurements i n r e s t r a i n e d r a t s ( M i l l e r and B o j s e n , 1 9 7 6 ) . I n e x p e r i m e n t s w i t h 
^ ^ K i n s u b c u t a n e o u s t i s s u e and m u s c l e s s y s t e m a t i c 6 to 8 h changes i n the ^ ^ K c o n 
c e n t r a t i o n a p p e a r e d . These r e s u l t s need f u r t h e r i n v e s t i g a t i o n s . D u r i n g the i n i t i a l 
phase o f some o f t h e e x p e r i m e n t s the c i r c a d i a n t emperature rhythm d i s a p p e a r e d 6 to 
7 h as an e x p r e s s i o n o f the r e a c t i o n o f the a n i m a l s to the e x p e r i m e n t a l p r o c e d u r e s . 

DISCUSSION 
I n b i o t e l e m e t r y , as i n any o t h e r t e c h n i q u e , the t r a n s d u c e r of the m e a s u r i n g e q u i p 
ment i s o f paramount i m p o r t a n c e f o r the c a p a b i l i t y o f the m e a s u r i n g method . The 
use o f s m a l l , r e l i a b l e , s i n g l e c r y s t a l s e m i c o n d u c t o r d e t e c t o r s w i t h h i g h a t o m i c 
numbers l i k e CdTe and H g l 2 are now p o s s i b l e i n b i o t e l e m e t r y w i t h r a d i o n u c l i d e t r a c e r s , 
where a s m a l l d e t e c t o r volume i s a p r e r e q u i s i t e . Due to t h e i r h i g h s t o p p i n g power 
to γ - r a y s , s m a l l power c o n s u m p t i o n , and u n i q u e l y s m a l l s i z e , they seem t o expand 
the f i e l d o f b i o t e l e m e t r y w i t h r a d i o n u c l i d e s from an e x p e r i m e n t a l t o o l to i n c l u d e 
a r e a s such as r o u t i n e c l i n i c a l work and p h y s i o l o g y . 

I n s t u d i e s w i t h r a d i o n u c l i d e t r a c e r s , in vivo^ the m e a s u r i n g geometry has to be kept 
c o n s t a n t i n o r d e r t o d i m i n i s h t h e number o f unknowns, and t h e r e b y improve t h e p o s s i 
b i l i t i e s o f i n t e r p r e t a t i o n o f the b i o l o g i c a l r e s u l t s . B e f o r e b i o l o g i c a l i n v e s t i g a 
t i o n s are s t a r t e d i t i s a d v i s a b l e t o p e r f o r m an e x a m i n a t i o n o f the i n t e g r a t e d s e m i 
c o n d u c t o r d e t e c t o r probes and s i m u l a t e t y p i c a l geometry s i t u a t i o n s as they may 
appear in vivo. I s o c o u n t c u r v e s s h o u l d be o b t a i n e d w i t h r a d i o a c t i v e p o i n t s o u r c e s , 
i n t i s s u e e q u i v a l e n t P e r s p e x , and they can be o f impor tance i n the v a l u a t i o n o f , 
e . g . l o c a l c l e a r a n c e s t u d i e s w i t h ^^^Xe or a b s o r p t i o n o f ^ ^ ^ I - N P H - i n s u l i n . Count 
response c u r v e s s h o u l d be o b t a i n e d w i t h a s t r a t i f i e d r a d i o a c t i v e s o u r c e i n P e r s p e x , 
and can be used i n the v a l u a t i o n o f r e s u l t s from d i f f e r e n t depths i n t i s s u e o f a 
homogeneous w e l l mixed t r a c e r as i n k i d n e y f u n c t i o n s t u d i e s w i t h ^^^^Tc-(Sn) -DTPA. 

Because o f the s m a l l s i z e o f t h e s e m i c o n d u c t o r d e t e c t o r i t has a s p a t i a l r e s o l u t i o n 
i n i t s e l f , w i t h o u t any l e a d c o l l i m a t i o n . D e t e c t o r s w i t h a s u f f i c i e n t l y h i g h c o u n t 
i n g e f f i c i e n c y (^^^Tc) c o u l d a d d i t i o n a l l y be g e o m e t r i c a l l y a d j u s t e d u s i n g a l e a d 
c o l l i m a t o r ( 2 mm t h i c k , about 7 g ) i n o r d e r to a c h i e v e a reduced i n f l u e n c e from the 
s k i n j u s t o u t s i d e t h e d e t e c t o r window o r the t i s s u e r e a c t i o n s u r r o u n d i n g the d e t e c t o r , 
when i t i s i m p l a n t e d . 

S e v e r a l s m a l l , i n d i g e s t i b l e t e l e m e t r y r a d i o p i l l s have been d e v e l o p e d i n the p a s t f o r 
measurements o f t e m p e r a t u r e , p r e s s u r e or pH i n the g a s t r o i n t e s t i n a l t r a c t a f t e r 
s w a l l o w i n g i n b o t h a n i m a l s and man. Based on the same p h i l o s o p h y Mackay ( 1 9 7 0 ) ; 

Gugnin et at, ( 1 9 7 2 ) and H a s s a n et al, ( 1 9 7 8 ) d e s c r i b e d a n a l o g o u s r a d i o p i l l s f o r 
r a d i o a c t i v i t y d e t e c t i o n o f b l e e d i n g s i t e s i n the g a s t r o i n t e s t i n a l t r a c t . However, 
the v a l u e o f such a r a d i o n u c l i d e t r a c e r t e c h n i q u e i s q u e s t i o n a b l e as a c l i n i c a l or 
e x p e r i m e n t a l t o o l , p r i m a r i l y due t o changes w h i c h can o c c u r i n c o u n t i n g geometry 
when t h e d e t e c t o r p a s s e s through t h e i n t e s t i n a l t r a c t . Even when ^^P l a b e l e d e r y t h r o 
c y t e s are used w i t h a r e l a t i v e l y s h o r t range o f maximum 8 mm i n t i s s u e , an i n f l u e n c e 
from b i g b l o o d v e s s e l s o f the i n t e s t i n e cannot be be d i s c r i m i n a t e d i n the r e s u l t s . 
When γ - e m i t t i n g t r a c e r s are used — as proposed by H a s s a n et al, ( 1 9 7 8 ) — the l o n g 
range ( e . g . o f ^^^Tc) makes the i n t e r p r e t a t i o n o f the b i o l o g i c a l r e s u l t s even w o r s e . 
T h e r e f o r e more r e l i a b l e c o n v e n t i o n a l t e c h n i q u e s l i k e r a d i o g r a p h y w i t h i . v . i n j e c t e d 
c o n t r a s t s , u l t r a s o u n d s c a n n i n g or C T - s c a n seem a t p r e s e n t to be s u p e r i o r i n t h e 
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c l i n i c a l r o u t i n e , when d i a g n o s i s o f b l e e d i n g s i t e s o r tumor r e c o g n i t i o n i n the g a s t r o 
i n t e s t i n a l t r a c t are g o i n g to be p e r f o r m e d . 

The s m a l l r a d i o p i l l d e s c r i b e d by H a s s a n et al. ( 1 9 7 8 ) , seems n e v e r t h e l e s s , t o have 
s e v e r a l p o t e n t i a l a p p l i c a t i o n s when i m p l a n t e d permanent ly i n s m a l l l a b o r a t o r y 
a n i m a l s l i k e r a t s or even m i c e . The s t o r a g e t e l e m e t r y t h e r m o l u m i n e s c e n t d o s i m e t e r 
method ( B o j s e n et al., 1977) i s t ime consuming i n a l l s t e p s o f the e x p e r i m e n t a l 
p r o c e d u r e . T h e r e f o r e , u s i n g the r a d i o p i l l , w h i c h combines a H g l 2 - d e t e c t o r and a 
r a d i o t r a n s m i t t e r , h a s the a d v a n t a g e o f c o n t i n u o u s measurements o f γ - or 3 - e m i t t i n g 
t r a c e r s w i t h r e l a t i v e l y h i g h e f f i c i e n c y ( H a s s a n , 1 9 7 8 ) . Because o f the power c o n 
sumption o f t h e p r e a m p l i f i e r , i n d u c t i v e power ing o f the i m p l a n t e d r a d i o t e l e m e t r y 
u n i t c o u l d be p r e f e r e n t i a l i n l o n g t e r m i n v e s t i g a t i o n s ( F r y e r , Lund and W i l l i a m s , 
1978) . 

I n r e n a l f u n c t i o n s t u d i e s w i t h r a b b i t s ( V a d s t r u p and B o j s e n , 1976c) some o f the 
main problems are the l i m i t e d p o s s i b i l i t y o f c h e c k i n g t o what e x t e n t n o n - s t e a d y 
s t a t e c o n d i t i o n s o c c u r , and t o what e x t e n t they w i l l a f f e c t the d i s a p p e a r a n c e r a t e 
d e t e r m i n a t i o n s . An i d e a l c o n d i t i o n t o f u l f i l i s , t h a t d i r e c t compar i sons between 
the t e l e m e t r y o b t a i n e d v a l u e s and v a l u e s o b t a i n e d by c o n v e n t i o n a l c l e a r a n c e t e c h 
n i q u e , i n c l u d i n g u r i n e c o l l e c t i o n s s h o u l d be per formed f o r a wide r a n g e o f d i s a p p e a r 
ance r a t e s . T h i s i s t e c h n i c a l l y v e r y d i f f i c u l t and i t i s hampered by t h e f a c t t h a t 
such d i r e c t c l e a r a n c e compar i sons a f f e c t the p h y s i o l o g i c a l c o n d i t i o n s , and o n l y can 
be done i n a n e s t h e t i z e d or r e s t r a i n e d r a b b i t s . However , a s u p p l e m e n t a r y use o f 
H g l 2 r a d i o t r a n s m i t t e r s to measure d i s a p p e a r a n c e r a t e s i n s p e c i f i c r a b b i t t i s s u e 
c o u l d improve t h e f u r t h e r e l u c i d a t i o n o f c i r c a d i a n rhythms i n r e n a l f u n c t i o n . 

A s u c c e s s f u l b i o l o g i c a l i n v e s t i g a t i o n depends on b o t h c a p a b l e m e a s u r i n g equipment 
and t h e b e h a v i o r o f the r a d i o a c t i v e l a b e l e d s u b s t a n c e used as the t r a c e r . S e v e r a l 
r e q u i r e m e n t s o f t h e r e l i a b i l i t y o f t h e t r a c e r have t o be f u l f i l l e d , as i t h a s t o 
r e t a i n the c h a r a c t e r i s t i c s o f the p a r e n t s u b s t a n c e t h r o u g h o u t the c o u r s e o f t h e 
i n v e s t i g a t i o n . U s i n g b i o t e l e m e t r y m e t h o d s , the i n v e s t i g a t i o n p e r i o d s have b e e n 
c o n s i d e r a b l y e x t e n d e d compared t o c o n v e n t i o n a l s h o r t term t e c h n i q u e s ( e . g . the 
γ - c a m e r a ) . T h i s means t h a t f u r t h e r c o n t r o l l e d e x a m i n a t i o n s o f t r a c e r s t a b i l i t y , 
in vivo, by c o n t r o l s u b s t a n c e s and s i m u l t a n e o u s m u l t i p l e b l o o d s a m p l i n g and e x t e r n a l 
d e t e c t i o n over l o n g t e r m p e r i o d s are needed b e f o r e c o n c l u s i v e b i o l o g i c a l r e s u l t s o f , 
f o r i n s t a n c e , s h o r t term v a r i a t i o n i n g l o m e r u l a r f i l t r a t i o n r a t e s o v e r 24 h p e r i o d s 
w i t h ^^niTG-(Sn)-DTPA can be s t a t e d ( B o j s e n et a l . , 1 9 7 8 ) . 

One o f t h e p o t e n t i a l s o f the H g l 2 - d e t e c t o r i s t h e low i n t e r n a l n o i s e l e v e l , w h i c h 
means t h a t γ - and X - r a y e n e r g i e s > 10 keV can be d e t e c t e d . C o n t r a r y t o t h i s the 
C d T e - d e t e c t o r n o i s e l i m i t s the d e t e c t a b l e e n e r g y l e v e l t o > 30-40 keV e x c l u d i n g 
i n v e s t i g a t i o n s w i t h ^ ^ ^ I , as i n a b s o r p t i o n s t u d i e s o f ^ ^ ^ I - N P H - i n s u l i n i n d i a b e t i c s . 
The q u e s t i o n o f r e p l a c i n g GM- o r C d T e - d e t e c t o r s i n the b i o t e l e m e t r y equipment o f 
the f u t u r e w i l l depend on r e s u l t s from l o n g t e r m r e p r o d u c i b i l i t y t e s t s w i t h H g l 2 -
d e t e c t o r s . 

The p r o s p e c t s o f b i o t e l e m e t r y w i t h r a d i o n u c l i d e s c o v e r a c o n s i d e r a b l e improvement 
i n t h e d e s i g n o f t h e m e a s u r i n g equ ipment . By t h i c k - f i l m or a l t e r n a t i v e t e c h n o l o g y 
a g r e a t number of s i n g l e c r y s t a l d e t e c t o r s e a c h c o n n e c t e d t h r o u g h p r e a m p l i f i e r s t o 
i t s own C M O S - s o l i d s t a t e memory, c a n be u t i l i z e d f o r c l i n i c a l r o u t i n e or e x p e r i 
m e n t a l b i o t e l e m e t r i c i n v e s t i g a t i o n s . E a c h d e t e c t o r c o u l d be f i x e d to t h e s k i n 
s u r f a c e a t l o c a t i o n s o f i n t e r e s t and an enormous number o f s i m u l t a n e o u s and c o n 
t i n u o u s d a t a ( e . g . from k i d n e y and b l a d d e r i n dynamic r e n a l f u n c t i o n s t u d i e s ) c o u l d 
be a c h i e v e d s t i m u l a t i n g the i n t e r e s t s o f p h a r m a c o k i n e t i c s t u d i e s by such t e c h n i q u e s 
and f u r t h e r compartmenta l a n a l y s i s . 

B i o t e l e m e t r y w i t h r a d i o n u c l i d e t r a c e r s has e s t a b l i s h e d i t s own f i e l d as a u s e f u l 
c l i n i c a l and e x p e r i m e n t a l t o o l . Equipment i s r e l a t i v e l y s i m p l e i n c i r c u i t r y d e s i g n , 
as i t h a s t o be p o r t a b l e to f u l f i l the r e q u i r e m e n t s f o r l o n g t e r m i n v e s t i g a t i o n s a t 
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Abstract — T h i s paper d e s c r i b e s the e v e n t s w h i c h l e d to t h e 
f i r s t d i r e c t a p p l i c a t i o n o f r a d a r to the s t u d y o f i n s e c t 
f l i g h t and t r a c e s the subsequent development o f r a d a r e n t o 
m o l o g y . R e s u l t s o b t a i n e d from a v a r i e t y o f f i e l d t r i a l s 
are rev i ewed and the c u r r e n t c a p a b i l i t i e s and l i m i t a t i o n s 
o f t h i s new s u b j e c t are d i s c u s s e d . I t i s c o n c l u d e d t h a t a 
good q u a l i t a t i v e u n d e r s t a n d i n g o f the b e h a v i o r o f a e r i a l 
i n s e c t p o p u l a t i o n s i s r e a d i l y o b t a i n e d by the use o f r a d a r 
b u t t h a t e x p e r i m e n t s must be p l a n n e d w i t h g r e a t c a r e i f 
i n s u p e r a b l e problems o f r a d a r i d e n t i f i c a t i o n are to be 
a v o i d e d . 

INTRODUCTION 
The f i r s t a p p l i c a t i o n o f r a d a r t o b i o t e l e m e t r y was made by o r n i t h o l o g i s t s whose 
e x p e r i e n c e o f wart ime r a d a r o p e r a t i o n s had a l e r t e d them to the p o t e n t i a l o f r a d a r as 
a means o f s t u d y i n g the f l i g h t o f b i r d s ( L a c k and V a r l e y , 1 9 4 5 ) . The s u b s e q u e n t 
development o f r a d a r o r n i t h o l o g y (Eas tw ood , 1967) v a s t l y i n c r e a s e d the range and 
a c c u r a c y of o b s e r v a t i o n s o f b i r d m i g r a t i o n and l e d to new and d e t a i l e d d e s c r i p t i o n s 
of t h e i r m i g r a t o r y p a t t e r n s . 

The e x c i t i n g p o s s i b i l i t y of making s i m i l a r measurements on t a r g e t s as s m a l l as i n d i 
v i d u a l i n s e c t s was demons tra ted by C r a w f o r d i n 1949 and a l m o s t c o i n c i d e n t a l l y , 
s e r i o u s p r o p o s a l s were made i n 1950 to use r a d a r as a means o f o b s e r v i n g i n s e c t 
f l i g h t ( R a i n e y , 1955 ) . R a i n e y was unaware o f C r a w f o r d ' s work, b u t deduced from 
c o n s i d e r a t i o n o f the w a t e r c o n t e n t o f l o c u s t s t h a t i t s h o u l d be p o s s i b l e f o r m e t e o r o 
l o g i c a l r a d a r s t o d e t e c t swarms o f t h e s e i n s e c t s a t l e a s t as e a s i l y a s t h e y d e t e c t e d 
heavy p r e c i p i t a t i o n . A c c o r d i n g l y he s e c u r e d the c o o p e r a t i o n o f the U . K . M e t e o r o 
l o g i c a l O f f i c e i n a r r a n g i n g t h a t the G . L . I I I r a d a r s , then i n o p e r a t i o n as wind 
f i n d e r s a t a number o f m e t e o r o l o g i c a l s t a t i o n s i n the M i d d l e E a s t , would be used to 
a t t e m p t r a d a r o b s e r v a t i o n s o f any p a s s i n g swarms. I n the e v e n t , the f i r s t l o c u s t 
swarm d e t e c t i o n was made by a 10 cm n a v a l r a d a r i n the P e r s i a n G u l f ( R a i n e y , 1955) . 

The i n t e r e s t o f the A n t i - L o c u s t R e s e a r c h C e n t r e * (ALRC) of London and t h e D e s e r t 
L o c u s t C o n t r o l O r g a n i s a t i o n f o r E a s t A f r i c a was s t i m u l a t e d by t h e s e d e v e l o p m e n t s . 

*Now the C e n t r e f o r O v e r s e a s P e s t R e s e a r c h . 
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and they t o g e t h e r i n v e s t i g a t e d the p o s s i b i l i t y o f u s i n g a i r b o r n e r a d a r s f o r l o c u s t 
swarm d e t e c t i o n . As a r e s u l t , the f i r s t measurements o f the e f f e c t i v e n e s s o f l o c u s t s 
as r a d a r r e f l e c t o r s ( i . e . t h e i r r a d a r s c a t t e r i n g c r o s s s e c t i o n s ) were made f o r ALRC 
by W, G , Harper a t the R o y a l Radar E s t a b l i s h m e n t i n 1962 (communicat ion t o the 
D i r e c t o r A L R C ) , and i t became c l e a r t h a t a c o m m e r c i a l , X b a n d , a i r b o r n e w e a t h e r 
r a d a r c o u l d be e x p e c t e d t o d e t e c t l o c u s t swarms as f a r away as 100 km. I t was how
e v e r , a n t i c i p a t e d t h a t d i f f i c u l t i e s would be e x p e r i e n c e d i n d i f f e r e n t i a t i n g be tween 
the r a d a r e c h o e s r e t u r n e d b y l o c u s t s and t h o s e r e t u r n e d by p r e c i p i t a t i o n and by t h e 
g r o u n d . Harper s u g g e s t e d t h a t the wing m o t i o n o f l o c u s t s i n f l i g h t m i g h t produce 
c h a r a c t e r i s t i c a l l y d i f f e r e n t r a d a r r e t u r n s , b u t t h a t f i r m c o n c l u s i o n s c o u l d n o t be 
reached w i t h o u t an a i r b o r n e t r i a l . P a r t l y b e c a u s e o f the expense o f c a r r y i n g out 
such a t r i a l , and p a r t l y b e c a u s e the d e s e r t l o c u s t e n t e r e d a p e r i o d o f r e c e s s i o n , 
p l a n s f o r a i r b o r n e o p e r a t i o n s l a p s e d . 

M e a n w h i l e , r e p o r t s had begun t o appear w h i c h s t r o n g l y s u g g e s t e d t h a t i n d i v i d u a l 
i n s e c t s were r e s p o n s i b l e f o r some r a d a r echoes (Bonham and B l a k e , 1956; P l a n k , 1958; 
T o l b e r t , S t r a i t o n and B r i t t , 1958) and e v i d e n c e had c o n t i n u e d to a c c u m u l a t e t h a t 
i n s e c t s o f t e n c o n t r i b u t e d to u n i d e n t i f i e d r a d a r echoes (Deam and L a g r o n e , 1965; 
Browning and A t l a s , 1966) . New measurements o f i n s e c t c r o s s s e c t i o n ( H a j o v s k y , 
Deam and L a g r o n e , 1966) l e f t no doubt t h a t s e v e r a l s p e c i e s o f i n s e c t s would i n d i v i 
d u a l l y produce d e t e c t a b l e r a d a r echoes and i t had even been demons tra ted t h a t s i n g l e 
i n s e c t s i n f l i g h t c o u l d be f o l l o w e d by a u t o m a t i c t r a c k i n g r a d a r s ( G l o v e r et al,y 
1966) . One r e s u l t o f these t r a c k i n g e x p e r i m e n t s was the o b s e r v a t i o n t h a t a d r a g o n 
f l y impressed a s m a l l b u t p e r c e p t i b l e and r e g u l a r m o d u l a t i o n on i t s r a d a r r e t u r n s . 
I t was s u g g e s t e d t h a t t h i s m o d u l a t i o n i n the 9-7 Hz range m i g h t have been g e n e r a t e d 
by w i n g b e a t a c t i o n w h i c h had been s lowed down by the low ambient t e m p e r a t u r e (~ 8 ° C ) 
from the v a l u e o f 41-46 Hz e x p e c t e d a t room t e m p e r a t u r e . T h i s i n t e r p r e t a t i o n has 
been j u s t i f i a b l y c r i t i c i z e d ( S c h a e f e r , 1976, p . 164) on the grounds t h a t the f r e q u e n c y 
was too low and t h a t w i n g b e a t i n g was u n l i k e l y a t 8^0. A l t h o u g h the t r a c k i n g d a t a 
o b t a i n e d b y G l o v e r showed t h a t the d r a g o n f l y was a p p a r e n t l y a s c e n d i n g a t ~ 4 ms"^ 
d u r i n g p a r t o f the m o d u l a t i o n r e c o r d , t h i s o b s e r v a t i o n may have been due t o t h e e f f e c t s 
o f an updraught r a t h e r than v i g o r o u s w i n g f l a p p i n g , so G l o v e r ' s a s s o c i a t i o n o f the 
m o d u l a t i o n w i t h wing b e a t i n g must remain i n d o u b t . N e v e r t h e l e s s h i s a p p r e c i a t i o n 
t h a t "the u n i q u e n e s s o f c r o s s s e c t i o n f l u c t u a t i o n s p e c t r a f o r a g i v e n s p e c i e s " would 
be u s e f u l i n e n t o m o l o g y , was t o prove c o r r e c t ( S c h a e f e r , 1976; R i l e y and R e y n o l d s , 
1979) . 

None o f t h e work r e p o r t e d above had a c t u a l l y produced e n t o m o l o g i c a l l y u s e f u l i n f o r 
m a t i o n about i n s e c t f l i g h t , b u t o b s e r v a t i o n s by a m e t e o r o l o g i c a l r a d a r of a l o c u s t 
swarm i n I n d i a (Ramana Murty et al,y 1964; Mazumdar, Bhaskara Rao and G u p t a , 1965) 
demonstrated t h a t t h i s c o u l d be done and had p r o v i d e d new i n f o r m a t i o n about l o c u s t 
swarm d e n s i t y and v e r t i c a l e x t e n t . 

RADAR ENTOMOLOGY FIELD TRIALS 

GROUND RADAR 

I n t e r e s t i n t h e u s e o f r a d a r had i n the meantime been m a i n t a i n e d a t ALRC and i t was 
f i n a l l y d e c i d e d t o a t t e m p t to u s e a m o b i l e , ground b a s e d r a d a r to s t u d y t h e f l i g h t 
b e h a v i o r o f s o l i t a r y d e s e r t l o c u s t s (Schistooerca gregaria) i n A f r i c a . The r e s u l t s 
o f the r a d a r f i e l d t r i a l i n N i g e r s u b s e q u e n t l y sponsored by ALRC i n 1968 were n o t 
w r i t t e n up i n d e t a i l , b u t i t appeared from the summaries t h a t the e x p e r i m e n t was a 
s u c c e s s ( R o f f e y , 1969; S c h a e f e r , 1969 ) . The m o d i f i e d , 3 . 2 cm mar ine r a d a r d i s p l a y e d 
p a r t s o f the f l i g h t t r a j e c t o r i e s o f i n d i v i d u a l i n s e c t s o u t to r a n g e s o f more t h a n 
2 km by day and n i g h t and p r o v i d e d a measure o f a e r i a l d e n s i t y , h e i g h t o f f l i g h t 
(up to 1200 m) and ground speed (up t o 54 km h " l ) , as w e l l as showing d r a m a t i c 
i n c r e a s e s i n a e r i a l d e n s i t y a t dusk and a t n o c t u r n a l wind s h i f t l i n e s . One r e s u l t 
o f g r e a t i n t e r e s t was t h a t t h e i n s e c t s d e t e c t e d by the r a d a r a t n i g h t o f t e n showed 
a t endency t o adopt a downwind o r i e n t a t i o n . Radar r e t u r n s from i n s e c t s f l y i n g t h r o u g h 
the r a d a r beam when i t was s t a t i o n a r y (or b e i n g m a n i p u l a t e d to f o l l o w i n d i v i d u a l s ) . 
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were o f t e n found t o c o n t a i n s p e c t r a l components c o r r e s p o n d i n g t o the w i n g b e a t f r e 
q u e n c i e s o f the d e s e r t l o c u s t s and b u t t e r f l i e s found i n the a r e a . I t was c l a i m e d 
t h a t l o c u s t s c o u l d be i d e n t i f i e d on the b a s i s o f t h e s e components , and even males 
c o u l d be d i s t i n g u i s h e d from f e m a l e s . P r i o r to t h e advent o f r a d a r , the maximum 
r e p o r t e d range o f n o c t u r n a l o b s e r v a t i o n o f i n s e c t s had been the 100 m a c h i e v e d by 
s e a r c h l i g h t s ( R o f f e y , 1963 ) . The range o f the o b s e r v a t i o n s made i n N i g e r g r e a t l y 
exceeded t h i s l i m i t , and the r e s u l t s were c o r r e s p o n d i n g l y new t o e n t o m o l o g i s t s . 

Not s u r p r i s i n g l y , a t t e m p t s were soon made to e x p l o i t the e n t o m o l o g i c a l p o t e n t i a l o f 
r a d a r w h i c h t h e N i g e r f i e l d t r i a l had d e m o n s t r a t e d . U n f o r t u n a t e l y , the f i r s t r ecorded 
a t t empt i n 1971 ( i n S a u d i A r a b i a ) was f r u s t r a t e d by a l a c k o f i n s e c t s ( R i l e y , 1974) 
and the second (made on b e h a l f o f the Entomology D i v i s i o n o f the Commonwealth S c i e n 
t i f i c and I n d u s t r i a l R e s e a r c h O r g a n i s a t i o n , C S I R O ) i n A u s t r a l i a , by an e x c e s s o f 
unwanted s p e c i e s ( S c h a e f e r , 1971) . The A u s t r a l i a n work d i d however a l l o w o b s e r v a 
t i o n s t o be made o f t h e e f f e c t o f a t m o s p h e r i c c o n v e r g e n c e p r o c e s s e s on i n s e c t a e r i a l 
d e n s i t y ( S c h a e f e r , 1976; R o f f e y , 1 9 7 2 ) . 

The s u c c e s s o f t h e N i g e r e x p e r i m e n t s a l s o e n c o u r a g e d s p e c u l a t i o n t h a t c h a i n s o f 
s t r a t e g i c a l l y p l a c e d , l o c u s t d e t e c t i o n r a d a r s t a t i o n s would make p o s s i b l e c h e a p e r 
and more e f f e c t i v e l o c u s t c o n t r o l o p e r a t i o n s ( S c h a e f e r , 1 9 7 0 ) . N e v e r t h e l e s s , r a d a r 
c o n t i n u e d t o be used i n r e s e a r c h , r a t h e r than as a d i r e c t a i d t o c o n t r o l o p e r a t i o n s , 
and new r e s u l t s about the f l i g h t b e h a v i o r of Aiolopus simulatvixy o t h e r g r a s s h o p p e r s 
and moths i n the Sudan were announced ( S c h a e f e r , 1975, 1 9 7 6 ) . Amongst t h e s e r e s u l t s 
were e s t i m a t e s o f a v e r a g e r a t e o f c l i m b , t ime o f f l i g h t and m i g r a t i o n c e i l i n g as 
w e l l a s d e s c r i p t i o n s o f the i n s e c t c o l l e c t i n g e f f e c t o f s t o r m o u t f l o w s and o f the 
I n t e r t r o p i c a l Convergence Z o n e . 

A t h r e e y e a r program o f r a d a r s t u d i e s s t a r t e d i n 1973 i n the M i d d l e D e l t a o f t h e r i v e r 
N i g e r i n M a l i r e s u l t e d i n a d e s c r i p t i o n o f s e v e r a l a s p e c t s o f the Autumn m i g r a t o r y 
f l i g h t o f g r a s s h o p p e r s i n the a r e a ( R i l e y and R e y n o l d s , 1979) and i n a d e t a i l e d 
o b s e r v a t i o n o f n o c t u r n a l , up-wind o r i e n t a t i o n by h i g h f l y i n g i n s e c t s presumed to be 
g r a s s h o p p e r s ( R i l e y , 1 9 7 5 ) . The N i g e r d e l t a s t u d i e s d e m o n s t r a t e d t h a t i n t r a - s p e c i e s 
spread and i n t e r - s p e c i e s o v e r l a p o f w i n g b e a t r a t e s l i m i t e d t h e s u c c e s s f u l a p p l i c a t i o n 
of w i n g b e a t i d e n t i f i c a t i o n schemes t o s i t u a t i o n s i n which t h e ' w a n t e d ' s p e c i e s were 
known to n u m e r i c a l l y dominate any o t h e r s p e c i e s p r e s e n t o f s i m i l a r s i z e and m o r p h o l o g y . 
I n c i d e n t a l o b s e r v a t i o n s made d u r i n g t h i s s t u d y showed t h a t i n s e c t s o f t e n a c c u m u l a t e d 
a t a l t i t u d e s o f up t o 200 m over the r i v e r N i g e r (Reyno lds and R i l e y , 1979) . 

Meanwhile i n A m e r i c a , F r o s t and Downing (1972) had used a 1.9 cm r a d a r t o d e t e c t 
c l o u d s o f m o s q u i t o s and o t h e r s m a l l i n s e c t s and had m o n i t o r e d t h e i r movement a t v e r y 
low a l t i t u d e . They found t h a t r a d a r r e t u r n s v a r i e d i n a manner w h i c h c o r r e s p o n d e d 
to the number and c o m p o s i t i o n o f c a t c h e s made by v e h i c l e and b o a t mounted n e t s w h i c h 
were o p e r a t e d i n the r a d a r s u r v e i l l a n c e a r e a . R i c h t e r et dl, (1973) used a h i g h 
r e s o l u t i o n FM-CW r a d a r to r e v e a l t h e s i m u l t a n e o u s o c c u r r e n c e o f u n d u l a t i n g a t m o s p h e r i c 
and i n s e c t l a y e r s , as w e l l as p o s t - s u n s e t and p o s t - s u n r i s e i n c r e a s e s i n a e r i a l d e n s i t y . 

F u r t h e r work was a l s o u n d e r t a k e n by t h e Entomology D i v i s i o n o f C S I R O i n A u s t r a l i a , 
wh ich r e s u l t e d i n s u c c e s s f u l o b s e r v a t i o n s i n 1974 o f Chortoicetes tevminifera f l i g h t 
( R e i d , Wardaugh and R o f f e y , 1979) , arid two i n s e c t i m m i g r a t i o n i n v e s t i g a t i o n s i n 1977 
and 1979 ( J . R . R i l e y , u n p u b l i s h e d r e p o r t ; V . A . D r a k e , p e r s o n a l c o m m u n i c a t i o n ) . 
Radar d e r i v e d i n f o r m a t i o n about Chortoicetes f l i g h t b e h a v i o r was s u b s e q u e n t l y used 
by Farrow (1975) i n an a n a l y s i s o f the e f f e c t s o f o f f - s h o r e m i g r a t i o n . 

AIRBORNE RADAR 

A l t h o u g h the e f f e c t i v e range o f r a d a r g r e a t l y e x c e e d s t h a t o f a l l o t h e r forms o f 
n o c t u r n a l o b s e r v a t i o n a l t e c h n i q u e s used i n e n t o m o l o g y , i t i s s t i l l v e r y l i m i t e d when 
compared t o the a p p a r e n t range o f f l i g h t o f many i n s e c t s . As p a r t o f a s t r a t e g e m to 
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overcome t h i s problem d u r i n g a m i g r a t i o n s t u d y o f t h e spruce budworm moth (Choris-
toneura fumiferana) i n C a n a d a , S c h a e f e r s u c c e s s f u l l y r e s u r r e c t e d the i d e a o f u s i n g an 
a i r b o r n e r a d a r ( S c h a e f e r , i n p r e s s ) . H i s s y s t e m p r o j e c t e d a beam v e r t i c a l l y downward 
and was a b l e to de termine a t a s e r i e s o f a l t i t u d e s , t h e a v e r a g e a l i g n m e n t d i r e c t i o n 
and d e n s i t y o f a i r b o r n e i n s e c t c o n c e n t r a t i o n s o v e r which the i n s t r u m e n t e d a i r c r a f t 
f l e w . The r e s u l t s a c h i e v e d w i t h t h i s equipment combined w i t h ground r a d a r m e a s u r e 
m e n t s , have y e t t o be p u b l i s h e d , b u t a p p a r e n t l y d i d much to e l u c i d a t e the m i g r a t o r y 
b e h a v i o r o f the budworm moth (Greenbank, S c h a e f e r and R a i n e y , i n p r e s s ) . O b s e r v a 
t i o n s o f dense , m i g r a t i n g moth c o n c e n t r a t i o n s a r e r e p o r t e d to h a v e l e d to s u g g e s t i o n s 
t h a t r a d a r - d i r e c t e d a i r to a i r s p r a y i n g would l e a d to an improved and more e c o l o g i 
c a l l y sound means of c o n t r o l (Anon, 1974) . 

CURRENT CAPABILITIES AND LIMITATIONS 
I t i s a p p a r e n t from t h e work b r i e f l y d e s c r i b e d i n t h i s r e v i e w t h a t v a l u a b l e new 
o b s e r v a t i o n s o f i n s e c t f l i g h t b e h a v i o r have been made by r a d a r . On the o t h e r h a n d , 
i n t h e a u t h o r ' s o p i n i o n , the a s s u m p t i o n s made i n the i n t e r p r e t a t i o n o f r a d a r d a t a 
have not a lways been made c l e a r , and i n consequence the d e g r e e o f c o n f i d e n c e w h i c h 
can be p l a c e d on some o f the r e s u l t s i s open t o q u e s t i o n . A c c o r d i n g l y , I d e s c r i b e 
below some of the i n t e r p r e t a t i v e methods used i n r a d a r entomology and comment on 
t h e way i n w h i c h t h e y a f f e c t the v a l i d i t y o f the measurements a t t e m p t e d . 

IDENTIFICATON 

Two s t a g e s o f t a r g e t i d e n t i f i c a t i o n a r e r e q u i r e d i n r a d a r e n t o m o l o g y . F i r s t l y i t i s 
n e c e s s a r y t o d i s c r i m i n a t e between t h e echoes r e t u r n e d by i n s e c t s and t h o s e r e t u r n e d 
by b i r d s , b a t s and by p r e c i p i t a t i o n , and s e c o n d l y , i t i s u s u a l l y n e c e s s a r y t o i d e n 
t i f y t h e s p e c i e s o f i n s e c t d e t e c t e d . C u r r e n t t a r g e t i d e n t i f i c a t i o n schemes i n c l u d e 
e x a m i n a t i o n o f the s p a t i a l e x t e n t o f the r e c e i v e d e c h o e s , t h e i r a m p l i t u d e , t empora l 
v a r i a t i o n and t h e i r r e s p o n s e t o p o l a r i z a t i o n c h a n g e s , as w e l l as e s t i m a t i o n o f the 
t a r g e t a i r s p e e d . 

Insects and Precipitation 

I n t h e c a s e o f low a e r i a l d e n s i t i e s o f i n s e c t s (< 1 0 ~ V ^) o b s e r v e d a t c l o s e r a n g e 
(< 3 km) t h e s p a t i a l l y d i s c r e t e r e t u r n s d e t e c t a b l e from i n d i v i d u a l l a r g e and medium 
s i z e d i n s e c t s are v e r y c l e a r l y d i f f e r e n t from the s e m i c o n t i n u o u s e c h o e s g e n e r a t e d by 
p r e c i p i t a t i o n and no c o n f u s i o n i s t h e r e f o r e l i k e l y . R e t u r n s from i n s e c t c o n c e n t r a 
t i o n s may on t h e o t h e r hand be v e r y s i m i l a r t o r a i n e c h o e s and r e l i a b l e d i s c r i m i n a 
t i o n between the two i s d i f f i c u l t , e s p e c i a l l y a t l o n g range when s u p p l e m e n t a r y e v i 
dence ( i . e . r a i n a t the ground) may n o t be a v a i l a b l e . I t has been s u g g e s t e d t h a t the 
use o f c i r c u l a r p o l a r i z a t i o n , w h i c h s u b s t a n t i a l l y r e d u c e s r a d a r s e n s i t i v i t y t o r a i n 
echoes might a l l e v i a t e t h i s d i f f i c u l t y ( S c h a e f e r , 1976) b u t no s u p p o r t i n g measurements 
h a v e been r e p o r t e d t o d a t e . 

Insects and Birds 

A l t h o u g h t h e r a d a r c r o s s - s e c t i o n s o f b i r d s (Edwards and H o u g h t o n , 1959) and presum
a b l y o f b a t s , are i n g e n e r a l much l a r g e r than t h o s e o f i n s e c t s ( R i l e y , 1973; S c h a e f e r , 
1976) t h e d i f f e r e n c e be tween the a v e r a g e a m p l i t u d e s o f echoes r e c e i v e d from the 
l a r g e r s p e c i e s o f i n s e c t and t h o s e from the s m a l l e s t b i r d s may be v e r y s m a l l (or e v e n 
n o n e x i s t e n t ) and are c e r t a i n l y n o t l a r g e enough to produce o b v i o u s d i f f e r e n c e s on t h e 
d i s p l a y o f a s c a n n i n g r a d a r s y s t e m . On the o t h e r h a n d , r e p o r t e d a i r speeds o f b i r d s 
( M e i n h e r t z a g e n , 1955) and o f b a t s ( P y e , 1978) are h i g h e r t h a n t h o s e o f most i n s e c t s 
( J o h n s o n , 1969) , so t h a t d i f f e r e n c e s i n f l i g h t t r a j e c t o r i e s m i g h t be r e a s o n a b l y 
e x p e c t e d t o p r o v i d e a means o f d i s c r i m i n a t i n g be tween s m a l l b i r d s and i n s e c t s ( R i l e y , 
1974; S c h a e f e r , 1 9 7 6 ) . R e c e n t r a d a r measurements b y L a r k i n et al, (1979) s u g g e s t 
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however t h a t m i g r a t i n g b i r d s sometimes d i s p l a c e t h r o u g h the a i r a t speeds w e l l be low 
5-6 ms"^ and s o i t cannot a lways be s a f e l y assumed t h a t a l l s low f l i e r s are n e c e s 
s a r i l y i n s e c t s . I t i s a p p r o p r i a t e h e r e t o emphas i ze the f a c t t h a t a c c u r a t e e s t i m a t e s 
o f t a r g e t f l y i n g speed r e q u i r e s i m u l t a n e o u s measurements o f wind v e l o c i t y a t the 
same a l t i t u d e as the t a r g e t , and p r e f e r a b l y c l o s e t o i t . 

The m o d u l a t i o n o f r a d a r echo a m p l i t u d e caused by wing b e a t i n g p r o v i d e s a v a l u a b l e 
means o f d i s c r i m i n a t i o n between b i r d s and i n s e c t s . S c h a e f e r (1976) p o i n t s out t h a t 
a l t h o u g h t h e r e i s a c o n s i d e r a b l e o v e r l a p o f i n s e c t and b i r d w i n g b e a t f r e q u e n c y i n 
t h e range 8-30 H z , o n l y those b i r d s w h i c h m a i n t a i n c o n t i n u o u s , r a t h e r t h a n i n t e r 
m i t t e n t o r i r r e g u l a r wing b e a t s , are l i k e l y to be c o n f u s e d w i t h i n s e c t s . The upper 
w i n g b e a t f r e q u e n c y f o r t h e s e b i r d s i s -14 Hz ( S c h a e f e r , 1976) so t h e r a n g e o f o v e r 
l a p i s e f f e c t i v e l y reduced t o 8-14 H z . 

I n c o n c l u s i o n a e r i a l t a r g e t s found t o have f l y i n g speeds be low 6-7 ms"^ and g e n e r a t 
i n g c o n t i n u o u s w i n g b e a t m o d u l a t i o n above 14 Hz w i l l a l m o s t c e r t a i n l y be i n s e c t s . 

Resolving Insect Species 

Some degree o f ' a u t o m a t i c * d i s c r i m i n a t i o n w i l l a lways o c c u r be tween s p e c i e s d i f f e r i n g 
s u b s t a n t i a l l y i n s i z e , l a r g e r i n s e c t s b e i n g more r e a d i l y d e t e c t e d t h a n s m a l l e r ones 
( R i l e y , 1 9 7 9 ) . I n f a c t r a d a r t h r e s h o l d s o f d e t e c t i o n may be a d j u s t e d t o e n s u r e t h a t 
s m a l l i n s e c t s are n o t ( i n d i v i d u a l l y ) d e t e c t e d a t a l l a t a s e l e c t e d r a n g e o f i n t e r e s t . 
A p a r t from crude c a t e g o r i z a t i o n s o f t h i s s o r t , l i t t l e use may be made o f the a v e r a g e 
a m p l i t u d e of i n s e c t r a d a r echoes b e c a u s e echo s i z e depends on t h e i n s e c t s ' a s p e c t 
( R i l e y , 1973) and t h e i r p o s i t i o n i n the r a d a r beam, b o t h o f w h i c h are u s u a l l y unknown. 
Even i f p o s i t i o n and a s p e c t were r e s o l v e d by t h e use o f h i g h r e s o l u t i o n t r a c k i n g 
r a d a r , much o v e r l a p i n r a d a r e c h o i n g a r e a be tween s p e c i e s c o u l d be e x p e c t e d ( S c h a e f e r , 
1 9 7 6 ) , 

I n s e c t s w i t h l o n g e r w i n g s tend i n g e n e r a l t o have lower w i n g b e a t f r e q u e n c i e s t h a n 
t h o s e w i t h s h o r t e r w i n g s ( G r e e n w a l t , 1962) . I n t h e c a s e o f some A c r i d i d a e ( g r a s s 
h o p p e r s ) t h i s t endency has been found t o t a k e the form of a w e l l d e f i n e d i n v e r s e 
power r e l a t i o n between w i n g l e n g t h and f r e q u e n c y ( S c h a e f e r , 1 9 7 6 ) . S p e c t r a l a n a l y s i s 
o f r a d a r r e t u r n s from an a i r b o r n e p o p u l a t i o n o f A c r i d i d s t h u s a l l o w s one to make 
e s t i m a t e s o f the d i s t r i b u t i o n o f t h e i r w i n g l e n g t h s and h e n c e , i n t h e s p e c i a l c a s e o f 
a p o p u l a t i o n c o n t a i n i n g o n l y a few d i f f e r e n t l y s i z e d A c r i d i d s p e c i e s , to deduce the 
s p e c i e s p r e s e n t and even to d i s t i n g u i s h the s e x e s ( S c h a e f e r , 1976; R i l e y and R e y n o l d s , 
1 9 7 9 ) . A p p l i c a t i o n o f t h i s p r o c e d u r e w i l l be f r u s t r a t e d i n any b u t the s i m p l e s t o f 
e n t o m o l o g i c a l e n v i r o n m e n t s and g r e a t c a r e s h o u l d be e x e r c i s e d i n p l a n n i n g r a d a r 
o b s e r v a t i o n s t o e n s u r e t h a t measurements a r e made i n an a r e a i n w h i c h o n l y a few 
s p e c i e s are p r e s e n t , and p r e f e r a b l y i n w h i c h the 'wanted ' s p e c i e s i s b e l i e v e d to be 
n u m e r i c a l l y dominant ( R i l e y and R e y n o l d s , 1 9 7 9 ) . I n t h e c a s e o f measurements made 
on o v e r f l y i n g p o p u l a t i o n s which h a v e o r i g i n s s e v e r a l hundred km from the e x p e r i m e n t a l 
s i t e , t h e s e c r i t e r i a may be v e r y h a r d to r e a l i z e . 

L e s s i n f o r m a t i o n i s a v a i l a b l e about p o s s i b l e r e l a t i o n s be tween w i n g l e n g t h and f r e 
quency i n o t h e r i n s e c t O r d e r s , and i t seems i n any c a s e v e r y p r o b a b l e t h a t the a b u n 
dance o f s p e c i e s o f v e r y s i m i l a r s i z e , f o r example i n the N o c t u i d m o t h s , w i l l make 
i d e n t i f i c a t i o n from wing b e a t f r e q u e n c i e s t e n t a t i v e a t b e s t . I t i s thus e v e n more 
i m p o r t a n t t o e n s u r e 'wanted s p e c i e s dominance ' when p l a n n i n g r a d a r e x p e r i m e n t s on 
t h e s e i n s e c t s t h a n i s the c a s e w i t h A c r i d i d s . 

A t e c h n i q u e i n t e n d e d t o improve i d e n t i f i c a t i o n p r o c e d u r e s by s i m u l t a n e o u s l y d e t e r 
m i n i n g w i n g b e a t f r e q u e n c y and a 'body shape f a c t o r ' has b e e n d e s c r i b e d by R i l e y (1979) , 
P r e l i m i n a r y r e s u l t s from f i e l d t r i a l s o f t h i s t e c h n i q u e s u g g e s t t h a t c l e a r d i s t i n c 
t i o n between i n s e c t s o f the same w i n g b e a t f r e q u e n c y b u t d i f f e r e n t shape ( e . g . moths 
and g r a s s h o p p e r s ) i s r e a d i l y a c h i e v e d ( R i l e y , u n p u b l i s h e d d a t a ) . These r e s u l t s a l s o 
showed t h a t a s m a l l p r o p o r t i o n o f the r e c e i v e d s i g n a t u r e s d i d not c o n t a i n any 
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p e r c e p t i b l e w i n g b e a t m o d u l a t i o n , a l t h o u g h they were v e r y s i m i l a r i n a m p l i t u d e and 
'shape f a c t o r s ' t o t h e m a j o r i t y w h i c h were m o d u l a t e d . I t thus seems l i k e l y t h a t a t 
l e a s t some i n s e c t s g l i d e f o r p a r t s o f t h e i r n o c t u r n a l f l i g h t . 

R e s u l t s from b o t h c o n v e n t i o n a l w i n g b e a t f r e q u e n c y and 'body s h a p e ' t e c h n i q u e s are 
s u b j e c t to b i a s e s w h i c h f a v o r b o t h l a r g e and f a s t moving t a r g e t s a t t h e expense o f 
s m a l l and s l o w l y d i s p l a c i n g o n e s . C o r r e c t i o n s may be made f o r the d i s p l a c e m e n t b i a s 
b u t o n l y i n d i r e c t l y f o r s i z e b i a s , so t h a t a s s e s s m e n t s o f s p e c i e s c o m p o s i t i o n o f a i r 
borne p o p u l a t i o n s are u s u a l l y o n l y a p p r o x i m a t e . 

I t must be emphas ized t h a t a l l a t t e m p t s a t r a d a r i d e n t i f i c a t i o n r e l y h e a v i l y on the 
a c c u m u l a t i o n o f s u p p o r t i n g i n f o r m a t i o n , p a r t i c u l a r l y t h a t o b t a i n e d from c o n v e n t i o n a l 
t r a p p i n g and survey t e c h n i q u e s . T r a p p i n g from a i r c r a f t o f f e r s a d i r e c t means o f i d e n 
t i f i c a t i o n , b u t the low s a m p l i n g r a t e n o r m a l l y a c h i e v e d (~2 m^s"-^) l i m i t s i t s use t o 
c i r c u m s t a n c e s when v e r y h i g h a e r i a l d e n s i t i e s are e x p e c t e d . I t i s r e l e v a n t to p o i n t 
out t h a t t o p e r m i t a e r i a l t r a p p i n g a t a s a t i s f a c t o r y r a t e ( say a t l e a s t 1 i n s e c t 
c a u g h t e v e r y 10 m i n ) , d e n s i t i e s g r e a t e r t h a n 1 i n s e c t e v e r y 1000 m^ a r e r e q u i r e d — 
and t h i s d e n s i t y i s a t l e a s t an o r d e r o f magni tude g r e a t e r t h a n t h e maximum from 
which s a t i s f a c t o r y r a d a r s i g n a t u r e s can be o b t a i n e d w i t h equipment c u r r e n t l y i n u s e . 

AERIAL DENSITY MEASUREMENTS 

Individually Resolved Targets 

P r o v i d e d t h a t t h e r e are no v a r i a t i o n s i n r a d a r p e r f o r m a n c e , changes i n ' d o t ' d e n s i t y 
r e g i s t e r e d on a r a d a r s c r e e n g i v e a good q u a l i t a t i v e measure o f changes i n i n s e c t 
a e r i a l d e n s i t y . Q u a n t i t a t i v e measurements are more d i f f i c u l t , b e c a u s e the a e r i a l 
volume e f f e c t i v e l y s canned by a r a d a r i s a f u n c t i o n o f the r a d a r c r o s s s e c t i o n p r e 
s e n t e d by the t a r g e t s i t i s i n t e n d e d to sample ( R i l e y , 1 9 7 9 ) . A c c u r a t e measurements 
o f a e r i a l d e n s i t y thus r e q u i r e an a c c u r a t e knowledge o f the r a d a r c r o s s s e c t i o n d i s 
t r i b u t i o n e x h i b i t e d by t h e a e r i a l p o p u l a t i o n i n the a r e a o f i n t e r e s t . I n many c a s e s 
t h i s p o p u l a t i o n w i l l c o n t a i n a m i x t u r e o f s p e c i e s , w i t h d i f f e r e n t r a d a r s c a t t e r i n g 
p r o p e r t i e s and d i f f e r e n t h e a d i n g d i s t r i b u t i o n s . The b e s t t h a t can be done i n t h e s e 
c i r c u m s t a n c e s i s t o e s t i m a t e a r e p r e s e n t a t i v e c r o s s s e c t i o n , b a s e d i n p a r t on t h e 
s p e c i e s presumed t o be p r e s e n t and on t h e i r h e a d i n g d i s t r i b u t i o n s , and i n p a r t on 
the a m p l i t u d e d i s t r i b u t i o n o f the e c h o e s r e c o r d e d by t h e r a d a r . E r r o r s i n a s s e s s 
ment o f scanned volume t h e n depend on the a c c u r a c y o f t h i s e s t i m a t e . I h a v e found 
i n my work t h a t e r r o r s o f up t o ± 50 p e r c e n t i n e s t i m a t e s o f s canned volume can 
u s u a l l y be e x p e c t e d . I n f a i r n e s s i t may be s a i d t h a t r a d a r measurements o f t e n show 
changes o f a e r i a l d e n s i t y o f 2 or 3 o r d e r s o f magn i tude so t h a t e r r o r s o f up t o 50 
p e r c e n t a r e n o t i n s u p p o r t a b l e . 

Dense Concentrations 

I f i n s e c t c o n c e n t r a t i o n s are s o dense t h a t many (> 10) t a r g e t s s i m u l t a n e o u s l y occupy 
t h e r a d a r p u l s e v o l u m e , measurements o f volume r e f l e c t i v i t y may be u s e d t o e s t i m a t e 
a e r i a l d e n s i t y . As i n the c a s e o f s i m i l a r measurements o f p r e c i p i t a t i o n ( B a t t a n , 
1973) , i n t e r p r e t a t i o n o f r e f l e c t i v i t y r e q u i r e s some e s t i m a t e o f the c r o s s s e c t i o n s 
p r e s e n t e d by the i n d i v i d u a l t a r g e t s . I n r a d a r entomology t h i s means t h a t i n f o r m a t i o n 
about the i d e n t i t y and o r i e n t a t i o n o f the i n s e c t s i s r e q u i r e d , and the a c c u r a c y o f 
the measurements a c h i e v e d w i l l be l i m i t e d by the degree to w h i c h t h i s i n f o r m a t i o n i s 
a v a i l a b l e . U n f o r t u n a t e l y s i g n a t u r e s from r e p r e s e n t a t i v e i n d i v i d u a l i n s e c t s a r e n o t 
u s u a l l y p o s s i b l e i n the p r e s e n c e o f h i g h a e r i a l d e n s i t i e s , so i d e n t i t i e s must be 
e s t a b l i s h e d by a l t e r n a t i v e means ( e . g . t r a p p i n g ) . 

For a e r i a l d e n s i t i e s i n t e r m e d i a t e between t h o s e p e r m i t t i n g t h e r e s o l u t i o n o f i n d i v i 
d u a l t a r g e t s and t h e c a s e c o n s i d e r e d a b o v e , d i s p l a y measurements a r e d i f f i c u l t t o 
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i n t e r p r e t , and ' t i m e above t h r e s h o l d ' methods must be used ( M a r s h a l l and H i t s c h f e l d , 
1953; V . A . D r a k e , i n p r e p a r a t i o n ) . The r e q u i r e m e n t f o r i n f o r m a t i o n about i n d i v i 
d u a l p r e s e n t e d c r o s s s e c t i o n s however r e m a i n s . 

MEASUREMENTS OF HEADING DISTRIBUTION 

The movement o f t h e d o t s d i s p l a y e d on a r a d a r p l a n p o s i t i o n i n d i c a t o r s c r e e n (PPI ) 
p r o v i d e s a g o o d , s e m i q u a n t i t a t i v e i n d i c a t i o n o f the v e l o c i t y o f the t a r g e t s d e t e c t e d 
by a s c a n n i n g r a d a r . I f the t r a j e c t o r i e s o f wind f i n d i n g b a l l o o n s are a l s o r e g i s t e r e d 
on the P P I , v e c t o r s u b t r a c t i o n o f b a l l o o n from t a r g e t v e l o c i t y may be used t o g i v e 
t a r g e t a i r speed and h e a d i n g . When i n s e c t c o l l e c t i v e o r i e n t a t i o n o c c u r s , an i n d i c a 
t i o n o f a v e r a g e body a x i s a l i g n m e n t i s a l s o r e a d i l y d i s c e r n a b l e from the r e s u l t i n g 
' p o l a r i z a t i o n ' o f t h e d o t d i s t r i b u t i o n on the s c r e e n ( R i l e y , 1975) . I n many e x p e r i 

ments these o b s e r v a t i o n s w i l l be o f a d e q u a t e p r e c i s i o n t o d e s c r i b e the a s p e c t s o f 
f l i g h t b e h a v i o r under i n v e s t i g a t i o n . However , t h e r e are some i n s t a n c e s , f o r e x a m p l e , 
i n t h e s t u d y of the c o l l e c t i v e o r i e n t a t i o n e f f e c t , where a c c u r a t e measurements o f 
the h e a d i n g d i s t r i b u t i o n o f an o v e r f l y i n g p o p u l a t i o n may be needed and i n t h e s e c a s e s 
P P I d e r i v e d d a t a w i l l u s u a l l y be u n s a t i s f a c t o r y . T h i s i s b e c a u s e the t r a j e c t o r i e s 
d i s p l a y e d on r a d a r P P I sys t em a r e s u b j e c t to s e r i o u s b i a s e f f e c t s w h i c h cannot be 
e l i m i n a t e d w i t h o u t a d e t a i l e d knowledge o f t h e t a r g e t ' s a n g u l a r v a r i a t i o n o f r a d a r 
c r o s s s e c t i o n ( R i l e y , 1979) . E q u a l l y , the degree o f ' p o l a r i z a t i o n ' on the PPI i s the 
r e s u l t o f the c o m b i n a t i o n o f s p r e a d b o t h i n t a r g e t r a d a r s c a t t e r i n g p r o p e r t i e s and i n 
h e a d i n g . I n the absence o f comprehens ive s c a t t e r i n g d a t a , a c c u r a t e h e a d i n g d i s t r i 
b u t i o n s cannot t h e r e f o r e be de termined from the ' p o l a r i z a t i o n ' e f f e c t . 

I t i s a p p r o p r i a t e to p o i n t ou t h e r e t h a t the p u b l i s h e d measurements o f the a n g u l a r 
v a r i a t i o n o f c r o s s s e c t i o n s ( R i l e y , 1973; S c h a e f e r , 1976; G r e n e k e r and C o r b i n , 1978) 
were t a k e n a t z e r o e l e v a t i o n ( i . e . two d i m e n s i o n a l ) , and are a p p l i c a b l e o n l y as 
a p p r o x i m a t i o n s t o the f i n i t e e l e v a t i o n r e s u l t s a lways o b t a i n e d i n f i e l d work . T h i s 
i s the c a s e even f o r c y l i n d r i c a l l y symmetr ic t a r g e t s , b e c a u s e t h e i r s c a t t e r i n g p r o p e r t i e 
are dependent on the a n g l e between body a x i s and the p r o p a g a t i o n d i r e c t i o n , as w e l l 
as t h a t between body a x i s and e l e c t r i c v e c t o r . Complete s p e c i f i c a t i o n o f t a r g e t . 
s c a t t e r i n g p r o p e r t i e s thus r e q u i r e s measurements i n t h r e e d i m e n s i o n s . 

These d i f f i c u l t i e s may be overcome to a l a r g e e x t e n t by the s u p p l e m e n t a r y use o f a 
v e r t i c a l l y l o o k i n g r a d a r , i n w h i c h t h e p l a n e o f p o l a r i z a t i o n i s r o t a t e d . The a d v a n 
t a g e o f t h i s s y s t e m i s t h a t the mechanism by w h i c h i t d e t e r m i n e s t a r g e t a l i g n m e n t 
i s i n s e n s i t i v e t o a n g u l a r v a r i a t i o n s i n s c a t t e r i n g p r o p e r t i e s , and i s s u b j e c t o n l y 
to b i a s e s w h i c h a r e s i m p l y r e l a t e d t o d i s p l a c e m e n t speed and maximum r a d a r c r o s s 
s e c t i o n . The method i s c a p a b l e o f p r e c i s e measurements o f the a l i g n m e n t o f i n d i v i 
d u a l s and thus o f r e s o l v i n g s u b t l e a s p e c t s o f common o r i e n t a t i o n phenomenon — f o r 
example the s i m u l t a n e o u s a d o p t i o n o f two mean h e a d i n g s by an a e r i a l p o p u l a t i o n 
( R i l e y and R e y n o l d s , 1 9 7 9 ) . 

DURATION AND RANGE OF FLIGHT 

A l t h o u g h the r a d a r s c u r r e n t l y used i n e n t o m o l o g i c a l work a r e c a p a b l e o f d e t e c t i n g 
i n s e c t s o f moderate s i z e out t o r a n g e s o f 2-3 km, i n d i v i d u a l i n s e c t s v e r y r a r e l y 
produce t r a c k s f o r more t h a n a few hundred m e t e r s o f t h e i r f l i g h t p a t h s . T h i s i s 
b e c a u s e t a r g e t s i n h o r i z o n t a l f l i g h t remain i n the narrow e l e v a t i o n r a n g e c o v e r e d 
by the s c a n n i n g ' p e n c i l beams' used i n t h e s e r a d a r s f o r o n l y s h o r t s e c t i o n s o f t h e i r 
t r a j e c t o r i e s . I n c o n s e q u e n c e , i n f o r m a t i o n about the e x t e n t o f i n s e c t f l i g h t s w h i c h 
may l a s t many hours and c o v e r hundreds o f k i l o m e t e r s , must u s u a l l y be d e r i v e d from 
i n d i r e c t measurements o f t h e type d e s c r i b e d b e l o w . 

The s p e c t a c u l a r i n c r e a s e s o f a e r i a l d e n s i t y a t dusk no ted by most r a d a r entomology 
workers p r o v i d e good e v i d e n c e t h a t many i n s e c t s t a k e o f f f o r t h e i r n i g h t ' s f l i g h t 
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w i t h i n h a l f an hour o f s u n s e t . The d e c l i n e i n a e r i a l p o p u l a t i o n u s u a l l y o b s e r v e d 
a f t e r the t a k e - o f f peak has been i n t e r p r e t e d i n terms o f subsequent mean f l i g h t 
d u r a t i o n ( S c h a e f e r , 1976) . However, a p p l i c a t i o n o f t h i s i n t e r p r e t a t i o n to m e a s u r e 
ments made by a s i n g l e ground r a d a r , pre supposes t h a t the i n s e c t s o v e r f l y i n g the 
r a d a r d u r i n g the c o u r s e o f an e v e n i n g have come from an a e r i a l p o p u l a t i o n w h i c h was 
u n i f o r m l y d i s t r i b u t e d over a t l e a s t the l e n g t h o f the l o n g e s t f l i g h t p a t h s . O t h e r 
w i s e changes i n o v e r f l y i n g p o p u l a t i o n s r e f l e c t the i n s e c t s ' o r i g i n a l g e o g r a p h i c a l 
d i s t r i b u t i o n , r a t h e r than t h e i r f l i g h t t i m e s . I n many s i t u a t i o n s t h i s r equ irement 
f o r an homogeneous p o p u l a t i o n d i s t r i b u t i o n w i l l n o t be met . 

N o n - u n i f o r m g e o g r a p h i c a l d i s t r i b u t i o n s may sometimes be used t o a d v a n t a g e i f they 
l e a d to the p r o d u c t i o n o f d i s c r e t e , o v e r f l y i n g p o p u l a t i o n s . The d i f f e r e n c e s 
between t imes o f p o p u l a t i o n o v e r f l i g h t and o f t h e i r (presumed) t a k e - o f f g i v e a measure 
of minimum f l i g h t t i m e s ; b a c k - t r a j e c t o r i e s may be c a l c u l a t e d from measured d i s p l a c e 
ment v e l o c i t i e s and used t o i d e n t i f y p r o b a b l e t a k e - o f f a r e a s ( R i l e y and R e y n o l d s , 
1979) . Some r e c e n t o b s e r v a t i o n s showing apparent s e q u e n t i a l g r a s s h o p p e r o v e r - f l i g h t 
o f two r a d a r s t a t i o n s s e p a r a t e d by 120 km have s u p p o r t e d the v a l i d i t y o f t h i s approach 
( R i l e y , u n p u b l i s h e d d a t a ) . I t h a s a l s o become c l e a r however t h a t i n the c a s e o f 
m o t h s , s u b s t a n t i a l t a k e - o f f may o c c u r s e v e r a l h o u r s a f t e r dusk , so the O v e r f l i g h t 
method' must be used w i t h c a u t i o n . 

CONCLUSIONS 
The l i m i t a t i o n s d e s c r i b e d i n the p r e c e d i n g p a r a g r a p h s demons tra te t h a t r a d a r i s not 
a u n i v e r s a l l y a p p l i c a b l e means o f s t u d y i n g the f l i g h t b e h a v i o r o f a l l t y p e s o f 
i n s e c t . I n p a r t i c u l a r , the r e s t r i c t i o n s imposed by d i f f i c u l t i e s o f i d e n t i f i c a t i o n 
are s u b s t a n t i a l , and l a r g e l y d i c t a t e the s i t u a t i o n s i n w h i c h the t e c h n i q u e can be 
s u c c e s s f u l l y used to s t u d y i n d i v i d u a l s p e c i e s . Radar n e v e r t h e l e s s remains by f a r 
the most p o w e r f u l method o f o b s e r v i n g many t y p e s o f i n s e c t s i n n a t u r a l f l i g h t and 
when used w i t h c a r e i n an a p p r o p r i a t e env ironment can be e x p e c t e d t o y i e l d a c c u r a t e 
d e s c r i p t i o n s o f t h i s o t h e r w i s e i n a c c e s s i b l e a s p e c t o f t h e i r b e h a v i o r . 

Aokncwledgements — I g r a t e f u l l y acknowledge the h e l p f u l comments and s u g g e s t i o n s 
made by D r . D . R . R e y n o l d s and D r . R . C . R a i n e y d u r i n g the p r e p a r a t i o n o f t h i s manu
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Abstract — The a r t o f p r a c t i c a l r a d i o t r a c k i n g has more t o i t 
than t h e w o u l d - b e t r a c k e r m i g h t a n t i c i p a t e . We t r y t o p r o v i d e 
some p r a c t i c a l g u i d a n c e i n the c h o i c e and c o n s t r u c t i o n o f e q u i p 
ment , i n i t s use and i t s s h o r t c o m i n g s . 

INTRODUCTION 
R a d i o t r a c k i n g s h o u l d not be u n d e r t a k e n l i g h t l y ; i t i s e x p e n s i v e , t i m e - c o n s u m i n g 
and o f t e n , f r u s t r a t i n g ; b u t i t can l e a d t o answers t o b i o l o g i c a l q u e s t i o n s w h i c h are 
o t h e r w i s e u n a s s a i l a b l e . We d e s c r i b e h e r e p r a c t i c a l a s p e c t s o f s e l e c t i n g , b u i l d i n g 
and u s i n g r a d i o t r a c k i n g equ ipment , i n the hope o f h e l p i n g the b e g i n n e r t o a n t i c i p a t e 
and to a v o i d some p r o b l e m s . F o r e x a m p l e , few m a n u f a c t u r e r s ' c a t a l o g s t e l l you t h a t 
c o l d w e a t h e r i s l i k e l y to change the t r a n s m i t t i n g f r e q u e n c y o f the t r a n s m i t t e r , a n d / o r 
the r e c e i v e r ' s per formance and hence the c h a n n e l on w h i c h you h e a r a s i g n a l , y e t i t 
i s wor th knowing about t h e s e p o s s i b i l i t i e s when your s u b j e c t a p p a r e n t l y d i s a p p e a r s 
i n the s m a l l hours o f a w i n t e r ' s n i g h t . 

TRANSMITTERS 
The h i s t o r y o f r a d i o t r a c k i n g e f f e c t i v e l y b e g a n i n t h e e a r l y S i x t i e s when C o c h r a n 
and Lord (1963) p u b l i s h e d the d e s i g n o f a m i n i a t u r e c r y s t a l c o n t r o l l e d t r a n s m i t t e r . 
The c i r c u i t was s i m p l e , r o b u s t , a d a p t a b l e to b o t h l o o p and whip a n t e n n a s and c o u l d 
be packaged t o f i t many a n i m a l s . A s i m i l a r c i r c u i t ( F i g . 1) was d e v e l o p e d to c a p i 
t a l i z e on the more u s e f u l f e a t u r e s o f C o c h r a n and L o r d ' s c i r c u i t . By p l a c i n g a 
v a r i a b l e c a p a c i t o r (5-25 p f ) i n the ' t a n k c i r c u i t ' (an o s c i l l a t o r c o n s i s t i n g o f a 
c a p a c i t o r and i n d u c t o r ) , i t can be tuned o p t i m a l l y f o r d i f f e r e n t a n t e n n a l o a d s ( 1 0 -
50 cm) thus e n s u r i n g the h i g h e s t power o u t p u t . F u r t h e r m o r e , i f a r e s i s t i v e d e v i c e 
i s i n c o r p o r a t e d i n the c i r c u i t a t (see F i g . 1) w i t h an a p p r o x i m a t e v a l u e o f 150-
400 K , p h y s i o l o g i c a l and e n v i r o n m e n t a l p a r a m e t e r s can be measured by p u l s e i n t e r v a l 
m o d u l a t i o n ( P I M ) . F o r i n s t a n c e , a 200 Κ t h e r m i s t o r ( a t 25°C) may be s u b s t i t u t e d to 
measure l i n e a r t e m p e r a t u r e s between 31 and 4 5 ° C , and n o n l i n e a r ex tremes from 15 to 
4 5 ° C , a c c u r a t e t o C l ^ c . T h i s t emperature t r a n s m i t t e r has been used to measure 
24 h i n t e r n a l body t e m p e r a t u r e s o f f o x e s (Vulpes vulpes), drey and ambient t e m p e r a 
t u r e s from f r e e r a n g i n g s q u i r r e l s {Sciurus caro linens is), and e g g and body t e m p e r a 
t u r e s o f i n c u b a t i n g s e a g u l l s {Larus argentatus and L. fus cus), O t h e r e n v i r o n m e n t a l 
parameters s u c h as l i g h t l e v e l {Rj, = p h o t o r e s i s t o r ) , p r e s e n c e o f m o i s t u r e , and 
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p r e s s u r e (i?^ = s t r a i n gauge ) can a l s o be r e a d i l y measured . As t h i s c i r c u i t i s n o t 
temperature compensated , i t i s a d v i s a b l e not to l o c a t e /?y r e m o t e l y from the main 
t r a n s m i t t e r , to a v o i d i n a c c u r a c i e s . 

I f the c i r c u i t o f F i g . 1 i s b u i l t w i t h s u b m i n i a t u r e components , i t can w e i g h as 
l i t t l e as 1.0 g and o p e r a t e f o r 7-10 days u s i n g a 0 .3 g E212E E v e r e a d y mercury 
h e a r i n g a i d b a t t e r y . These t r a n s m i t t e r s can have i?y v a l u e s o f 150-400 Κ which p r o 
duce p u l s e r a t e s o f 50 to 150 s~-^. The a p p r o x i m a t e f i x e d v a l u e o f the c a p a c i t o r 
i n the tank c i r c u i t i s 15 p f f o r a 10 cm a n t e n n a . T h i s t r a n s m i t t e r has been f i e l d 
t e s t e d on b i r d s as s m a l l as g r e a t t i t s {Varus major) w e i g h i n g a p p r o x i m a t e l y 20 g and 
e f f e c t i v e t r a c k i n g ranges are 100 m i n t h i c k f o r e s t and 500 m i n l i n e of s i g h t . 

1.5vdcO 

71-urnsi 10-50cm 

5l4turns 

=:b2000pf 

F i g . 1. A m i n i a t u r e , c r y s t a l c o n t r o l l e d c i r c u i t , i n c o r p o r a t i n g 
the p r i n c i p l e s f i r s t used i n C o c h r a n and L o r d ' s (1963) 
t r a n s m i t t e r . 

A more s t a b l e d e s i g n o f t empera ture t r a n s m i t t e r has been r e p o r t e d by S k u t t et al, 
(1973) . T h i s was n o n - c r y s t a l c o n t r o l l e d and had a s h o r t range RF s t a g e t r i g g e r e d by 
CMOS (complementary m e t a l o x i d e s e m i c o n d u c t o r ) l o g i c . By a d a p t i n g the l o n g range 
s i n g l e s t a g e c r y s t a l o s c i l l a t o r o f F i g . 1, and p u l s i n g i t by the same l o g i c o f S k u t t 
et al, (1973) , a s t a b l e t r a n s m i t t e r was d e v e l o p e d ( F i g . 2 ) , which t r a n s m i t t e d a t 
l e a s t one km w i t h a 0 .25 λ whip a n t e n n a . With t h i s d e s i g n , the t h e r m i s t o r can be 
p o s i t i o n e d r e m o t e l y a t d i s t a n c e s o f 10-20 cm from the t r a n s m i t t e r . A g a i n , the t h e r 
m i s t o r can be r e p l a c e d by o t h e r s u i t a b l e r e s i s t i v e e l e m e n t s w i t h i n the 1.5 ΜΩ r a n g e 
to measure the o t h e r p a r a m e t e r s p r e v i o u s l y m e n t i o n e d . The t r a n s m i t t e r ' s o u t p u t 
p u l s e s are v e r y narrow (0 .1 ms) and sound l i k e sharp c l i c k s when h e a r d on a commer
c i a l non BFO (beat f r e q u e n c y o s c i l l a t o r ) type r e c e i v e r . On s p e c i a l i s t b u i l t t r a c k i n g 
r e c e i v e r s ( e . g . AVM, Te l emetry Sys tems I n c . , W i l d l i f e M a t e r i a l s , e t c . ) , p u l s e s are 
more e a s i l y counted b e c a u s e o f the r e c e i v e r s ' BFO c a p a b i l i t i e s . P u l s e w i d t h i s 
determined by the 510 Κ r e s i s t o r and 1000 p f c a p a c i t o r . Because narrow p u l s e s are 
d i f f i c u l t to d i s c r i m i n a t e a g a i n s t background n o i s e , the c a p a c i t o r v a l u e may be 
i n c r e a s e d t o l e n g t h e n p u l s e s , w i t h a consequent i n c r e a s e i n c u r r e n t demands on t h e 
b a t t e r y . 
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F i g . 2 . A t r a n s m i t t e r c i r c u i t w h i c h can be used t o t e l e m e t e r 
body t e m p e r a t u r e and o t h e r p h y s i o l o g i c a l v a r i a b l e s . 

For t e m p e r a t u r e t e l e m e t r y the t r a n s m i t t e r s i n F i g s . 1 and 2 can be c a l i b r a t e d by 
p l a c i n g the u n i t i n a t empera ture c o n t r o l l e d b a t h . A t e a c h s e t t e m p e r a t u r e , a l l o w 
i n g t ime f o r e q u i l i b r a t i o n , ' b l e e p ' r a t e i s counted and a c a l i b r a t i o n c u r v e p l o t t e d . 
E a c h u n i t must be i n d i v i d u a l l y c a l i b r a t e d . The c a l i b r a t i o n can a l s o be made on the 
b a s i s o f e l e c t r o n i c a l l y m e a s u r i n g i n t e r p u l s e i n t e r v a l , g i v i n g a c c u r a t e measures o f 
t emperature a f t e r s a m p l i n g o n l y 3 or 4 p u l s e i n t e r v a l s . An i n t e r p u l s e i n t e r v a l 
t imer i s c o m m e r c i a l l y a v a i l a b l e from AVM (Champaign , I l l i n o i s , U . S . A . ) . 

P o w e r f u l m u l t i s t a g e t r a n s m i t t e r s are r e q u i r e d f o r l o n g range t r a c k i n g (3-10 km) . 
S o p h i s t i c a t e d CMOS c o n t r o l l e d t r a n s m i t t e r s are d e s c r i b e d by Anderka (1980, t h i s 
volume) and L o t i m e r (1980, t h i s v o l u m e ) . S t a b l e p u l s e i n t e r v a l s and p u l s e w i d t h s 
are a c h i e v e d t h r o u g h t h e use o f low power l o g i c c i r c u i t s wh ich maximize the l i f e t i m e 
and g i v e t h e p o s s i b i l i t y f o r p u l s e code m o d u l a t i o n ( P C M ) . By p u l s i n g the t r a n s m i t t e r 
2 or 3 t imes e v e r y few seconds i n d i v i d u a l a n i m a l s can be r e c o g n i z e d , much as the 
a l p h a b e t and numbers are r e c o g n i z e d , t h r o u g h Morse Code t r a n s m i s s i o n . PIM a l s o 
a l l o w s a c t i v i t y , t e m p e r a t u r e , and m o r t a l i t y s e n s i n g as d e s c r i b e d above f o r the CMOS 
t emperature t r a n s m i t t e r ( F i g . 2 ) . 

A two s t a g e a c t i v i t y s e n s i t i v e t r a n s m i t t e r , w h i c h may be b u i l t e a s i l y , i s shown i n 
F i g . 3 . The v a l u e s g i v e n r e s u l t i n a p u l s e r a t e o f 60 min"^ w i t h a 30 ms p u l s e l e n g t h 
(3 p e r c e n t d u t y c y c l e ) when the mercury s w i t c h i s s h o r t e d . Opening the c o n t a c t s o f 
the mercury s w i t c h r e s u l t s i n a 120 min""^ r a t e and 15 ms p u l s e l e n g t h ( a l s o a 3 p e r 
cen t duty c y c l e ) . P u l s e r e p e t i t i o n r a t e s a r e a l s o a d j u s t a b l e by c h a n g i n g t h e v a l u e 
of t h e 1 yF c a p a c i t o r and 4 .7 Κ r e s i s t o r . Changes i n p u l s e r a t e c a u s e d by o p e n i n g 
and c l o s i n g the mercury s w i t c h a l l o w s movement to be d e t e c t e d . The s e n s i t i v i t y o f 
the d e v i c e t o p a r t i c u l a r movements u s u a l l y depends on where the t r a n s m i t t e r i s f i t t e d 
to t h e a n i m a l and h e n c e , how i t moves r e l a t i v e t o the p l a n e o f a n i m a l movement. 
Unambiguous d i s t i n c t i o n can be made between i n a c t i v e r e s t i n g , s p o r a d i c and c o n t i n u o u s 
a c t i v i t y and can be r e c o r d e d a u t o m a t i c a l l y on a m a g n e t i c t a p e r e c o r d e r by t h e c l o c k 
s w i t c h i n g c i r c u i t d e s c r i b e d b e l o w . 

T h i s t r a n s m i t t e r w i l l emit p u l s e s o f r a d i o waves on c a r r i e r f r e q u e n c i e s between 30 
t o 250 MHz. To d e t e r m i n e the p r o p e r t u n i n g o f the o s c i l l a t o r s t a g e , the i n d u c t o r 
(0 .3 t o 1 mH) and trimmer c a p a c i t o r (5 t o 25 p f ) v a l u e s must be c a l c u l a t e d t o o s c i l 
l a t e a t a p p r o x i m a t e l y the d e s i r e d f u n d a m e n t a l c r y s t a l f r e q u e n c y : 



146 D. W. Macdonald and C. J . Amlaner, Jr. 

A C T I V I T Y 

O P T I O N 

F i g . 3 . A two s t a g e t r a n s m i t t e r f o r use i n l o n g e r r a n g e r a d i o 
t r a c k i n g s t u d i e s and i n c l u d i n g a mercury s w i t c h whose 
movement e n a b l e s the a n i m a l ' s a c t i v i t y to be m o n i t o r e d 
t h r o u g h changes i n ' b l e e p ' r a t e . 

10^ 
(1) 

where L = mH and C = p f . R e a r r a n g i n g E q u a t i o n 1 and s o l v i n g f o r i n d u c t a n c e y i e l d s : 

10^ (2) 

Only approx imate v a l u e s (± 150 μΗ) o f L are r e q u i r e d as f i n a l t u n i n g i s e f f e c t e d by 
the trimmer c a p a c i t o r a f t e r e n c a p s u l a t i o n . T a y l o r and L l o y d (1978) p r o v i d e d e t a i l s 
o f ano ther 'do i t y o u r s e l f r a d i o t r a c k i n g c i r c u i t , w h i l e L e u z e (1977, 1980, t h i s 
volume) d e s c r i b e s a s i m p l e n o n - c r y s t a l c o n t r o l l e d c i r c u i t (see a l s o M o r r i s , 1980, 
t h i s v o l u m e ) . 

BATTERIES 
A compromise be tween b a t t e r y w e i g h t , i n c r e a s e d t r a n s m i t t e r l i f e and r a n g e , l i m i t s 
the use o f many t r a n s m i t t e r s . R e l a t i v e l y e x p e n s i v e l i t h i u m c e l l s h a v e r o u g h l y t w i c e 
the m i l l i a m p h o u r (mAh) c a p a c i t y p e r u n i t w e i g h t o f mercury c e l l s (Ko, 1980, t h i s 
v o l u m e ) . B a t t e r y f a i l u r e e i t h e r through s h e l f d e t e r i o r a t i o n or p e n e t r a t i o n by m o i s 
t u r e have been the commonest c a u s e s o f t r a n s m i t t e r f a i l u r e i n our e x p e r i e n c e ( f o l l o w e d 
by poor q u a l i t y c r y s t a l s ) . B a t t e r y m a n u f a c t u r e r s w i l l g u a r a n t e e the age o f b a t t e r i e s , 
bu t a t a d d i t i o n a l e x p e n s e . The e x t e n t o f s h e l f d e t e r i o r a t i o n o f a mercury b a t t e r y 
can be de termined by X - r a y photography (wi th a m e d i c a l X - r a y m a c h i n e ; H a r d i n g , C h u t e 
and D o e l l , 1976) . The p o t a s s i u m h y d r o x i d e e l e c t r o l y t e r e g i o n g r a d u a l l y d i m i n i s h e s 
as the e l e c t r o l y t e i s expended and u l t i m a t e l y the z i n c anode ( seen as a c e n t r a l 
dark spot surrounded by a w h i t e r i n g on the X - r a y ) c o l l a p s e s . 

We have t r i e d t h i s same t e c h n i q u e on l i t h i u m c e l l s b u t due t o d i f f e r e n t c o n s t r u c t i o n 
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Τ 
^ON 

^ON + ^OFF 
(3) 

To de termine the m i l l i a m p ' r a t i n g ' o f a t r a n s m i t t e r over 24 h b a s e d on t h e c u r r e n t 
d u r i n g a s i n g l e p u l s e , t h e f o l l o w i n g e q u a t i o n i s employed: 

P u l s e r a t e i s s i m p l y measured by c o u n t i n g the number o f p u l s e s i n a g i v e n t ime u n i t . 
P u l s e r a t e (i?) i s u s u a l l y e x p r e s s e d as the number o f p u l s e s min~^ and can be e x p r e s s e d 
as a r e l a t i o n s h i p between p u l s e d u r a t i o n s . Tq-^ and Tq^^: 

60 
Τ + Τ 

ON OFF 
(5) 

Because Tq^ is r e l a t i v e l y easy t o measure w i t h an o s c i l l o s c o p e . E q u a t i o n 5 can be 
s o l v e d f o r ^qFF* 

p r a c t i c e s , t h e r e s u l t s are n o t as c l e a r ( i . e . amount o f e l e c t r o l y t e i s n o t r e a d i l y 
d e t e c t e d by X - r a y s i n l i t h i u m b a t t e r i e s ) . R e c e n t l y , advances have been made u s i n g 
r e c h a r g e a b l e s o l a r c e l l s ( e . g . A u c o u t u r i e r et al,, 1977; C h u r c h , 1980, t h i s v o l u m e ) , 
where b e n e f i t s were o b v i o u s l y o n l y t o s t u d i e s o f d i u r n a l a n i m a l s u n l e s s r e c h a r g e a b l e 
b a t t e r i e s were i n c o r p o r a t e d i n t o the s o l a r t r a n s m i t t e r . 

I t i s o f t e n c o n v e n i e n t to have a c o m p l e t e l y b u i l t t r a n s m i t t e r , e n c a p s u l a t e d and 
ready f o r a t t a c h m e n t on an a n i m a l . I n the p a s t , b i o l o g i s t s have s o l d e r e d a f i n a l 
c o n n e c t i o n t o the b a t t e r i e s i n the f i e l d . T h i s r e q u i r e d a p o r t a b l e s o l d e r i n g i r o n 
and s k i l l , e s p e c i a l l y as h e a t reduces b a t t e r y l i f e t i m e and i t i s d i f f i c u l t to c a r r y 
out d e l i c a t e s o l d e r i n g i n t h e f i e l d . We have g o l d p l a t e d t a b s s p o t w e l d e d t o the 
b a t t e r y s u r f a c e to f a c i l i t a t e s o l d e r i n g and to m i n i m i z e the r i s k o f h e a t damage. 
I f a n o r m a l l y open (NO) Reed s w i t c h i s c o n n e c t e d between the b a s e o f t r a n s i s t o r 
2N4996 and ground ( F i g . 3 ) , then when s w i t c h c o n t a c t s are c l o s e d by a s m a l l b a r 
magnet , t r a n s m i s s i o n s t o p s . A m i n i m a l amount ( a p p r o x i m a t e l y 4 μA) o f c u r r e n t then 
f l o w s through the 820 Κ and 4 .7 Κ r e s i s t o r s . T h i s t e c h n i q u e i s used on c o m m e r c i a l l y 
a v a i l a b l e t r a n s m i t t e r s from T e l e m e t r y Sys tems I n c . (Milwaukee, W i s c o n s i n , U . S . A . ) . 

TRANSMITTER LIFETIME CALCULATIONS 
I t i s u s u a l l y i m p o r t a n t t o the f i e l d b i o l o g i s t t o know w i t h some d e g r e e o f c e r t a i n t y , 
how l o n g a p a r t i c u l a r t r a n s m i t t e r and b a t t e r y c o m b i n a t i o n w i l l be e x p e c t e d to work . 
The c a l c u l a t e d l i f e t i m e i s dependent on a c c u r a t e measurements o f p u l s e l e n g t h , peak 
c u r r e n t d u r i n g p u l s i n g and p u l s e r a t e . We s h a l l use the two s t a g e t r a n s m i t t e r o f 
F i g . 3 above as an example t o i l l u s t r a t e e a c h one o f t h e s e measurements . An o s c i l 
l o s c o p e i s r e q u i r e d t o measure p u l s e l e n g t h . A h i g h impedance probe i s p l a c e d a t 
e i t h e r the c o l l e c t o r o f t r a n s m i t t e r 2N4996, or a t the p o s i t i v e b a t t e r y t e r m i n a l . 
S h o r t l e a d s are r e q u i r e d t o reduce d e t u n i n g e f f e c t s on the t r a n s m i t t e r . O s c i l l o s c o p e 
t r i g g e r i n g from the b a t t e r y i s a consequence o f sudden c u r r e n t demands d u r i n g a 
p u l s e . Peak p u l s e c u r r e n t can be measured by s h o r t i n g the b a s e o f t r a n s i s t o r MPS6507 
to g r o u n d . T h i s t u r n s on t h e RF s t a g e t o maximum o u t p u t and by c o n n e c t i n g a m i l l i a m p -
meter i n s e r i e s w i t h the p o s i t i v e b a t t e r y t e r m i n a l and t r a n s m i t t e r , a c u r r e n t o f 
a p p r o x i m a t e l y 7 mA w i l l be measured . 

The p r o p o r t i o n o f on t ime (Tq^ i n s e c o n d s ) between the o n s e t o f one p u l s e t o t h e 
n e x t i s g i v e n b y : 
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OFF R ON 

s u b s t i t u t i n g t h i s i n t o E q u a t i o n 4 and s i m p l i f y i n g y i e l d s : 

Δ Ι ON 
ON 

Τ + - Τ ) 
ON ^R OW 

X I^^ X 24 h 

Τ R 

(6) 

E q u a t i o n 6 i s an e x p r e s s i o n f o r a v e r a g e c u r r e n t consumpt ion d u r i n g a 24 h p e r i o d . 
I t can be e a s i l y proven t h a t a s i m i l a r e q u a t i o n d e s c r i b e s a v e r a g e c u r r e n t o f t h e 
t r a n s m i t t e r between p u l s e s (Γ „) : 

OFF 
0.40 T^^^ X R X J ^ ^ ^ . (7) 

T h e r e f o r e the t o t a l a v e r a g e c u r r e n t d u r i n g 24 h i s t h e c o m b i n a t i o n o f E q u a t i o n s 6 
and 7: 

= ^^ON ' 'ΌΥΥ 

Δ Ι = 0.40 R ( I ^ , X I ^ ^ . T^^^ X J , , , ) . (8) 

To c a l c u l a t e t h e c r i t i c a l t r a n s m i t t e r l i f e t i m e , the b a t t e r y c a p a c i t y must a l s o be 
d e t e r m i n e d . Ko (1980, t h i s volume) has rev i ewed t h e problems a s s o c i a t e d w i t h t h i s 
v a r i a b l e and we c o n c l u d e d t h a t the m a n u f a c t u r e r ' s s p e c i f i c a t i o n s are n o r m a l l y the 
most a c c u r a t e a s s e s s m e n t . Longterm s t o r a g e and h e a t lowers b a t t e r y c a p a c i t y be low 
t h a t s p e c i f i e d by t h e m a n u f a c t u r e r s . B a t t e r y c a p a c i t y i s e x p r e s s e d as m i l l i a m p hours 
(mAh). To c a l c u l a t e t r a n s m i t t e r l i f e t i m e , t h i s v a r i a b l e (BmAh) i s i n c o r p o r a t e d i n t o 
E q u a t i o n 8: 

BmAh 
days 

^ • ^ ^ ^ ^ O N ^ ^ O N " ^ O F F ^ ^ O F F ) 

(9) 

I t i s u s u a l l y the c a s e t h a t J Q F F "̂ "̂  ^ O N - t h i s we mean t h a t I Q F F ^ ^ ^ ^ ̂ ' ^ P ^ ^ " " 
cent o f J O N and t h e n , ^ O F F ^ - ^ O F F 0 t h e r e f o r e . E q u a t i o n 9 s i m p l i f i e s t o : 

BmAh 
days 

^ ' ' ^ ' ^ ^ O N ' ^ O N ) 

(10) 

T h i s i s t h e e x p r e s s i o n f o r t r a n s m i t t e r l i f e t i m e i n days (T d a y s ) . R e p r e s e n t a t i v e 
v a l u e s o f t h e two s t a g e t r a n s m i t t e r ( F i g . 3) d i s c u s s e d above r e s u l t i n a t h e o r e t i c a l l y 
d e r i v e d l i f e t i m e o f a p p r o x i m a t e l y two y e a r s : 

i? = 60 s -1 

ON 

I 

0.32 s 

7 mA 
ON 

BmAh = 4000 

4000 
^days = 0.40 χ 60 χ 0.32 x 7 = 

T h i s v a l u e i s 3 p e r c e n t g r e a t e r than E q u a t i o n 9 would g i v e t o T^^^ o f 0.968 and 
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J Q P P o f 7 μΑ. I f - T O F F ^ p e r c e n t î ON» then E q u a t i o n 9 must be used to g e t a 
r e a l i s t i c v a l u e o f Τ d a y s . 

There are many r e a s o n s why a p a r t i c u l a r t r a n s m i t t e r w i l l n o t f u l f i l t h i s e x p e c t a n c y . 
For i n s t a n c e , t empera ture f l u c t u a t i o n s , m o i s t u r e i n v a d i n g the e n c a p s u l a t i o n c a u s i n g 
l o n g e r p u l s e s and h i g h e r c u r r e n t demands, and use o f b a t t e r i e s o f d i f f e r e n t r a t i n g 
t o t h a t s p e c i f i e d by t h e m a n u f a c t u r e r . A c o n s e r v a t i v e c o r r e c t i o n would reduce the 
t h e o r e t i c a l v a l u e by 2 5 t o 5 0 p e r c e n t depend ing on r e s e a r c h c o n s t r a i n t s ( e . g . a 
s p e c i f i e d number of weeks f o r w h i c h the t r a n s m i t t e r s must f u n c t i o n ) . 

ENCAPSULATION AND ATTACHMENT 
T r a n s m i t t e r components s h o u l d be e n c a p s u l a t e d i n l i g h t w e i g h t , d u r a b l e and w a t e r 
p r o o f m a t e r i a l s such as d e n t a l a c r y l i c , epoxy r e s i n or l i q u i d p l a s t i c ( D o n a l d s o n , 
1 9 8 0 , t h i s v o l u m e ) . Components s h o u l d be c o a t e d i n beeswax w h i c h i n c r e a s e s w a t e r 
p r o o f i n g and f a c i l i t a t e s t h e removal and r e p l a c e m e n t o f b a t t e r i e s . The p o t t i n g 
m a t e r i a l u s u a l l y s e t s e x o t h e r m a l l y , h e n c e , p r e c a u t i o n s must be t a k e n to p r e v e n t h e a t 
from damaging components . As a g e n e r a l r u l e , the t o t a l p a c k a g e ( t r a n s m i t t e r , b a t t e r y , 
a n t e n n a , h a r n e s s or c o l l a r , and e n c a p s u l a t i o n ) , s h o u l d we igh l e s s than 3-5 p e r c e n t 
o f the a n i m a l ' s body w e i g h t (see W e l f a r e ) . 

Mammal s t u d i e s most f r e q u e n t l y use c o l l a r d e s i g n s ( e . g . E r l i n g e , 1 9 8 0 , t h i s vo lume; 
S a r g e a n t , 1 9 8 0 , t h i s v o l u m e ) . I f the s p e c i e s ' anatomy p r e c l u d e s the use o f a c o l l a r 
as f o r b a d g e r s . Metes meles, a backpack h a r n e s s may be u s e d (Kruuk, 1 9 7 7 ; see a l s o 
Cheeseman and M a l l i n s o n , 1 9 8 0 , t h i s v o l u m e ) . Whip a n t e n n a s (Amlaner , 1 9 8 0 , t h i s 
volume) may p r o t r u d e above the c o l l a r , or be b u i l t i n t o i t . C o l l a r s made o f i n f l e x i b l e 
a c r y l i c must have a p l i a b l e h i n g e which i s s e c u r e d w i t h a c r y l i c a f t e r f i t t i n g . The 
more p l i a b l e n y l o n c o l l a r s may be r i v e t t e d i n p l a c e once f i t t e d . Working a t n i g h t 
i n remote a r e a s and i n s e v e r e w e a t h e r c o n d i t i o n s p u t s a premium on s i m p l i c i t y , as 
does the need t o m i n i m i z e d i s t u r b a n c e to t h e a n i m a l . These r e q u i r e m e n t s l e d t o the 
development f o r f o x work o f a c o l l a r l o o p a n t e n n a d e s i g n where the t r a n s m i t t e r i s 
s w i t c h e d on s i m p l y by f a s t e n i n g the c o l l a r . Copper b r a i d i n g s e r v e s as b o t h antenna 
and c o l l a r . The b r a i d e d w i r e i s v e r y p l i a b l e i n e v e r y d i m e n s i o n and i s d u r a b l e 
( n o r m a l l y l a s t i n g more than 6 m o n t h s ) . We c o v e r i t w i t h s e v e r a l l a y e r s o f b r i g h t l y 
c o l o r e d i n s u l a t i n g tape ( c o l o r coded f o r r e c o g n i t i o n ) to p r e v e n t s t r a n d s o f w i r e 
b e i n g broken d u r i n g grooming , and c a u s i n g a b r a s i o n . 

Kruuk ( 1 9 7 8 ) u sed a loop a n t e n n a a t t a c h e d around the p e r i m e t e r o f the c i r c u i t b o a r d 
of a b a d g e r backpack and then c o m p l e t e l y e n c a p s u l a t e d i t wh ich o b v i a t e d the r i s k o f 
w a t e r l e a k i n g t h r o u g h t h e a n t e n n a c o n n e c t i o n . R a d i o t a g s used f o r t r a c k i n g r h i n o 
have been embedded i n t h e i r h o r n s . H i t c h i n s ( 1 9 7 1 ) s t u d i e d b l a c k r h i n o c e r o s (Diceros 
hioornis) i n Z u l u l a n d where i t s p r e f e r e n c e f o r dense v e g e t a t i o n p r e c l u d e d d e t a i l e d 
s t u d y w i t h o u t r a d i o t r a c k i n g . A 6 - 7 cm h o l e was d r i l l e d i n t o the h o r n and the t r a n s 
m i t t e r f i t t e d w i t h i n . A loop antenna was put i n a g r o o v e c u t h o r i z o n t a l l y around 
the h o r n . B e f o r e f i n a l l y s e a l i n g the c a v i t y , t h e t r a n s m i t t e r tr immer c a p a c i t o r had 
to be a d j u s t e d to the d i e l e c t r i c c o n s t a n t o f the h o r n . 

Rad io h a r n e s s e s f o r b i r d s i n c l u d e (a) c h e s t p a c k s a t t a c h e d by a l o o p a n t e n n a t h a t 
c i r c l e s t h e b i r d ' s body ( N i c h o l l s and Warner , 1 9 6 8 ; F o r b e s and Warner , 1 9 7 4 ) , 
(b) b a c k p a c k s a t t a c h e d by h a r n e s s l o o p s under t h e w i n g s w i t h a whip a n t e n n a t r a i l i n g 
down the b i r d ' s back (Amlaner , S i b l y and M c C l e e r y , 1 9 7 8 ; H a r d y , 1 9 7 7 ) , and ( c ) t a i l 
mounted e i t h e r on imped or n a t u r a l f e a t h e r s ( D u n s t o n , 1 9 7 7 ; Kenward, 1 9 7 8 ) . 

The back mounted h a r n e s s used on h e r r i n g g u l l s (Larus argentatus) (Amlaner , S i b l y 
and M c C l e e r y , 1 9 7 8 ) was made from n o n - a b r a s i v e n y l o n c o a t e d e l a s t i c , m e a s u r i n g 3 . 2 mm 
wide ( o b t a i n a b l e from sewing s h o p s ) . The h a r n e s s was g l u e d to the t r a n s m i t t e r and 
then wrapped around t h e b i r d i n a f i g u r e of e i g h t p a t t e r n , c r o s s i n g the b r e a s t a r e a , 
w i t h the r a d i o p o s i t i o n e d a t the b a s e o f the n e c k . The a v e r a g e h a r n e s s we ighed 0 . 5 g . 
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F e a t h e r imping i n v o l v e s s e c u r i n g t r a n s m i t t e r s o n t o a m o l t e d c e n t r a l r e c t r i c e u s i n g 
epoxy r e s i n and t h r e a d . The whip a n t e n n a i s a l s o a t t a c h e d w i t h t h r e a d and epoxy 
a l o n g the l e n g t h o f the f e a t h e r . An e q u i v a l e n t f e a t h e r i s then removed from the 
b i r d and the t r a n s m i t t e r f e a t h e r s h a f t - i m p e d i n t o p l a c e and h e l d w i t h more epoxy 
r e s i n and s u t u r e s (Kenward, 1978) . T h i s t e c h n i q u e r e q u i r e s f a m i l i a r i t y w i t h f e a t h e r 
imping and i s p r o b a b l y not as g e n e r a l l y u s e f u l as mount ing t r a n s m i t t e r s on the p r o x i 
mal end o f n a t u r a l t a i l f e a t h e r s ( D u n s t a n , 1977; Kenward, 1978) . F u r t h e r m o r e , rough 
h a n d l i n g a t the b a s e o f the f e a t h e r s h a f t may cause t o t a l t r a n s m i t t e r l o s s i n a few 
days a f t e r i m p i n g . Swanson and K e u c h l e (1976) mounted a t r a n s m i t t e r above a d u c k ' s 
b i l l u s i n g a n a s a l p i n . T h e i r t r a n s m i t t e r i n c l u d e d a s w i t c h so p o s i t i o n e d t h a t i t 
changed the p u l s e r a t e depending on whether the d u c k ' s head was up or down (as 
when f e e d i n g ) . 

WELFARE 

I t i s i m p e r a t i v e f o r b o t h h u m a n i t a r i a n and s c i e n t i f i c r e a s o n s t h a t the t r a n s m i t t e r 
does not hamper or damage the an imal i n any way. Boag (1972) found t h a t g r o u s e 
(Lagopus lagopus), w e a r i n g t r a n s m i t t e r s f e d l e s s than t h o s e w i t h o u t . S a r g e a n t , 
Swanson and Doty (1973) s u g g e s t e d t h a t f i t t i n g a r a d i o pack to a t e a l {Anas disoors), 
c o n t r i b u t e d t o i t s b e i n g p r e d a t e d by mink {Idustela vison), ( see S i e g f r i e d et al._, 
1977) . S i g n s o f c o l l a r a b r a s i o n ( B e a l , 1967) o r w e i g h t l o s s i n d i c a t e u n s a t i s f a c t o r y 
d e s i g n . Comparisons can be made between o b s e r v a t i o n s on the same a n i m a l b e f o r e and 
a f t e r r a d i o t a g g i n g , b u t A m l a n e r , S i b l y and M c C l e e r y (1978) show t h a t some e f f e c t s 
may be v e r y s u b t l e , e . g . on l o n g t e r m r e p r o d u c t i v e p o t e n t i a l . H a m i l t o n (1976) f i t t e d 
l e o p a r d s {Panthera pardus), w i t h t r a n s m i t t e r s c a m o u f l a g e d w i t h b l a c k and y e l l o w s p o t s 
to a v o i d a t t r a c t i n g a t t e n t i o n t o the p r e d a t o r and Macdona ld and Apps (1978) s i m i l a r l y 
p a i n t e d c a t {Felis oatus), t r a n s m i t t e r s to match c o a t c o l o r . Kenward (1977) found 
no d i f f e r e n c e i n w e i g h t l o s s or d i s p e r s i o n t endency o f goshawks {Aocipiter gentilis), 
w e a r i n g t r a n s m i t t e r s from those w e a r i n g l e g r i n g s and noted t h a t h o u r l y r a t e o f 
b r i n g i n g prey to the n e s t was t h e same f o r a sparrow hawk {Accipiter nisus), b e f o r e 
and a f t e r b e i n g f i t t e d w i t h a t r a n s m i t t e r (3 .5 p e r c e n t o f body w e i g h t ) . A m l a n e r , 
M c C l e e r y and S i b l y (1978) have c o n d u c t e d a d e t a i l e d s t u d y o f the s u r v i v a l and 
h a t c h i n g s u c c e s s of h e r r i n g g u l l s c a r r y i n g dummy t r a n s m i t t e r s w e i g h i n g between 10-
50 g and found t h a t more s e v e r e t r e a t m e n t s ( i . e . w e a r i n g h e a v i e r t r a n s m i t t e r s ) 
d e c r e a s e d s u r v i v a l o f the o f f s p i n g . 

BASIC RADIO TRACKING 
The b a s i c o p e r a t i o n o f t h e r a d i o t r a c k i n g s y s t e m i n v o l v e s a b a t t e r y powered t r a n s 
m i t t e r which emi t s low powered p u l s e d s i g n a l s v i a a t r a n s m i t t i n g a n t e n n a . These 
s i g n a l s are r e c e i v e d by a n o t h e r , d i r e c t i o n a l l y s e n s i t i v e a n t e n n a which c o n n e c t s to 
the r e c e i v e r . I d e a l l y , the d i r e c t i o n a l p r o p e r t i e s (Amlaner , 1980, t h i s vo lume; 
C e d u r l u n d and L e m n e l l , 1980, t h i s vo lume; P a r i s h , 1980, t h i s volume) o f the r e c e i v i n g 
antenna a l l o w b e a r i n g s t o be taken on the a n i m a l ' s p o s i t i o n from two p l a c e s and the 
p o i n t a t which t h e s e b e a r i n g s i n t e r s e c t marks the a n i m a l ' s l o c a t i o n . However, as 
T e s t e r (1971) p o i n t s ou t t h e r e a r e t h r e e c a t e g o r i e s o f e r r o r a l l o f wh ich can a c t 
t o g e t h e r to f r u s t r a t e t h i s i d e a l : (1) S y s t e m e r r o r , i n h e r e n t i n the r e c e i v i n g e q u i p 
ment and i t s o p e r a t i o n . (2) Movement e r r o r , r e s u l t i n g from the a n i m a l moving w h i l e 
b e a r i n g s are b e i n g t a k e n . (3) T o p o g r a p h i c a l e r r o r , r e s u l t i n g from a n o m a l i e s such a s 
r e f l e c t i o n and r e f r a c t i o n o f the s i g n a l c r e a t i n g f a l s e b e a r i n g s . 

SYSTEM ERROR 

(a) I n a c c u r a c i e s i n the d i r e c t i o n a l i t y o f the a n t e n n a : assuming an a n t e n n a has been 
p e r f e c t l y made, i t i s u n l i k e l y t o remain so i n the f i e l d . We have s u f f e r e d i n a c c u r a 
c i e s induced by wind t w i s t i n g the e l e m e n t s o f a Y a g i a n t e n n a , and o v e r h a n g i n g t r e e 
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Woodland F i e l d Town 

Adcock Near 4 .2 3 .1 20.9 

F a r 5 .1 3 . 3 20.1 

D i p o l e Near 7.4 3 .8 12 .0 

F a r 12.6 3 .9 25.1 

(c ) A d d i t i o n a l i n a c c u r a c i e s can r e s u l t from m i s r e a d i n g the b e a r i n g , f o r i n s t a n c e , 
b e c a u s e o f h o l d i n g a m a g n e t i c compass t o o n e a r t o a v e h i c l e or t h e a n t e n n a . The 
antenna s h o u l d be mounted a t l e a s t one w a v e l e n g t h above a v e h i c l e r o o f . 

MOVEMENT ERROR 

(a) I f t h e r e i s a d e l a y between t a k i n g r a d i o b e a r i n g s used to p i n p o i n t the a n i m a l ' s 
p o s i t i o n , the p o s i t i o n o f t h e i r i n t e r s e c t i o n w i l l b e a r l i t t l e r e l a t i o n s h i p t o t h e 
a n i m a l ' s a c t u a l p o s i t i o n . The m a g n i t u d e o f t h i s e r r o r w i l l depend on the t ime l a g 
i n v o l v e d , the a n i m a l ' s speed and the p o s i t i o n s from w h i c h the b e a r i n g s a r e t a k e n . 
U s i n g automated equipment ( e . g . C o c h r a n et al,, 1965; Deat et al,, 1980, t h i s vo lume; 
L e m n e l l , 1970) or two s e t s o f o b s e r v e r s w i t h w a l k i e t a l k i e s ( R e e v e , 1980, t h i s 
volume; Smi th and T r e v o r - D e u t s c h , 1980, t h i s volume) m i n i m i z e s t h i s r i s k . However, 

l imbs b u c k l i n g the e l e m e n t s o f an Adcock and Y a g i mounted on a v e h i c l e . The f r e q u e n t 
b e n d i n g of an tenna l e a d s d u r i n g d i r e c t i o n f i n d i n g , or p i n c h i n g l e a d s i n v e h i c l e doors 
may l e a d t o i n t e r m i t t e n t l o s s o f c o n t a c t t h a t d e c e p t i v e l y mimic s i g n a l n u l l s . S u s 
p e c t e d t r a n s m i t t e r f a i l u r e s h o u l d a lways prompt a thorough check o f the an tenna c o n 
n e c t i o n s and l e a d s (which can be t e s t e d w i t h a known t r a n s m i t t e r ) . 

(b) I n a c c u r a c i e s imposed by the geometry o f t r i a n g u l a t i o n : T a b l e 1 shows the m a g n i 
tude of sy s t em e r r o r on the a c c u r a c y o f b e a r i n g s t a k e n w i t h d i f f e r e n t antennas from 
d i f f e r e n t l o c a t i o n s and d i s t a n c e s on the p o s i t i o n o f a s l e e p i n g f o x l y i n g on the 
edge o f woodland and open h a b i t a t s . The e r r o r does n o t i n c r e a s e s i g n i f i c a n t l y w i t h 
d i s t a n c e from the f o x and i s 3 - 5 ° . The e r r o r i s s i g n i f i c a n t l y g r e a t e r f o r b e a r 
i n g s t a k e n from w i t h i n t h e woodland t o those t a k e n from f a r m l a n d when t h e f o x s l e p t 
a t the w o o d l a n d ' s e d g e . The d i p o l e ' s per formance was m a r g i n a l l y worse t h a n t h e 
A d c o c k ' s . A s i m i l a r t e s t under urban c o n d i t i o n s was l e s s a c c u r a t e , as b u i l d i n g s 
b o t h r e f l e c t and d i m i n i s h the s i g n a l ( see H a r r i s , 1980, t h i s vo lume; Hough, 1980, 
t h i s v o l u m e ) . Whi le the sys tem e r r o r does n o t i n c r e a s e w i t h d i s t a n c e from the f o x , 
the t r i a n g u l a t i o n e r r o r does (Heezen and T e s t e r , 1967 ) . The a r e a encompassed by 
the 'beam' o f i n a c c u r a c y i n c r e a s e s w i t h d i s t a n c e from the a n i m a l . With a 3 ° e r r o r 
t h i s c o n s t i t u t e s a d e c r e a s e i n t h e a c c u r a c y o f the supposed p o s i t i o n o f 52 m km"-̂  
c a l c u l a t e d b y : 

tan θ X d i s t a n c e = d i s p l a c e m e n t . 

F u r t h e r m o r e , ' e r r o r p o l y g o n s ' i n c r e a s e i n a r e a f o r a g i v e n d i s t a n c e be tween t r a n s 
m i t t e r and r e c e i v e r depending on the e x t e n t to w h i c h the i n t e r s e c t i n g b e a r i n g s d e p a r t 
from r i g h t a n g l e s (and hence the i n t e r s e c t i n g 'beams' o f i n a c c u r a c y become l e s s o f 
a square and more of a p a r a l l e l o g r a m ) . T h u s , b e a r i n g s s h o u l d be t a k e n a t a p p r o x i 
m a t e l y r i g h t a n g l e s t o e a c h o t h e r and as c l o s e t o the an imal as p o s s i b l e . Deat 
et al, (1980, t h i s volume) d e s c r i b e an automated s o l u t i o n t o t h i s p r o b l e m . 

T a b l e 1. 
A compar i son o f the mean a n g u l a r e r r o r of s e t s o f b e a r i n g s 
taken from d i f f e r e n t p o s i t i o n s w i t h d i f f e r e n t a n t e n n a s under 
i d e a l c o n d i t i o n s (near = 100 m and f a r = 500 m a p p r o x i m a t e l y ) 
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peop le work ing a lone can reduce e r r o r by b e i n g a l e r t t o changes i n the r a d i o s i g n a l 
(PIM) which s i g n i f y the a n i m a l ' s movement. 

TOPOGRAPHICAL ERROR 

(a) Very h i g h f r e q u e n c i e s (200-500 MHz) are s e r i o u s l y a t t e n u a t e d by v e g e t a t i o n and 
are more i n c l i n e d to r e f l e c t o f f f e a t u r e s o f the l a n d s c a p e , b u t may a l s o g i v e b e t t e r 
n u l l s when n o t d e f l e c t e d . H e n c e , VHF t r a n s m i t t e r s are more s u i t a b l e i n open c o u n t r y 
or f o r ground t o a i r t r a n s m i s s i o n whereas h i g h f r e q u e n c i e s (30-50 MHz) are b e t t e r 
f o r ground work i n rough t e r r a i n . U s i n g an i n t e r m e d i a t e f r e q u e n c y (102-105 MHz) 
we have found t o p o g r a p h i c a l e r r o r s t o be u n q u e s t i o n a b l y the g r e a t e s t s o u r c e o f 
i n a c c u r a c y . 

(b) I n a c c u r a c y stemming from l o c a l topography o b v i o u s l y v a r i e s between a r e a s and 
can o n l y be l e a r n e d by e x p e r i e n c e . V a l u a b l e p r a c t i c e can be g a i n e d i n advance by 
the b i o l o g i s t t r a c k i n g a s u r r o g a t e r a d i o t a g g e d a n i m a l , such as h i s w i f e . The 
f o l l o w i n g f e a t u r e s pose r i s k s : 

( i ) V a l l e y s , h i l l s i d e s , c l i f f s , and b u i l d i n g s may r e f l e c t the s i g n a l . 
( i i ) M e t a l f e n c e s , e l e c t r i c a l and t e l e p h o n e w i r e s sometimes p i c k up and r e t r a n s 

m i t the s i g n a l a l o n g t h e i r l e n g t h , 
( i i i ) Burrows , such as f o x e a r t h s and b a d g e r s e t t s , may a t t e n u a t e the s i g n a l w h i l e 

o t h e r s may b r o a d c a s t i t i n narrow beams from t h e i r e n t r a n c e s . Such beams 
are b o t h easy to m i s s and prone t o r e f l e c t i o n , e . g . a normal range of up t o 
5 km can be reduced t o 100 m from a deep burrow w i t h one e n t r a n c e . 

( i v ) T h i c k or wet v e g e t a t i o n a t t e n u a t e s the s i g n a l , as does the g r o u n d . T h i s 
e f f e c t v a r i e s s e a s o n a l l y w i t h l e a f c o v e r i n d e c i d u o u s w o o d l a n d . T r a n s m i t t e r s 
d e s i g n e d f o r s m a l l e r mammals s h o u l d be t e s t e d from p o s i t i o n s on or c l o s e 
to the ground and not w h i l e h a n g i n g from the b r a n c h o f a t r e e or s i m i l a r 
h i g h v a n t a g e p o i n t . U s i n g a d i p o l e a n t e n n a a s t r o n g s i g n a l can sometimes 
be r e c e i v e d when i t i s h e l d v e r t i c a l l y b u t not h o r i z o n t a l l y and sometimes 
v i c e v e r s a ; w h i l e p a r t l y a t t r i b u t a b l e to the a n i m a l ' s p o s i t i o n , v e g e t a t i o n 
s t r u c t u r e i s a l s o i m p o r t a n t ; f o r i n s t a n c e , l a r g e u n i f o r m c o n i f e r s t a n d s 
appear t o p o l a r i z e t h e s i g n a l (Amlaner , 1980, t h i s v o l u m e ) . 

The e x t e n t of t h i s problem i s i l l u s t r a t e d by the c a s e o f a r a d i o t a g g e d f o x t h a t 
s p e n t i t s days i n an e a r t h a t t h e head o f a deep v a l l e y . From t h e r e the s i g n a l 
emerged a t an a c u t e a n g l e t o the o p p o s i t e s i d e o f the v a l l e y and r i c o c h e t t e d down 
to the v a l l e y mouth 2 km away. T r a c k i n g t h i s f o x i n v o l v e d t a k i n g a s e r i e s of z i g 
z a g g i n g b e a r i n g s o f w h i c h o n l y the l a s t p a i r p o i n t e d a t i t s r e a l p o s i t i o n . V e r t s 
(1963) and Anderson and H i t c h i n s (1971) have n o t e d the same problem w h i l e t r a c k i n g 
skunks (Mephitis mephitis) and b l a c k r h i n o c e r o s (Diceros bicorius) r e s p e c t i v e l y . 
As H a m i l t o n (1976) s t a t e s " . . . t h e r e c e i v i n g s y s t e m c o u l d o n l y t e l l from which 
d i r e c t i o n the s i g n a l a r r i v e d and n o t from which d i r e c t i o n i t l e f t the t r a n s m i t t e r . . . . " 
A l t h o u g h not commonly s t r e s s e d i n the l i t e r a t u r e the r a d i o t r a c k e r ' s s u b j e c t i v e 
' f e e l ' f o r t h e r a d i o l a n d s c a p e o f h i s s t u d y a r e a i s w i d e l y acknowledged as an impor
t a n t f a c e t o f a c c u r a t e r a d i o t r a c k i n g . The f o l l o w i n g s u g g e s t i o n s h e l p t o m i n i m i z e 
the r i s k s o f b o t h movement and t o p o g r a p h i c a l e r r o r s : 

(1) Take c o n s e c u t i v e b e a r i n g s w i t h as l i t t l e d e l a y as p o s s i b l e . F o r d i r e c t i o n 
f i n d i n g , n u l l s are p r e f e r a b l e t o peaks as i t i s e a s i e r t o d e t e c t the d i f f e r e n c e 
between s i g n a l and s i l e n c e than between s i g n a l and l o u d e r s i g n a l . Amlaner (1980, 
t h i s volume) and P a r i s h (1980, t h i s volume) d i s c u s s t e c h n i q u e s f o r d e c i d i n g whether 
a t r a n s m i t t e r i s i n f r o n t o f or b e h i n d the t r a c k e r . 

(2) Know the i n d i v i d u a l f e a t u r e s o f the l a n d s c a p e w e l l , and how they a f f e c t r a d i o 
s i g n a l s . 
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(3) I f e r r o r s are s u s p e c t e d t a k e s e v e r a l a l t e r n a t i v e b e a r i n g s ; a t l e a s t t h r e e a r e 
n e c e s s a r y to d e t e c t movement e r r o r s . When r a d i o t r a c k i n g from a c a r we have found 
i t h e l p f u l t o c o n t i n u e l i s t e n i n g t o the s i g n a l w h i l e t r a v e l l i n g be tween r e c e p t i o n 
s i t e s so t h a t f l u c t u a t i o n s i n s i g n a l s t r e n g t h a l o n g the r o u t e can be n o t e d i n the 
c o n t e x t o f t h e l a n d s c a p e . 

(4) Rank b e a r i n g s and the d e r i v e d r a d i o l o c a t i o n s i n terms o f t h e i r a c c u r a c y depend
i n g on b o t h the w i d t h o f the n u l l p o i n t s and the v a r i a t i o n o f s u c c e s s i v e b e a r i n g s 
t h a t do not i n t e r s e c t a t t h e same s p o t . Depending on the q u e s t i o n s b e i n g posed and 
the s i z e o f the a n i m a l ' s home range a g i v e n i n a c c u r a c y may be t o l e r a b l e . An i n a c c u r 
a t e b e a r i n g i n the m i d d l e o f an a n i m a l ' s home range m i g h t be a u s e f u l datum b u t i f 
one i s i n t e r e s t e d i n t r a c i n g the o u t l i n e of a t e r r i t o r y , a s i m i l a r l y i n a c c u r a t e 
b e a r i n g would be u n a c c e p t a b l e , H a m i l t o n (1976) p r o p o s e d the u s e o f a c c u r a c y i n d i c a 
t o r s , i . e . c i r c l e s o f v a r y i n g d i a m e t e r w h i c h i n c l u d e i n the s m a l l e s t p o s s i b l e a r e a , 
a l l the v a r i o u s i n t e r s e c t i o n s drawn on t h e map between s e v e r a l b e a r i n g s t a k e n on 
one a n i m a l . 

K e e p i n g a l e r t f o r n o n s e n s i c a l l o c a t i o n s i s d i f f i c u l t i n the f i e l d a t n i g h t w i t h 
maps f l a p p i n g i n the w i n d . Thus we f i n d i t u s e f u l t o c a r r y a work map f i x e d to a 
c l i p b o a r d and p r o t e c t e d from r a i n by a c l e a r p l a s t i c s h e e t . A f t e r each r a d i o f i x 
i s t a k e n , the d e t a i l s are marked d i r e c t l y on t h e map. These maps a l s o p r o v i d e a 
u n i f o r m r e c o r d from which d a t a can s u b s e q u e n t l y be decoded ( see ' D a t a T r a n s c r i p t i o n ' ) . 

AUTOMATIC DATA RECORDING 

A u t o m a t i c s a m p l i n g may be a c h i e v e d w i t h o u t s o p h i s t i c a t e d d a t a l o g g i n g e q u i p m e n t . 
A c c u r a t e c l o c k t i m i n g i s p o s s i b l e w i t h s i m p l e , i n e x p e n s i v e i n t e g r a t e d CMOS c i r c u i t s 
which can be used t o b u i l d s w i t c h i n g d e v i c e s w i t h v a r i a b l e ' o n ' and ' o f f t i m e s . 
These m i n i a t u r e c i r c u i t s can o p e r a t e on low v o l t a g e s and h a v e many a p p l i c a t i o n s b o t h 
i n the f i e l d and t h e l a b o r a t o r y . F o r e x a m p l e , i n the f i e l d the p r e s e n c e o f r a d i o 
t a g g e d an imal s can be s y s t e m a t i c a l l y sampled u s i n g an omni d i r e c t i o n a l a n t e n n a 
(Amlaner , 1980, t h i s v o l u m e ) , r e c e i v e r , tape r e c o r d e r and c l o c k s w i t c h . One or 
f i v e minute samples o f t h e r a d i o s i g n a l can be r e c o r d e d e v e r y 15 , 30 or 60 m i n . S i m i 
l a r l y , s a m p l i n g p h y s i o l o g i c a l v a r i a b l e s from b i o t e l e m e t e r s c a n reduce the amount o f 
redundant d a t a c o l l e c t e d w h i l e p r e s e r v i n g the c o n t i n u i t y o f l o n g t e r m s a m p l e s . 

F i g u r e 4 p r e s e n t s a c i r c u i t u s i n g two p r e c i s i o n t i m e r s (ZN1034E, F e r r a n t i E l e c t r o n i c s , 
U . K . ) . The f r e q u e n c y o f an i n t e r n a l o s c i l l a t o r i s d e t e r m i n e d by an e x t e r n a l l y c o n 
n e c t e d c a p a c i t o r and r e s i s t o r ( s ) . P u l s e s from t h e o s c i l l a t o r are f e d t h r o u g h a 1 2 -
s t a g e b i n a r y d i v i d e r which t r i g g e r s c o n t r o l l o g i c . The c h i p a l s o has an i n t e r n a l 
5 v d c r e g u l a t o r . By u s i n g the i n t e r n a l c a l i b r a t i o n r e s i s t o r i n t h i s d e v i c e a t i m i n g 
a c c u r a c y o f ± 0.01 p e r c e n t can be a c h i e v e d , b u t f o r l o n g t ime i n t e r v a l s , t h e c a p a c i 
t o r c o n n e c t e d t o p i n 13 must have a low l e a k a g e c u r r e n t . 

The c i r c u i t o p e r a t e s as f o l l o w s : t i m e r Β d e t e r m i n e s the s a m p l i n g f r e q u e n c y ( i . e . 
15 min s e t t i n g g i v e s f o u r samples h"-^). When t i m e r Β t r i g g e r s t i m e r A t h e r e l a y 
c o n t a c t s c l o s e and so t u r n on any equipment w i r e d t o them. Timer A s t a y s ' o n ' f o r 
1 or 5 m i n , depending on t h e p u l s e l e n g t h s e l e c t e d . Any common type o f r e l a y 
(12 v d c , 185 Ω) may be u s e d , and by u s i n g m u l t i p l e c o n t a c t s , s e v e r a l p i e c e s o f 
a p p a r a t u s can be a u t o m a t i c a l l y c o n t r o l l e d by one t i m i n g d e v i c e . F o r i n s t a n c e , a 
r e c e i v e r and tape r e c o r d e r motor can be c o n t r o l l e d s i m u l t a n e o u s l y u s i n g a doub le 
p o l e r e l a y . S w i t c h S I t u r n s on the r e l a y c i r c u i t r y when c l o s e d . 

DATA TRANSCRIPTION - AN INTERACTIVE X , Y COORDINATE PLOTTER 

The c o n v e r s i o n of l a r g e numbers o f r a d i o l o c a t i o n s i n t o y c o o r d i n a t e s f o r mapping 
and a n a l y s i s i s a l a b o r i o u s p r o c e d u r e by h a n d . The p r o c e s s can be speeded-up by the 
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F i g . 4 . C i r c u i t r y f o r a p r e c i s i o n t i m e r w h i c h may be u s e d 
f o r e f f i c i e n t a u t o m a t i c d a t a r e c o r d i n g . 

use o f a c o o r d i n a t e p l o t t e r , such as t h a t d e s c r i b e d by P a r t r i d g e and C u l l e n (1977) 
and P a r t r i d g e , Dawkins and Amlaner ( 1 9 7 8 ) . A m o d i f i e d v e r s i o n o f the machine and 
A l g o l program d e s c r i b e d by t h e s e a u t h o r s p r o v e d i d e a l f o r c o n v e r t i n g r a d i o l o c a t i o n s 
i n t o Xy y c o o r d i n a t e s s c a l e d i n m e t e r s p r e p a r a t o r y f o r home r a n g e a n a l y s i s ( see 
M a c d o n a l d , B a l l and Hough, 1980, t h i s v o l u m e ) . The equipment i s i l l u s t r a t e d i n 
F i g . 5A, where i t can be seen t o c o n s i s t o f a t a b l e on w h i c h a map i s p l a c e d . I t 
i s f i t t e d w i t h two 50 Κ l i n e a r t e n t u r n p o t e n t i o m e t e r s ( P I and P2) mounted a known 
d i s t a n c e (d) a p a r t (wider t h a n t h e map b e i n g u s e d ) . They are c o n n e c t e d by i n e l a s t i c 
s t r i n g to the p o t e n t i o m e t e r w h i c h r o t a t e s as the p o i n t i n g c u r s o r i s moved, c a u s i n g 
t h e i r o u t p u t v o l t a g e s t o v a r y t h e o u t p u t o f a v o l t a g e - t o - f r e q u e n c y c o n v e r t e r ( V C O ) . 
The v a r i a t i o n s i n f r e q u e n c y are f e d i n t o t h e computer (PDP8/E) and u s i n g s o f t w a r e 
( P a r t r i d g e et άΐ,^ 1978) , t h e y are c o n v e r t e d i n t o y c o o r d i n a t e s , by s i m p l e 
geometry ( F i g . 5 B ) : 

and 4 + Vi 

X = (L^ - L| + D'^)2O and 

The c o o r d i n a t e p l o t t e r g i v e s an a c c u r a c y b e t t e r t h a n 0 .1 mm on a 25 x 35 cm t a b l e . 
The p l o t t i n g t a b l e i s f i t t e d w i t h a keyboard o f push b u t t o n s each o f wh ich s p e c i f i e s 
a ' p r o c e d u r e ' on the p l o t t i n g program. I n our c a s e , a p r o c e d u r e SCALES c a l i b r a t e s 
the VCO f r e q u e n c y r e l a t i v e t o the d i s t a n c e moved by c u r s o r and c o n v e r t s t h i s c a l i 
b r a t i o n i n t o the a p p r o p r i a t e s c a l e f o r the map b e i n g u s e d . POINT d e t e r m i n e s t h e 
p o s i t i o n o f t h e c u r s o r and t h e n c a l c u l a t e s t h e c o o r d i n a t e s o f r a d i o f i x e s i n u n i t s 
de termined by S C A L E S . A n o t h e r p r o c e d u r e , TRIANG, was u s e d f o r t r i a n g u l a t i n g an 
a n i m a l ' s p o s i t i o n from s e v e r a l compass b e a r i n g s : i n t h i s c a s e the c o n s e c u t i v e p o s i 
t i o n s o f t h e o b s e r v e r were p l o t t e d w i t h t h e c u r s o r and t h e n t h e compass b e a r i n g s 
o f t h e f o x from each p o s i t i o n typed i n t o the c o n s o l e . A l a r g e amount o f o t h e r i n f o r 
m a t i o n can be typed i n t o t h e computer memory ( d a t e , t i m e , h a b i t a t , e t c . ) w i t h e a c h 
map c o o r d i n a t e . A p r o c e d u r e i s a l s o i n c l u d e d t o compute the a n i m a l ' s speed o f 
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F i g . 5 . An i n t e r a c t i v e y c o o r d i n a t e p l o t t e r , u s e f u l f o r 
the f a s t and e f f i c i e n t t r a n s c r i p t i o n o f l a r g e numbers 
o f r a d i o f i x e s i n t o s c a l e d map c o o r d i n a t e s r e a d y f o r 
a n a l y s i s . (a) Shows t h e p l o t t i n g t a b l e i n use w h i l e 
(b) shows t h e geometry u n d e r l y i n g the p l o t t i n g p r o 
c e d u r e . 

movement between s u c c e s s i v e r a d i o f i x e s . T h i s i n t e r a c t i v e c o o r d i n a t e p l o t t e r f a c i l i 
t a t e s v e r y q u i c k and a c c u r a t e p l o t t i n g o f r a d i o t r a c k i n g d a t a and as our machine 
i s 'home-made' i t i s an i n e x p e n s i v e s o l u t i o n t o a t a s k t h a t sometimes p r e s e n t s an 
i n s u r m o u n t a b l e chore t o f i e l d w o r k e r s . 

CONCLUSION 
R a d i o t r a c k i n g i s an i n v a l u a b l e a d d i t i o n to the b i o l o g i s t ' s s k i l l s and f i e l d c r a f t , 
and h a s c o n t r i b u t e d t o d i v e r s e s t u d i e s ( rev i ewed by M a c d o n a l d , 1978; Mech , 1980, 
t h i s vo lume; S a r g e a n t , 1980, t h i s v o l u m e ) . J u s t as t h i s t e c h n i q u e h a s r e v o l u t i o n i z e d 
s t u d i e s of e l u s i v e s p e c i e s d u r i n g t h e p a s t decade or s o , now p e o p l e l o o k to the 
p o s s i b i l i t y o f t r a n s m i t t i n g and r e c e i v i n g a d d i t i o n a l i n f o r m a t i o n , t h r o u g h b i o t e l e 
m e t r y , as the n e x t m e t h o d o l o g i c a l advance ( rev iewed by A m l a n e r , 1978; Kimmich , 1980, 
t h i s vo lume; S m i t h , 1980, t h i s v o l u m e ) . Some s i m p l e b u t i n g e n i o u s m o d i f i c a t i o n s o f 
t r a c k i n g t r a n s m i t t e r s have a l r e a d y been u s e d , o f w h i c h C h a r l e s - D o m i n i q u e ' s s t u d y o f 
u r i n e marking by b u s h b a b i e s , Galago allenij i s a good e x a m p l e . The C o c h r a n and 
L o r d (1963) t r a n s m i t t e r ( s i m i l a r t o F i g . 1) was m o d i f i e d so t h a t two b a r e w i r e s p r o 
truded from i t s h o u s i n g , wh ich hung on a s t r a p below t h e a n i m a l ' s w a i s t ( F i g . 6 ) . 
Each t ime the bushbaby u r i n a t e d t h e drops o f m o i s t u r e t e m p o r a r i l y s h o r t e d t h e s e two 
w i r e s and hence c l o s e d a low r e s i s t a n c e loop i n the c i r c u i t , w h i c h caused i n c r e a s e d 
' b l e e p ' r a t e . S o , by d e t e c t i n g t h e s e s h o r t i n c r e a s e s C h a r l e s - D o m i n i q u e (1977) c o u l d 
p l o t the d i s t r i b u t i o n o f s c e n t marking and so d i s c o v e r e d t h a t t h i s b e h a v i o r i n c r e a s e d 
i n the ne ighborhood o f t e r r i t o r i a l b o r d e r s . 

By c o n t r a s t , C h a r l e s - D o m i n i q u e ' s s t u d y h i g h l i g h t s a p i t f a l l i n t o w h i c h r a d i o t r a c k 
i n g has l u r e d many v i c t i m s . Namely , t h e r e has been a t e n d e n c y t o u s e i t as an 
e x c u s e to abandon o t h e r f i e l d s k i l l s , r a t h e r than t o complement them. I t i s impor
t a n t f o r many s t u d i e s t h a t e v e r y e f f o r t be made t o w a t c h a n i m a l s , as w e l l as t o 
t r a c k them. R a d i o t r a c k i n g g r e a t l y enhances the c h a n c e s o f making o b s e r v a t i o n s by 
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A. 
F i g . 6 . The t r a n s m i t t e r d e s i g n (A . ma le s and B . f e m a l e s ) used 

by C h a r l e s - D o m i n i q u e (1977) to s t u d y the s c e n t mark ing 
b e h a v i o r o f (C) Galago alleni, 

a l l o w i n g the b i o l o g i s t t o p r e d i c t where t h e a n i m a l can most r e a d i l y be found and 
watched w i t h o u t d i s t u r b a n c e (termed ' p r e d i c t i v e t r a c k i n g ' by M a c d o n a l d , 1978; and 
' s u r v e i l l a n c e t r a c k i n g ' by Kenward, 1980, t h i s v o l u m e ) . 

Acknowledgements — We are g r a t e f u l t o M . D o l a n and T . Barker f o r h e l p w i t h b u i l d i n g 
t r a n s m i t t e r s and to M. G u l l e n and B . P a r t r i d g e f o r i n t r o d u c i n g us t o the 'Mad M o n s t e r ' 
X , y c o o r d i n a t e p l o t t e r . N . Hough k i n d l y commented on the m a n u s c r i p t . 
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Abstract — Though i g n o r a n t o f the t e c h n i c a l i t i e s o f r a d i o s , my 
e a r l y use o f r a d i o t r a c k i n g has meant t h a t I have r e c e i v e d many 
e n q u i r i e s from g r a d u a t e s t u d e n t s w i s h i n g to make use o f t h i s 
t e c h n i q u e ; p u b l i s h e d p a p e r s make the methods sound e a s y , y e t t o 
b i o l o g i s t the t e c h n i c a l i t i e s are u n f a m i l i a r . T h i s b r i e f i n t r o 
d u c t i o n t o p u r e l y p r a c t i c a l a s p e c t s i s b a s e d upon t h e i n f o r m a 
t i o n a n a i v e g r a d u a t e needs t o have d i g e s t e d b e f o r e embarking 
on a r a d i o t r a c k i n g s t u d y . 

INTRODUCTION 
Today, r a d i o t r a c k i n g i s a f a m i l i a r t e c h n i q u e , w i d e l y used i n the s t u d y o f mammal 
e c o l o g y . D e s p i t e i t s e a r l y a d o p t i o n i n N o r t h A m e r i c a ( e s p e c i a l l y d u r i n g the 1960s ) , 
p r a c t i c a l and f i n a n c i a l c o n s t r a i n t s h i n d e r e d i t s use i n B r i t a i n and e l s e w h e r e . C o n s e 
q u e n t l y r e l a t i v e l y l i t t l e e x p e r i e n c e was a v a i l a b l e o u t s i d e the U . S . A . u n t i l r e c e n t l y . 

I n 1966, w i t h l i t t l e money and no knowledge o f e l e c t r o n i c s , I s e t ou t t o d e v e l o p cheap 
and s i m p l e r a d i o t r a c k i n g equipment f o r use on the hedgehog (Erinaoeus europaeus). 
The r e s u l t was a crude and cumbersome s y s t e m , b u t m o d e r a t e l y s u c c e s s f u l w i t h i n the 
l i m i t a t i o n s s e t by t ime and money. S i n c e t h e n , I have b e e n approached by many p o s t 
g r a d u a t e s t u d e n t s and o t h e r s s e e k i n g a d v i c e on the use o f t h i s a p p a r e n t l y s i m p l e 
t e c h n i q u e . 

The b a s i c problem seems to be t h a t p u b l i s h e d p a p e r s are o f t e n so g l i b i n d e s c r i b i n g 
t h e i r methodo logy t h a t r a d i o t r a c k i n g seems to o f f e r the b e g u i l i n g p r o s p e c t s o f c o n s i 
d e r a b l y e x t e n d i n g a s t u d y w i t h l i t t l e p r a c t i c a l d i f f i c u l t y , once a few minor t e c h n i 
c a l i t i e s are g r a s p e d . M i s a p p r e h e n s i o n i s compounded where b i o l o g i s t s are i g n o r a n t o f 
r a d i o t e c h n o l o g y and are u n a b l e t o a p p r e c i a t e e l e m e n t a r y t e c h n i c a l i t i e s . The p r e s e n t 
paper i s i n t e n d e d as an i n t r o d u c t i o n t o the p u r e l y p r a c t i c a l a s p e c t s o f s e t t i n g up 
a r a d i o t r a c k i n g s t u d y . 

The f o l l o w i n g b r i e f l i s t o f q u e s t i o n s , r o u g h l y i n o r d e r o f t h e i r p r i o r i t y , c o v e r s the 
t o p i c s the b e g i n n e r needs t o c o n s i d e r and s h o u l d h e l p t o reduce a complex o f o p t i o n s 
t o j u s t one or two f e a s i b l e l i n e s o f a c t i o n . R e l e v a n t p r a c t i c a l d e t a i l s a r e d i s c u s s e d 
l a t e r . 
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1. What r a d i o f r e q u e n c y i s p e r m i s s i b l e i n the proposed s t u d y a r e a ? T h i s i s c r u c i a l 
t o the whole p r o j e c t as the f r e q u e n c y to be a l l o c a t e d by t h e R e g u l a t i n g A u t h o r i t y 
d i c t a t e s what equipment can o r cannot be u s e d , 

2. I s s u i t a b l e ready-made equipment a v a i l a b l e f o r use on t h i s f r e q u e n c y ? I f s o , 
can you a f f o r d i t ? I f n o t , c a n you b u i l d i t or pay to have i t b u i l t ? 

3 . W i l l y o u r moving a n i m a l s be l o c a t e d by t r i a n g u l a t i o n ? I f s o , e x t r a equipment and 
f i e l d a s s i s t a n c e w i l l be n e c e s s a r y . I f n o t , w i l l d i s t u r b a n c e o f the a n i m a l i n v a l i 
d a t e any a s p e c t o f what i s b e i n g s t u d i e d ? 

4. What type o f t r a n s m i t t e r w i l l be b u i l t ( e , g . l o o p , w h i p , or i n t e g r a l a n t e n n a ; 
depends p a r t l y on 1 a b o v e ) ? 

5. P r e c i s e l y what k i n d s o f i n f o r m a t i o n w i l l be c o l l e c t e d , how o f t e n and f o r how l o n g ? 
W i l l t h i s body o f d a t a t h e n be amenable t o a n a l y s i s p r o v i d i n g answers about the 
s p e c i e s under s t u d y ? 

TERMINOLOGY 

' T e l e m e t r y ' l i t e r a l l y means ' m e a s u r i n g a t a d i s t a n c e ' . The term t h e r e f o r e p r o p e r l y 
r e f e r s t o s t u d i e s o f h e a r t b e a t , r e s p i r a t i o n r a t e , a c t i v i t y and o t h e r b i o l o g i c a l 
p a r a m e t e r s , t r a n s m i t t e d from s e n s o r s on an a n i m a l t o a n e a r or d i s t a n t r e c e i v e r . 
B i o t e l e m e t r y i s most f r e q u e n t l y used f o r p h y s i o l o g i c a l s t u d i e s , o f t e n i n c o n f i n e m e n t , 
and h a s been rev iewed r e c e n t l y by F r y e r and S a n d l e r (1974) and Amlaner (1978) . 

' R a d i o t r a c k i n g ' i s a means o f l o c a t i n g a r a d i o t a g g e d an imal u s i n g a r a d i o r e c e i v e r 
and d i r e c t i o n f i n d i n g a n t e n n a . The t e c h n i q u e i s n o r m a l l y used t o s t u d y home r a n g e , 
t e r r i t o r y and s p a t i a l r e l a t i o n s h i p s o f a n i m a l s i n the f i e l d and i s rev i ewed w i t h a 
u s e f u l l i s t o f r e f e r e n c e s by Macdona ld (1978). W i t h s u i t a b l e equipment i t i s some
t imes p o s s i b l e t o combine b i o t e l e m e t r y and r a d i o t r a c k i n g to o b t a i n p o s i t i o n d a t a 
and b i o l o g i c a l measurements s i m u l t a n e o u s l y . 

FREQUENCY 

The f r e q u e n c y o f a r a d i o s i g n a l i s measured i n c y c l e s per second ( H z ) , i n e f f e c t 
the number o f ' v i b r a t i o n s ' p e r second performed by the r a d i o w a v e . Thus a f r e q u e n c y 
o f 104 MHz c h a r a c t e r i z e s a s i g n a l w i t h 104 χ 10^ c y c l e s s~^. I n t h i s c o n t e x t , 
' f r e q u e n c y ' does not r e f e r t o the number o f ' b l e e p s ' e m i t t e d p e r minute by t h e 
t r a n s m i t t e r ; a f e a t u r e b e t t e r d e s c r i b e d as the ' p u l s e r a t e ' . 

P u b l i s h e d a c c o u n t s o f r a d i o t r a c k i n g show t h a t the commonly used r a d i o f r e q u e n c i e s 
f a l l i n t o two g r o u p s : 

1. H i g h f r e q u e n c i e s (HF) — Many workers have used t r a n s m i t t e r s o p e r a t i n g i n the 
range o f 25 t o 35 MHz. S i g n a l s on t h e s e f r e q u e n c i e s may have a c o n s i d e r a b l e r a n g e 
and are n o t s u b j e c t t o s e r i o u s a t t e n u a t i o n or d e f l e c t i o n . However , r e l a t i v e l y l a r g e 
t r a n s m i t t e r antennas are u s u a l l y n e c e s s a r y . 

2. Very h i g h f r e q u e n c i e s (VHF) — More r e c e n t r e s e a r c h h a s u t i l i z e d f r e q u e n c i e s o f 
100 MHz or more . VHF t r a n s m i t t e r s do not need a cumbersome a n t e n n a and t h e s i g n a l 
p r o p a g a t e s f a i r l y w e l l . However , such t r a n s m i t t e r s are more d i f f i c u l t t o b u i l d and 
the s i g n a l i s l i a b l e t o be d e f l e c t e d near the ground b y s o l i d o b j e c t s and may be 
screened by wet v e g e t a t i o n o r s o i l . T h i s i s why u l t r a h i g h f r e q u e n c i e s ( U H F ) , a r e 
s u i t a b l e f o r use on b i r d s which l i v e out i n the open or up i n the a i r , b u t l e s s u s e 
f u l f o r mammal t r a c k i n g d e s p i t e the c o n s i d e r a b l e s i z e a d v a n t a g e s o f a UHF s y s t e m 
(Lawson et al,, 1976, s u g g e s t 432 M H z ) . 
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THE TRANSMITTER 
I n order t o keep the t r a n s m i t t e r w o r k i n g on the c o r r e c t f r e q u e n c y , i t s c i r c u i t 
needs to i n c l u d e a c r y s t a l , o f t e n the most b u l k y component . C r y s t a l s need to be 
s p e c i a l l y made t o match a p a r t i c u l a r f r e q u e n c y and s u p p l i e r s o f t e n t a k e s i x weeks 
o r more t o produce them. O t h e r components are e a s i l y p u r c h a s e d from m a i l o r d e r 
s u p p l i e r s . 

T r a n s m i t t e r s can be b u i l t w i t h o u t c r y s t a l s and are t h e n s m a l l a n d , l i k e l y to t r a n s 
m i t e a c h on a d i f f e r e n t f r e q u e n c y , and h e n c e , can be used t o g i v e i n d i v i d u a l l y 
r e c o g n i z a b l e s i g n a l s . T h i s i s most u s e f u l , b u t a l s o i l l e g a l i n B r i t a i n . T r a n s m i t t e r s 
are r e l a t i v e l y e a s y to b u i l d , p r o v i d e d a c i r c u i t d iagram ( F i g . 1) and l a y o u t are 
a v a i l a b l e . The former shows t h e p a t t e r n i n w h i c h components are c o n n e c t e d , the 
l a t t e r i s a map of t h e i r p h y s i c a l r e l a t i o n s h i p s i n the t r a n s m i t t e r . A d e s c r i p t i o n 
of t h e ' A s h w e l l ' t r a n s m i t t e r s , s u i t a b l e f o r u s e on a wide r a n g e o f mammals down to 
the s i z e o f r a t s , h a s been p u b l i s h e d by T a y l o r and L l o y d ( 1 9 7 8 ) . They g i v e p r a c t i c a l 
d e t a i l s o f c o n s t r u c t i o n w h i c h are n o t r e p e a t e d h e r e ; c o p i e s o f t h i s p a p e r are a v a i l 
a b l e from the Mammal S o c i e t y , H a r v e s t H o u s e , R e a d i n g R G l , U . K . S i m i l a r c i r c u i t and 
l a y o u t d iagrams are a l s o g i v e n i n t h i s volume by Anderka (1980) , L o t i m e r (1980) , 
Macdona ld and Amlaner (1980) and Reeve ( 1 9 8 0 ) . 

Most t r a n s m i t t e r s are d e s i g n e d to be e x p e n d a b l e ( w i t h s o l d e r e d - i n b a t t e r i e s ) and 
are l o s t when t h e i r b a t t e r i e s are e x h a u s t e d , p r o b a b l y s t i l l a t t a c h e d to an a n i m a l . 
With some w e i g h t p e n a l t y , b a t t e r y chambers c a n be i n c o r p o r a t e d t o f a c i l i t a t e r e p l a c e 
ment o f the power s o u r c e . However, the d e s i g n must p r o v i d e r e l i a b l e b a t t e r y c o n n e c 
t i o n s and be w a t e r p r o o f . B a t t e r y r e p l a c e m e n t i s o n l y f e a s i b l e i f the a n i m a l can be 
r e c a p t u r e d e a s i l y , p r e f e r a b l y w e l l b e f o r e the b a t t e r i e s run down. T r a n s m i t t e r l i f e 
may be e x t e n d e d by u s i n g s o l a r p a n e l s t o r e c h a r g e t h e b a t t e r i e s ( P a t t o n , 1973; C h u r c h , 
1980, t h i s v o l u m e ) , b u t t h i s i s l i k e l y t o be more u s e f u l f o r d i u r n a l l y a c t i v e mammals. 
T r a n s m i t t e r per formance may a l s o be improved by u s i n g X - r a y s t o i d e n t i f y d e f e c t i v e 
b a t t e r i e s b e f o r e they are used (Hard ing et al.y 1976 ) . 

T r a n s m i t t e r s need t o be e n c a p s u l a t e d ( ' p o t t e d * ) i n p r o t e c t i v e r e s i n or s i l i c o n e 
r u b b e r . I t i s p r o b a b l y b e s t to v a r n i s h the as sembled t r a n s m i t t e r f i r s t . When t h i s 

Perhaps t h e g r e a t e s t s i n g l e a d v a n t a g e o f any t r a n s m i s s i o n f r e q u e n c y below 30 MHz 
i s t h a t an o r d i n a r y ready made t r a n s i s t o r r a d i o r e c e i v e r can be used f o r d e t e c t i o n . 
However, w i t h some l o s s o f s e n s i t i v i t y , i t i s p o s s i b l e t o adapt an o r d i n a r y r e c e i v e r 
so t h a t i t can be used t o p i c k up VHF s i g n a l s above t h e range f o r w h i c h t h e s e cheap 
r e c e i v e r s were o r i g i n a l l y d e s i g n e d (Reeve , 1980, t h i s v o l u m e ) , 

REGULATIONS 
I t i s o f t e n not a p p r e c i a t e d t h a t i n many c o u n t r i e s a l l r a d i o t r a n s m i t t e r s must be 
l i c e n s e d , and t h i s may c u r t a i l t h e o p t i o n s l i s t e d a b o v e . I n the U . S . A . , the a l l o c a 
t i o n of c e r t a i n bands ( e . g . 30 , 150 and 164 MHz) c o n s i d e r a b l y e a s e s the problem by 
making s e v e r a l f r e q u e n c i e s f r e e l y a v a i l a b l e f o r use i f t r a n s m i t t e r power i s l e s s 
than 100 tóW. I n B r i t a i n , the R e g u l a t o r y A u t h o r i t y i s the Home O f f i c e who a l l o c a t e 
a band o f 104.6 t o 105 MHz f o r r a d i o t r a c k i n g . O t h e r c o u n t r i e s are l i k e l y to h a v e 
t h e i r own r e g u l a t i o n s a d m i n i s t e r e d by the M i n i s t r y o f P o s t s and T e l e c o m m u n i c a t i o n s . 
A l t h o u g h o f f i c i a l s no l o n g e r t r e a t r e q u e s t s f o r p e r m i s s i o n t o use t r a n s m i t t e r s on 
an imals as b i z a r r e and f r i v o l o u s , f o r m a l i t i e s s t i l l t a k e t i m e . To l i c e n s e my h e d g e 
hog t r a n s m i t t e r s took s i x m o n t h s . There i s a t e m p t a t i o n t o i g n o r e such f o r m a l i t i e s 
b u t t o do s o may i n c u r p e n a l i t i e s when the work i s p u b l i s h e d w h i c h rebound on i n s t i 
t u t i o n s and on o t h e r workers u s i n g r a d i o t r a c k i n g . A l s o , i n p o p u l a t e d a r e a s , t r a n s 
m i t t e r s on i l l e g a l f r e q u e n c i e s may i n t e r f e r e w i t h l e g i t i m a t e u s e r s or even perhaps 
s a f e t y equipment l i k e n a v i g a t i o n a i d s . 
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F i g . 1. C i r c u i t d iagram f o r a 27 MHz t r a n s m i t t e r used on h e d g e 
h o g s . X t a l ( m i n i a t u r e ) 27 .12 MHz. S i l i c o n t r a n s i s t o r 
( T l ; 2N708) . R l , I K . R 2 , lOOK. C I e l e c t r o l y t i c c a p a c i t o r , 
4-15 p f . C 2 , 22-68 p f . C 3 , 1000 p f . B a t t e r i e s : 4 x 
M a l l o r y mercury c e l l s ( t y p e FX 675) i n s e r i e s to g i v e 
6 V . The v a l u e o f C I w i l l g o v e r n the p u l s e r e p e t i t i o n 
r a t e ; i f i t i s i n c r e a s e d beyond about 15 y f . The p u l s e 
r a t e i s so s low t h a t l o c a t i o n o f the t r a n s m i t t e r i n the 
f i e l d becomes d i f f i c u l t . The c o i l ( L I ) c o n s i s t s o f about 
12 t u r n s o f L i t z w i r e wound on a p o l y s t y r e n e f o r m e r . A 
f e r r i t e s l u g i s screwed i n t o the former and to o b t a i n 
the s t r o n g e s t s i g n a l , i t s p o s i t i o n must be a d j u s t e d c o r 
r e c t l y a f t e r t h e t r a n s m i t t e r i s b u i l t . 

i s d r y , the t r a n s m i t t e r s h o u l d be e n c l o s e d i n a mould ( e . g . a f l e x i b l e one made o f 
* P l a s t i c e n e ' or m o d e l i n g c l a y ) and the r e s i n poured over i t . The mass o f p o t t i n g 
compound may a l t e r t h e c a p a c i t a n c e o f c e r t a i n components , c a u s i n g the t r a n s m i t t e r 
to m a l f u n c t i o n o r s h i f t f r e q u e n c y . A s m a l l t u n a b l e c a p a c i t o r i n the c i r c u i t o f f e r s 
a s o l u t i o n t o the p r o b l e m , though an a c c e s s h o l e needs to be l e f t i n the e n c a p s u l a 
t i o n t o r e a c h i t . I f the p o t t i n g compound i s t r a n s p a r e n t , an a d d r e s s t a g can be 
i n c o r p o r a t e d i n t o i t , o f f e r i n g a reward to the c a s u a l f i n d e r . A b e t a l i g h t or 
luminous p a i n t may a l s o be embedded i n t o the e n c a p s u l a t i o n to a i d v i s u a l d e t e c t i o n 
a t n i g h t , though w i t h the r i s k o f a t t r a c t i n g unwanted a t t e n t i o n t o the a n i m a l . 

E a r l y t r a n s m i t t e r d e s i g n s ( e . g . S t o r m , 1965) used a ' t u n e d l o o p ' c o l l a r a n t e n n a . 
T h i s c o n s i s t e d o f a r i g i d r i n g o f m e t a l t u b e , b u i l t i n t o the c i r c u i t and tuned w i t h 
a v a r i a b l e c a p a c i t o r t o o b t a i n a maximal s i g n a l . R i g i d l oops o f t h i s k i n d may 
impede n a t u r a l movements; ( f o r example , they would not a l l o w a hedgehog t o r o l l up) 
A f l e x i b l e ' w h i p ' a n t e n n a seems p r e f e r a b l e b u t may p e r m i t m o i s t u r e to p e n e t r a t e 
t r a n s m i t t e r p o t t i n g where t h e antenna e m e r g e s . I n t e g r a l an tennas (dus t c o r e ) i n 
the A s h w e l l d e s i g n overcome t h e s e problems ( T a y l o r and L l o y d , 1 9 7 8 ) . 

I d e a l l y a t r a n s m i t t e r s h o u l d have l o n g l i f e , l o n g range and m i n i s c u l e d i m e n s i o n s . 
I n p r a c t i c e t h e s e t h r e e f a c t o r s are i n t e r r e l a t e d ; l o n g e r l i f e u s u a l l y means b u l k i e r 
b a t t e r i e s . C o n v e r s e l y , s m a l l e r s i z e means s m a l l e r b a t t e r i e s ( b a t t e r i e s a r e u s u a l l y 
a t l e a s t as l a r g e a s the r e s t o f the t r a n s m i t t e r ) , r e d u c i n g range a n d / o r d u r a t i o n 
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(see K o , 1980, t h i s vo lume , f o r a r e v i e w ) . The range w i l l a l s o depend upon r e c e i v e r 
s e n s i t i v i t y , h e i g h t o f t r a n s m i t t e r o f f the ground and topography o f the s t u d y a r e a 
so t h a t i t i s i m p o s s i b l e to p r e d i c t a c c u r a t e l y what range a t r a n s m i t t e r w i l l have 
i n the f i e l d . ' L i n e of s i g h t ' r a n g e s are l i k e l y t o be many t imes g r e a t e r than i f 
the t r a n s m i t t e r i s s c r e e n e d by h i l l s or t h i c k v e g e t a t i o n . Thus a n i m a l s l i v i n g i n 
open, f l a t h a b i t a t s can be t r a c k e d a t g r e a t e r r a n g e s t h a n t h o s e w h i c h l i v e i n 
b u r r o w s , f o r e s t s or among r o c k s . L a r g e e d i f i c e s ( e . g . b u i l d i n g s ) m e t a l o b j e c t s 
( such as f e n c e s ) and e l e c t r i c t r a n s m i s s i o n l i n e s are a l s o l i k e l y to d i s t o r t s i g n a l s 
and a f f e c t r a n g e . 

The s i z e o f a t r a n s m i t t e r ( comple te w i t h b a t t e r i e s ) i s a l s o l i m i t e d by an a n i m a l ' s 
a b i l i t y t o c a r r y i t w i t h o u t impediment . U n t i l r e c e n t l y the s m a l l e s t t r a n s m i t t e r s 
r e p o r t e d i n the l i t e r a t u r e (1 .95 g) were t h o s e used by Mineau and M a d i s o n (1977) 
f o r t r a c k i n g mice b u t t h e i r range was o n l y 100 m (see Thomas, 1979; M a c d o n a l d and 
Amlaner , 1980, t h i s vo lume; f o r 1 g t r a n s m i t t e r ) . Even t h i s s i z e may impede the 
movements o f a s m a l l a n i m a l . T r a n s m i t t e r s used on f o x e s and b a d g e r s are n o r m a l l y 
l e s s than 2 p e r c e n t o f the a n i m a l ' s body w e i g h t (and under f a v o r a b l e c o n d i t i o n s 
may have a range o f s e v e r a l k i l o m e t e r s ) ; my hedgehog t r a n s m i t t e r s (30 g ) were about 
5 p e r c e n t o f body w e i g h t . The a n i m a l s showed no s i g n o f d i s t r e s s , b u t a s i m i l a r 
burden c o u l d i n f l u e n c e the b e h a v i o r o f a more a g i l e c r e a t u r e . I t i s w i s e to p l a n 
an exper iment u s i n g c a p t i v e a n i m a l s t o a s s e s s t h e i r r e a c t i o n s t o c a r r y i n g a t r a n s 
m i t t e r . I n t h i s way Boag (1972) found t h a t g r o u s e b e h a v i o r was a l t e r e d d u r i n g the 
f i r s t week a f t e r t r a n s m i t t e r a t t a c h m e n t ; b u t Brand et al, (1975) showed t h a t w i l d 
snowshoe h a r e s were n o t s e r i o u s l y a f f e c t e d i n the l o n g e r t erm, d e s p i t e s i g n s t h a t 
some o f the a n i m a l s had a t t e m p t e d t o g e t r i d o f the r a d i o t a g . Amlaner (1978) has 
rev iewed the e f f e c t s o f t r a n s m i t t e r s on a n i m a l s , i n c l u d i n g t h e i r b r e e d i n g s u c c e s s , 
b e h a v i o r p a t t e r n s and p h y s i o l o g y . 

ATTACHMENT TO A MAMMAL 

Most mammals ( e . g . f o x , s q u i r r e l , deer ) have r e l a t i v e l y t h i n necks around w h i c h a 
c o l l a r may be f i t t e d (made i n d i v i d u a l l y a d j u s t a b l e by s t r a p s or s t i t c h i n g ) , t o w h i c h 
t h e t r a n s m i t t e r i s a t t a c h e d . Some s p e c i e s ( e . g . b a d g e r , mink) h a v e s m a l l heads and 
t h i c k necks and may r e q u i r e a h a r n e s s around the f o r e - q u a r t e r s . I n e i t h e r c a s e i t 
needs t o be t i g h t , b u t must n o t c h a f e ; and l o o s e enough t o p e r m i t growth and move
ment y e t remain on the a n i m a l . I n some c a s e s an e l a s t i c h a r n e s s may be a p p r o p r i a t e . 
T r i a l s w i t h c a p t i v e a n i m a l s s h o u l d be per formed f i r s t t o g a i n e x p e r i e n c e o f f i t t i n g 
and show w h e t h e r c h a f i n g i s c a u s e d ; a p a r t i c u l a r prob lem w i t h s h o u l d e r h a r n e s s e s 
which pass a c r o s s the t h i n s k i n o f the a x i l l a . T r a n s m i t t e r s can be i m p l a n t e d under 
the s k i n or i n t o the abdomen, b u t t h e s e must be s m a l l and u s u a l l y h a v e a s h o r t r a n g e . 
S u r g i c a l i m p l a n t a t i o n may i n v o l v e trauma and c o n v a l e s c e n c e i n c a p t i v i t y , b o t h p o t e n 
t i a l l y a f f e c t i n g the v a l i d i t y o f s u b s e q u e n t b e h a v i o r s t u d i e s . A v i v i s e c t i o n l i c e n s e 
may a l s o be n e c e s s a r y . 

THE RECEIVER 
While t r a n s m i t t e r s can be b u i l t w i t h m i n i m a l knowledge and e x p e r t i z e , r e c e i v e r s c a n 
n o t . A s e n s i t i v e r e c e i v e r i s a complex d e v i c e and u n l e s s v e r y s o p h i s t i c a t e d e l e c 
t r o n i c f a c i l i t i e s a r e a v a i l a b l e , t o g e t h e r w i t h t e c h n i c a l a s s i s t a n c e , a r e c e i v e r w i l l 
have to be p u r c h a s e d r e a d y - m a d e , or commiss ioned from a s p e c i a l i s t s u p p l i e r . D e l i v e r y 
d e l a y s are l i k e l y t o be c o n s i d e r a b l e , e s p e c i a l l y w i t h o v e r s e a s o r d e r s , and the c o s t 
w i l l be a p p r o x i m a t e l y US $750 . M o r e o v e r , i t would be r a s h f o r a s t u d y t o depend 
on a s i n g l e r e c e i v e r w h i c h may be a c c i d e n t a l l y damaged a t any t i m e , e s p e c i a l l y i f 
i t needs to be r e t u r n e d t o an o v e r s e a s m a n u f a c t u r e r f o r r e p a i r . The r e c e i v e r p r o b 
lem i s perhaps the Achilles heel o f any r a d i o t r a c k i n g s t u d y , b u t w i t h some p e n a l t y 
i n s e n s i t i v i t y , t h e r e i s a p a r t i a l s o l u t i o n by u s i n g a f r e q u e n c y c o n v e r t e r t o 
' t r a n s l a t e ' the VHF s i g n a l s used i n r a d i o t r a c k i n g to a lower f r e q u e n c y which a 
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ANTENNAS 
A d i r e c t i o n a l a n t e n n a w i l l a l s o be needed b u t t h i s can be homemade ( T a y l o r and 
L l o y d , 1978; Amlaner , 1980, t h i s v o l u m e ) . I t g i v e s a s t r o n g s i g n a l when p o i n t e d a t 
the t r a n s m i s s i o n s o u r c e and a weak one when r o t a t e d 90° away from t h e s o u r c e . 
L o c a t i o n of a r a d i o t a g g e d a n i m a l i n the f i e l d can be per formed i n two w a y s : e i t h e r 
by w a l k i n g towards i t u n t i l i t i s v i s i b l e , or by t r i a n g u l a t i o n . The former method 
i s g e n e r a l l y f e a s i b l e f o r s m a l l a n i m a l s or t h o s e w h i c h move s l o w l y or o v e r s h o r t 
d i s t a n c e s ( e . g . h e d g e h o g , s q u i r r e l and perhaps r a b b i t ) . I t would be l e s s s u i t a b l e 
f o r s p e c i e s ( e . g . deer) wh ich are l i k e l y to move a t l e a s t as f a s t as the i n v e s t i g a 
t o r and w h i c h move away as soon as he i s s een or h e a r d . I f l a r g e r , f a s t e r a n i m a l s 
are t o be l o c a t e d c o n t i n u o u s l y w i t h o u t d i s t u r b a n c e , t r i a n g u l a t i o n i s n e c e s s a r y . 
T h i s r e q u i r e s two w i d e l y spaced r e c e i v e r s t a k i n g s i m u l t a n e o u s compass b e a r i n g s of 
the t a g g e d an imal from a d i s t a n c e a t r e g u l a r i n t e r v a l s . Two r e c e i v e r s r e q u i r e two 
o p e r a t o r s , p r e f e r a b l y i n c o n t a c t w i t h each o t h e r by w a l k i e - t a l k i e r a d i o i n o r d e r to 
a c h i e v e proper c o o r d i n a t i o n o f f i x e s . 

R a d i o t r a c k i n g can be per formed a u t o m a t i c a l l y by r o t a r y s c a n n e r s on f i x e d towers 
and the d a t a f e d i n t o a computer w h i c h p r o v i d e s maps o f a r a d i o t a g g e d a n i m a l ' s 
movements ( T e s t e r and S i n i f f , 1965) , b u t such equipment i s e x p e n s i v e and v e r y com
p l e x . T r i a n g u l a t i o n i s most a c c u r a t e i n l o c a t i n g a t r a n s m i t t e r when the b e a r i n g s 
from the two r e c e i v e r s i n t e r s e c t a t 9 0 ° . As the t r a n s m i t t e r c l o s e l y a p p r o a c h e s 
e i t h e r r e c e i v e r or the l i n e between r e c e i v e r s , a c c u r a c y d i m i n i s h e s . A t v e r y l o n g 
r a n g e , s i g n a l d i s t o r t i o n and l i m i t a t i o n s i n h e r e n t i n the t r i a n g u l a t i o n method i t s e l f 
a l s o reduce p r e c i s i o n ; d i f f i c u l t i e s w h i c h are d i s c u s s e d more f u l l y e l s e h w e r e (Heezen 
and T e s t e r , 1967; T a y l o r and L l o y d , 1978; M a c d o n a l d , 1 9 7 8 ) . 

NUMBER OF ANIMALS TO BE TRACKED 
W i t h i n the s m a l l range o f f r e q u e n c i e s a l l o c a t e d f o r r a d i o t r a c k i n g i t s h o u l d be 
p o s s i b l e to d i f f e r e n t i a t e a t least 16 s e p a r a t e c h a n n e l s ( each 25 KHz w i d e ) and 2 
t r a n s m i t t e r s p r e c i s e l y c r y s t a l c o n t r o l l e d on e a c h c h a n n e l . I f each c h a n n e l has a 
t r a n s m i t t e r w i t h a f a s t and a s l o w p u l s e r a t e , t h i s w i l l p e r m i t more a n i m a l s to be 
s t u d i e d s i m u l t a n e o u s l y i n the same a r e a . However, i f the s t u d y r e q u i r e s a n i m a l s to 
be t r a c k e d c o n t i n u o u s l y , t h i s p o t e n t i a l may not be f u l l y u t i l i z e d , f o r t h e r e are 
l i m i t s to the amount o f i n f o r m a t i o n an i n v e s t i g a t o r can cope w i t h a t one t i m e . 

LIMITATIONS OF THE INVESTIGATOR 

The g r e a t e s t s i n g l e l i m i t a t i o n stems from the f a c t t h a t the m a j o r i t y o f mammals a r e 
m a i n l y a c t i v e a t n i g h t . I f r a d i o t r a c k i n g i s i n t e n d e d t o r e v e a l what an a n i m a l does 
w i t h i t s t i m e , the i n v e s t i g a t o r must be p r e p a r e d t o work the same h o u r s r e g a r d l e s s 
o f h i s own normal a c t i v i t y p a t t e r n s . I t may n o t be n e c e s s a r y t o match an a n i m a l ' s 
t i m e , hour f o r h o u r , depending upon the type o f i n f o r m a t i o n r e q u i r e d , b u t i t does 
u n d e r l i n e the n e c e s s i t y o f e n s u r i n g maximal b e n e f i t f o r the hours e x p e n d e d . Time i s 
w e l l spent i n d e c i d i n g (and p r a c t i s i n g ) the most e f f i c i e n t way o f r e c o r d i n g d a t a , 
remembering t h a t i t i s more d i f f i c u l t i n the d a r k . 

cheap shortwave t r a n s i s t o r r a d i o can p i c k up (Reeve , 1980, t h i s v o l u m e ) . R a d i o 
t r a c k i n g equipment a v a i l a b l e f o r ' o f f the s h e l f p u r c h a s e may o p e r a t e on f r e q u e n c i e s 
between 30 to 500 MHz. The AVM I n s t r u m e n t C o . (810, Denni son D r i v e , Champaign , 
I l l i n o i s 61820, U . S . A . ) and Te l emetry Sys tems I n c . (5830 N . Shore D r i v e , M i l w a u k e e , 
W i s c o n s i n 53217, U . S . A . ) m a n u f a c t u r e comple te r a d i o t r a c k i n g sys tems and Amlaner 
(1978) l i s t s s u p p l i e r s o f b i o t e l e m e t r y e q u i p m e n t . 
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CONCLUSIONS 
A l e g a l and u s e f u l r a d i o t r a c k i n g s y s t e m i s l i k e l y to c o s t a t l e a s t US $750 and 
take upwards o f t h r e e to s i x months to a c q u i r e . A s y s t e m p u r c h a s e d O f f the s h e l f * 
i s l i k e l y to be s u p e r i o r ( i n terms o f p o r t a b i l i t y , r a n g e , s e n s i t i v i t y e t c . ) to home
made equipment but i t may s t i l l be i n a d e q u a t e f o r a p a r t i c u l a r s p e c i e s h a v i n g been 
perhaps o r i g i n a l l y d e s i g n e d f o r use on someth ing e l s e . Where o b j e c t i v e s a r e c l e a r l y 
l i m i t e d , a c h e a p , p a r t i a l l y home-made s y s t e m may p r o v e c o s t - e f f e c t i v e . G e n e r a l l y , 
u n l e s s equipment and e x p e r t i z e are a l r e a d y a v a i l b l e , r a d i o t r a c k i n g s t u d i e s , e s p e 
c i a l l y t h o s e r e q u i r i n g work i n s e v e r a l s e a s o n s , are p r o b a b l y n o t g o i n g to be c o m f o r t 
a b l y accommodated w i t h i n the normal b u d g e t and t ime span o f a P h . D . p r o j e c t . To be 
r e a l i s t i c , r a d i o t r a c k i n g i s e i t h e r a f u l l - t i m e o c c u p a t i o n or a w a s t e o f r e s o u r c e s ; 
i t i s i l l s u i t e d t o b e i n g m e r e l y a p a r t o f some o t h e r i n v e s t i g a t i o n . T h i s i s n o t 
meant t o s u g g e s t t h a t a n y t h i n g i s i m p o s s i b l e , e s p e c i a l l y f o r a d e t e r m i n e d p e r s o n , 
o n l y t h a t r a d i o t r a c k i n g i s f a r more e x p e n s i v e i n t ime and r e s o u r c e s than i s u s u a l l y 
e v i d e n t from t h e l i t e r a t u r e . I f t i m e , money and manpower a r e a v a i l a b l e g r e a t advances 
can be made i n the s t u d y o f mammal e c o l o g y u s i n g r a d i o t r a c k i n g . F u t u r e t e c h n o l o g i 
c a l d e v e l o p m e n t s , p a r t i c u l a r l y i n f u r t h e r m i n i a t u r i z a t i o n o f b a t t e r i e s and i n the 
p r o d u c t i o n o f c h e a p e r , a u t o m a t i c r e c o r d i n g s y s t e m s , o f f e r the p r o s p e c t o f a m a j o r 
l eap forward i n the s t u d y o f mammal e c o l o g y . 
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Abstract — To t h e f i e l d z o o l o g i s t r a d i o t r a c k i n g i s u n d o u b t e d l y 
a v a l u a b l e t e c h n i q u e , however many p r o j e c t s are d e n i e d i t e i t h e r 
b e c a u s e o f t h e h i g h c o s t o f the equ ipment , or b e c a u s e o f a l a c k 
o f t e c h n i c a l k n o w l e d g e . A r e c e i v e r was deve loped w h i c h can be 
b u i l t w i t h o u t d e t a i l e d knowledge o f e l e c t r o n i c s , u s i n g commer
c i a l l y a v a i l a b l e p a r t s . A ' f r e q u e n c y c o n v e r t e r ' was used t o 
r e c e i v e the h i g h f r e q u e n c y s i g n a l from the t r a n s m i t t e r (104.7 M H z ) , 
and c o n v e r t i t t o a much lower f r e q u e n c y ( 7 . 3 MHz) w h i c h c o u l d 
then be p i c k e d up by a c o n v e n t i o n a l t r a n s i s t o r s h o r t w a v e r a d i o 
(Sony I C F 5900W). An e x i s t i n g d e s i g n o f t r a n s m i t t e r was used 
( T a y l o r and L l o y d , 1978) w i t h minor m o d i f i c a t i o n s ; i . e . the use 
o f a b a t t e r y chamber t o a l l o w e a s y b a t t e r y r e p l a c e m e n t , and a 
t u n a b l e c a p a c i t o r which a l l o w e d t u n i n g f o r maximum e f f i c i e n c y 
a f t e r e n c a p s u l a t i o n i n r e s i n . The e n t i r e s y s t e m c o s t s l e s s t h a n 
£150 (US $300) ( e x c l u d i n g l a b o r ) , i s r e l i a b l e , and has p r o v e d i t s 
w o r t h o v e r t h e p a s t y e a r i n t r a c k i n g the n o c t u r n a l movements 
and d a y t i m e n e s t i n g h a b i t s o f the hedgehog and may w e l l be s u i t 
a b l e f o r o t h e r medium s i z e d a n i m a l s . 

INTRODUCTION 
To the f i e l d z o o l o g i s t r a d i o t r a c k i n g i s u n d o u b t e d l y a v a l u a b l e t e c h n i q u e , however 
many p r o j e c t s are den ied i t , e i t h e r b e c a u s e o f the h i g h c o s t o f the equ ipment , or 
b e c a u s e o f a l a c k o f t e c h n i c a l k n o w l e d g e . F o r a p r o j e c t s t u d y i n g the movements of 
w i l d hedgehogs (Erinaceaus europeaus) i n the f i e l d i t was n e c e s s a r y to f i n d a cheap 
and s i m p l e r a d i o t r a c k i n g sys tem w h i c h c o u l d be b u i l t w i t h o n l y a l i m i t e d knowledge 
o f e l e c t r o n i c s . The f r e q u e n c y a l l o c a t e d by the B r i t i s h Home O f f i c e was 104.7 MHz. 

THE RECEIVER 
While i t i s p o s s i b l e t o o b t a i n custom b u i l t r e c e i v e r s w i t h e x c e l l e n t p e r f o r m a n c e , 
t h e s e are e x p e n s i v e t o b u y , and c o s t l y to r e p a i r . W i t h a low b u d g e t p r o j e c t , low 
c o s t and s i m p l i c i t y were a l l i m p o r t a n t and so the h i g h per formance and low b u l k o f 
a s p e c i a l l y made u n i t had t o be compromised. 

The r e c e i v e r c o n s i s t s o f two main p a r t s : 
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1. A f r e q u e n c y c o n v e r t e r , c o m m e r c i a l l y a v a i l a b l e t o amateur r a d i o , m o d i f i e d a t l i t t l e 
e x t r a c o s t by the m a n u f a c t u e r s (Microwave Modules L t d . , U . K . ) to be most s e n s i t i v e 
to an i n p u t o f 104.7 MHz and t o p r o v i d e an o u t p u t o f 7 .3 MHz, w h i c h i s v e r y s u i t a b l e 
f o r i n p u t i n t o an o r d i n a r y shortwave r e c e i v e r , r e a d i l y a v a i l a b l e c o m m e r c i a l l y a t 
low c o s t . The u n i t i s compact , has a s e n s i t i v i t y o f 1 y V , good s i g n a l s p e c i f i t y 
and image r e j e c t i o n and runs from a 12 V DC s u p p l y . 

2 . A Sony FM/AM m u l t i - b a n d r e c e i v e r (ICF-5900W) was chosen b e c a u s e o f i t s a c c u r a c y 
o f t u n i n g , b u i l t i n b e a t f r e q u e n c y o s c i l l a t i o n ( B F O ) , b a t t e r y c h e c k , headphone 
s o c k e t , s i g n a l s t r e n g t h m e t e r , and d i a l i l l u m i n a t i o n (very u s e f u l a t n i g h t ) . I t 
was a l s o o f low w e i g h t ( 2 . 2 k g ) and good q u a l i t y . The s i g n a l from the c o n v e r t e r 
was f e d i n t o the shortwave antenna i n p u t . 

When t r y i n g to l o c a t e a d e t a c h e d t r a n s m i t t e r , an an imal i n undergrowth or i n a n e s t , 
a t c l o s e range I found i t v e r y u s e f u l t o s w i t c h to FM, tune t o 104.7 MHz and p i c k 
up the s i g n a l as b r e a k t h r o u g h , w h i l e u s i n g the s i g n a l s t r e n g t h meter to l o c a t e the 
t r a n s m i t t e r w i t h g r e a t p r e c i s i o n . W i t h o u t t h i s f a c i l i t y i t would have been v e r y 
d i f f i c u l t t o f i n d l o s t t r a n s m i t t e r s , or the near i n v i s i b l e day n e s t s . An a l t e r n a 
t i v e method was to unp lug the antenna and to use the much reduced s i g n a l on SW. 
But one had to be v e r y c l o s e (1 or 2 m) f o r the s i g n a l to be a u d i b l e a t a l l . 

A t e s t t r a n s m i t t e r o f each f r e q u e n c y used (see l a t e r ) was b u i l t i n t o the r e c e i v e r 
u n i t f o r t u n i n g p u r p o s e s ; i f a sy s t em i s t o be used w i t h o u t c r y s t a l c o n t r o l l e d 
s w i t c h e d c h a n n e l s , t h e s e t e s t t r a n s m i t t e r s are e s s e n t i a l . 

The a d v a n t a g e s o f a sys tem such as t h i s are low c o s t , e a s y a s s e m b l y , and b e c a u s e 
the p a r t s are u n m o d i f i e d i n any way they are g u a r a n t e e d and may be r e t u r n e d to the 
s u p p l i e r s f o r r e p a i r . 

aerial 
input 

on/off 
sv/itch • 
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DC 
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] SW aerial input 

3 headphone output 

F i g . 1. S i m p l f i e d d iagram of r e c e i v e r . 

THE TRANSMITTER 
The A s h w e l l t r a n s m i t t e r (F75) as d e s c r i b e d by T a y l o r and L l o y d (1978) was found to 
f u l f i l most r e q u i r e m e n t s , c a p a b l e o f o p e r a t i n g a t 104.7 MHz, o f r e l a t i v e l y cheap 
and s i m p l e c o n s t r u c t i o n , p r o v i d i n g a v e r s a t i l e , compact u n i t w i t h a good p e r f o r m a n c e 
w h i c h , owing to i t s i n t e g r a l i r o n d u s t core a n t e n n a , can be c o m p l e t e l y e n c a p s u l a t e d 
i n r e s i n . T h i s l a t t e r f e a t u r e i s o f s p e c i a l i m p o r t a n c e i n hedgehog work as the 
absence of a w e l l d e f i n e d neck or w a i s t and t h e i r h a b i t o f r o l l i n g up i n d e f e n s e , 
makes them v e r y u n s u i t a b l e f o r h a r n e s s e s o r c o l l a r s . Hence a l o o p a n t e n n a i n c o r 
p o r a t e d i n t o a h a r n e s s or c o l l a r i s i m p r a c t i c a l , n e i t h e r can a whip a n t e n n a be 
used as hedgehogs need t o move f r e e l y i n undergrowth and r e t i r e to a n e s t d u r i n g t h e 
d a y . 
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astable switching 
multivibrator section 

oscillator 

F i g . 2 . C i r c u i t d iagram o f A s h w e l l t r a n s m i t t e r ( a f t e r T a y l o r 
and L l o y d , 1978) . N . B . . V a r i a b l e c a p a c i t o r i n o s c i l 
l a t o r c i r c u i t . 

One minor a l t e r a t i o n was made t o t h e A s h w e l l d e s i g n . C5 ( see F i g . 2) was r e p l a c e d 
by a t u n a b l e c a p a c i t o r (Verospeed 2 . 5 - 9 pF); w i t h the a d j u s t i n g screw p r o j e c t i n g 
from the r e s i n e n c a p s u l a t i o n , the o s c i l l a t o r c i r c u i t can e a s i l y be tuned a f t e r e n c a p 
s u l a t i o n and the screw l a t e r c o v e r e d o v e r w i t h r e s i n . So t h a t b a t t e r i e s c o u l d be 
e a s i l y changed i n the f i e l d a b a t t e r y chamber was i n c l u d e d i n the d e s i g n (see F i g . 3 ) . 
The p o s i t i v e c o n t a c t was made by a s c r e w - i n b r a s s c a p , e l i m i n a t i n g the need f o r 
e x t e r n a l w i r e s . Whi le i n the f i e l d the cap was s e a l e d over w i t h an a i r d r y i n g s i l i 
cone rubber s o l u t i o n . Two RM 13H mercury c e l l s ( i n s e r i e s ) were used t o m i n i m i z e 
w e i g h t and s i z e ; however , t h e s e c e l l s o n l y s u p p l y 85 mAh and a maximum b a t t e r y l i f e 
o f o n l y around 14 days was a c h i e v e d . W i t h i n the s cope o f t h i s p r o j e c t t h i s s h o r t 
l i f e does n o t m a t t e r as a n i m a l s were f r e q u e n t l y examined anyway. The e n t i r e u n i t 
i n c l u d i n g b a t t e r i e s and r e s i n w e i g h s about 20-25 g and t h e e x t e r n a l d i m e n s i o n s do 
not e x c e e d 30 x 30 x 15 mm. The o v e r a l l s i z e c o u l d be r e d u c e d by the o m i s s i o n o f 
t h e b a t t e r y chamber and u s i n g a more compact l a y o u t , b u t e a s e o f c o n s t r u c t i o n took 
p r i o r i t y . R e s t r i c t e d t o a 50 KHz bandwidth o n l y a l l o w e d two f r e q u e n c i e s t o be u s e d , 
104.680 MHz and 104.720 MHz. These two c h a n n e l s were q u i t e d i s t i n c t on the t u n i n g 
d i a l o f the r e c e i v e r and w i t h two p u l s e r a t e s on each c h a n n e l f o u r t r a n s m i t t e r s 
c o u l d be used i n the same t r a c k i n g a r e a a t o n c e . 

^16 mm - - I 

U - Í V W V V W W S A A A A a I 
α 
ÍS 
O) 

(O 

b r a s s t u b e 

F i g . 3 . Diagram o f b a t t e r y chamber showing RM 13H b a t t e r i e s . 
( N . B . I n s u l a t i n g s l e e v e (S) on r e a r b a t t e r y ) . The 

b r a s s tube was t h r e a d e d u s i n g a 3 /8" 26 T . P . I , t a p 
( B r i t i s h S t a n d a r d B r a s s T h r e a d ) . A w i r e s o l d e r e d to 
the b r a s s tube p r o v i d e s a +ve c o n t a c t . 
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ATTACHMENT 

I n i t i a l l y the t r a n s m i t t e r was g l u e d t o a c a r e f u l l y made e l a s t i c h a r n e s s f i t t i n g o v e r 
the f o r e l e g s and w i t h the t r a n s m i t t e r d o r s a l t o the t h o r a x . However , some d i s c o m 
f o r t and c h a f i n g d i d o c c u r and t h e a n i m a l s f r e q u e n t l y e scaped from the h a r n e s s 
a f t e r a m a t t e r o f h o u r s . The h a r n e s s was abandoned i n f a v o r of g l u e i n g the t r a n s 
m i t t e r d i r e c t l y t o the a n i m a l ' s s p i n e s . The hedgehogs showed l i t t l e or no d i s c o m 
f o r t and were n o t impeded i n r o l l i n g u p . The t r a n s m i t t e r s remained a t t a c h e d f o r 
s e v e r a l weeks and few were l o s t ; they were removed by c a r e f u l l y p r i z i n g o f f the 
t r a n s m i t t e r from t h e s p i n e s or by c l i p p i n g the s p i n e s away. 

R E C E I V I N G ANTENNA 

An Adcock ' H ' a n t e n n a as d e s c r i b e d by T a y l o r and L l o y d (1978) was u s e d , w i t h t e l e 
s c o p i c e l e m e n t s . T h i s an tenna has good d i r e c t i o n a l p r o p e r t i e s and can be c o l l a p s e d 
when not i n u s e . 

variable 
capacitor 

crystal 

battery 
chamber 

TR3 

TR1 

TR2 

F i g . 4. M o d i f i e d l a y o u t o f t r a n s m i t t e r . N . B . V a r i a b l e c a p a c i t o r 
was surrounded by a p l a s t i c s l e e v e f i l l e d w i t h rubber 
s o l u t i o n t o p r e v e n t s e i z u r e d u r i n g p o t t i n g . 

PERFORMANCE 

The above c o m b i n a t i o n o f equipment gave a maximum work ing range of 400 m when i m p a i r e d 
by o b s t r u c t i o n s , wet v e g e t a t i o n and b u i l d i n g s . Because a hedgehog i s so low t o the 
ground even wet unmown g r a s s can reduce r a n g e . Two i n d i v i d u a l s n e s t e d i n burrows 
w h i c h reduced t h e r a n g e to l e s s than 100 m. When the g r a s s was wet range c o u l d be 
improved by h o l d i n g t h e a n t e n n a h i g h i n the a i r . 

COST 

The t o t a l c o s t o f the r e c e i v e r i n 1977 was a p p r o x i m a t e l y £120 (US $ 2 4 0 ) . 
m i t t e r s c o s t under £5 (US $10) e a c h , e x c l u d i n g l a b o r . 

The t r a n s -

METHODS I N THE F I E L D 

The t r a c k i n g o f hedgehogs was c a r r i e d out on f o o t w i t h the r e c e i v e r c a r r i e d on a 
s h o u l d e r s t r a p and the a n t e n n a hand h e l d . The a n i m a l was l o c a t e d by w a l k i n g i n the 
d i r e c t i o n i n d i c a t e d by the a n t e n n a u n t i l the an imal was e i t h e r s e e n or h e a r d . 
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T r i a n g u l a t i o n i s i m p r a c t i c a l w i t h o u t h e l p u n l e s s the an imal i s s t a t i o n a r y , and even 
then i s s u b j e c t t o a c o n s i d e r a b l e d e g r e e o f e r r o r . Once c o n t a c t e d the an imal was 
then observed a t a d i s t a n c e o f t e n a 3 l i g b t was t e m p o r a r i l y taped t o the t r a n s m i t t e r 
on the a n i m a l ' s back t o h e l p t o m a i n t a i n v i s u a l c o n t a c t . 

RESULTS 
F i e l d work was c a r r i e d out on a suburban g o l f c o u r s e ( a r e a a p p r o x i m a t e l y 40 ha) 
d u r i n g 1977 (w i thout r a d i o s ) and 1978 ( w i t h r a d i o s ) and c o n t i n u e s i n 1979. R e s u l t s 
so f a r have r e v e a l e d t h a t hedgehogs may t r a v e l f u r t h e r and use l a r g e r a r e a s than p r e 
v i o u s l y t h o u g h t . U s i n g a convex p o l y g o n method to e s t i m a t e home r a n g e ( f o r 8 males 
and 8 f e m a l e s — a d u l t s ) , t h e r e appears to be a marked d i f f e r e n c e i n home range s i z e 
between the s e x e s . The mean home range s i z e f o r males i s 20 .7 h a and f o r f e m a l e s 
7.9 h a . A ' t ' t e s t shows a s i g n i f i c a n t d i f f e r e n c e (0 .01 > Ρ > 0 . 0 0 2 ) . 

These f i g u r e s are d e r i v e d from a l l f i x e s o v e r one y e a r f o r each a n i m a l . P r e l i m i n a r y 
r e s u l t s s u g g e s t t h a t ma le s may expand t h e i r ranges when s e x u a l l y a c t i v e , b u t t h i s 
p e r i o d may l a s t f o r most o f the a c t i v e y e a r and i s p o o r l y d e f i n e d . M a l e s r a d i o 
t r a c k e d a t t h i s t ime o f t e n f o l l o w r o u t e s o f 2 .5 km or more i n a n i g h t , a t an a v e r a g e 
speed o f around 350 m h r " ^ . These r o u t e s are measured w i t h o u t the i n c l u s i o n o f 
minor meanders made d u r i n g f o r a g i n g and c o u r t i n g . L o c a t i n g an a n i m a l more f r e q u e n t l y 
i n c r e a s e s the a c c u r a c y o f d i s t a n c e (and speed) measurements , and an a t t e m p t i s b e i n g 
made t o de termine the optimum i n t e r v a l between f i x e s . Hedgehog home r a n g e s o v e r l a p 
e x t e n s i v e l y and o f t e n c o m p l e t e l y , i r r e s p e c t i v e o f s e x . There i s a c o n s p i c u o u s 
absence o f t e r r i t o r i a l b o u n d a r i e s and a s s o c i a t e d b e h a v i o r s . 

The use and d i s t r i b u t i o n o f day n e s t s shows g r e a t v a r i a t i o n between i n d i v i d u a l s . 
Hedgehogs may use s e v e r a l n e s t s , some o n l y once and o t h e r s many t imes ( o f t e n r e t u r n e d 
to a f t e r many days e l s e w h e r e ) . Day n e s t s are u s u a l l y used by one i n d i v i d u a l o n l y 
but I have found s e v e r a l c a s e s where o t h e r hedgehogs used them. 

Aoknouledgements — T h i s work has been c a r r i e d out as p a r t o f a t h r e e y e a r P h . D . 
p r o j e c t a t R o y a l H o l l o w a y C o l l e g e , E n g l e f i e l d G r e e n , S u r r e y . I g r a t e f u l l y acknow
l e d g e the h e l p o f D r . P . A . M o r r i s and t h e i n v a l u a b l e a s s i s t a n c e o f M r . G . Rentmore 
i n the development o f t h e r a d i o t r a c k i n g s y s t e m . 
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Abstract — T h i s paper p r e s e n t s d e t a i l s f o r the c o n s t r u c t i o n o f 
a s m a l l ( 1 . 0 g ) , i n e x p e n s i v e (US $ 1 2 ) , c r y s t a l c o n t r o l l e d 
r a d i o t r a n s m i t t e r a p p r o p r i a t e f o r use i n t r a c k i n g s m a l l n o n -
a q u a t i c v e r t e b r a t e s . The t r a n s m i t t e r w i l l f u n c t i o n a t any 
s e l e c t e d f r e q u e n c y i n the 140 to 180 MHz r a n g e , w i l l p e r m i t 
t r a c k i n g a t d i s t a n c e s o f up t o one k i l o m e t e r , and h a s a l i f e 
e x p e c t a n c y o f 13 days u s i n g a 0 . 3 g b a t t e r y . 

INTRODUCTION 
D e s p i t e the i n c r e a s i n g u s e o f r a d i o t e l e m e t r y i n e c o l o g i c a l s t u d i e s , few M o i t y o u r 
s e l f p l a n s have been made a v a i l a b l e t o the e l e c t r o n i c a l l y i n e x p e r i e n c e d b i o l o g i s t . 
I n t h i s p a p e r I p r e s e n t the n e c e s s a r y d e t a i l s f o r the c o n s t r u c t i o n o f an i n e x p e n s i v e 
(US $ 1 2 ) , 1.0 g , c r y s t a l c o n t r o l l e d r a d i o t r a n s m i t t e r . The t r a n s m i t t e r i s d e s i g n e d 
to f u n c t i o n a t any s e l e c t e d f r e q u e n c y i n the 140 t o 180 MHz r a n g e and t o p e r m i t 
t r a c k i n g a t d i s t a n c e s o f up t o one k i l o m e t e r when equipped w i t h a 10 cm a n t e n n a , 
a l t h o u g h t h i s depends on the t r a n s m i t t e r h e i g h t , t o p o g r a p h y , and o b s t a c l e d e n s i t y . 
The l i f e e x p e c t a n c y w i t h a 0 . 3 g M a l l o r y RM212 b a t t e r y i s 13 d a y s . 

COMPONENTS/ SUPPLIERS*, AND EQUIPMENT 
Capacitors: 2 χ 0 .047 mfd ( r a d i o l e a d s ) , 1 χ 0 . 1 mfd ( a x i a l l e a d s ) , and 1 χ 22 p f d . 

The 0 .047 mfd and 0 .1 mfd c a p a c i t o r s are d r y t a n t a l u m models a v a i l a b l e from Way-
Corn L t d . , B r a c k n e l l , B r i t a i n ( p a r t W473 and W104) and Components I n c . , M a i n e , U . S . A . 
( p a r t MMU-020-473-R40 and MMU-020-104-A40) . The 22 p f d v a l u e i s a s t a n d a r d 6-10 V 
c e r a m i c c a p a c i t o r made by a number o f c o m p a n i e s . 

Resistors: 1 e a c h o f 10 kfi, 82 kQ, 120 fcfi, 820 kß , and 18 ΜΩ v a l u e s . The r e s i s t o r s 
are 1/16 W F u j i Sangyo R i v e r Ohm MR-004E models a v a i l a b l e t h r o u g h Hakuto I n t e r 
n a t i o n a l ( U . K . ) L t d . , E s s e x , U . K . A t l a s t c o n t a c t Hakuto d i d not s t o c k the 18 ΜΩ 
v a l u e and I s u b s t i t u t e d a s t a n d a r d 1/8 W c a r b o n r e s i s t o r . 

Transistors: F o u r t r a n s i s t o r s o f two models (3x BCW 66 and I x BFS 20) are r e q u i r e d and 
can be p u r c h a s e d from Siemens L t d . , O t t a w a , C a n a d a , as p a r t s Q62702-C460 and 
Q62702-F350, s p e c i f y i n g t h e SOT 23 c a s e . The BCW 66 has s u r f a c e d e s i g n a t i o n marks 
EF and the BFS 20 has M, 

*The a d d r e s s e s o f s u p p l i e r s are appended. 
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CONSTRUCTION 
A s s e m b l i n g the t r a n s m i t t e r r e q u i r e s no p a r t i c u l a r e l e c t r o n i c t a l e n t , a l t h o u g h you 
s h o u l d make sure t h a t you can r e c o g n i z e a ' g o o d ' s o l d e r j o i n t and t h a t you are 
t h o r o u g h l y f a m i l i a r w i t h s o l d e r i n g the s e l f - f l u x i n g magnet w i r e b e f o r e you b e g i n . 

1. F i x the c r y s t a l under a b i n o c u l a r m i c r o s c o p e w i t h the f r e q u e n c y d e s i g n a t i o n num
b e r s up and the l e a d s t o y o u r r i g h t . Make a n o t e o f the f r e q u e n c y s i n c e t h i s w i l l 
be covered up and l a t e r become i r r e t r i e v a b l e . A s m a l l v i c e c a n be made from an 
aquarium a i r hose clamp t o h o l d the c r y s t a l s e c u r e . F o l l o w i n g the format and number 
sequence i n d i c a t e d i n F i g . 1, mount the components on the two c r y s t a l f a c e s u s i n g 
v e r y s m a l l amounts o f c y a n o a c r y l a t e g l u e ( e . g . K r a z y G l u e or Powa B o n d ) . A l l t h e 
R i v e r Ohm r e s i s t o r s s h o u l d be mounted w i t h f a c e A t o the c r y s t a l and the l e a d s t o 
the r i g h t . T r a n s i s t o r s 3 , 4, and 10 are BCW 66 and t r a n s i s t o r 6 i s the BFS 20 . 
A l l the t r a n s i s t o r s s h o u l d be mounted w i t h the l e t t e r e d f a c e down. When mount ing 
t r a n s i s t o r 6 and c a p a c i t o r 7 make s u r e t h a t there i s enough c l e a r a n c e around the 
c a p a c i t o r to permi t s o l d e r i n g o f the t r a n s i s t o r l e a d s . 

2 . When a l l t h e components are i n p o s i t i o n , b e g i n making the c o n n e c t i o n s w i t h r e s i s 
t o r 8 . Bend the upper l e a d o f the r e s i s t o r t i g h t l y around the body so t h a t i t meets 
t h e c o l l e c t o r o f t r a n s i s t o r 10 and s o l d e r t h i s c o n t a c t . 

3 . Bend the c l o s e s t l e a d s o f b o t h r e s i s t o r 9 and c a p a c i t o r 11 to meet the b a s e o f 
t r a n s i s t o r 10 . C u t t h e s e to the a p p r o p r i a t e l e n g t h and s o l d e r a l l t h r e e l e a d s 
t o g e t h e r . C l i p the r e m a i n i n g l e a d o f c a p a c i t o r 11 t o about 1 mm and s o l d e r on a 
2 cm l e n g t h o f magnet w i r e . Turn the c r y s t a l over and run the magnet w i r e l e a d to 
the b a s e o f t r a n s i s t o r 4. Loop the w i r e around the l e a d , b u t do n o t s o l d e r i t y e t . 

4. Bend the upper l e a d o f r e s i s t o r 1 t i g h t l y over the body to meet the c o l l e c t o r o f 

Crystal: The t r a n s m i t t e r uses a t h i r d o v e r t o n e c r y s t a l t o g e n e r a t e the t e n t h h a r 
m o n i c . To c a l c u l a t e the c r y s t a l f r e q u e n c y , d i v i d e the d e s i r e d o u t p u t f r e q u e n c y 
by 10 and m u l t i p l y by 3 . When o r d e r i n g the c r y s t a l s p e c i f y : H C - 4 5 / U - 2 m i c r o 
m i n i a t u r e c a n , t h i r d o v e r t o n e mode, s e r i e s r e s o n a n t , and no p a r t i c u l a r t emperature 
c h a r a c t e r i s t i c s . S u p p l i e r s i n B r i t a i n , the U . S . , and Canada a r e : I n t e r f a c e Q u a r t z 
D e v i c e s L t d . , Crewkerne , U . K . ; I n t e r n a t i o n a l C r y s t a l M a n u f a c t u r i n g C o . , Oklahoma, 
U . S . A . ; and Croven L t d . , W h i t b y , O n t a r i o , C a n a d a . 

Magnet wive: Use N o . 38 or 40 self-fluxing magnet w i r e f o r forming b o t h c o i l s and 
f o r c o n n e c t i n g the components . 

PREPARATION OF COMPONENTS 
To save w e i g h t and volume the c a s i n g s o f the R i v e r Ohm r e s i s t o r s and the 22 p f d 
c a p a c i t o r may be trimmed. P r o p e r l y done , t h i s does n o t a f f e c t t h e i r f u n c t i o n i n g . 

Wi th a p a i r o f f l a t - n o s e d p l i e r s g r a s p the end o f one o f the R i v e r Ohm r e s i s t o r s and 
c r u s h . The t i p of the a c r y l i c c a s e s h o u l d s h e a r o f f , l e a v i n g a f l a t f a c e a t r i g h t 
a n g l e s to the l e a d s . Now sand one o f the r e m a i n i n g two broad f a c e s f l a t and c a l l 
t h i s l a t t e r f a c e A f o r c o n v e n i e n c e . Repeat t h i s p r o c e d u r e on a l l the R i v e r Ohm 
r e s i s t o r s . 

Take the 22 p f d c a p a c i t o r and , w i t h a p a i r o f heavy f o r c e p s , bend e a c h l e a d 90° t o 
the s i d e , so t h a t i t p r o j e c t s s t r a i g h t ou t from the b o d y . C h i p o f f the c e r a m i c 
c o a t i n g from the b a s e of each l e a d and c l i p them to about one m i l l i m e t e r l e n g t h . 
G e n t l y sand each o f the broad f a c e s o f the c a p a c i t o r f l a t t o r educe i t s t h i c k n e s s , 
e n s u r i n g t h a t you do not expose the m e t a l c a p a c i t a n c e p l a t e s . 
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t r a n s i s t o r 3 and now s o l d e r the f o u r l e a d s (base o f t r a n s i s t o r 4, c o l l e c t o r o f t r a n 
s i s t o r 3 , l e a d from c a p a c i t o r 11, and the l e a d from r e s i s t o r 1) t o g e t h e r . 

5 . Bend the lower l e a d o f r e s i s t o r 2 and the c l o s e s t l e a d o f c a p a c i t o r 7 to meet 
the b a s e of t r a n s i s t o r 3 and s o l d e r t h i s c o n t a c t . 

C - CAPACITOR T-TRANSISTOR R- RESISTOR 

Ε 

TRANSISTOR 
C - COLLECTOR 
Ε - EMITTER 
Β - BASE 

I 

F i g . 1. Diagram showing t h e p l a c e m e n t sequence and p o s i t i o n i n g 
o f the components on b o t h s i d e s o f the c r y s t a l . 

6 . S o l d e r f i r s t the upper l e a d o f r e s i s t o r 5 to the e m i t t e r o f t r a n s i s t o r 4 and 
then the lower l e a d o f t h i s r e s i s t o r t o the b a s e o f t r a n s i s t o r 6 . 

7. C l i p b o t h l e a d s o f c a p a c i t o r 13 to 1 mm and s o l d e r on two 2 cm l e n g t h s o f magnet 
w i r e . Run the l e a d marked w i t h the r e d dot to the e m i t t e r o f t r a n s i s t o r 6, l oop 
i t around , and s o l d e r . Run the r e m a i n i n g l e a d from c a p a c i t o r 13 to the c o l l e c t o r o f 
t r a n s i s t o r 4 and s o l d e r . 

8 . C l i p the r e m a i n i n g l e a d o f c a p a c i t o r 7 t o 1 mm and s o l d e r on a 2 cm p i e c e o f 
magnet w i r e . Run t h i s l e a d t o the o p p o s i t e s i d e o f the c r y s t a l and s o l d e r i t to 
the c o l l e c t o r o f t r a n s i s t o r 10 . 

9 . Now take a 10 cm p i e c e o f w i r e and s o l d e r one end t o the e m i t t e r o f t r a n s i s t o r 3 . 
S t r e t c h the w i r e a c r o s s to the e m i t t e r o f t r a n s i s t o r 6, loop i t around the l e a d and 
s o l d e r . Run the r e m a i n i n g l e n g t h s t r a i g h t t o the e m i t t e r o f t r a n s i s t o r 10, l o o p , 
and s o l d e r . The r e m a i n i n g w ire w i l l be the negative b a t t e r y l e a d . 
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( + ) . 

1.35 V 82 K ß < 820 K f í > |8 m ? 120 Kfí 

:l mfd 1 h-
0.047 mfd 

12- 16 turns 

F i g . 2 . The c i r c u i t p l a n and component v a l u e s f o r the t r a n s m i t t e r . 
A -- a n t e n n a ; Β — c r y s t a l ; C — BFS 20 t r a n s i s t o r ( a l l 
o t h e r s BCW 6 6 ) . 

10 . S o l d e r a 3 cm l e n g t h o f w i r e t o the b a s e o f each o f the c r y s t a l l e a d s and c u t 
the c r y s t a l l e a d s as s h o r t as p o s s i b l e . F i t the two f r e e w i r e s through the s m a l l 
gap between r e s i s t o r s 8 and 9 and run the w i r e s around l e a d A o f c a p a c i t o r 12 . P u l l 
the w i r e s snug and s o l d e r one t o the b a s e and one to the c o l l e c t o r o f t r a n s i s t o r 6 . 
Now l i f t the w i r e coming from the c o l l e c t o r o f t r a n s i s t o r 6 onto l e a d A o f c a p a c i t o r 
12 and s o l d e r t h i s c o n t a c t . Make s u r e t h a t t h e l e a d s o f c a p a c i t o r 12 do not s h o r t 
out on the c r y s t a l c a s e . 

11 . There s h o u l d now be o n l y one l e a d from each o f r e s i s t o r s 1, 2 , 8, and 9 f r e e . 
C l i p e a c h l e a d t o 1 mm. Take a 10 cm p i e c e o f magnet w i r e a n d , b e g i n n i n g a t the 
c o l l e c t o r o f t r a n s i s t o r 4, c o n n e c t the c o l l e c t o r and r e s i s t o r l e a d s , s o l d e r i n g e a c h 
c o n t a c t . Now t h r e a d the r e m a i n i n g l e n g t h o f the w i r e through the gap be tween r e s i s 
t o r s 8 and 9 . T h i s w i l l be t h e positive b a t t e r y l e a d . 

12 . With the magnet w i r e wind a 14 t u r n c o i l on a 3 mm d i a m e t e r r o d . S l i d e t h e c o i l 
o f f the rod and h o l d the t u r n s t o g e t h e r w i t h an a l l i g a t o r c l i p . Cut the l e a d s o f 
the c o i l s h o r t and s o l d e r them t o l e a d s A and Β o f c a p a c i t o r 12 and remove the a l l i 
g a t o r c l i p . 

13 . Now wind a 4 t u r n c o i l on the same d i a m e t e r rod and g l u e the t u r n s t i g h t l y 
t o g e t h e r w i t h the c y a n o a c r y l a t e a d h e s i v e . S o l d e r one l e a d o f the c o i l to l e a d Β o f 
c a p a c i t o r 12 and t h e o t h e r t o the c o l l e c t o r o f t r a n s i s t o r 4 . P r e s s t h e c o i l a g a i n s t 
the s i d e o f the c r y s t a l and g l u e i n t h i s p o s i t i o n . 

14. A f t e r c h e c k i n g the t r a n s m i t t e r to e n s u r e t h e r e are no s h o r t s onto the c r y s t a l 
c a s e , c o n n e c t the b a t t e r y l e a d s to a 1 . 2 - 1 . 5 V power s o u r c e . Tune a r e c e i v e r to 
the a p p r o p r i a t e f r e q u e n c y and g e n t l y b e g i n to squeeze the t u r n s o f the 14 t u r n c o i l 
t o g e t h e r . A t some p o i n t the t r a n s m i t t e r s h o u l d s t a r t , t o emit 10 ms p u l s e s a t the 
r a t e o f 1 s~^. I d e a l l y t h e l o u d e s t s i g n a l s h o u l d come when the c o i l s are f u l l y 
compressed . I f t h i s i s no t the s t r o n g e s t s i g n a l e x p e r i m e n t w i t h 12-16 t u r n c o i l s . 
Now g l u e the t u r n s t o g e t h e r and l a y the c o i l on top o f c a p a c i t o r 12 . 

15. S o l d e r a 10 cm p i e c e o f f i n e g u i t a r s t r i n g t o l e a d Β o f c a p a c i t o r 12 a s . t h e 
a n t e n n a . O r i e n t the w i r e so t h a t i t runs t h e l e n g t h o f the t r a n s m i t t e r and g l u e i t 
i n t h i s p o s i t i o n f o r r i g i d i t y . 
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TROUBLE SHOOTING 
R e l u c t a n t t r a n s m i t t e r s c a n be checked w i t h a d i g i t a l m u l t i - m e t e r by f i r s t p l a c i n g 
the meter i n s e r i e s w i t h one o f the b a t t e r y l e a d s . On the yA s e t t i n g the t r a n s 
m i t t e r s h o u l d draw 20 pA s t e a d i l y , w i t h p u l s e s t o 30 y A , I f i t does not draw t h i s 
o r p u l s e t h e n you have a m i s p l a c e d l e a d or a s h o r t . I f i t does draw the p r o p e r 
c u r r e n t , b u t does n o t t r a n s m i t , c o n n e c t the meter f u n c t i o n ( Ω χ 10) a c r o s s the two 
l e a d s o f c a p a c i t o r 1 2 . I f t h e d i a l shows r e g u l a r p u l s e s , then the prob lem l i e s i n 
the c o i l . 

MODIFICATIONS 
The p u l s e l e n g t h and the i n t e r - p u l s e i n t e r v a l are g o v e r n e d by r e s i s t o r s 2 and 9 
r e s p e c t i v e l y . I n c r e a s i n g t h e v a l u e o f e i t h e r i n c r e a s e s the l e n g t h o f the c o r r e s p o n d 
i n g p a r a m e t e r . By s u b s t i t u t i n g an a p p r o p r i a t e t h e r m i s t o r the p u l s e r e p e t i t i o n r a t e 
can r e a d i l y be made t empera ture d e p e n d e n t . 

SUPPLIER'S ADDRESSES 
Components I n c . , 313 E l m S t , B i d d e f o r d , Maine 04005, U . S . A . 
Croven L t d . , 500 Beech S t . , W h i t b y , O n t a r i o L I N 5 J 5 , Canada 
Hakuto I n t e r n a t i o n a l ( U . K . ) L t d . , Hakuto H o u s e , 557-563 R a y l e i g h R o a d , L e i g h - o n - S e a , 

E s s e x , U . K . 
I n t e r f a c e Q u a r t z D e v i c e s L t d . , 29 Market S t . , Crewkerne , Somerse t TA18 7 J U , U . K . 
I n t e r n a t i o n a l C r y s t a l M a n u f a c t u r i n g C o . , 10 N o r t h Lee S t . , Oklahoma C i t y , Oklahoma 

73102, U . S . A . 
Siemens L t d . , S iemens H o u s e , W i n d m i l l R o a d , S u n b u r y - o n - T h a m e s , M i d d l e s e x TW16 7HS, 

U . K . 
Siemens Canada L t d . , 1673 C a r l i n g A v e n u e , O t t a w a , O n t a r i o K2A 1C4, Canada 
WayCom L t d . , Wokingham R o a d , B r a c k n e l l , B e r k s h i r e RG12 I N D , U . K . 

16. A M a l l o r y RM212 b a t t e r y , p r e f e r a b l y w i t h f a c t o r y we lded t a b s , f i t s s n u g g l y 
between the l e a d s o f c a p a c i t o r 12 , s i t t i n g on c a p a c i t o r 1 3 . G l u e i t i n t h i s p o s i 
t i o n and s o l d e r one l e a d , l e a v i n g the o t h e r f r e e u n t i l the t r a n s m i t t e r i s t o be 
u s e d . P o t the t r a n s m i t t e r by d r i p p i n g small amounts o f c y a n o a c r y l a t e over the com
ponents f i r s t and then by s p r e a d i n g a v e r y s m a l l amount o f beeswax over the compon
e n t s w i t h a s o l d e r i n g i r o n . I f s o l d e r , g l u e and wax h a s been k e p t t o a minimum the 
f i n a l w e i g h t s h o u l d be 1 .0 g . 
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Abstract — Two t y p e s of s i m p l e and e f f i c i e n t p u l s i n g c i r c u i t s 
s u i t a b l e f o r a v a r i e t y of t r a n s m i t t e r s are d e s c r i b e d . One i s a 
f i x e d r a t e d e s i g n w i t h a v e r y s t a b l e r a t e , o p e r a t i n g a t 
m i c r o w a t t l e v e l s , u n a f f e c t e d by v o l t a g e or l o a d v a r i a t i o n s . 
The second d e s i g n s h a r e s many f e a t u r e s o f the f i r s t , e x c e p t 
t h a t the p u l s e r a t e can be f i x e d , g a t e d , or v a r i e d by a number 
o f d i f f e r e n t s e n s o r s . Assembly i s s i m p l e , r e q u i r i n g few 
a d j u s t m e n t s or s e l e c t i o n o f p a r t s . E i t h e r c i r c u i t w i l l o p e r a t e 
from a s i n g l e mercury c e l l and can be c o n s t r u c t e d t o o c c u p y 
l e s s t h a n 0 .75 cm^ w i t h o u t r e s o r t i n g to w i r e b o n d i n g or o t h e r 
e x o t i c c o n s t r u c t i o n t e c h n i q u e s . 

INTRODUCTION 
The p u l s i n g c i r c u i t s d e s c r i b e d p r o v i d e a s i m p l e y e t e f f i c i e n t and v e r s a t i l e means o f 
m o d u l a t i n g w i l d l i f e t r a c k i n g t r a n s m i t t e r s . The f i x e d r a t e d e s i g n d e r i v e s i t s s t a b i l i t y 
from a s u b m i n i a t u r e low f r e q u e n c y q u a r t z c r y s t a l and a 1 6 - s t a g e b i n a r y d i v i d e r i n t e 
g r a t e d c i r c u i t . The v a r i a b l e r a t e d e s i g n employs an as t a b l e m u l t i v i b r a t o r I C t h a t 
can be r e s e t , g a t e d or v a r i e d by d i f f e r e n t s e n s o r s . Over a -40 t o +40^0 r a n g e the 
change i n p u l s e r a t e i s l e s s than 0 . 1 p e r c e n t f o r the f i x e d d e s i g n and a p p r o x i m a t e l y 
5 p e r c e n t f o r t h e v a r i a b l e d e s i g n . E i t h e r c i r c u i t w i l l o p e r a t e from a s i n g l e mercury 
o x i d e c e l l w i t h a c u r r e n t consumpt ion o f 2 to 4 μ Α . 

FIXED RATE PULSE GENERATOR 
The f i x e d r a t e p u l s e g e n e r a t o r ( F i g s . 1 and 3) u s e s a s u b m i n i a t u r e 32 .7 KHz w a t c h 
c r y s t a l , a f l a t pack I C (MC14450L) and a maximum o f f i v e o t h e r components . The I C 
c o n t a i n s an o s c i l l a t o r , a 1 6 - s t a g e b i n a r y d i v i d e r and two o u t p u t b u f f e r s . U s i n g a 
32 .7 KHz c r y s t a l , p o s i t i v e g o i n g , 31 ms p u l s e s a t 0 .5 Hz appear a t p i n s 4 and 5 , 
180 out o f p h a s e . D i o d e s D l and D2 combine the a l t e r n a t e p u l s e s p r o d u c i n g a 1.0 Hz 
s i g n a l w i t h a 3 .1 p e r c e n t duty c y c l e c a p a b l e o f d r i v i n g a 10 kfi l o a d . I f a 0 .5 Hz 
s i g n a l i s r e q u i r e d , R2 i s c o n n e c t e d d i r e c t l y to e i t h e r p i n 4 or 5 . The p u l s e r a t e 
and w i d t h can be m o d i f i e d by c h o o s i n g the a p p r o p r i a t e c r y s t a l f r e q u e n c y ( M o t o r o l a , 
1976) . F o r e x a m p l e , a 65 .5 KHz c r y s t a l can p r o v i d e a 1.0 or 2 . 0 Hz s i g n a l w i t h a 
p u l s e w i d t h o f 15.6 ms, The v a l u e o f R2 v a r i e s from 10 t o 150 kfi, depend ing on the 
peak c u r r e n t s d e s i r e d (10 to 2 m A ) . 
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F i g . 1. Diagram o f f i x e d r a t e p u l s e g e n e r a t o r and t r a n s m i t t e r . 
V a r i a b l e v a l u e s w i l l c o v e r f r e q u e n c y range o f 145-174 MHz. 
C r y s t a l (XTAL) i s a s e r i e s r e s o n a n c e t y p e (3rd o v e r t o n e ) . 
S e m i c o n d u c t o r s are Siemens M a n u f a c t u r e d . 8T c o i l i s 
wound o n , and tuned by a Cambion s l u g N o . 515-3218-06-21 
( c a r b o n y l S F ) . 

I f the t r a n s m i t t e r i s powered by a s i n g l e m e r c u r y , a l k a l i n e or s i l v e r o x i d e c e l l , 
R l and C I can be d e l e t e d . I f powered by m u l t i p l e c e l l s or l i t h i u m b a t t e r i e s , R l 
must be used t o l i m i t the v o l t a g e a t p i n 6 t o 1.5 V . The v a l u e o f R l i s c a l c u l a t e d 
by assuming an a v e r a g e c u r r e n t consumpt ion o f 4 μΑ w i t h the 32 .7 KHz c r y s t a l and 
5 μΑ w i t h t h e 65 .5 KHz c r y s t a l . 

S i n c e t h i s c i r c u i t i s i n t e n d e d t o d r i v e the b a s e o f the o s c i l l a t o r t r a n s i s t o r , t h e 
o u t p u t i s no t s u i t a b l e f o r a p p l i c a t i o n s where t h e e n t i r e power s u p p l y t o t h e t r a n s 
m i t t e r must be s w i t c h e d . F o r the l a t t e r a p p l i c a t i o n the MC14450 ( M o t o r o l a ) c a n be 
r e p l a c e d w i t h an ICM7047 ( I n t e r s i l ) . The two I C s are s i m i l a r i n o p e r a t i o n e x c e p t 
t h a t the o u t p u t b u f f e r s i n the I n t e r s i l d e v i c e a r e n o r m a l l y i n the h i g h s t a t e , w i t h 
the s i g n a l a p p e a r i n g as n e g a t i v e g o i n g p u l s e s 15 .6 ms wide ( w i t h a 32 .7 KHz c r y s t a l ) , 

VARIABLE RATE PULSE GENERATOR 
The v a r i a b l e r a t e p u l s e g e n e r a t o r ( F i g s . 2 and 4) u s e s a CMOS m u l t i v i b r a t o r I C 
(CD4047AK) and f i v e o t h e r components . The a s t a b l e m u l t i v i b r a t o r f u n c t i o n i s i m p l e 

mented by c o n n e c t i n g the a p p r o p r i a t e c o n t r o l i n p u t t o ground or the s u p p l y (RCA, 
1975) . The p u l s e r a t e i s de termined by R3 and C 2 , t h e p u l s e w i d t h b y R5 and t h e 
p u l s e d i r e c t i o n by D 3 . As shown i n F i g . 2 , t h e o r i e n t a t i o n o f D3 p r o d u c e s a p o s i t i v e 
g o i n g p u l s e a t *A' s u i t a b l e f o r b a s e d r i v e o f t h e o s c i l l a t o r t r a n s i s t o r . R e v e r s i n g 
D3 w i l l produce a n e g a t i v e g o i n g p u l s e s u i t a b l e f o r d r i v i n g a s e r i e s p a s s t r a n s i s t o r . 
The f o l l o w i n g range o f component v a l u e s w i l l produce p u l s e r a t e s o f 0 . 5 t o 3 Hz and 
p u l s e w i d t h o f 15 t o 35 ms: C 2 , 0 . 2 2 - 0 . 6 8 μ f ; R 3 , 680 k ß - 2 . 2 M ; R4 , 680 k ß - 4 . 7 Μ; 
R 5 , 18 k ß . 

The p u l s e g e n e r a t o r c a n be used t o measure t e m p e r a t u r e w i t h t h e a d d i t i o n o f a t h e r 
m i s t o r between ' B ' and ' C * ( F i g . 2 ) . S i m i l a r l y , l i g h t l e v e l s can be measured u s i n g 
a p h o t o r e s i s t o r . S i n c e few s t u d i e s are c o n d u c t e d a f t e r s u n s e t , a p h o t o r e s i s t o r 
can be used t o reduce t h e p u l s e r a t e t o 0 . 2 Hz or l e s s a t n i g h t . The maximum and 
minimum p u l s e r a t e s are s e t by R4 and R3 r e s p e c t i v e l y . The a v e r a g e c u r r e n t consump
t i o n o f the p u l s e g e n e r a t o r i s 2 μΑ a t 1.35 V , r i s i n g t o 10 μΑ a t 6 V . 
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}+1.35 TO 6V 

C o - ^ V W 

1 14 

5 

7 8 

TRANSMITTER 

CD4047AK -1-

F i g . 2 . Diagram o f v a r i a b l e r a t e p u l s e g e n e r a t o r . 

CONCLUSION 
The t i m i n g c i r c u i t s and t r a n s m i t t e r s are c o n s t r u c t e d on double s i d e d epoxy (G-10) 
b o a r d u s i n g c o n v e n t i o n a l and c h i p components . The comple t ed c i r c u i t i s mounted on 
a f o u r p i n c r y s t a l can b a s e and s o l d e r s e a l e d i n a c r y s t a l c a n ( F i g s . 3 and 4 ) . 
F i n a l t u n i n g o f the t r a n s m i t t e r i s per formed through a h o l e i n the top o f the can 
t h a t i s l a t e r s o l d e r s e a l e d . A l t h o u g h r e l a t i v e l y b u l k y , t h i s method o f e n c a p s u l a t i o n 
r e s u l t s i n a h e r m e t i c a l l y s e a l e d package w e i g h i n g 5 g . 

F i g . 3 . Top and bot tom v iew o f a f i x e d r a t e t r a n s m i t t e r and 
c a s e . 

The two p u l s i n g sys tems are b e i n g used s u c c e s s f u l l y on v a r i o u s l a r g e mammals, i . e . 
c o y o t e , w o l f , e l k , c a r i b o u , b i s o n and g r i z z l y . E a r l y f i e l d r e s u l t s w i l l be a v a i l a b l e 
i n the s p r i n g o f 1980 when the p r o j e c t e d t h r e e y e a r b a t t e r y s u p p l y w i l l be d e p l e t e d 
on some o f the t r a n s m i t t e r s now i n s e r v i c e . 
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F i g . 4. Top and bot tom v i e w o f v a r i a b l e r a t e t r a n s m i t t e r and 
c a s e . 
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Abstract — A w i l d l i f e r a d i o t a g c a p a b l e o f t r a n s m i t t i n g p h y s i c a l 
p a r a m e t e r s and d i g i t a l c o d i n g was m i n i a t u r i z e d and f e a t u r e s 
i n c r e a s e d over e a r l i e r c i r c u i t s . L o g i c g a t e s r e q u i r e d t o p r o 
v i d e a m o n o s t a b l e c i r c u i t were h a l v e d , and the e x c e s s g a t e s 
a v a i l a b l e were used to p u l s e code the t r a n s m i t t e r , w h i c h i n 
a d d i t i o n to f r e q u e n c y , s i m p l i f i e s t r a c k i n g a l a r g e number o f 
a n i m a l s . V o l t a g e s t a b i l i z a t i o n was a c h i e v e d from 2.5 V t o 
g r e a t e r than 5.0 V . M i n i a t u r i z a t i o n was a c c o m p l i s h e d t h r o u g h 
the use o f c e r a m i c f l a t p a c k i n t e g r a t e d c i r c u i t s and m i n i a t u r e 
d i s c r e t e components , w h i c h a l l o w s e a s e o f c o n s t r u c t i o n o v e r 
h y b r i d t e c h n i q u e s . The c i r c u i t a l l o w e d the o p t i o n s o f a c t i 
v i t y , t empera ture and m o r t a l i t y s i g n a l l i n g . The comple ted 
c i r c u i t board w e i g h i n g 6.5 g was h e r m e t i c a l l y s e a l e d i n s i d e a 
c r y s t a l can 3.0 χ 3.3 x 1.0 cm. 

INTRODUCTION 
To f i e l d b i o l o g i s t s i n v o l v e d i n r a d i o t r a c k i n g s t u d i e s , b a s i c t r a n s m i t t e r r e q u i r e 
ments i n c l u d e low power consumpt ion ( s i z e and w e i g h t ) , s i m p l i c i t y o f i d e n t i f i c a t i o n 
o f a n i m a l s , and r e l i a b i l i t y ( l i f e and r a n g e ) . Low power i n t e g r a t e d c i r c u i t s (CMOS) 
have been used f o r s e v e r a l y e a r s t o p u l s e r a d i o f r e q u e n c y t r a n s m i t t e r s f o r m o n i t o r 
i n g w i l d l i f e . P r e s e n t d e s i g n s i n c l u d e a c t i v i t y , m o r t a l i t y and t e m p e r a t u r e m o n i t o r 
i n g ( K o l z , C o r n e r and J o h n s o n , 1973; S t a n d o r a , 1977) . T h i s p a p e r d e s c r i b e s a t r a n s 
m i t t e r w h i c h , i n a d d i t i o n t o t h e s e o p t i o n s , i s c a p a b l e o f p u l s e i n t e r v a l m o d u l a t i o n 
used f o r i d e n t i f i c a t i o n o f i n d i v i d u a l a n i m a l s . R e l i a b i l i t y and r u g g e d n e s s are 
a c h i e v e d t h r o u g h use o f a p r i n t e d c i r c u i t b o a r d and h e r m e t i c s e a l i n g . 

CIRCUIT DESIGN 
A p p r o p r i a t e p lacement o f a d i o d e r e s i s t o r network h a l v e s the r e q u i r e d number o f l o g i c 
g a t e s used i n p r e v i o u s d e s i g n s f o r p u l s e g e n e r a t i o n . A d d i t i o n a l g a t e s p r o v i d e d on 
the i n t e g r a t e d c h i p are then used f o r d i g i t a l c o d i n g ( F i g . 1) . T h i s a l l o w s m u l t i p l e 
t r a n s m i t t e r s per f r e q u e n c y and we have found i t a i d s g r e a t l y i n l o c a t i n g and i d e n t i f y 
i n g i n d i v i d u a l and f a r r a n g i n g a n i m a l s . I n a d d i t i o n , the use o f a s econd i n t e g r a t e d 
c i r c u i t a l l o w s the t r a n s m i s s i o n o f a c t i v i t y , m o r t a l i t y , e v e n t and t e m p e r a t u r e d a t a . 
A l l o p t i o n s a r e a v a i l a b l e on a p r i n t e d c i r c u i t board 2.5 χ 2.5 x 0.08 cm w h i c h i s 
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c o n t a i n e d i n a h e r m e t i c can 3 . 0 χ 3 . 3 x 1.0 cm. T h i s s i z e was a c c o m p l i s h e d through 
the use of m i n i a t u r e components and c e r a m i c i n t e g r a t e d c i r c u i t s . C u r r e n t consump
t i o n o f the l o g i c c i r c u i t s i s a lways l e s s than 6 μΑ and t y p i c a l l y l e s s than 3 μΑ. 
T h i s r e p r e s e n t s l e s s than 3 p e r c e n t o f the t r a n s m i t t e r d r a i n and a l l o w s o p e r a t i o n 
o f the t r a n s m i t t e r f o r a t l e a s t 2 y e a r s w i t h a C s i z e l i t h i u m b a t t e r y . Packaged 
w e i g h t i s l e s s than 20 g ( w i t h o u t b a t t e r y ) . 

PULSE GENERATION AND CODING 
A monos tab le c i r c u i t u s i n g l o g i c g a t e s U ^ - A and υ^-Β forms the p u l s e g e n e r a t o r 
( F i g . 2 A ) . P u l s e r e p e t i t i o n f r e q u e n c y (FRF) i s c o n t r o l l e d by the c h a r g i n g o f C2 
through R2 w h i l e p u l s e w i d t h (PW) i s c o n t r o l l e d by the d i s c h a r g i n g o f C2 t h r o u g h t h e 
p a r a l l e l c o m b i n a t i o n o f Ri and R 2 . F o r normal o p e r a t i o n s the FRF i s s e t between 
60 and 90 p u l s e s per minute (PPM) and the PW t o 40 ms. The a d d i t i o n o f C i v o l t a g e 
s t a b i l i z e s the FRF and PW from 2.5 t o g r e a t e r than 5 . 0 V . V a r i a t i o n s i n FRF a r e one 
way t o i d e n t i f y i n d i v i d u a l a n i m a l s o p e r a t i n g on the same f r e q u e n c y . 

P u l s e code m o d u l a t i o n (PCM) i s a c h i e v e d t h r o u g h g a t e s - A and U ^ - B ( F i g . 2 B ) . With 
o n l y Rii and C7 p r e s e n t , the c i r c u i t o p e r a t e s as an a s t a b l e m u l t i v i b r a t o r . T h i s 
c i r c u i t i s turned on w i t h a p o s i t i v e p u l s e from U ^ - B (RCA, 1972) . V o l t a g e s t a b i l i 
z a t i o n i s a c h i e v e d w i t h the a d d i t i o n o f R 9 . When the PW from the p u l s e g e n e r a t o r 
i s i n c r e a s e d by i n c r e a s i n g R^ , the a s t a b l e c i r c u i t i s e n a b l e d f o r two or more c y c l e s . 
S p e c i f i c v a l u e s of Rn and C7 w i l l t h e n d o u b l e - or t r i p l e - p u l s e code the t r a n s m i t t e r 
independent o f FRF ( F i g . 3 ) . I n the example ( F i g . 3 ) , the t r a n s m i t t e r i s a c t i v a t e d 
t w i c e per c y c l e and t h e t ime a v e r a g e d c u r r e n t d r a i n i s d o u b l e d . Compensat ion i s 
a c h i e v e d by l o w e r i n g the FRF t o l e s s t h a n 50 PPM g i v i n g e q u i v a l e n t a v e r a g e d r a i n t o 
a normal t r a n s m i t t e r o f 100 PPM. I t i s u s e f u l t o use a FRF o f 20 and have f o u r or 
more p u l s e s per c y c l e , e a s i l y i d e n t i f y i n g p a r t i c u l a r a n i m a l s and a l l o w i n g m u l t i p l e 

PULSE 
GENERATOR 

(MONOSTABLE 
MULTIVIBRATOR) 

PRFM 
PWM 

TEMPERATURE AND 
EVENT SENSING 

PWM 
& 

PC 

PRFM 

ACTIVITY AND 
MORTALITY SENSING 

PULSE CODING 

R.F. TRANSMITTER 

PRFM - pulse repetition frequency modulation 
PWM - pulse width modulation 
PC - pulse coding 

F i g . 1. B l o c k d iagram of p u l s e coded t r a n s m i t t e r . 



A Versatile Coded Wildlife Transmitter 187 

F i g . 2 . C i r c u i t s c h e m a t i c o f p u l s e coded t r a n s m i t t e r . 

V (VOLTS) 3^ 

0 

3H 

I 2 0 m s 

• PRF-

-880 ms -

FROM Ul-B TO U2-A 
3 5 TRANSMIT 

ENABLE 

3 5 3 5 

FROM U2-B TO RF TRANSMITTER t (MILLISECONDS) 
R-1 = 4.3 Μ λ C - 2 = 56 nF PRF = 60 P/M 
R-2 = 15 Μ λ C - 7 = 22 nF 
R-11 = 1.5 Μ λ 

F i g . 3 . Example o f double p u l s e c o d i n g . 

t r a n s m i t t e r s per f r e q u e n c y . D e c o d i n g i s done by the o p e r a t o r or i n the r e c e i v e r i n 
t h e c a s e o f more t h a n f o u r p u l s e s per c y c l e . 

Removal o f Rg and i n c l u s i o n o f D7, R ^ q and Cg forms a m o n o s t a b l e m u l t i v i b r a t o r w i t h 
U2-A and U 2 - B ( F i g . 2 B ) . T h i s c i r c u i t s i m i l a r l y c o d e s t h e t r a n s m i t t e r b u t i n a d d i 
t i o n , a l l o w s c o n t r o l o f o f f - t i m e i n d e p e n d e n t o f PW. P u l s e i n t e r v a l m o d u l a t i o n i d e n 
t i f i e s s p e c i f i c a n i m a l s by t h e t ime p e r i o d between c o n s e c u t i v e p u l s e s as s e t by R ^ 
( F i g . 4 ) . D e m o d u l a t i o n can be a c c o m p l i s h e d i n the r e c e i v e r and r e a d d i g i t a l l y by 
the o p e r a t o r ( C u p a l , 1977 ) . Normal s i n g l e p u l s e t r a n s m i s s i o n i s done w i t h a p p r o p r i a t e 
v a l u e s o f R i o , Ri1 and C7 (Table 1 ) . 

ACTIVITY AND MORTALITY MONITORING 
A c t i v i t y and m o r t a l i t y a r e m o n i t o r e d w i t h t h e use o f t h r e e a d d i t i o n a l l o g i c g a t e s 
U j - C , U j - D and U2-D ( F i g . 2 C ) . O p e r a t i o n i s d e s c r i b e d by K o l z et al, (1973) b u t 
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V(VOLTS) 

EXAMPLE 1 

EXAMPLE 2 

160ms 

50 

35 35 

-840ms · 

FROM U1-B TO U2-A 

FROM U2-B TO TRANSMITTER 

35 35 

t (MILLISECONDS) 
R-1 = 6.2 M I L 

R-2= 13 M / L 

C-2= 56 nF 

Ex. 1. 

Ex.2. 

R-1 = 2.4 Μ Λ 

R-11= 1.0 Mil 
C-7= 56 nF 
R-10= 7.5 Μ Λ 

R-11= 820ΚΛ 
C-7= 56nF 

F i g . 4. Example o f p u l s e c o d i n g w i t h v a r i a b l e window. 

s e v e r a l a d v a n t a g e s are r e a l i z e d . A c t i v i t y i s i n d i c a t e d by the m o t i o n s e n s i t i v e mer
cury s w i t c h SWi which t r i g g e r s an e x t r a p u l s e i n the m o n o s t a b l e c i r c u i t upon move
ment o f the a n i m a l . S e n s i t i v i t y can be s e t by v a r y i n g the R 5 , C3 t ime c o n s t a n t . 
M o r t a l i t y i s measured by the c e s s a t i o n o f movement of SW^ f o r a p r e d e t e r m i n e d t ime 
( u s u a l l y 2-4 h o u r s ) as s e t by Rß and C 5 . C5 i s b e i n g c h a r g e d by t h e square wave 
p u l s e s from U2-B and each t ime SW^ makes c o n t a c t i t a c t i v a t e s the m o n o s t a b l e c i r c u i t 
formed by U^-C and U ^ - D , c a u s i n g the d i s c h a r g e o f C 5 . The d u r a t i o n o f d i s c h a r g e i s 
s e t by Rß and Ci .̂ Lack o f movement w i l l b i a s the o u t p u t o f g a t e U2-D to g r o u n d . 
T h i s e n a b l e s f r e e r u n n i n g o f the c o d i n g c i r c u i t ( F i g . 2B) , thus c h a n g i n g the FRF 
t o t h a t s e t by C7 and R n « When t h i s c i r c u i t i s i n a m o n o s t a b l e c o n f i g u r a t i o n 
(R^O p r e s e n t ) , the FRF can be f o r e x a m p l e , doub led and a s i g n i f i c a n t power s a v i n g 
r e a l i z e d over p r e v i o u s c i r c u i t s i n w h i c h c o n t i n u o u s o p e r a t i o n i n d i c a t e d d e a t h o f the 
a n i m a l . T h i s s a v i n g i s e x t r e m e l y i m p o r t a n t f o r h i b e r n a t i n g a n i m a l s ( i n our c a s e 
b l a c k b e a r s ) and h e l p s s u s t a i n the l i f e o f the t r a n s m i t t e r . As soon as SWi i s a c t i 
v a t e d the t r a n s m i t t e r r e t u r n s t o i t s o r i g i n a l s t a t e . 

TEMPERATURE MONITORING 

M o r t a l i t y can a l s o be m o n i t o r e d by postmortem temperature drop w i t h t h e use o f a 
t h e r m i s t o r ( F i g . 5). U2 -C i s o r i g i n a l l y b i a s e d , i n p u t h i g h , o u t p u t low and as the 
body t emperature d r o p s , t h e r m i s t o r r e s i s t a n c e i n c r e a s e s , s w i t c h i n g t h e g a t e o u t p u t 
h i g h , p r o v i d i n g a second c h a r g e p a t h f o r C2 t h r o u g h Rx2. T h i s changes the F R F , as 
de termined by C2 and t h e p a r a l l e l c o m b i n a t i o n o f R2 and Ri2> and a g a i n a power s a v 
i n g i s r e a l i z e d through the use o f FRF m o d u l a t i o n . C o m p a r a t i v e t emperature m o n i t o r 
i n g ( e . g . ambient o u t s i d e c o l l a r t empera ture v e r s u s c o l l a r t empera ture n e x t t o 
a n i m a l ) can be a c h i e v e d by u s i n g two t h e r m i s t o r s i n the b i a s i n g ne twork . T h i s may 
be more a d v a n t a g e o u s i n e l i m i n a t i n g f a l s e m o r t a l i t y i n d i c a t i o n s due t o c o l d e r c l i 
mates and would have t o be c a l i b r a t e d f o r each u n i t . O t h e r e v e n t s such as an i n d i 
c a t i o n o f l i g h t i n t e n s i t y can be m o n i t o r e d through s i m i l a r b i a s i n g n e t w o r k s . F o r 
example , i f a l i g h t s e n s i t i v e r e s i s t o r were used to r e p l a c e the t h e r m i s t o r , the 
t r a n s m i t t e r would i n d i c a t e , through FRF m o d u l a t i o n , whether the a n i m a l was i n the 
l i g h t or d a r k , or i t c o u l d be used t o save b a t t e r y e n e r g y when the a n i m a l was n o t 
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Component l i s t f o r p u l s e coded r a d i o t r a c k i n g t r a n s m i t t e r 

Component D e s c r i p t i o n 

R t l , R 3 , R 4 , R t i o R e s i s t o r * 1 ΜΩ 

Rsí^e»^"^! 1 R e s i s t o r 4 . 3 ΜΩ 

Rt2 R e s i s t o r 13 ΜΩ 

R? R e s i s t o r 8 . 2 ΚΩ 

R t s R e s i s t o r 3 . 0 ΜΩ 

R9 R e s i s t o r 7 .5 ΜΩ 

R l 2 R e s i s t o r 10 ΜΩ 

R l 3 R e s i s t o r 47 ΚΩ 

Rl4 R e s i s t o r 1.0 ΚΩ 

R+15 R e s i s t o r 15 ΚΩ 

R+16 R e s i s t o r 220 Ω 

C a p a c i t o r , X7R m o n o l i t h i c c e r a m i c 1.0 nF 

C t 2 , C t 7 C a p a c i t o r , X7R m o n o l i t h i c c e r a m i c 53 nF 

C 3 > C l l » f ^ i 2 C a p a c i t o r , X7R m o n o l i t h i c c e r a m i c 22 nF 

C a p a c i t o r , U l t r a M i n i a t u r e Tanta lum 
(Sprague 182 s e r i e s ) * * 

0 .47 yF 

C s C a p a c i t o r , m i n i t a n t a l u m 
(Components I n c . MMJ s e r i e s ) * * 

100 yF 

C 8 . C 9 . C 1 3 C a p a c i t o r , NPO m o n o l i t h i c c e r a m i c 15 pF 

C l o C a p a c i t o r , NPO m o n o l i t h i c c e r a m i c 6 . 8 pF 

Tunable I n d u c t o r ( P i c o n i c s ST s e r i e s ) * * 0 . 5 5 - 0 . 6 8 yH 

L2 3 t u r n s AWG 26 magnet w i r e on 3 .5 mm d i a m e t e r c o i l 

5 t u r n s AWG 32 magnet w i r e on 3 .5 mm d i a m e t e r c o i l 

Tuning c o r e F e r r i t e ( M i c r o m e t a l s I n c . mix N o . 6 ) * * 

Q u a r t z C r y s t a l t h i r d o v e r t o n e 50 MHz 
( C R . S n e l g r o v e L t d . ) * * 

Diode MMD70 ( M o t o r o l a I n c . ) * * 

Ql T r a n s i s t o r , MMT74 ( M o t o r o l a I n c . ) * * 

Q2 T r a n s i s t o r , MMT72 ( M o t o r o l a I n c . ) * * 

SWi M i c r o - m i n i M e r c u r y S w i t c h ( G o r d o s ) * * i c . ) * * 

U i , U 2 I n t e g r a t e d C i r c u i t s CD4011 UBK ( R C A ) * * 

PS * C ' s i z e l i t h i u m b a t t e r y , 3 . 4 V ( T a d i r a n ) * * 

*A11 r e s i s t o r s 1/8 W. 
**Use o f t r a d e names does not imply endorsement by t h e Government o f 

tComponent v a l u e s change f o r s p e c i f i c c i r c u i t s . 
O n t a r i o . 
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negative 
coefficient 
thernnistor 

F i g . 5 . C i r c u i t s c h e m a t i c o f t emperature m o n i t o r i n g . 

b e i n g t r a c k e d . Ambient t empera tures (or o t h e r e v e n t s ) can a l s o be m o n i t o r e d l i n e a r l y 
by c a l i b r a t i n g e i t h e r PW m o d u l a t i o n or FRF m o d u l a t i o n , or b o t h , when s e n s o r s are 
p l a c e d i n the t i m i n g networks ( S t a n d o r a , 1977) . 

RADIO FREQUENCY TRANSMITTER 

The RF t r a n s m i t t e r i s s i m i l a r t o p r e v i o u s d e s i g n s ( C o c h r a n and L o r d , 1963; C o c h r a n , 
1967 ) . I t c o n s i s t s o f a c o l p i t t s o s c i l l a t o r a t 50 MHz and a t r i p l e r a m p l i f i e r g i v i n g 
the t r a n s m i s s i o n f r e q u e n c y o f a p p r o x i m a t e l y 150 MHz ( F i g . 2 D ) . 

P r i o r to the d e s i g n o f d i g i t a l p u l s i n g , the t r a n s m i t t e r was t imed u s i n g an R - C c i r 
c u i t i n t h e o s c i l l a t o r b a s e b u i l t from d i s c r e t e components . To keep FRF and PW c o n 
s i s t e n t , the a c t i v e components and c r y s t a l s had to be p r e s e l e c t e d . Temperature 
changes caused d r i f t i n t h e s e v a r i a b l e s and i n f r e q u e n c y . W i t h d i g i t a l l o g i c p u l 
s i n g , t h e s e problems are s i g n i f i c a n t l y r e d u c e d , the a c t i v e components need no l o n g e r 
be s e l e c t e d and the t r a n s m i t t e r remains s t a b l e from -30^0 to +40^0. 

We c o n t r o l the RF t r a n s m i t t e r o n - t i m e t o between 30 and 40 ms t o e n s u r e good s i g n a l 
q u a l i t y a t the r e c e i v e r . A l o n g e r o n - t i m e appears t o be a m i s u s e o f e n e r g y . C u r r e n t 
consumpt ion can be c o n t r o l l e d w i t h the e m i t t e r r e s i s t o r s or w i t h the b a s e r e s i s t o r 
R 1 5 . We g e n e r a l l y keep our peak p u l s e c u r r e n t d r a i n t o l e s s t h a n 4 mA f o r b a t t e r y 
v o l t a g e s o f 3 .0 to 3 .4 V . T h i s o p t i m i z e s r a d i a t e d power v e r s u s i n p u t power . S l i g h t l y 
more r a d i a t e d power can be r e a l i z e d from double the i n p u t c u r r e n t f o r s p e c i a l t y p u r 
p o s e s . We have used b o t h whip and l o o p antennas depending upon the s p e c i e s and found 
r a d i a t i o n from b o t h t o be s a t i s f a c t o r y . When a 30-40 cm antenna i s u s e d , L3 and L2 
are wound i n a b i f i l a r c o n f i g u r a t i o n i n t h e r a t i o o f 5 :3 and tuned w i t h a f e r r i t e 
s l u g (Table 1 ) . Power o u t p u t i s i n the range o f 2 mW and i s dependent upon antenna 
e f f i c i e n c y . T y p i c a l g r o u n d - t o - g r o u n d range w i t h a 40 cm whip i s 3-5 km, depending 
upon t e r r a i n . 

DISCUSSION 
The u s e o f CMOS i n t e g r a t e d c i r c u i t s has g r e a t l y improved r e l i a b i l i t y and s t a b i l i t y 
o f our w i l d l i f e r a d i o t r a c k i n g t r a n s m i t t e r s . I t h a s made c o n s t r u c t i o n e a s i e r and 
component s e l e c t i o n v i r t u a l l y u n n e c e s s a r y . The m i n i a t u r e c e r a m i c I C ' s w h i l e b e i n g 
c o n s i d e r a b l y more e x p e n s i v e a r e made t o s t r i n g e n t s p e c i f i c a t i o n and a l l o w g r e a t 
r e d u c t i o n i n s i z e . Our c o l l a r s a r e c o n s t r u c t e d such t h a t the b a t t e r i e s c a n e a s i l y 
be r e p l a c e d . We e x p e c t r e u s e o f the t r a n s m i t t e r f o r many y e a r s and t h i s , i n a d d i 
t i o n t o s i z e c o n v e n i e n c e , j u s t i f i e s the a d d i t i o n a l expense o f r e l i a b l e m i n i a t u r e 
components . The c i r c u i t b o a r d i s double s i d e d w i t h p l a t e d - t h r o u g h h o l e s and e l e c -
t r o d e p o s i t e d w i t h t i n l e a d ( F i g . 6 ) . C o n s t r u c t i o n i s i n t r i c a t e b u t s i z e and r e l i a 
b i l i t y are w e l l a p p r e c i a t e d . 
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DOUBLE SIDED CIRCUIT BOARD 
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FINISHED TRANSHITTER AND CASE 
F i g , 6 . P r i n t e d c i r c u i t b o a r d l a y o u t and f i n a l c a s e . 

Ackncwledgements — I w i s h t o e x p r e s s my thanks t o C h i n g Ang f o r h i s a s s i s t a n c e on 
the RF t r a n s m i t t e r and P a u l S i n g h f o r h i s work on the c i r c u i t b o a r d d e s i g n s . T h i s i s 
O n t a r i o M i n i s t r y o f N a t u r a l R e s o u r c e s , W i l d l i f e B r . C o n t r i b u t i o n N o . 7 9 - 7 . 
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Abstract — H y b r i d m i c r o e l e c t r o n i c t e c h n i q u e s p r o v i d e a means 
o f i n t e r c o n n e c t i n g h i g h d e n s i t i e s o f m i c r o m i n i a t u r e d i s c r e t e 
components and s i l i c o n c h i p s on g l a s s or c e r a m i c s u b s t r a t e s . 
I t i s thus p o s s i b l e to produce complex c i r c u i t s on p l a n a r 
a r r a y s o f 1 or 2 cm^ i n a r e a and a few mm h i g h . H y b r i d m i c r o -
c i r c u i t s are o f two t y p e s depend ing on the m a n u f a c t u r i n g method . 
T h i c k f i l m c i r c u i t s have c o n d u c t o r and r e s i s t o r p a t t e r n s p r i n t e d 
o n t o c e r a m i c s u b s t r a t e s as g l a z e s by s c r e e n p r i n t i n g methods 
whereas t h i n f i l m c i r c u i t s have the r e s i s t o r and c o n d u c t o r 
m a t e r i a l s e v a p o r a t e d o n t o g l a s s s u b s t r a t e s and t h e p a t t e r n s 
s u b s e q u e n t l y produced by p h o t o l i t h o g r a p h i c e t c h i n g . The r e l a 
t i v e m e r i t s o f t h e s e t e c h n i q u e s are d i s c u s s e d i n the c o n t e x t 
o f s m a l l q u a n t i t y p r o d u c t i o n o f i m p l a n t a b l e r a d i o t r a n s m i t t e r s . 

INTRODUCTION 
H y b r i d c i r c u i t s are s o c a l l e d b e c a u s e they c o n s i s t o f a mixed t e c h n o l o g y where some 
of the p a s s i v e components are formed d u r i n g the i n i t i a l p r o d u c t i o n o f the c i r c u i t 
and the r e m a i n i n g p a s s i v e and a c t i v e components are added l a t e r . Two s e p a r a t e t e c h 
n o l o g i e s are used to produce h y b r i d c i r c u i t s and a l t h o u g h t o u s e r s the d e v i c e s are 
s i m i l a r , t h e method o f p r o d u c t i o n i s d i f f e r e n t . 

T h i c k f i l m s c o n s i s t o f c o n d u c t o r and r e s i s t o r p a t t e r n s w h i c h a r e s c r e e n p r i n t e d onto 
a c e r a m i c s u b s t r a t e and f i r e d t o produce a s t a b l e c i r c u i t c o n f i g u r a t i o n . I n c o n t r a s t 
to t h e a d d i t i v e method o f t h i c k f i l m p r o d u c t i o n , t h i n f i l m t e c h n o l o g y i s a s u b t r a c 
t i v e p r o c e s s s t a r t i n g w i t h r e s i s t i v e and c o n d u c t i v e f i l m s d e p o s i t e d o n t o a f i n e l y 
p o l i s h e d i n s u l a t i n g s u b s t r a t e . 

H y b r i d t e c h n o l o g y was d e v e l o p e d f o r e l e c t r o n i c p u r p o s e s i n the 1950s a t w h i c h t ime 
i t was c o n s i d e r e d as an e x t e n s i o n o f p r i n t e d c i r c u i t t e c h n i q u e s t o be used w i t h d i s 
c r e t e t r a n s i s t o r s as a means o f m i n i a t u r i z i n g c i r c u i t s . 

The development o f t h e p l a n a r i n t e g r a t e d c i r c u i t s i n the l a t e 1950s produced a d e c l i n e 
i n the development e f f o r t i n the h y b r i d f i e l d . Many e n g i n e e r s saw, i n the i n t e g r a t e d 
c i r c u i t , the p a n a c e a t o a l l our e l e c t r o n i c p r o b l e m s . C e r t a i n l y i n the d i g i t a l e l e c 
t r o n i c s f i e l d t h e i r p r e d i c t i o n s have been shown t o be t r u e . The c o n t i n u a l d e v e l o p 
ment and r e f i n e m e n t o f i n t e g r a t e d c i r c u i t t e c h n i q u e s h a s p r o d u c e d i n the l a s t few 
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y e a r s l a r g e s c a l e i n t e g r a t e d c i r c u i t s o f such c o m p l e x i t y t h a t they are a l m o s t e n t i r e l y 
s e l f - c o n t a i n e d d i g i t a l s y s t e m s . 

L i n e a r i n t e g r a t e d c i r c u i t s have n o t been deve loped t o t h i s e x t e n t . N e a r l y a l l l i n e a r 
c i r c u i t s r e q u i r e e x t e r n a l components and most low power low v o l t a g e sys t ems r e q u i r e 
a m i x t u r e o f i n t e g r a t e d c i r c u i t s and d i s c r e t e t r a n s i s t o r s o f d i f f e r e n t t e c h n o l o g i e s . 
H y b r i d c i r c u i t t e c h n i q u e s a r e c a p a b l e o f p r o v i d i n g a means o f h i g h d e n s i t y i n t e r 
c o n n e c t i o n o f the components o f a complex s y s t e m . 

HYBRID TECHNOLOGY 
Whereas i t i s p o s s i b l e w i t h e i t h e r t e c h n o l o g y t o produce c a p a c i t o r s and i n d u c t o r s i n 
a d d i t i o n t o r e s i s t o r s and c o n d u c t o r s , the r e a c t i v e components are n o t as good as 
t h e i r d i s c r e t e component c o u n t e r p a r t s and u s u a l l y t a k e up l a r g e r s u b s t r a t e a r e a s . 
The f o l l o w i n g d e s c r i p t i o n o f h y b r i d c i r c u i t s w i l l t h e r e f o r e be c o n f i n e d to the p r o 
d u c t i o n o f r e s i s t o r s and c o n d u c t o r s and the i n t e r c o n n e c t i o n o f d i s c r e t e components . 

THIN F I L M C I R C U I T S 

The p r o d u c t i o n o f a t h i n f i l m c i r c u i t s t a r t s w i t h the d e p o s i t i o n o f r e s i s t o r / c o n d u c t o r 
meta l f i l m p a i r s on o p t i c a l l y p o l i s h e d s u b s t r a t e s . S u b s t r a t e m a t e r i a l s range from 
b o r o s i l i c a t e g l a s s through a lumina to s y n t h e t i c s a p p h i r e . F o r low power c i r c u i t s 
o p e r a t i n g be low 800 MHz g l a s s i s used a lmos t e x c l u s i v e l y . 

The d e p o s i t e d m e t a l f i l m p a i r s must be s t a b l e , must not r e a c t w i t h each o t h e r and 
must be s u f f i c i e n t l y c h e m i c a l l y d i f f e r e n t so t h a t i t i s p o s s i b l e t o s e l e c t i v e l y d i s 
s o l v e the f i l m s . A l s o , the r e s i s t i v e f i l m w h i c h i s d e p o s i t e d f i r s t must adhere 
s t r o n g l y to t h e s u b s t r a t e p r e f e r a b l y v i a a c h e m i c a l b o n d . Common m e t a l p a i r s used 
i n modern t h i n f i l m c i r c u i t s a r e : (a) n i c k e l - c h r o m i u m / g o l d , (b) p a l l a d i u m / g o l d , and 
(c) t a n t a l u m or t a n t a l u m n i t r i d e / c o p p e r . 

The f i l m s are d e p o s i t e d i n vacuum chambers by e i t h e r e v a p o r a t i o n or s p u t t e r i n g . The 
m e t a l l i z e d s u b s t r a t e s are c o a t e d w i t h p h o t o r e s i s t , exposed t o UV l i g h t through masks 
and deve loped so t h a t the r e s i s t o r and c o n d u c t o r p a t t e r n s are p r o t e c t e d by t h e 
r e s i s t . The c o n d u c t o r s and r e s i s t o r s a r e produced by s e l e c t i v e c h e m i c a l remova l o f 
the exposed a r e a s . 

The c i r c u i t s a r e then t e s t e d and c r i t i c a l r e s i s t o r s tr immed. I n the c a s e o f n i c k e l -
chromium t h i s i s done b y spark e r o s i o n or l a s e r , whereas t a n t a l u m f i l m s may be a d o n i z e d 
t o change r e s i s t i v i t y . A d o n i z e d t a n t a l u m i s p a s s i v a t e d b u t n i c k e l - c h r o m i u m must be 
p r o t e c t e d by an impermeable i n s u l a t i o n . These c i r c u i t s are t h e r e f o r e r e t u r n e d t o 
the vacuum chamber f o r a c o a t i n g o f S Í O 2 which then h a s h o l e s e t c h e d i n i t to expose 
b o n d i n g a r e a s and mount ing pads on the c o n d u c t o r s . 

F i g u r e 1 shows a t y p i c a l s e t o f masks f o r the t h r e e s t a g e s o f p h o t o l i t h o g r a p h y i n 
the p r o d u c t i o n o f a t h i n f i l m t empera ture r a d i o t r a n s m i t t e r , the c i r c u i t o f w h i c h 
i s shown i n F i g . 2 . The a c t u a l s i z e o f t h e s e masks i s 20 x 10 mm. 

THICK F I L M C I R C U I T S 

A lumina i s the most commonly used s u b s t r a t e m a t e r i a l f o r t h i c k f i l m c i r c u i t s . C o n 
d u c t o r and r e s i s t o r p a t t e r n s are p r i n t e d d i r e c t l y o n t o the s u b s t r a t e s as p a s t e s by 
s c r e e n p r i n t i n g m e t h o d s . C o n d u c t o r p a s t e s c o n s i s t o f m i x t u r e s o f p r e c i o u s m e t a l s 
such as s i l v e r , g o l d , p l a t i n u m and p a l l a d i u m i n an o r g a n i c b i n d e r . R e s i s t o r p a s t e s 
a r e m i x t u r e s o f c o n d u c t o r m a t e r i a l and g l a s s i n a b i n d e r . When f i r e d they p r o d u c e 
cermet r e s i s t o r s . The r e s i s t i v i t y o f t h e s e f i l m s may be v a r i e d o v e r s e v e r a l o r d e r s 
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I I I I 

I 
F i g . 1. Masks used i n the p r o d u c t i o n o f a t h i n f i l m h y b r i d 

m i c r o c i r c u i t t r a n s m i t t e r . (a) Mask f o r remova l o f 
a l l unwanted r e s i s t o r and c o n d u c t o r m a t e r i a l ; (b) 
mask f o r removal o f unwanted c o n d u c t o r m a t e r i a l o v e r 
l y i n g t h e r e s i s t o r s ; and (c ) mask f o r e x p o s i n g b o r d e r i n g 
a r e a s t h r o u g h the 8^02 o v e r l a y . 
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F i g . 2 . C i r c u i t d iagram o f a b i o t e l e m e t r y t r a n s m i t t e r f o r t h e 
t r a n s m i s s i o n o f t e m p e r a t u r e . T h i s may be expanded t o 
s e v e r a l c h a n n e l s o f i n f o r m a t i o n . 



196 /. Η, Filshie, R. J . Wilkieandl. /. Κ Duncan 

of magni tude by v a r y i n g the type o f c o n d u c t o r and i t s c o n c e n t r a t i o n i n t h e p a s t e . 
I t i s t h e r e f o r e p o s s i b l e to produce w i d e l y d i f f e r e n t r e s i s t o r v a l u e s w i t h o u t o c c u p y 
i n g l a r g e areas m e r e l y by p r i n t i n g w i t h s e v e r a l d i f f e r e n t t y p e s o f r e s i s t o r s . How
e v e r a s e p a r a t e p r i n t i n g i s r e q u i r e d f o r e a c h t y p e . The p r i n t e d s u b s t r a t e s a r e t h e n 
f i r e d under c o n t r o l l e d c o n d i t i o n s i n a zone f u r n a c e . 

A t y p i c a l t h i c k f i l m c i r c u i t i s shown i n F i g . 3 . T h i s i s a h i g h f r e q u e n c y a m p l i f i e r 
m e a s u r i n g 30 χ 15 mm. I t i l l u s t r a t e s the c a p a b i l i t y o f t h i c k f i l m c i r c u i t s to use 

F i g . 3 . A s e r i e s o f th 
o f d i f f e r i n g 

i c k f i l m s u b s t r a t e s showing r e s i s t o r s 
e s i s t i v i t i e s . 
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r e s i s t o r p a s t e s o f s e v e r a l r e s i s t i v i t i e s , thus a l l o w i n g a l l r e s i s t o r s to be o f a 
s i m i l a r s i z e . T h i s i s to be c o n t r a s t e d w i t h F i g . 1 where r e s i s t o r s occupy a r e a s o f 
g r e a t l y d i f f e r i n g m a g n i t u d e s . On the o t h e r hand i t can be s een t h a t the l i n e r e s o 
l u t i o n s are n o t as h i g h on t h i c k f i l m c i r c u i t s . 

DISCRETE COMPONENTS 
The t e c h n i q u e s f o r a t t a c h i n g components to h y b r i d c i r c u i t s are s i m i l a r f o r b o t h t h i n 
and t h i c k f i l m s . 

SOLDERING 

C a p a c i t o r s , packaged t r a n s i s t o r s and i n t e g r a t e d c i r c u i t s and c o n n e c t i n g l e a d s are 
u s u a l l y s o l d e r e d onto t h e h y b r i d c i r c u i t s . R e f l o w s o l d e r i n g methods a r e used f o r 
t h i c k f i l m c i r c u i t s as they a l l o w a t t a c h m e n t o f many components s i m u l t a n e o u s l y . I n 
t h i n f i l m c i r c u i t s the components are u s u a l l y a t t a c h e d i n d i v i d u a l l y by e i t h e r h o t 
gas b o n d i n g or even by c o n v e n t i o n a l hand s o l d e r i n g . 

CONDUCTIVE EPOXY BONDING 

U n e n c a p s u l a t e d s e m i c o n d i c t o r components f o r h y b r i d c i r c u i t s are u s u a l l y g o l d b a c k e d . 
The b e s t method f o r mount ing t h e s e components i s by u s i n g a s i l v e r or g o l d l o a d e d 
epoxy r e s i n . Th i s i s a r e l i a b l e method and h a s a l m o s t e n t i r e l y r e p l a c e d the e a r l i e r 
method o f h e a t i n g t h e c h i p s and s u b s t r a t e s to t h e g o l d / s i l i c o n e u t e c t i c p o i n t , wh ich 
c o u l d cause an a l t e r a t i o n i n t h e s e m i c o n d u c t o r p a r a m e t e r s , 

WIRE BONDING 

I n t e g r a t e d c i r c u i t s and t r a n s i s t o r s have c o n n e c t i o n s on t h e i r top s u r f a c e s . To c o n 
n e c t them e l e c t r i c a l l y to the h y b r i d c i r c u i t , jumper w i r e s must be a t t a c h e d . T h i s i s 
a c h i e v e d by u l t r a s o n i c b o n d i n g o f aluminum w i r e s or t h e r m o - c o m p r e s s i o n b o n d i n g o f 
g o l d w i r e s . The most a p p r o p r i a t e method to be used depends on the type o f pad on 
the s i l i c o n c h i p and the c o n d u c t o r m a t e r i a l on the t h i c k or t h i n f i l m c i r c u i t . Both 
methods are v e r y r e l i a b l e b u t the w i r e s are f r a g i l e , h a v i n g d i a m e t e r s o f l e s s t h a n 
25 ym, and r e q u i r e p r o t e c t i o n b e f o r e t h e c i r c u i t i s e n c a p s u l a t e d . 

The bond ing d iagram f o r the t h i n f i l m t r a n s m i t t e r i s shown i n F i g . 4, and F i g . 5 i s 
a a p h o t o g r a p h o f a comple ted t r a n s m i t t e r p r i o r t o e n c a p s u l a t i o n . T h i s i s t y p i c a l 
o f the component d e n s i t i e s a c h i e v a b l e by t h i s t e c h n i q u e . Such c i r c u i t s may be even 
f u r t h e r reduced i n s i z e by r e p l a c i n g the l a r g e r e s i s t o r s by c h i p s , 

COMPARISON OF THE HYBRID TECHNOLOGIES 
T a b l e 1 compares t h i c k and t h i n f i l m r e s i s t o r s . I t shows t h a t t h i n f i l m r e s i s t o r s 
are more a c c u r a t e and s t a b l e , have lower t empera ture c o e f f i c i e n t s and are l e s s n o i s y . 
The r e s i s t i v i t y o f t h i n f i l m m a t e r i a l s i s low compared w i t h t h a t o f t h i c k f i l m s . 
T h i s means t h a t h i g h v a l u e t h i n f i l m r e s i s t o r s are l a r g e compared w i t h t h e i r t h i c k 
f i l m c o u n t e r p a r t s . However, b e c a u s e o f t h e h i g h e r l i n e r e s o l u t i o n o f t h i n f i l m t e c h 
n i q u e s , low v a l u e r e s i s t o r s can be much s m a l l e r . 

T h i s h i g h e r l i n e r e s o l u t i o n o f t h i n f i l m s a l l o w s a much h i g h e r p a c k i n g d e n s i t y o f 
a t t a c h e d components — e s p e c i a l l y i n t e g r a t e d c i r c u i t s . Thus the c i r c u i t a r e a r a t i o 
o f t h i n : t h i c k f i l m s can be as l i t t l e as 1 : 1 0 . However , c o m p a r i s o n o f the p r o d u c t i o n 
s t e p s i n Tab le 2 shows t h a t t h i n f i l m t e c h n o l o g y i s more complex and l a b o r i n t e n s i v e 
than t h a t o f t h i c k f i l m . T h i c k f i l m t e c h n i q u e s are i d e a l l y s u i t e d t o mass p r o d u c t i o n 
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I K 
2 cm 

-4 

F i g . 5 . P h o t o g r a p h o f t h e t h i n f i l m t r a n s m i t t e r p r i o r to 
e n c a p s u l a t i o n . 

T a b l e 1. 
R e s i s t o r compar i sons 

T h i n f i l m s T h i c k f i l m s 

L i n e r e s o l u t i o n 1 ym 50 ym 

R e s i s t i v i t y 10-400 Ω square"^ 10 Ω square"^ 10 ΜΩ square"^ 

Dimens ions 100 kΩ(mm^)"l 1 mm^ minimum 

A c c u r a c y (untrimmed) 5 p e r c e n t 20 p e r c e n t 

A c c u r a c y (trimmed) 0 .1 p e r c e n t 1 p e r c e n t 

Temperature c o e f f i c i e n t < 50 ppm O C ~ l > 200 ppm ° C - 1 

N o i s e low h i g h f o r h i g h R v a l u e s 

V o l t a g e s e n s i t i v i t y n e g l i g i b l e s i g n i f i c a n t f o r h i g h R v a l u e s 

o f thousands o f d e v i c e s whereas t h i n f i l m methods are b e t t e r s u i t e d t o t h e h u n d r e d s . 
I n g e n e r a l i t i s more r e a l i s t i c to c o n s i d e r t h i c k f i l m t e c h n o l o g y f o r m i n i a t u r i z a t i o n 
b e c a u s e commercia l p r o d u c t i o n f a c i l i t i e s are more w i d e l y a v a i l a b l e . A l s o the c o s t 
of s e t t i n g up an * in house* f a c i l i t y i s an o r d e r o f m a g n i t u d e l e s s f o r t h i c k f i l m 
c i r q u i t s . On the o t h e r hand , where s i z e i s c r i t i c a l and h i g h s t a b i l i t y i s r e q u i r e d 
and i t i s no t e c o n o m i c a l l y p o s s i b l e t o commiss ion a custom s i l i c o n i n t e g r a t e d c i r c u i t , 
t h i n f i l m t e c h n i q u e s s h o u l d be c o n s i d e r e d . 

I n t h i s l a t t e r c a s e i t m i g h t be p o s s i b l e , f o r l i m i t e d numbers o f c i r c u i t s t o be p r o 
duced i n c o l l a b o r a t i o n w i t h the A u t h o r s * I n s t i t u t e i f the c i r c u i t s are r e l e v a n t to i t s 
r e m i t . The A u t h o r s would welcome c o n t a c t from i n t e r e s t e d p a r t i e s . 



200 J, Η. Filshie, R, /. Wilkie and 1. J . Κ Duncan 

CONCLUSION 
H y b r i d m i c r o c i r c u i t s are i d e a l l y s u i t e d t o medium volume p r o d u c t i o n o f i m p l a n t a b l e 
d e v i c e s . They are much cheaper than custom s i l i c o n i n t e g r a t e d c i r c u i t s and a l l o w 
t h e v a r i o u s t e c h n o l o g i e s t o be mixed so t h a t a d v a n t a g e can be t a k e n o f the s p e c i a l 
m e r i t s o f each type o f d e v i c e . H y b r i d c i r c u i t s have much h i g h e r p a c k i n g d e n s i t i e s 
than t h e i r component c o u n t e r p a r t s and can t h e r e f o r e s u p p o r t more complex c i r c u i t s 
t h a n o t h e r w i s e would have been p o s s i b l e . Both t h i n and t h i c k f i l m c i r c u i t s are 
s u i t a b l e f o r b i o l o g i c a l i m p l a n t a t i o n when s u i t a b l y h e r m e t i c a l l y s e a l e d and e n c a p s u 
l a t e d i n a b i o c o m p a t i b l e m a t e r i a l . 

T a b l e 2 . 
P r o d u c t i o n s t e p s 

Th in f i l m T h i c k f i l m 

E v a p o r a t e r e s i s t o r f i l m P r i n t c o n d u c t o r p a t t e r n and dry-
E v a p o r a t e c o n d u c t o r f i l m P r i n t r e s i s t o r p a t t e r n and dry 
C o a t w i t h p h o t o - r e s i s t r e p e a t f o r o t h e r v a l u e p a s t e s 
Expose c o n d u c t o r and r e s i s t o r mask F i r e 
Develop and e t c h P r i n t o v e r g l a z e 
Expose c o n d u c t o r mask F i r e 
Deve lop and e t c h 
S t r i p r e s i s t and c l e a n 
E v a p o r a t e i n s u l a t o r 
C o a t w i t h p h o t o - r e s i s t 
Expose b o n d i n g mask 
Deve lop and e t c h 
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Abstract - Commercial m e d i c a l band 1 0 2 . 2 - 1 0 2 . 4 MHz FM t r a n s 
m i t t e r s are a v a i l a b l e , however t h e i r h i g h c u r r e n t consumpt ion and 
l i m i t e d h i g h f r e q u e n c y r e s p o n s e r e n d e r them u n s u i t a b l e f o r 
some a p p l i c a t i o n s . I n an i m p l a n t , l o n g b a t t e r y l i f e i s e s s e n t i a l . 
To a v o i d unduly cumbersome b a t t e r i e s the c u r r e n t r e q u i r e d by 
t h i s t r a n s m i t t e r i s k e p t under 500 y A . A 3 dB Mown p o i n t * 
o v e r 30 KHz e n a b l e s t h i s t r a n s m i t t e r t o cope w i t h up t o 16 
m u l t i p l e x e d c h a n n e l s o f b i o l o g i c a l s i g n a l s w i t h o u t a p p r e c i a b l e 
c r o s s - t a l k o c c u r r i n g . A p r e a m p l i f i e r e n a b l e s s i g n a l s o f 
30 μΥ p . p . to 6 mV p . p . t o be t e l e m e t e r e d w h i l e p r e s e n t i n g an 
i n p u t impedance o f a p p r o x i m a t e l y 1 ΜΩ. 

D E S I G N C O N S I D E R A T I O N S 
The r a n g e r e q u i r e d f o r t h e t r a n s m i s s i o n o f b i o l o g i c a l s i g n a l s from a s m a l l a n i m a l 
to a r e c e i v e r i m m e d i a t e l y o u t s i d e i t s c a g e or from an i m p l a n t t o the o u t s i d e w o r l d 
may be q u i t e s m a l l — of t h e order o f 1 m. S i n c e , as C a r r u t h e r s et al. (1973) s t a t e d , 
the t r a n s i t i o n f r e q u e n c y o f a t r a n s i s t o r o p e r a t e d below 1 mA tends t o f a l l o f f 
l i n e a r l y w i t h c o l l e c t o r c u r r e n t , the p r i n c i p a l l i m i t a t i o n on economy o f s u p p l y c u r 
r e n t may then be t h a t due t o the f r e q u e n c y r e q u i r e d i n each s t a g e o f the d e v i c e . The 
c o n v e n i e n c e of u s i n g r e a d i l y a v a i l a b l e commerc ia l FM r e c e i v e r s w h i c h c o v e r the m e d i 
c a l band i s some compensat ion f o r the r a n g e / p o w e r p e n a l t y o f u s i n g a c o n t i n u o u s 
VHF t r a n s m i s s i o n . 

The CMOS m u l t i p l e x i n g sys tem d e s i g n e d by C r a g g s and Andrew (1980) r e q u i r e s a 6 V 
s u p p l y r a i l and an FM t r a n s m i t t e r c a p a b l e o f d e a l i n g w i t h b i o l o g i c a l s i g n a l s o f 
about 100 yV from a s o u r c e impedance o f many kfi and a l a r g e s y n c h r o n i z i n g p u l s e o f 
about 3 mV. I f , f o r any p a r t i c u l a r c h a n n e l , the r e s i d u a l c r o s s - t a l k from the p r e 
v i o u s t ime s l o t i s t o b e l e s s t h a n 2 p e r c e n t a t , s a y , t h r e e q u a r t e r s o f t h e way 
through the c u r r e n t t ime s l o t i t can be shown t h a t the 3 dB Mown p o i n t * o f the 
t r a n s m i s s i o n s y s t e m must be g r e a t e r than 0 . 8 3 t imes the m u l t i p l e x o r c l o c k f r e q u e n c y . 
F o r a maximum c l o c k f r e q u e n c y o f 40 KHz, as m i g h t be the c a s e i n a s i x t e e n c h a n n e l 
s y s t e m , the c u t - o f f f r e q u e n c y f o r the t e l e m e t e r must be g r e a t e r t h a n 33 K H z . 

CIRCUIT 
A complete c i r c u i t o f p r e a m p l i f i e r and t r a n s m i t t e r i s shown i n F i g . 1. A common e m i t t e r 
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F i g . 1. C i r c u i t o f wideband low power VHF FM t r a n s m i t t e r . 

H a r t l e y o s c i l l a t o r t r a n s m i t t e r was c h o s e n , f o r w h i c h a t h e o r e t i c a l a n a l y s i s i s g i v e n 
by M e i n d l (1969) . Mackay (1970) p o i n t e d out t h a t the t endency f o r t h i s t y p e o f 
o s c i l l a t o r to squeg i s dependent on the t ime c o n s t a n t o f t h e b a s e f e e d c a p a c i t o r 
and r e s i s t o r . S i n c e R l l c o n t r o l s the s u p p l y c u r r e n t t o T 3 , i t i s C7 w h i c h has to 
be k e p t s m a l l . The BF173 was chosen as i t r e t a i n s s u f f i c i e n t h i g h f r e q u e n c y r e s p o n s e 
a t 300 yA t o m a i n t a i n an o s c i l l a t i o n o f 100 MHz. The f e r r i t e s l u g i n L I p r o v i d e s 
a c c u r a t e t u n i n g . Frequency m o d u l a t i o n i s v i a v a r a c t o r s V C l and VC2 w h i c h h a v e a dc 
r e v e r s e b i a s o f the f u l l s u p p l y v o l t a g e . The g a i n o f the p r e a m p l i f i e r (and hence 
the s e n s i t i v i t y o f t h e sys tem) i s c o n t r o l l e d by the r a t i o o f R7 to R 5 . Temperature 
compensated b i a s i s p r o v i d e d by R l , R 2 , D l and D2 — c f . H o r w i t z ( 1 9 7 4 ) . The i n p u t 
impedance o f around 1 ΜΩ i s de termined l a r g e l y by R 3 . The 10 yA c u r r e n t t h r o u g h 
T l d e t e r m i n e s t h e p r e a m p l i f i e r *s h i g h f r e q u e n c y c u t - o f f p o i n t o f about 43 K H z . Both 
t r a n s m i t t e r and p r e a m p l i f i e r o p e r a t e s t a b l y o v e r the s u p p l y range o f 4 t o 8 V . A 
p r o t o t y p e i s shown i n F i g . 2 . 

PERFORMANCE 
Performance d e t a i l s u s i n g a s t e r e o FM r e c e i v e r are g i v e n i n T a b l e 1. 

T a b l e 1. 

S u p p l y v o l t a g e 
S u p p l y c u r r e n t a t 6 V 
Maximum i n p u t 
Broad band n o i s e l e v e l a t 2 m r a n g e 
L . F . 3 dB down p o i n t 
H . F . 3 dB down p o i n t 
I n p u t impedance 

6 V 
450 yA 
6 mV p . p . 
30 yV p . p . 
ca 1.5 Hz 
c a 43 KHz 
> 1 ΜΩ 
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F i g . 2 . P r o t o t y p e o f the low power VHF t r a n s m i t t e r . A = L I ; 
Β = T 3 ; C = T l ; D = T 2 . 

F i g u r e 3 shows t h e o u t p u t from the r e c e i v e r f o r a 20 KHz square wave i n p u t t o t h e 
t r a n s m i t t e r . 

FUTURE D E V E L O P M E N T 
To make the d e v i c e i m p l a n t a b l e a m i n i a t u r i z e d t h i c k f i l m v e r s i o n i n an h e r m e t i c 
p a c k a g e would be r e q u i r e d . As a l l the s e m i c o n d u c t o r s used i n t h i s d e s i g n are r e a d i l y 
a v a i l a b l e i n c h i p form t h i s s h o u l d p r e s e n t no d i f f i c u l t y . A p p l i c a t i o n s may o c c u r 
where l o n g e r range i s r e q u i r e d i n w h i c h c a s e p u l s e i n t e r v a l m o d u l a t i o n would p r o b 
a b l y be u s e d . 
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F i g . 3 . S i g n a l r e c e i v e d from VHF t r a n s m i s s i o n . A — I n p u t t o 
t r a n s m i t t e r 0 .5 m V / d i v i s i o n . Β — R e c e i v e r o u t p u t 
0 . 5 V / d i v i s i o n . 
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Abstract — The c o n s t r u c t i o n o f an a c o u s t i c t r a n s m i t t e r s u i t a b l e 
f o r use i n underwater t r a c k i n g e x p e r i m e n t s i s d e s c r i b e d . A l l 
the components r e q u i r e d are a v a i l a b l e c o m m e r c i a l l y . T r a n s m i t t e r 
f r e q u e n c y i s 50 KHz . The d e v i c e p r o j e c t s p u l s e s o f sound a t a 
r a t e o f 1.5 s"^; p u l s e l e n g t h i s 55 ms . Both f r e q u e n c y and 
p u l s e r a t e may be e a s i l y c h a n g e d . A c o u s t i c o u t p u t i s a p p r o x i 
m a t e l y 38 dB re 1 ybar a t 1 m. U s e f u l l i f e i s a p p r o x i m a t e l y 
30 d a y s . The t r a n s m i t t e r i s 1.58 cm i n d i a m e t e r , 4 .20 cm 
l o n g , and we ighs 19 g i n a i r . 

INTRODUCTION 
The f i r s t p r e r e q u i s i t e f o r o b t a i n i n g a comprehens ive r e c o r d o f the e t h o l o g y and 
e c o l o g y o f any s p e c i e s i s t h e a b i l i t y t o m a i n t a i n c o n t a c t w i t h the a n i m a l s o v e r 
l o n g p e r i o d s o f t i m e . A c o u s t i c t e l e m e t r y e n a b l e s s c i e n t i s t s t o t r a c k many s p e c i e s 
o f a q u a t i c a n i m a l s f o r l o n g p e r i o d s o f t ime i n many e n v i r o n m e n t a l s i t u a t i o n s i n 
which i t i s i m p o s s i b l e to o b t a i n i n f o r m a t i o n by means o f o t h e r t e c h n i q u e s ( I r e l a n d 
and K a n w i s h e r , 1 9 7 8 ) . U n f o r t u n a t e l y c o m m e r c i a l l y a v a i l a b l e a c o u s t i c t r a n s m i t t e r s 
are e x p e n s i v e , and t r a n s m i t t e r s are u s u a l l y n o t r e c o v e r e d a t the end o f e x p e r i m e n t s . 
These c o n s i d e r a t i o n s l e d us t o d e s i g n the s i m p l e and i n e x p e n s i v e t r a n s m i t t e r 
d e s c r i b e d h e r e . D i s c u s s i o n o f a l l the c h a r a c t e r i s t i c s o f a c o u s t i c t r a n s m i t t e r s and, 
the many v a r i a b l e s a f f e c t i n g the p r o p a g a t i o n o f sound through w a t e r i s beyond the 
scope o f t h i s r e p o r t . For i n f o r m a t i o n on t h e s e t o p i c s see U r i c k (1975) and S t a s k o 
and P i n c o c k (1977) . 

MATERIALS AND METHODS 
The c i r c u i t d i a g r a m f o r the t r a n s m i t t e r , a o n e - t r a n s i s t o r s q u e g g i n g o s c i l l a t o r d e s i g n , 
i s shown i n F i g . 1. P u l s e d t r a n s m i s s i o n i s used t o c o n s e r v e b a t t e r y l i f e . T r a n s 
m i t t e r f r e q u e n c y (50 K H z ) , p u l s e r a t e (1 .5 s ~ ^ ) , p u l s e w i d t h (55 m s ) , and s i g n a l 
t r a n s m i s s i o n ( a c o u s t i c o u t p u t = a p p r o x i m a t e l y 38 dB re 1 y b a r a t 1 m) are c o n t r o l l e d 
by an o b v i o u s l y s m a l l number o f components , and component v a l u e s are c r i t i c a l . 
F o r b e s t r e s u l t s , t h e r e f o r e , we recommend the use of the e x a c t components s p e c i f i e d 
h e r e . 

The t r a n s f o r m e r i s wound on a F e r r o x c u b e 905 F I D b o b b i n . The p r i m a r y i s 25 turns 
n o . 38 magnet w i r e , tapped a t 9 t u r n s , and the s e c o n d a r y i s a p p r o x i m a t e l y 205 turns 
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2N5089 

Rl 
Tr 

8.2 μΡ , 1 0 V 

F i g . 1. C i r c u i t d iagram f o r a 50 KHz a c o u s t i c t r a n s m i t t e r . 
Β i s a M a l l o r y TR152 mercury b a t t e r y . C i s a S p r a g u e 
n o . 162D-825X9010CD2 m i n i a t u r e t a n t a l u m c a p a c i t o r . 
The s e m i c o n d u c t o r i s by Texas I n s t r u m e n t s . The s w i t c h , 
SW, i s made from two i n s u l a t e d w i r e s l e f t o u t s i d e the 
c a s e . R l and R2 are 1/8 W, ± 5 p e r c e n t t o l e r a n c e , 
Ohmite® r e s i s t o r s . See the t e x t f o r d e t a i l s on T , 
the t r a n s f o r m e r . The t r a n s d u c e r , T r , i s a 1.65 cm 
o . d . , 1.49 cm i . d . , 0 .64 cm l o n g c y l i n d e r o f l e a d -
z i r c o n a t e - t i t a n a t e , TCD-4® m a t e r i a l , m a n u f a c t u r e d 
by M a r i n e R e s o u r c e s I n c o r p o r a t e d . 

n o . 40 magnet w i r e . Windings are h e l d i n p l a c e w i t h a l i g h t c o a t i n g o f c o i l d o p e . 
The b o b b i n i s p l a c e d i n s i d e a F e r r o x c u b e 905C-A100-3B7 a d j u s t a b l e gap p o t c o r e , used 
w i t h the a d j u s t e r . One end o f t h e t r a n s d u c e r i s s e a l e d w i t h a 0 .08 cm t h i c k p i e c e 
o f Lexan® ( p o l y c a r b o n a t e ) . The p i e c e o f Lexan® i s the same d i a m e t e r a s t h e t r a n s 
ducer and i s h e l d i n p l a c e w i t h c y a n o a c r y l a t e a d h e s i v e . A l l t h e components are now 
connected t o g e t h e r and the c i r c u i t i s t e s t e d . Care s h o u l d be taken when making 
c o n n e c t i o n s to the t r a n s d u c e r , the t r a n s i s t o r , and the b a t t e r y ; e x c e s s i v e h e a t can 
damage each o f t h e s e p a r t s . Some a d j u s t m e n t o f the c i r c u i t may be n e c e s s a r y . We 
u s u a l l y f i n d t h i s to be t h e c a s e whenever we r e c e i v e a new o r d e r o f t r a n s d u c e r s . 
I n c r e a s i n g the number o f t u r n s on the t r a n s f o r m e r s e c o n d a r y d e c r e a s e s t r a n s m i t t e r 
f r e q u e n c y ; d e c r e a s i n g the t u r n s has the o p p o s i t e e f f e c t . F i n a l t u n i n g i s done w i t h 
the po t core a d j u s t o r . P u l s e r a t e i s s e t by C and R 2 . I n c r e a s i n g the v a l u e o f R2 
d e c r e a s e s t h e p u l s e r a t e and v i c e v e r s a . When t h e c i r c u i t i s s a t i s f a c t o r y , t h e p o t 
core i s p l a c e d i n s i d e the t r a n s d u c e r and p o t t e d w i t h s i l i c o n e r u b b e r o f the k i n d 
used t o s e a l a q u a r i u m s . The rubber s h o u l d c o m p l e t e l y f i l l the i n t e r i o r o f t h e 
t r a n s d u c e r . Use of t h i s * p r e s s u r e - r e l e a s e * m a t e r i a l r e s u l t s i n g r e a t e r t r a n s d u c e r 
e f f i c i e n c y . A l l the components are t h e n p o t t e d i n s i d e a g l a s s epoxy t u b e . Tube 
and t r a n s d u c e r must be a c l o s e f i t i f good e l e c t r i c - t o - a c o u s t i c e f f i c i e n c y i s t o be 
a c h i e v e d . We use 4 .20 cm l e n g t h s o f 1.43 cm i n n e r d iameter t u b i n g w i t h a 0 .08 cm 
w a l l , s e a l e d a t one end w i t h a c i r c u l a r p i e c e o f g l a s s e p o x y , 0 .15 cm t h i c k ( S t e v e n s 
Tubing C o r p . ) . H y s o l ® R9-2039 epoxy r e s i n and H2-3651 h a r d e n e r ( D e x t e r C o r p . ) a r e 
e x c e l l e n t f o r p o t t i n g t r a n s m i t t e r s . Two i n s u l a t e d l e a d s e x t e n d i n g beyond the c a s e 
s e r v e as a s w i t c h and are s o l d e r e d t o g e t h e r to a c t i v a t e the d e v i c e . A f i n i s h e d 
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t r a n s m i t t e r i s shown i n F i g . 2 . I t has a w e i g h t o f 19 g i n a i r and a u s e f u l l i f e 
o f a p p r o x i m a t e l y 30 d a y s . 

F i g . 2 . F i n i s h e d a c o u s t i c t r a n s m i t t e r . 

Acknowledgements — We thank D r . J o h n Kanwisher f o r h i s many u s e f u l s u g g e s t i o n s . 
T h i s m a t e r i a l i s b a s e d upon work p a r t i a l l y s u p p o r t e d by the N a t i o n a l S c i e n c e F o u n 
d a t i o n under G r a n t N o . BNS 78-18196. T h i s r e p o r t i s C o n t r i b u t i o n N o . 8 0 8 o f the 
Bermuda B i o l o g i c a l S t a t i o n f o r R e s e a r c h . 



208 L . C. Ireland and Κ. D, Lawson, Jr, 

REFERENCES 
I r e l a n d L . C . and Kanwisher J . W. (1978) Underwater a c o u s t i c b i o t e l e m e t r y : p r o c e d u r e s 

f o r o b t a i n i n g i n f o r m a t i o n on the b e h a v i o r and p h y s i o l o g y o f f ree - swimming a q u a t i c 
an imals i n t h e i r n a t u r a l e n v i r o n m e n t s . I n D . I . M o s t o f s k y ( e d . ) . The Behavior 
of Fish and Other Aquatic Animals, p p . 341-379 . New Y o r k : Academic P r e s s . 

S t a s k o A . B . and P i n c o c k D . G . (1977) Review of underwater b i o t e l e m e t r y , w i t h 
emphasis on u l t r a s o n i c t e c h n i q u e s . J " . Fish, Res, Bd Can, 34·, 1261-1285. 

U r i c k R . J . (1975) Principles of Underwater Sound, 2nd e d . New Y o r k : McGraw H i l l . 



Improved Techniques in the Construction of 
pH-sensitive Radio Pills 

R. H. COLSON and B. W. WATSON 

Department of Medical Electronics, St. Bartholomew's Hospital, London, U.K. 

Abstract — The m e r i t s and d e s i g n d i f f i c u l t i e s o f r a d i o t e l e 
metry c a p s u l e s i n c o r p o r a t i n g g l a s s e l e c t r o d e s f o r the m e a s u r e 
ment o f pH are b r i e f l y r e v i e w e d , and d e t a i l s o f an improved 
c a p s u l e ( 7 .6 mm d i a m e t e r , 2 6 . 0 mm l o n g ) are d e s c r i b e d . 
In vitro e v a l u a t i o n o f the c a p s u l e , i n c l u d i n g a c c u r a c y o f pH 
measurement, re sponse to sudden pH c h a n g e s , and l o n g term 
s t a b i l i t y i n d i c a t e t h a t the c a p s u l e w i l l be s u i t a b l e f o r 
i m p l a n t a t i o n s t u d i e s f o r up t o t h r e e weeks , a s w e l l as i n v e s t i 
g a t i o n s o f pH i n the g a s t r o i n t e s t i n a l t r a c t . 

INTRODUCTION 
The development o f s m a l l , a c c u r a t e and s t a b l e p H - s e n s i t i v e r a d i o t e l e m e t r y c a p s u l e s 
h a s been a c o n t i n u i n g p r o j e c t i n S t . Bar tho lomew's h o s p i t a l f o r some 15 y e a r s 
(Watson and K a y , 1965; Meldrum et al,, 1 9 7 2 ) . I n i t i a l i n t e r e s t c e n t e r e d on the 
i n v e s t i g a t i o n of the pH p r o f i l e o f the human g a s t r o i n t e s t i n a l t r a c t , and a pH c a p 
s u l e was d e v e l o p e d f o r t h i s p u r p o s e (Meldrum et al,, 1972 ) . D i f f i c u l t i e s i n manu
f a c t u r i n g t h i s c a p s u l e and the need t o i n c r e a s e the o p e r a t i o n a l l i f e t i m e i n o r d e r 
to u n d e r t a k e s h o r t term i m p l a n t a t i o n s t u d i e s o f l o c a l i z e d pH c h a n g e s h a v e l e d t o 
improvements t o the o r i g i n a l d e s i g n , as w e l l as a r e d u c t i o n i n o v e r a l l s i z e . 

M E T H O D 
p H - s e n s i t i v e g l a s s membranes remain t h e most a c c u r a t e and s t a b l e t y p e s o f pH t r a n s 
ducer f o r in vivo measurement . An ant imony e l e c t r o d e has been used i n a commerc ia l 
c a p s u l e ( the H e i d e l b e r g c a p s u l e ) ( N ö l l e r , 1962) , b u t the poor a c c u r a c y and s h o r t 
o p e r a t i n g l i f e ( C o n n e l l and W a t e r s , 1964) o f t h i s d e v i c e have b e e n l a r g e l y a t t r i b u t e d 
to the d e t e r i o r a t i o n o f ant imony i n t h e p r e s e n c e o f o x i d i z i n g a g e n t s i n body f l u i d s . 
R e c e n t l y deve loped p H - s e n s i t i v e po lymers a l s o appear t o be u n s u i t a b l e due t o l o n g 
term d r i f t and l i m i t e d pH range ( L e B l a n c et al,, 1 9 7 6 ) . 

The p r i n c i p a l d i f f i c u l t y e n c o u n t e r e d w i t h a g l a s s pH t r a n s d u c e r i s i t s v e r y h i g h 
s o u r c e impedance — t y p i c a l l y 10°Ω f o r a 3 . 0 mm d i a m e t e r b u l b . C o n s e q u e n t l y i t has 
been found v i t a l l y i m p o r t a n t t h a t t h e w i r e e l e c t r o d e l e a d i n g i n t o a g l a s s pH b u l b 
be c o m p l e t e l y s e a l e d from t h e l i q u i d s i n c o n t a c t w i t h the o u t e r s u r f a c e o f the b u l b , 
which can e f f e c t i v e l y s h o r t c i r c u i t t h e p o t e n t i a l produced by the t r a n s d u c e r . 
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P r e v i o u s c a p s u l e d e s i g n s have depended on epoxy r e s i n s to form t h i s s e a l (Meldrum 
et al.3 1972; Kunz , Norby and R o g e r s , 1 9 7 1 ) . The s low i n g r e s s o f m o i s t u r e i n t o 
these e p o x i e s r e s u l t e d i n a g r a d u a l d e t e r i o r a t i o n i n the pH r e s p o n s e and a l i m i t e d 
l i f e t i m e f o r the c a p s u l e s . S e v e r a l o t h e r e n c a p s u l a n t s have been t r i e d , i n c l u d i n g 
p a r a f f i n wax and d e n t a l a c r y l i c , w i t h no s i g n i f i c a n t improvement . Our p r e s e n t 
d e s i g n overcomes the need f o r a g l a s s / e p o x y s e a l . A l l the components o f the r a d i o 
t r a n s m i t t e r are e f f e c t i v e l y housed i n s i d e the t r a n s d u c e r by the use o f a g l a s s body 
f o r t h e c a p s u l e ( F i g . 1 ) . The c i r c u i t i s m a n u f a c t u r e d as a s i n g l e t h i c k f i l m c h i p 
(5 .5 X 6 .5 mm) w i t h s o l d e r pads f o r c o n n e c t i o n to a 1.6 mH f e r r i t e cored a n t e n n a , 

mercury c e l l c o n t a c t s and pH s e n s i n g e l e c t r o d e . The c i r c u i t assembly i s e n c a p s u l a t e d 
i n epoxy to form a c y l i n d r i c a l i n s e r t , a m i x t u r e o f s i l i c o n e o i l and p a r a f f i n wax 
p r o v i d i n g the n e c e s s a r y m o i s t u r e b a r r i e r between the i n s e r t and b u f f e r j e l . The 
r e f e r e n c e e l e c t r o d e , c o m p r i s i n g a compacted A g / A g C l d i s c and s a l t b r i d g e , i s c o n 
t a i n e d i n a s i l i c o n e rubber cap which i s h e l d i n the c a p s u l e by two o v e r s i z e s k i r t s . 

pH Glass Oil/Wax 
Mixture 

Encapsulated Cell Salt Porous 
Electronics | Reservoir Plug 

5 mm. 

F i g . 1. C i r c u i t o f pH c a p s u l e . 

The c i r c u i t ( F i g . 2) i s b a s e d on an e a r l i e r d e s i g n and u s e s a f r e q u e n c y m o d u l a t e d 
o s c i l l a t o r w i t h an o u t p u t o f 10 yW i n t h e range 350-550 K H z . V a r i a t i o n s i n p o t e n 
t i a l d i f f e r e n c e from the pH t r a n s d u c e r c a u s e a change i n t h e c a p a c i t a n c e o f t h e 
back b i a s e d d i o d e , w i t h a c o r r e s p o n d i n g change i n o u t p u t f r e q u e n c y . Power f o r the 
c a p s u l e i s p r o v i d e d by a s i n g l e r e p l a c e a b l e mercury c e l l , t ype RM212. S t a b i l i t y w i t h 
s m a l l changes i n c e l l v o l t a g e h a s been improved by c a r e f u l s e l e c t i o n o f the 70 kfi 
o s c i l l a t o r d r i v e r e s i s t o r ; as the c e l l v o l t a g e f a l l s , the a n t i c i p a t e d f a l l i n o s c i l 
l a t o r f r e q u e n c y i s c o u n t e r - b a l a n c e d b y reduced d r i v e and hence f a s t e r t u r n o n , s t o r 
a g e , and t u r n o f f t imes i n t h e t r a n s i s t o r . I n d u c t i v e c o u p l i n g be tween the r a d i a t e d 
s i g n a l and l o o p r e c e i v i n g a n t e n n a l i m i t s the range o f the c a p s u l e t o about 30 cm, 
e f f e c t i v e l y p r e c l u d i n g any p o s s i b i l i t y o f r a d i o i n t e r f e r e n c e to o t h e r s e r v i c e s . 
Frequency v a r i a t i o n s are d e t e c t e d by a s i m p l e d i r e c t c o n v e r s i o n r e c e i v e r ( R i g e l 
R e s e a r c h L t d . , S u t t o n , S u r r e y , U . K . ) , and pH i s m o n i t o r e d on a c h a r t r e c o r d e r . 

m VITRO EVALUATION 

The c a p s u l e p r o d u c e s an o u t p u t f r e q u e n c y s h i f t o f about 2 .5 KHz/pH and i s l i n e a r 
( ± 0 . 2 pH) i n t h e range pH 1 - 1 2 . Response t i m e , as measured by a s t e p change from 
one b u f f e r to a n o t h e r , i s a p p r o x i m a t e l y 1 s t o r e a c h 95 p e r c e n t o f t h e f i n a l r e c o r d e d 
v a l u e ( F i g . 3 ) . The t emperature e r r o r i s a p p r o x i m a t e l y 0 .1 p H / ° C . 
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F i g , 2 . C i r c u i t o f pH c a p s u l e . 
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F i g . 3 . S t e p re sponse o f pH c a p s u l e . 

O v e r a l l l i f e t i m e o f the c a p s u l e s h a s n o t y e t b e e n e s t a b l i s h e d , a l t h o u g h two have 
been o p e r a t i n g i n b u f f e r s o l u t i o n s w i t h an e x t e r n a l power s u p p l y and a c a l o m e l 
r e f e r e n c e e l e c t r o d e f o r 3 months w i t h o u t any d e t e r i o r a t i o n i n pH r e s p o n s e . P r e 
l i m i n a r y checks on o p e r a t i o n a l s t a b i l i t y w i t h a mercury c e l l and A g / A g C l r e f e r e n c e 
cap i n d i c a t e a n e t d r i f t n o t e x c e e d i n g 0 .5 pH o v e r a 3 week o p e r a t i n g p e r i o d , w i t h 
a s h o r t term d r i f t o f l e s s t h a n 0 .1 pH i n any 48 h s e c t i o n . I t appears t h a t t h e s e 
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C l i n i c a l s t u d i e s a l r e a d y s c h e d u l e d i n c l u d e the i m p l a n t a t i o n o f the c a p s u l e i n r a t s 
w i t h s t a n d a r d carc inomas (Be l lamy et al,, 1978) to i n v e s t i g a t e the pH of t h e e x t r a 
c e l l u l a r environment i n growing tumors; and the i n v e s t i g a t i o n of duodenal pH i n 
young c h i l d r e n w i t h c y s t i c f i b r o s i s and o t h e r p a n c r e a t i c d i s e a s e s . 

Ackncwledgements — We g r a t e f u l l y acknowledge the a s s i t a n c e o f Pye Dynamics L t d . , 
i n the d e s i g n and m a n u f a c t u r e o f the t h i c k f i l m c h i p , and E l e c t r o n i c I n s t r u m e n t s 
L t d . who m a n u f a c t u r e d the g l a s s c a p s u l e s . 
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d r i f t s are due t o l i m i t a t i o n s imposed by t h e d e s i g n o f the r e f e r e n c e cap a s s e m b l y , 
and we are c u r r e n t l y i n v e s t i g a t i n g improvements w h i c h w i l l e x p l o i t the f u l l 5 week 
c a p a c i t y of the mercury c e l l . 
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Abstract — A v a r i e t y o f t r a n s m i t t e r d e s i g n s have been d e v e l o p e d 
f o r m o n i t o r i n g h e a r t r a t e and r e s p i r a t o r y f r e q u e n c y i n w i l d f o w l . 
The t r a n s m i t t e r s were r e q u i r e d t o h a v e the s m a l l e s t p o s s i b l e 
s i z e as they were t o be i m p l a n t e d i n b i r d s . T h i s was a c h i e v e d 
by u s i n g s u b m i n i a t u r e components w i t h o u t p r i n t e d c i r c u i t b o a r d s 
or s p e c i a l s u b s t r a t e s . The r e s u l t i n g c o n s t r u c t i o n t e c h n i q u e 
e n a b l e s the n o n - e x p e r t , w i t h the minimum o f equipment , t o 
assemble s u b m i n i a t u r e t r a n s m i t t e r s t h a t approach the d i m e n s i o n s 
a c h i e v e d by the more c o s t l y h y b r i d forms o f c o n s t r u c t i o n . 

B i o t e l e m e t r i c sys tems are n o r m a l l y d e s i g n e d f o r a s p e c i f i c a p p l i c a t i o n , and the 
v a r i o u s o p e r a t i n g p a r a m e t e r s are t h e n t a i l o r e d to s u i t the r e q u i r e m e n t s o f the e x p e r i 
m e n t a l s i t u a t i o n . I n v a r i a b l y some d e s i g n compromises have t o be made, w i t h the main 
l i m i t a t i o n u s u a l l y b a s e d on the maximum a l l o w a b l e s i z e o f the t r a n s m i t t e r . T h i s 
s h o u l d be s m a l l enough, r e l a t i v e t o t h e s i z e o f the h o s t a n i m a l , so t h a t no i n t e r 
f e r e n c e i s caused t o t h e b e h a v i o r a l or p h y s i o l o g i c a l r e s p o n s e s under i n v e s t i g a t i o n . 
I f t h e a n i m a l cannot t o l e r a t e the e x t e r n a l p l a c e m e n t o f any equ ipment , t h e n i m p l a n 
t a t i o n w i l l be r e q u i r e d . The s i z e o f the t r a n s m i t t e r may be k e p t to a minimum 
through the c a r e f u l d e s i g n o f t h e c i r c u i t . T h i s can be a c h i e v e d by b o t h r e d u c i n g 
t h e power s t o r a g e r e q u i r e m e n t s and a v o i d i n g the use o f b u l k y components . A t t e n t i o n 
t o the m e c h a n i c a l d e s i g n o f the d e v i c e can a l s o reduce i t s b u l k and , i n a d d i t i o n , 
improve i t s p h y s i c a l r o b u s t n e s s . 

We have d e v e l o p e d a number o f t r a n s m i t t e r d e s i g n s f o r m o n i t o r i n g h e a r t r a t e and 
r e s p i r a t o r y f r e q u e n c y i n w i l d f o w l . These v a r i a b l e s have been s t u d i e d d u r i n g n a t u r a l 
d i v i n g i n t u f t e d ducks (Aythya fuligula) and f r e e f l i g h t i n b a r n a c l e g e e s e ißranta 
leucopsis) (Woakes and B u t l e r , 1975; B u t l e r and Woakes, 1 9 7 9 ) . These t r a n s m i t t e r s 
were r e q u i r e d t o be as s m a l l as p o s s i b l e a n d , through n e c e s s i t y , were c o n s t r u c t e d 
w i t h the minimum o f s p e c i a l e q u i p m e n t . T h i s was a c h i e v e d by u s i n g s u b m i n i a t u r e com
ponent s and by p a c k i n g them c l o s e l y t o g e t h e r w i t h o u t the use o f p r i n t e d c i r c u i t 
boards or s u b s t r a t e s . Through the c a r e f u l arrangement o f components r e l a t i v e to 
the l a r g e s t ( the mercury c e l l ) , w a s t e d s p a c e was r e d u c e d t o an a b s o l u t e minimum. 

The c i r c u i t d e s i g n was f i r s t t e s t e d u s i n g f u l l s i z e components mounted on c o p p e r c l a d 
S t r i p b o a r d . T h i s a l l o w e d most o f the i n i t i a l t e s t i n g and s u b s t i t u t i o n to be c a r r i e d 
out on e a s i l y h a n d l e d and r e l a t i v e l y i n e x p e n s i v e components . When the component 
v a l u e s had been f i n a l i z e d , t h e f u l l s i z e components were r e p l a c e d by t h e i r s u b m i n i a t u r e 
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e q u i v a l e n t s . As each was removed from the b o a r d , i t was r e p l a c e d by p i n s mounted 
a t each l e a d p o s i t i o n . The s m a l l e r d e v i c e s were then t e m p o r a r i l y s o l d e r e d to t h e s e 
p i n s f o r t e s t i n g , and then removed as t h e y were r e q u i r e d d u r i n g the c o n s t r u c t i o n o f 
the t r a n s m i t t e r . 

The normal *cordwood' c o n s t r u c t i o n method ( H a r p e r , 1977) use s components i n matched 
p a c k a g e s , c l o s e l y packed t o g e t h e r and mounted between p r i n t e d c i r c u i t e n d - b o a r d s . 
T h i s method was m o d i f i e d by u s i n g j u s t one b o a r d , f o r m e c h a n i c a l r i g i d i t y o n l y . 
T h i s was formed from s t r i p b o a r d reduced to 0 . 3 mm i n t h i c k n e s s , b u t r e t a i n i n g an 
a r e a o f copper s t r i p f o r a p p l y i n g power and t e s t s i g n a l s d u r i n g c o n s t r u c t i o n ( F i g . 1) 

F i g . 1. P a r t i a l l y c o n s t r u c t e d t r a n s m i t t e r showing the method 
o f mount ing the components . 

Each component was removed from t h e t e s t j i g , and i t s l e a d s pre formed so as to e x i t 
from one end o f the p a c k a g e . I t was t h e n mounted u p r i g h t on the b a s e b o a r d w i t h 
epoxy a d h e s i v e . The components were packed as c l o s e l y t o g e t h e r as p o s s i b l e and 
a r r a n g e d so t h a t t h e i r l e a d s were a c c e s s i b l e from the top o r s i d e s u r f a c e s o f t h e 
component b l o c k . They were then i n t e r c o n n e c t e d w i t h f i n e 0 .1 mm d i a m e t e r u n i n s u 
l a t e d copper w i r e , s t a r t i n g from the s i g n a l i n p u t end o f t h e t r a n s m i t t e r and w r a p 
p i n g the w i r e around each l e a d . One node was w i r e d a t a t ime and , u s i n g f i n e r e s i n -
cored s o l d e r or s o l d e r cream, the w i r e was then s o l d e r e d to the l e a d s . Wires were 
a l s o c o n n e c t e d to the s t r i p b o a r d , so t h a t power and t e s t s i g n a l s c o u l d be a p p l i e d 
a t e a c h s t a g e o f c o n s t r u c t i o n . The w i r i n g was then i n s u l a t e d and s e c u r e d w i t h a 
l i g h t c o a t o f epoxy r e s i n . 
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The comple ted and t e s t e d e l e c t r o n i c package was then mounted i n an o u t e r frame 
c a r v e d from a c r y l i c p l a s t i c or c a s t from epoxy r e s i n . T h i s c a r r i e d the i n p u t p i n s , 
mercury c e l l and , i n l a t e r d e s i g n s , had t h e a n t e n n a embedded w i t h i n i t . The com
ponent b l o c k was w i r e d i n t o the frame and t h e n c o m p l e t e l y embedded i n epoxy r e s i n , 
thus p r o d u c i n g a s o l i d and m e c h a n i c a l l y r i g i d t r a n s m i t t e r p a c k a g e . The mercury 
c e l l was s o l d e r e d t o b o t h b a t t e r y c o n t a c t s , and the ECG l e a d s and r e s p i r a t i o n t r a n s 
ducer were c o n n e c t e d to t h e i n p u t p i n s . The t r a n s m i t t e r was t h e n e i t h e r e n c a p s u l a t e d 
f o r subsequent i m p l a n t a t i o n , or mounted i n a h a r n e s s f o r e x t e r n a l u s e . 

T h i s method o f c o n s t r u c t i o n h a s proven i n e x p e n s i v e and v e r s a t i l e , and , w h i l e r e q u i r 
i n g c a r e , can be e a s i l y m a s t e r e d by t h e n o n - e x p e r t . A t e m p e r a t u r e c o n t r o l l e d , f i n e 
t i p p e d s o l d e r i n g i r o n and a l i m i t e d range o f d i s s e c t i n g i n s t r u m e n t s were the o n l y 
t o o l s r e q u i r e d . However , most o f the a s sembly o f the t r a n s m i t t e r had t o t a k e p l a c e 
under a b i n o c u l a r m i c r o s c o p e , f o r the 35 s e p a r a t e components o f a t w o - c h a n n e l t r a n s 
m i t t e r were compressed i n t o a b l o c k m e a s u r i n g o n l y 12 x 10 χ 5 mm. The c o m p l e t e 
t r a n s m i t t e r measured 28 x 15 x 6 mm, w e i g h e d 6 .5 g and had a r a n g e o f 30 m. An 
o p e r a t i o n a l l i f e o f 6 days c o u l d be e x t e n d e d as r e q u i r e d through the use o f a mag
n e t i c a l l y o p e r a t e d s w i t c h . A s i m i l a r l y c o n s t r u c t e d s i n g l e c h a n n e l ECG t r a n s m i t t e r 
measured 22 χ 12 x 5 mm w i t h a w e i g h t o f 3 .4 g . T h i s t e c h n i q u e i s i d e a l where s m a l l 
numbers o f r e l a t i v e l y s i m p l e t r a n s m i t t e r s a r e r e q u i r e d , w h i l e t h e o v e r a l l d i m e n s i o n s 
of t h e comple ted t r a n s m i t t e r can approach t h o s e a c h i e v e d by the more c o s t l y , and 
l e s s a v a i l a b l e , h y b r i d forms o f c o n s t r u c t i o n . 

Aokncwledgement — I w i s h to thank the S c i e n c e R e s e a r c h C o u n c i l f o r t h e i r f i n a n c i a l 
s u p p o r t . 
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Abstract — E n c a p s u l a t i o n and p a c k a g i n g i s a l a r g e f i e l d w h i c h 
would need an e x t e n s i v e t e x t t o be c o v e r e d c o m p r e h e n s i v e l y . 
F o r l ong term i m p l a n t e d e l e c t r o n i c d e v i c e s , i t must be the 
e n g i n e e r s * major c o n s i d e r a t i o n . By a b r i e f d i s c u s s i o n c o l l e c t e d 
i n t o t h r e e t o p i c s , I t r y t o show what must be c o n s i d e r e d when 
e n c a p s u l a t i n g c i r c u i t s , w h i c h a r e not i n a l a r g e h e r m e t i c 
e n c l o s u r e . I a l s o d e s c r i b e h e r m e t i c p a c k a g i n g , the c h o i c e 
between v a r i o u s t y p e s and t h e i r p e r f o r m a n c e . 

INTRODUCTION 
I m p l a n t e d e l e c t r i c a l p r o s t h e t i c d e v i c e s u s u a l l y need t o be s m a l l and d u r a b l e i n a 
h o s t i l e environment f o r l o n g p e r i o d s . They w i l l be s u b j e c t e d t o a warm, c o r r o s i v e 
aqueous s o l u t i o n w i t h c o n t i n u e d movement i n the s u r r o u n d i n g t i s s u e . I m p l a n t s a r e 
g e n e r a l l y more complex than the w e l l t r i e d c a r d i a c pacemaker; the s i z e o f components 
has t o d e c r e a s e and t h e f i e l d s t r e n g t h s c o r r e s p o n d i n g l y i n c r e a s e . T h i s h a s meant 
t h a t as w o u l d - b e i m p l a n t b u i l d e r s , we have had t o d e v o t e o u r s e l v e s t o t h e problems 
o f e n c a p s u l a t i o n and p a c k a g i n g . 

The o p e r a t i n g c o n d i t i o n s f o r i m p l a n t s a r e worse t h a n t h o s e f a c e d by most o t h e r 
e l e c t r o n i c sys tems w i t h the i m p o r t a n t e x c e p t i o n t h a t the t e m p e r a t u r e i s more or 
l e s s h o m e o s t a t i c . I am s u r e t h a t the r e l e v a n c e o f the s e v e r a l p o i n t s d i s c u s s e d 
be low can be a s s e s s e d w i t h o t h e r c o n d i t i o n s i n mind ( e . g . e x t e r n a l e n c a p s u l a t i o n ) . 
I s h a l l u s e * e n c a p s u l a t i o n * t o mean: the embedding o f p a r t s i n a s o f t p o l y m e r i z i n g 
m a t e r i a l ; a p a c k a g e i s a more or l e s s h e r m e t i c c o n t a i n e r i n w h i c h components a r e 
p r o t e c t e d . 

THE ENCAPSULANT; a d h e s i o n or IMPERMEABILITY? 
A l l i m p l a n t e d e l e c t r o n i c d e v i c e s r e q u i r e some e n c a p s u l a t i o n , and f o r s i m p l e c i r c u i t s 
u s i n g d i s c r e t e components , work ing l i v e s o f many months can be o b t a i n e d by good 
e n c a p s u l a t i o n o f the components a l o n e . The i m p l a n t shown i n F i g . 1 s u r v i v e d i n s i d e 
a p a t i e n t f o r twenty months w i t h o u t any a d d i t i o n a l p r o t e c t i o n . What i s t h e pr ime 
requirement f o r the e n c a p s u l a n t ? F i g u r e 2 shows two e l e c t r o n i c p a r t s i n d i f f e r e n t 
e n c a p s u l a n t s , b o t h o f w h i c h have f a i l e d by a shunt c u r r e n t b e i n g e s t a b l i s h e d between 
the p a i r s o f a d j a c e n t l e a d s . I n the f i r s t c a s e ( F i g . 2a) the m a t e r i a l has not 
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F i g . 1. P a r t o f an i m p l a n t e d a r r a y o f i n d u c t i v e l y c o u p l e d 
r e c e i v e r s . These h y b r i d t h i c k - f i l m c i r c u i t s a r e 
e n c a p s u l a t e d i n s i l i c o n e r u b b e r . One u n e n c a p s u l a t e d 
r e c e i v e r and a penny are a l s o shown. 

a d h e r e d , or has l o s t i t s a d h e s i o n , t o the a s sembly and s a l i n e has p e n e t r a t e d to the 
r e g i o n between the c o n d u c t o r s . Below ( F i g . 2 b ) , the a d h e s i o n i s good b u t b u b b l e s 
have been l e f t i n the m a t e r i a l and a t the i n t e r f a c e . Water vapor has d i f f u s e d 
through the permeable m a t e r i a l , condensed i n t o the v o i d s and a g a i n caused f a i l u r e . 
Even i f the m a t e r i a l i s a b a r r i e r t o i o n s f o r the s a l i n e , we o b s e r v e , i n such c a s e s , 
t h a t t h e r e are enough i o n s a v a i l a b l e a t the v o i d t o e n a b l e an e l e c t r o l y t i c c u r r e n t 
t o f l o w . P a t e n t l y , an e n c a p s u l a n t t h a t does not adhere i s u s e l e s s b u t one w h i c h 
adheres even though i t i s permeable to w a t e r v a p o r s h o u l d s u f f i c e i f i t c o n t a i n s no 
v o i d s . We have found t h i s t o be t r u e ; most e l e c t r i c a l d e v i c e s b e i n g u n a f f e c t e d by 
an e n c a p s u l a n t w h i c h i s s a t u r a t e d wibh w a t e r v a p o r . 

A l l our e n c a p s u l a t i o n s use i n d u s t r i a l a d h e s i v e s i l i c o n e r u b b e r s b e c a u s e they can be 
formed f r e e of v o i d s and the a d h e s i o n to s o l i d s u r f a c e s remains u n a f f e c t e d when the 
rubber i s w e t . A f t e r p o u r i n g uncured rubber i n t o the mould , i t i s s u b j e c t e d t o a 
vacuum c y c l e wh ich d e - a e r a t e s t h e rubber and draws i t i n t o c r e v i c e s w i t h i n and 
between the e l e c t r i c a l p a r t . T h i s i s sometimes a i d e d by s i m u l t a n e o u s c e n t r i f u g a t i o n 
w h i c h a l s o f l a t t e n s the meni scus on the l i q u i d r u b b e r (Donaldson and S a y e r , 1975) . 
The mould i s then p l a c e d i n a p r e s s u r e chamber t o d i s c o u r a g e b u b b l e f o r m a t i o n as the 
rubber cures and s h r i n k s . 

SURFACE PROPERTIES OF AN ENCAPSULATED COMPONENT 
The s u r f a c e c o n d i t i o n o f the e n c a p s u l a t e d p a r t i s i m p o r t a n t b o t h b e c a u s e i t p a r t l y 
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P O O R L Y ADHERENT I M P E R M E A B L E E N C A P S U L A N T 

sal ine 
penetration 

water 
vapour 

diffusion 

F i g . 2 . Types o f f a i l u r e due t o m o i s t u r e i n e n c a p s u l a t i o n . 

d e t e r m i n e s the a d h e s i v e bond w i t h the e n c a p s u l a n t and b e c a u s e o f i t s p o s s i b l e t e n 
dency t o c o r r o d e . I f the a d h e s i o n does f a i l and w a t e r condenses a t the i n t e r f a c e 
b u t i n such a p l a c e t h a t no e l e c t r i c a l f a i l u r e i s c a u s e d , then i t i s d e s i r a b l e t h a t 
t h e s u r f a c e s h o u l d n o t c o r r o d e under t h e l i q u i d , f o r t h a t would e n l a r g e t h e a r e a o f 
a d h e s i o n f a i l u r e u n t i l i t r e a c h e d the e l e c t r i c a l l e a d s . On the o t h e r hand , i t i s 
g e n e r a l l y t r u e t h a t f o r m e t a l s u r f a c e s , the l e a s t r e a c t i v e ( e . g . N o b l e m e t a l s ) make 
t h e w o r s t bonds t o t h e e n c a p s u l a n t . D u r i n g t e s t s , i t i s d i f f i c u l t t o see whether 
s u r f a c e c o r r o s i o n or a d h e s i o n f a i l u r e o c c u r s f i r s t . F o r a s u r f a c e o f a s i n g l e m e t a l , 
i t i s p r o b a b l y b e s t t o compromise and have s l i g h t r e a c t i v i t y . I t i s c e r t a i n l y d e s i r 
a b l e t o m i n i m i z e the number o f m e t a l s i n t h e s u r f a c e and thus t h e e l e c t r o c h e m i c a l 
p o t e n t i a l . We found t h a t n o m i n a l l y g o l d p l a t e d K o v a r * p a c k a g e s p o t t e d i n s i l i c o n e 
rubber (Dow C o r n i n g 3140 w h i c h e v o l v e s a l ó o h o l d u r i n g c u r e ) , soon have r u s t y p a t c h e s 
a t the i n t e r f a c e a f t e r in vivo t e s t s . I f the p a c k a g e i s copper p l a t e d , t h i s i s p r e 
v e n t e d presumably b e c a u s e : 

(a) The r u b b e r bonds b e t t e r t o t h e copper t h a n to g o l d . 
(b) I t i s u n l i k e l y t h a t p i n - h o l e s i n t h e copper p l a t e c o i n c i d e w i t h p i n - h o l e s i n 

the g o l d p l a t e and s o t h e exposed m e t a l c o u p l e i s g o l d - c o p p e r i n s t e a d o f 
g o l d - K o v a r . 

An a l t e r n a t i v e approach i s t o use a n o n - m e t a l l i c s u r f a c e s u c h as a l u m i n a or g l a s s . 

*An a l l o y Fe 54%, N i 29%, Co 17%. 



220 Ν, de Ν. Donaldson 

A t the c i r c u i t v o l t a g e s t h a t we have used (Dona ldson , 1973) , the f o l l o w i n g components 
can be p o t t e d w i t h o u t a d d i t i o n a l p r o t e c t i o n : 

( i ) C e r a m i c C h i p c a p a c i t o r s , 
( i i ) M i n i a t u r e carbon r e s i s t o r s , 

( i i i ) Epoxy c o a t e d p a s s i v a t e d m i c r o d i o d e s . 
( i v ) H e r m e t i c t a n t a l u m c a p a c i t o r s . 

(v) D iodes i n h e r m e t i c g l a s s e n v e l o p e s . 

We have t r i e d to e x t e n d t h i s l i s t by t e s t i n g s e a l e d - j u n c t i o n t r a n s i s t o r s ( D o n a l d s o n , 
1977) and s t a n d a r d C M O S F l a t p a c k s . F i g u r e 3 shows a type of i m p l a n t u s i n g F l a t p a c k s 
which i s c u r r e n t l y b e i n g a s s e s s e d in vivo. 

F i g . 3 . An i m p l a n t w h i c h u s e s two CMOS F l a t p a c k s p o t t e d i n 
s i l i c o n e r u b b e r . Around t h e c e n t r a l ( i n v e r t e d ) f l a t -
p a c k , t h e r e are f o u r t h i c k - f i l m s u b s t r a t e s t o w h i c h 
are s o l d e r e d c h i p c a p a c i t o r s , h e r m e t i c t a n t a l u m c a p a 
c i t o r s , m i n i a t u r e r e s i s t o r s and h e r m e t i c g l a s s d i o d e s . 
The two M o r p h o g n o s t i c r e c e i v i n g c o i l s ( D o n a l d s o n , 1979) 
and the i n t e r c o n n e c t i n g w i r e s are p o l y u r e t h a n e - c o a t e d 
c o p p e r . 
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I t i s i m p o r t a n t t h a t p a r t s to be p o t t e d a r e t h o r o u g h l y c l e a n e d o f f l u x r e s i d u e s . 

DESIGN CONSIDERATIONS FOR ENCAPSULATED PARTS 
Having chosen the e n c a p s u l a n t and t h e t y p e s o f components t o be u s e d , some t h o u g h t 
must be g i v e n to c h o o s i n g t h e component v a l u e s , shapes and arrangement w h i c h w i l l 
keep t h e a d h e s i o n h i g h and t h e e l e c t r i c f i e l d s t r e n g t h s low ( D o n a l d s o n , 1977) . 

R e s i s t o r s s h o u l d be o f the l o w e s t p o s s i b l e v a l u e s and from a wide range o f c h i p 
c a p a c i t o r s h a p e s , the l o n g e s t between the m e t a l l i z e d end caps are to be p r e f e r r e d 
i n the r e q u i r e d c a p a c i t a n c e v a l u e . 

S i n c e a d h e s i v e rubbers c o n t r a c t d u r i n g t h e i r cure (1 .5 p e r c e n t l i n e a r f o r Dow C o r n i n g 
3140) , a t e n s i l e s t r e s s w i l l be s e t up which t ends t o r e i n f o r c e a d h e s i o n on convex 
o b j e c t s and oppose i t on c o n c a v e . Thus s m a l l s p h e r i c a l components are p r e f e r r e d to 
l a r g e f l a t o n e s . A f a i l u r e o c c u r r e d i n an i m p l a n t s i m i l a r to the one shown i n F i g . 3 
b e c a u s e the a d h e s i o n f a i l e d between the rubber and the m e t a l l i d o f the s m a l l f l a t -
p a c k . When the l i q u i d had broken the bond round the s i d e o f the p a c k a g e as f a r as 
the l e a d s , one i n p u t to t h e c i r c u i t was s h o r t c i r c u i t e d by an e l e c t r o l y t i c p a t h t o 
the l i d . 

Components on h y b r i d c i r c u i t s must have rubber a l l round them and t h i s n o r m a l l y 
r e q u i r e s t h a t they are s o l d e r e d w e l l o f f t h e s u b s t r a t e so t h a t r u b b e r can be i n j e c t e d 
u n d e r n e a t h . T h i s a l s o i n c r e a s e s t h e f a v o r e d convex s t r e s s . I f a component i s too 
l a r g e t o ensure t h a t i n j e c t e d rubber c o v e r s the downward, i n v i s i b l e s i d e , i t i s 
b e t t e r to have a h o l e i n t h e s u b s t r a t e t h e r e so t h a t r u b b e r may be a p p l i e d from 
b e h i n d . A s , f o r e x a m p l e , t h e s m a l l f l a t p a c k i n the i m p l a n t on F i g . 3 . 

HERMETIC SEALS FOR LEADS 
I t p r o b a b l y seems o b v i o u s t h a t i m p l a n t e d e l e c t r o n i c s s h o u l d be e n c l o s e d i n a herme
t i c package which i s i t s e l f e n c a p s u l a t e d r a t h e r than the e l e c t r o n i c components b e i n g 
e n c a p s u l a t e d i n d i v i d u a l l y . However , s i n c e t h e e n c a p s u l a t i o n r e q u i r e m e n t s a r e no 
d i f f e r e n t i n k i n d whether the p a r t be a s e m i c o n d u c t o r or a w i r e , we need to know the 
l i m i t i n g c o n d i t i o n s so t h a t the e x t e n t o f the h e r m e t i c e n c l o s u r e can be c h o s e n . The 
i n c e n t i v e s f o r t h i s are the m i n i m i z a t i o n o f i m p l a n t s i z e and the r e d u c t i o n o f c o s t s , 
f o r commerc ia l h e r m e t i c p a c k a g e s are e x p e n s i v e e s p e c i a l l y i f t h e y are custom b u i l t . 
I t appears a t p r e s e n t t h a t the l i m i t i n g e l e c t r i c f i e l d s t r e n g t h w h i c h can be endured 
by rubber a t the s u r f a c e o f a s e m i c o n d u c t o r i s a t l e a s t 10^ V m"-^. 

C r o s s s e c t i o n a l d iagrams o f t h r e e h e r m e t i c l e a d - o u t s e a l s are shown i n F i g . 4. 
F i g u r e 4b i s a c o m m e r c i a l l y a v a i l a b l e g o l d p l a t e d K o v a r - g l a s s s e a l . T h i s i s the 
t y p e o f p a c k a g e w h i c h I ment ioned above b e c a u s e , when e n c a p s u l a t e d , i t l a s t e d l o n g e r 
i f the u n u s u a l s t e p i s taken o f copper p l a t i n g o v e r the g o l d . P a c k a g e s are a v a i l a b l e 
w i t h l e a d s through the w a l l ( F l a t p a c k ) or t h r o u g h the b a s e ( p l u g - i n ) . A l t h o u g h v e r y 
c o n v e n i e n t , t h e s e s u f f e r from s e v e r a l d i s a d v a n t a g e s : 

(a) H i g h c o s t . 
(b) The min imal l e a d p i t c h i s u s u a l l y 0 .05" w h i c h i s c o a r s e i f many l e a d s are 

r e q u i r e d . 
( c ) The e x t e r n a l s u r f a c e i s m o s t l y m e t a l so t h e r e must be g r e a t e r i n c i p i e n t c o r r o 

s i o n . 
(d) S i n c e t h e b a s e o f t h e p a c k a g e i s m e t a l , a s e p a r a t e s u b s t r a t e b e a r i n g t h e 

c i r c u i t w i l l n o r m a l l y have to be p l a c e d i n s i d e the p a c k a g e which l o s e s vo lume . 

These d i s a d v a n t a g e s can be a v o i d e d i f a h e r m e t i c p a c k a g e i s made by t h i c k - f i l m t e c h 
n iques on t h e s u b s t r a t e o f the m i c r o c i r c u i t . Two ways o f d o i n g t h i s are shown i n 
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.solder g lass seal 

^ A u - P t c o n d u c t o r 

« c e r a m i c 
s u b s t r a t e 

F i g . 4. Three t y p e s o f h e r m e t i c l e a d out w h i c h a l l r e l y on a 
g l a s s - t o - m e t a l bond . 

F i g . 4a and c . C o r k h i l l (Holmes and L o a s b y , 1976) d e v e l o p e d t h e l a t t e r method i n 
w h i c h p r i n t e d c o n d u c t o r s run under the c e r a m i c w a l l and w h i c h i s a t t a c h e d by s e v e r a l 
l a y e r s o f p r i n t e d g l a s s . B e s i d e s m u l t i p l e p r i n t i n g , t h e r e may be a con^romise between 
l e a d p i t c h and l e a d w i d t h v e r s u s the s u b s t r a t e ' s p e r i p h e r a l l e n g t h . The a l t e r n a t i v e , 
the s o l d e r e d r i v e t , can have i t s l e a d s s p r e a d over the whole a r e a o f t h e s u b s t r a t e 
and o n l y r e q u i r e s one p r i n t e d l a y e r b u t i t does need h o l e s d r i l l e d i n c e r a m i c (or 
punched through the s u b s t r a t e b e f o r e i t i s f i r s t f i r e d ) and s p e c i a l r i v e t s o f the 
r e q u i r e d s i z e . 

LID SEALING MATERIALS 
H a v i n g c o n n e c t e d the e l e c t r o n i c components i n s i d e the h e r m e t i c p a c k a g e , the l i d must 
be a t t a c h e d . The m a t e r i a l s f o r so d o i n g may be d i v i d e d i n t o m e t a l s , g l a s s e s and 
p l a s t i c s . M e t a l s are a p p r o x i m a t e l y f o u r o r d e r s l e s s permeable t h a n g l a s s e s w h i c h 
are themse lves two o r d e r s b e t t e r t h a n t h e b e s t p l a s t i c s . The p e r m e a b i l i t y o f p l a s 
t i c s range o v e r f o u r o r d e r s o f m a g n i t u d e . 

I f a s o l d e r g l a s s i s employed , i t needs t o be f i r e d a t v e r y h i g h t emperature (about 
500°C) which s e v e r e l y l i m i t s t h e t y p e s o f m a t e r i a l s i n s i d e the p a c k a g e . 

A l l p l a s t i c s e a l a n t s a r e s o permeable t h a t a p a c k a g e s e a l e d w i t h one cannot be 
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c o n s i d e r e d h e r m e t i c f o r i m p l a n t s ( T r a e g e r , 1977) . By t h a t I mean the i n s i d e o f the 
package w i l l become s a t u r a t e d w i t h w a t e r v a p o r a f t e r a t ime w h i c h i s s h o r t compared 
to the d e s i r e d i m p l a n t l i f e . S p e c i a l epoxy r e s i n s are g e n e r a l l y used f o r p l a s t i c 
l i d s e a l s by the e l e c t r o n i c s i n d u s t r y . 

The l a s t c a t e g o r y , m e t a l s e a l s , i n c l u d e s s o l d e r e d and we lded j o i n t s . The we ld i s 
p o t e n t i a l l y the most s a t i s f a c t o r y j o i n t f o r i t r e q u i r e s no f l u x and the a v e r a g e 
temperature o f the p a c k a g e i s low d u r i n g the o p e r a t i o n . However, s p e c i a l w e l d i n g 
machines a r e used which o n l y hand le c e r t a i n t y p e s o f p a c k a g e s . We have no e x p e r i e n c e 
o f t h i s t e c h n i q u e . 

With s o l d e r s , one has a range o f a l l o y s a v a i l a b l e . These v a r y from the h i g h m e l t i n g 
p o i n t e u t e c t i c s w i t h a n o b l e m e t a l p r e s e n t ( e . g . A u / S n , Μ P t 280°C) w h i c h can be 
used f a i r l y e a s i l y w i t h o u t f l u x t o the low m e l t i n g p o i n t t y p e s w h i c h are v e r y d i f f i 
c u l t t o use f l u x l e s s ( e . g . S n / P b Μ P t 1 7 9 ° C ) . 

For p a c k a g e s c o n t a i n i n g h y b r i d c i r c u i t s , the s o l d e r s used on the components i n s i d e 
w i l l l i m i t the m e l t i n g t empera ture o f the l i d - s e a l i n g s o l d e r s . I f f l u x e s a r e u s e d , 
they s h o u l d be as i n a c t i v e as p o s s i b l e b e c a u s e the a c t i v a t o r l e a v e s h a l i d e i o n s i n 
the f l u x r e s i d u e . To some e x t e n t , v u l n e r a b l e components i n the p a c k a g e c a n be p r o 
t e c t e d from t h e f l u x w i t h e p o x i e s or r u b b e r s . 

PERMEABLE PACKAGES 
The t ime taken f o r w a t e r v a p o r t o s a t u r a t e the a i r i n s i d e a p a c k a g e w i t h a permeable 
l i d s e a l w h i c h i s p o t t e d i n porous s i l i c o n e rubber i s s h o r t b u t i t does not f o l l o w 
t h a t the e l e c t r o n i c s w i l l f a i l i m m e d i a t e l y i n c o n s e q u e n c e . Indeed we know t h a t most 
components s u r v i v e i n an ' a t m o s p h e r e ' o f w a t e r s a t u r a t e d s i l i c o n e r u b b e r . 

CMOS i n t e g r a t e d c i r c u i t s have been t e s t e d c o n t i n u o u s l y i n p a c k a g e s w h i c h had l i d s 
g l u e d on w i t h an epoxy (Epotek H 7 7 ) , t h e p a c k a g e p o t t e d i n s i l i c o n e rubber (Dow 
C o r n i n g 3140) , and submerged i n b a t h s o f 1 p e r c e n t s a l i n e a t room t e m p e r a t u r e . Three 
out o f t h r e e such samples have now run s u c c e s s f u l l y f o r 21 m o n t h s . D i r e c t m e a s u r e 
ment o f the h u m i d i t y i n s i d e s u c h a p a c k a g e d u r i n g submers ion showed t h a t t h e i n s i d e 
s a t u r a t e d a f t e r about 50 d a y s . 

Of ano ther b a t c h o f 17 n o m i n a l l y s i m i l a r c h i p s s u b j e c t e d t o the same t e s t , 2 f a i l e d 
i n under 20 days and one l a s t e d more t h a n 200 d a y s , the r e s t f e l l i n b e t w e e n . I t 
i s t h o u g h t t h a t t h i s i s due t o an u n u s u a l l y h i g h phosphorus f r a c t i o n i n the Topcoat 
g l a s s o f t h e s e i n t e g r a t e d c i r c u i t s . T h i s phosphorus i s n o r m a l l y added to the s i l i c o n 
d i o x i d e f i l m on the c h i p s b e c a u s e the r e s u l t i n g g l a s s c o v e r s the s u r f a c e more u n i 
formly and f o r o t h e r r e a s o n s . However , too much phosphorus w i l l make the l a y e r 
h y g r o s c o p i c and w a t e r v a p o r w i l l condense o n t o i t b e f o r e t h e a tmosphere i s s a t u r a t e d . 
E x a m i n a t i o n a f t e r f a i l u r e showed t h a t i n a l l f i f t e e n samples w h i c h had f a i l e d i n s i d e 
the p a c k a g e , the aluminum on the c h i p s had c o r r o d e d . T h i s i n d i c a t e s the i m p o r t a n c e 
of k e e p i n g t h e p a c k a g e c o n t e n t s c l e a n o f i o n i c c o n t a m i n a n t s w h i c h w i l l cause c o n d e n 
s a t i o n i n t o t h e m s e l v e s and thus form e l e c t r o l y t e s , p a r t i c u l a r l y i n c l o s e p r o x i m i t y 
to the e l e c t r o n i c components . 

I t may be o b j e c t e d t h a t t e s t i n g p a c k a g e s a t room temperature i s too f a v o r a b l e even 
f o r an i m p l a n t and t h a t by r u n n i n g the d e v i c e c o n t i n u o u s l y , the h e a t d i s s i p a t e d tends 
to keep the c h i p d r y . To answer t h i s c r i t i c i s m , two samples were p l a c e d i n a s a l i n e 
b a t h which was t empera ture c y c l e d ( s i x hours o n , s i x h o u r s o f f ) be tween room tempera
t u r e and 10°C h i g h e r . The d e v i c e s are run f o r l / 1 2 8 t h o f t h e time i n 0 . 5 s b u r s t s . 
N e i t h e r d e v i c e has f a i l e d a f t e r 16 m o n t h s . 
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Abstract — A d i s c u s s i o n on v a r i o u s p o s s i b l e power s u p p l i e s 
w i l l be g i v e n . T h i s i n c l u d e s : (1) m e r c u r y , s i l v e r o x i d e , and 
l i t h i u m b a t t e r i e s ; (2) n u c l e a r b a t t e r i e s ; (3) r e c h a r g e a b l e 
b a t t e r i e s ; (4) RF and m a g n e t i c i n d u c t i o n p o w e r i n g ; (5) body 
f l u i d g a l v a n i c c e l l s ; (6) body f l u i d f u e l c e l l s ; (7) m e c h a n i c a l 
c o n v e r t o r s ; (8) o t h e r body e n e r g y t o e l e c t r i c a l power c o n v e r t o r s ; 
and (9) c o m b i n a t i o n s o f t h e s e t e c h n i q u e s . The RF power ing i s 
the c h o i c e f o r l o n g t e r m i m p l a n t t e l e m e t r y . E i t h e r s e p a r a t e 
f r e q u e n c i e s can be used f o r power i n and s i g n a l out or a s i n g l e 
f r e q u e n c y can be used f o r power and s i g n a l t r a n s m i s s i o n on a 
t ime s h a r i n g b a s i s . The d e s i g n o f the two f r e q u e n c i e s and 
s i n g l e f r e q u e n c y RF power ing sys tems w i l l be d i s c u s s e d . The 
t e l e m e t r y sys tems employ ing e a c h o f t h e s e schemes w i l l be p r e 
s e n t e d w i t h e v a l u a t i o n d a t a i n a n i m a l s . 

INTRODUCTION 
For p r e s e n t b i o m e d i c a l i m p l a n t t e l e m e t r y or s t i m u l a t i o n s y s t e m s , t h e power s o u r c e 
o c c u p i e s more than 50 p e r c e n t o f the t o t a l s p a c e and w e i g h t o f the i m p l a n t u n i t and 
a c c o u n t s f o r more than 50 p e r c e n t o f s y s t e m f a i l u r e s ; a c c o r d i n g to e x p e r i e n c e w i t h 
c a r d i a c pacemakers and b i o m e d i c a l t e l e m e t r y ( P a r s o n n e t , 1977; K o , 1 9 7 9 ) . The 
l i m i t e d l i f e t i m e , l a c k o f d e p e n d a b i l i t y and l a c k o f n o n d e s t r u c t i v e t e s t methods to 
a s s e s s the c o n d i t i o n o f the b a t t e r y p r i o r t o i m p l a n t o p e r a t i o n , are the m a j o r p r o b 
lems f a c i n g sys tem d e s i g n e r s and e x p e r i m e n t a l i s t s u s i n g i m p l a n t e l e c t r o n i c i n s t r u m e n t s . 

Many power s o u r c e s have been u s e d , r e p o r t e d , and proposed i n the l i t e r a t u r e . These 
can be grouped a s : (1) Pr imary b a t t e r i e s — i n c l u d i n g n u c l e a r b a t t e r i e s . (2) S e c o n d a r y 
b a t t e r i e s — i n c l u d i n g v a r i o u s r e c h a r g e a b l e b a t t e r i e s . (3) R a d i o f r e q u e n c y (RF) c o u p l e d 
and m a g n e t i c i n d u c t i o n power. (4) Body f l u i d g a l v a n i c and f u e l c e l l s . (5) Body and 
e n v i r o n m e n t a l e n e r g y c o n v e r t e r s . 

T h i s a r t i c l e a t t e m p t s t o s u r v e y the s o u r c e s b r i e f l y and to c o l l e c t u s e f u l i n f o r m a 
t i o n on the f i r s t t h r e e c a t e g o r i e s f o r t h e use o f b i o m e d i c a l e n g i n e e r s , and t o d e s 
c r i b e a few examples o f RF powered t e l e m e t r y s y s t e m s . 

225 
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PRIMARY BATTERIES 
Primary b a t t e r i e s c o n v e r t c h e m i c a l or n u c l e a r e n e r g y i n t o e l e c t r i c a l e n e r g y t h r o u g h 
i r r e v e r s i b l e p r o c e s s e s . I n c h e m i c a l c e l l s , the c a t h o d e i s c h e m i c a l l y reduced i n s i d e 
the c e l l and becomes the p o s i t i v e t e r m i n a l f o r the o u t s i d e c i r c u i t ; w h i l e the anode 
i s o x i d i z e d i n the c e l l and becomes the n e g a t i v e t e r m i n a l f o r the o u t s i d e c i r c u i t . 
The anode i s u s u a l l y a m e t a l t h a t g i v e s up e l e c t r o n s w h i c h become (+) c h a r g e d c a t i o n s 
i n the e l e c t r o l y t e . The c a t h o d e i s u s u a l l y a compound t h a t can a c c e p t e l e c t r o n s , 
forming (-) charged a n i o n s i n the e l e c t r o l y t e . The p r i m a r y b a t t e r y i s the most c o n 
v e n i e n t s o u r c e to use s i n c e i t i s o b t a i n e d as a component and no d e s i g n work i s 
i n v o l v e d , e x c e p t i n the s e l e c t i o n o f a p r o p e r type o f b a t t e r y . F o r i m p l a n t t e l e m e t r y 
and s t i m u l a t i o n , the a v e r a g e c u r r e n t d r a i n i s u s u a l l y low, t h e r e f o r e , the b a t t e r y ' s 
i n t e r n a l r e s i s t a n c e i s not v e r y i m p o r t a n t , a l t h o u g h t h e r e may be e x c e p t i o n s . The 
major c o n s i d e r a t i o n s a r e : (1) S a f e t y i n the body e n v i r o n m e n t ; such as the h e r m e t i c 
s e a l , out gas p o s s i b i l i t y , t o x i c i t y , r a d i a t i o n l e v e l , e t c . (2) S i z e and w e i g h t : 
g e n e r a l l y s h o u l d be l e s s than 2 p e r c e n t o f the body volume and w e i g h t . (3) A v a l I-» 
a b i l i t y and c o s t . 

Tab le 1 shows the t y p i c a l c h a r a c t e r i s t i c s o f pr imary b a t t e r i e s w i t h p a r a m e t e r s t h a t 
are of i n t e r e s t to e l e c t r o n i c d e s i g n e r s (Grossman, 1978; Y a t e s , 1978) . F i g u r e 1 i n d i 
c a t e s the t y p i c a l d i s c h a r g e c u r v e s f o r p r i m a r y b a t t e r i e s . 

The s e r v i c e c a p a c i t y o f a b a t t e r y i s a f f e c t e d b y : (1) D i s c h a r g e r a t e — c u r r e n t d r a i n . 
(2) Temperature — h i g h e r and lower t emperature than 20^0 may reduce the c a p a c i t y 
s i g n i f i c a n t l y . Some dry b a t t e r i e s w i l l have o n l y 50 to 75 p e r c e n t of 20°C c a p a c i t y 
a t 4 0 ° C . (3) Duty c y c l e . (4) A l l o w e d v o l t a g e r a n g e . (5) S h e l f t ime a t s t o r a g e tem
p e r a t u r e . 

Even w i t h o u t c o n s i d e r i n g the s h e l f t i m e , wh ich v a r i e s from u n i t t o u n i t depend ing on 
how l o n g the b a t t e r y h a s been s t o r e d s i n c e i t was m a n u f a c t u r e d , t h e a c t u a l c h a r g e 
c a p a c i t y o f a b a t t e r y would be s m a l l e r than the v a l u e s p e c i f i e d a t 20-25 C by the 
m a n u f a c t u r e r . A s a f e t y m a r g i n i s needed i n c a l c u l a t i n g b a t t e r y c a p a c i t y . A f a c t o r 
o f 1.5 t o 2 . 0 i s g e n e r a l l y used ( f o r a 100 mAh r e q u i r e m e n t , use a new 150 t o 200 mAh 
b a t t e r y ) and a d e r a t i n g o f the b a t t e r y due t o s t o r a g e t ime must be added . 

LITHIUM BATTERIES 
The l i t h i u m b a t t e r y , w h i c h h a s become a v a i l a b l e i n r e c e n t y e a r s , i s c l e a r l y the c h o i c e 
i f c o s t and a v a i l a b i l i t y a r e n o t c o n s i d e r e d . The l i t h i u m b a t t e r y has the combined 
a d v a n t a g e s o f : (1) H i g h energy d e n s i t y p e r w e i g h t and p e r v o l u m e . (2) H i g h open 
c i r c u i t v o l t a g e per c e l l . (3) Long s h e l f and s e r v i c e l i f e . 

F o r t h e s e b a t t e r i e s , l i t h i u m i s used a s t h e anode ( n e g a t i v e t e r m i n a l ) . I o d i d e and 
o t h e r m a t e r i a l s may be used as t h e c a t h o d e . Both s o l i d and l i q u i d e l e c t r o l y t e s may 
be used (Grossman, 1978; G r e a t b a t c h , 1 9 7 1 ) . T a b l e 2 shows t y p i c a l c h a r a c t e r i s t i c s 
o f s e v e r a l k i n d s o f l i t h i u m b a t t e r i e s used as c a r d i a c pacemaker power s o u r c e s , w i t h 
H g / Z n and N i / C d b a t t e r i e s l i s t e d f o r c o m p a r i s o n s . F i g u r e 2 shows the d i s c h a r g e c u r v e 
o f Sanyo L F - C (120 mAh) l i t h i u m c e l l s as compared to mercury and s i l v e r o x i d e b a t 
t e r i e s . L i t h i u m c e l l s from 30 mAh up t o s e v e r a l A - H are now a v a i l a b l e . 

With the advance of double -wrap t e c h n i q u e s f o r mercury b a t t e r i e s , the l i f e t i m e and 
f a i l u r e r a t e has been improved g r e a t l y however , s m a l l b a t t e r i e s f a b r i c a t e d w i t h t h i s 
t e c h n i q u e are not y e t g e n e r a l l y a v a i l a b l e i n s m a l l q u a n t i t i e s . T a b l e 3 l i s t s the 
d imens ions o f s e v e r a l pr imary c h e m i c a l b a t t e r i e s t h a t are commonly used i n b i o t e l e 
metry s y s t e m s . 

NUCLEAR BATTERIES 
S m a l l n u c l e a r b a t t e r i e s were d e v e l o p e d f o r c a r d i a c pacemakers and c a n be used f o r 
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TIME 

F i g . 1. R e p r e s e n t a t i v e d i s c h a r g e c u r v e s f o r p r i m a r y b a t t e r i e s . 

o t h e r i m p l a n t i n s t r u m e n t s . Two t y p e s o f c o n v e r s i o n p r o c e s s e s are u s e d : b e t a v o l t a i c 
and t h e r m o e l e c t r i c . The former u t i l i z e s the e n e r g y o f the b e t a p a r t i c l e s e m i t t e d 
by the r a d i o i s o t o p e , promethium-147 , t o i n t e r a c t w i t h s i l i c o n p - n j u n c t i o n s t o 
g e n e r a t e e l e c t r i c a l e n e r g y ; the l a t t e r u t i l i z e s the h e a t g e n e r a t e d by t h e i s o t o p e , 
p l u t o n i u m - 2 3 8 , and t h e r m o e l e c t r i c e l ements to c o n v e r t h e a t i n t o e l e c t r i c a l e n e r g y . 
Table 4 summarizes the c h a r a c t e r i s t i c s o f a v a i l a b l e n u c l e a r b a t t e r i e s (Gasper and 
F e s t e r , 1975) . The maximum r a d i a t i o n l e v e l o f a l l d e v i c e s i s be low 20 mrem h""-̂  
and the a v e r a g e l e v e l i s be low 5 mrem h"'^. These v a l u e s are c o n s i d e r e d to be a c c e p t 
a b l e f o r the s a f e t y o f the p a t i e n t s and p o p u l a t i o n . Over 2300 n u c l e a r b a t t e r y -
powered pacemakers were i m p l a n t e d between 1970 and the end o f 1976, a c c o r d i n g to 
P a r s o n n e t (1977) , and t h e r e has not been a s i n g l e f a i l u r e r e p o r t e d s i n c e the b e g i n 
n i n g o f the i m p l a n t s . 

SECONDARY BATTERIES 
Table 5 summarizes the c h a r a c t e r i s t i c s o f s e c o n d a r y b a t t e r i e s t h a t can be r e c h a r g e d . 
Some o f the p o p u l a r c e l l d imens ions are a l s o g i v e n i n T a b l e 3 . Only the h e r m e t i 
c a l l y s e a l e d n i c k e l - c a d m i u m c e l l s have been used i n i m p l a n t e l e c t r o n i c s , due t o c o s t , 
a v a i l a b i l i t y and c y c l e l i f e t i m e . However, the r e c h a r g e a b l e b a t t e r i e s are used e x t e n 
s i v e l y i n the RF c o u p l e d or m a g n e t i c i n d u c t i o n power s o u r c e s . A b r i e f summary o f 
the s e l e c t i o n and use o f t h e s e s econdary b a t t e r i e s i s g i v e n b e l o w . 

The e n e r g y d e n s i t y and d i s c h a r g e c u r v e s o f the s e c o n d a r y c e l l s are g i v e n i n F i g . 3a 
and b . R e c e n t l y , l i t h i u m r e c h a r g e a b l e c e l l s have been r e p o r t e d and t h e i r c h a r a c 
t e r i s t i c s are i n c l u d e d i n Tab le 5 , b u t a t t h i s t ime they are not g e n e r a l l y a v a i l a b l e . 

When u s i n g N i - C d s e a l e d c e l l s , a t t e n t i o n s o u l d be g i v e n to c h a r g i n g r a t e and c e l l 
t e m p e r a t u r e . Most o f the N i - C d c e l l s a r e recommended a t 10 h c h a r g i n g r a t e { I = 
(AH/10) } f o r 15 h (150 p e r c e n t r e c h a r g e or 50 p e r c e n t o v e r c h a r g e ) . Many f a s t c h a r g 
i n g c e l l s can be c h a r g e d a t the one hour r a t e b u t the c h a r g i n g c i r c u i t h a s t o have 
an a u t o m a t i c c i r c u i t to reduce c h a r g e r a t e when the b a t t e r y approaches f u l l c h a r g e 
( L i n et al,y 1970) . A s a f e t y c i r c u i t s h o u l d be i n c l u d e d t o p r e v e n t the c e l l 
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40 

30 

σ 
t 20 

o 10 

(Discharge temperature 20®C) 
Sonyo lithium bottery LF .C (22 Κ ohms) 

Silver oxide battery G. i3 ( i lK ohms) 

Mercury ba t te ry H.C ( I lK ohms) 

200 4 0 0 600 800 
Discharge t i m e , h 

1000 1200 

N.B. Numerical values of mercury and silver oxide batteries are 
computed from J . I . S . standards. 

( α ) Discharge curve comparison wi th other bat ter ies 

Reaction formulae*. 

Anode reaction: 
Li Li + β 

Cathode reaction: 
IV m • 

MnOi tLite-^MnOi (Li I 
Total cell reaction: 

IV m • 
Li + MnOj -•MnOj (Li ) 

As α result, manganese dioxide is reduced 
from te t ra to tr i valent by l i th ium. 

( c ) Reaction formula 

Anode cap 

( b ) Structure 

F i g . 2 . L i t h i u m (SANYO L F - C ) b a t t e r y d i s c h a r g e c h a r a c t e r i s t i c 
and s t r u c t u r e . 

t emperature from g o i n g beyond 4 5 ° C t o a v o i d e x c e s s i v e g a s p r e s s u r e b u i l d - u p i n the 
c e l l whiöh may c a u s e an e x p l o s i o n . 

One o f t h e r e v e r s i b l e f a i l u r e modes o f t h e N i - C d c e l l i s r e f e r r e d t o as the memory 
e f f e c t w h i c h i s caused by r e p e t i t i v e d i s c h a r g e t o a s h a l l o w d e p t h . I f a c e l l i s 
d i s c h a r g e d t o 20 p e r c e n t o f i t s c a p a c i t y and t h e n f u l l y r e c h a r g e d , a f t e r many c y c l e s 
the c e l l memorizes t h i s and w i l l d e l i v e r o n l y 20 p e r c e n t o f i t s r a t e d c a p a c i t y b e f o r e 
the v o l t a g e drops down, when a deep d i s c h a r g e t o g r e a t e r c a p a c i t y i s a t t e m p t e d . 

Sometimes t h e r e i s a l s o t h e d e p r e s s i o n o f the d i s c h a r g e v o l t a g e c u r v e d u r i n g the 
l a t t e r p o r t i o n o f the d i s c h a r g e p e r i o d when the c e l l h a s been s u b j e c t e d t o p r o l o n g e d 
o v e r c h a r g e w i t h no u s e ( Y a t e s , 1 9 7 8 ) . 

For i m p l a n t sys tems u s i n g r e c h a r g e a b l e b a t t e r i e s , a r e m o t e l y c o u p l e d c h a r g i n g c i r c u i t 
i s needed t o c h a r g e the i m p l a n t e d b a t t e r y . C i r c u i t s d e s c r i b e d i n the n e x t p a r a g r a p h 
can be used f o r t h i s p u r p o s e . 

RF COUPLING AND MAGNETIC INDUCTION POWERING 
RF powering can be used t o power an i m p l a n t e l e c t r o n i c d e v i c e o v e r an i n d e f i n i t e 
p e r i o d i n s i d e the body by m a g n e t i c c o u p l i n g . T h i s power may be used t o s u p p l y t h e 
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Dimens ions o f s m a l l b a t t e r i e s u s e d i n b i o t e leme t ry 

E l e c t r o c h e m i c a l 
sys tem 

Type C a p a c i t y 
mA h 

Weight 
8 

H e i g h t / 
d i a m e t e r (cm) 

M e r c u r y / Z n RM-212 16 0 . 3 0 . 3 3 / 0 . 5 5 

1 . 4 V / c e l l RM-312 
E-312 
Hg-312 

36 0 .64 0 . 3 6 / 0 . 7 9 

RM-13GH 60 0 .98 0 . 5 3 3 / 0 . 7 9 

RM-400 
E-400 

80 1.15 0 . 3 4 5 / 1 . 1 6 

Hg 
RM-675 
E-695 
Hg-675 

160 2 .22 0 . 5 4 0 / 1 . 1 6 

RM-640 500 7.59 1 . 1 1 / 1 . 5 9 
S i l v e r o x i d e / Z n MS-13H 60 0 .98 0 . 5 3 3 / 0 . 7 9 
1 . 5 V / c e l l E-301 

W5-11 
100 1.68 0 . 4 1 5 / 1 . 1 6 

Li th ium/MN02 L F - A 
L F - C 

30 
120 

0 . 5 
1.5 

0 . 3 6 / 0 . 7 9 
0 . 5 4 / 1 . 1 6 

3 . 0 / c e l l L F - 1 / 2 W 200 4 . 0 0 . 2 8 / 2 . 4 5 
L i t h i u m T L - 7 1 80 1.8 0 . 3 5 / 1 . 1 5 
3 . 4 / c e l l T L - 7 3 180 2 .45 0 . 4 0 / 1 . 4 0 

L i / ( C F ) n BR-425 20 0 .55 2 . 5 9 / 0 . 4 2 
2 . 8 V / c e l l BR-2325 140 3 .1 0 . 2 5 / 2 . 3 

N i / C d r e c h a r g e a b l e GN-20B 20 1.50 0 . 5 5 / 1 . 1 5 
1 . 2 0 / c e l l GN-50B 50 2 .58 0 . 6 3 / 1 . 5 5 

RM and MS M a l l o r y , E - E v e r e a d y , H g - B o r g e s s , BR and W S - P a n a s o n i c , 
G N - G o u l d N a t i o n a l . 

L F - S a n y o , T L - T a d i r a n , 

c i r c u i t needs d i r e c t l y or may be used t o r e c h a r g e a b a t t e r y ( F r y e r , 1974) or a c a p a 
c i t o r (Ko et at,, 1979) w h i c h may s t o r e t h e e n e r g y f o r some t ime p e r i o d ^ A g e n e r a l 
b l o c k d iagram o f the RF power ing s y s t e m i s shown i n F i g . 4 a , if Μ = k ^L^L^ i s the 
mutua l i n d u c t a n c e between t h e c o i l s and ¿ 2 , = WLjE^, = WL^lRz a re the 
un loaded ^s o f the c o i l s . 

The power e f f i c i e n c y . 

2 2 

(1) 

I n p r a c t i c a l c a s e s , i?o i s de termined by the e l e c t r o n i c l o a d to be powered; Q^, 
are n e a r l y c o n s t a n t f o r a s e l e c t e d w i r e and c o n f i g u r a t i o n ; the e f f i c i e n c y (z/) w i l l 
b e de termined by k w h i c h depends on t h e c o r e s i z e and s p a c i n g . There are many ways 
to o p t i m i z e the e f f i c i e n c y . I f dyldR^ i s s e t t o z e r o i n t h e o p t i m i z a t i o n 
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T a b l e 4. 
C h a r a c t e r i s t i c s o f n u c l e a r b a t t e r i e s 

Type and m a n u f a c t u r e r S i z e Weight O u t p u t power 
(cm) (g ) (yW) 

C o n v e r s i o n e l e m e n t s 

B e t a c e l ™ , McDonne l l 2.4 x 2.3D 98 
D o u g l a s 

A t o m c e l l ™ , N u c l e a r 4.6 χ 1.7D 28 
B a t t e r y C o r p . 

G e n e r a l A t o m i c 

ARCO Nu-5 

S y n c a l 

C I T - A l c a t e l 

C o r a t o m i c 

3 . 8 X 1.6D 26 

6 .5 X 3 . 2 

3 .8 X 1.3D 

120 

28 

4 .7 X 2 .3D 30 

6 X 4 .70 X 1.92 61 

370 (3 3 . 6 V BOL S i l i c o n pn 
70 yW (3 2 .9 V J u n c t i o n s 
a f t e r 5 y r 

600 0 0 . 3 V Bismuth 
T e l l u r i d e 
Thermopi l e 

400 @ 0 .4 V Bismuth 
T e l l u r i d e 
Thermopi l e 

200 @ end o f C u p r o n - T o p h e l 
11 y r w i r e t a p e s 

300 (a 5 . 0 V S i l i c o n 
Germanium 
Thermopi l e 

250 @ 0 .55 V Bismuth 
T e l l u r i d e 
T h e r m o p i l e 

33 @ 4.05 V Bismuth 
T e l l u r i d e 
T h e r m o p i l e 

i?, = Hü Zop 
ifo (1 * k^QiQz)^ 

2 · n2 

and 

{1 + (1 + k^QiQ2)h^ 

(2) 

(3) 

i t i s s een t h a t f o r maximum k'^QiQi s h o u l d be m a x i m i z e d . 

F i g u r e 4b shows t h e t y p i c a l c o i l c o n f i g u r a t i o n where ¿ i , ¿ 2 c o a x i a l c o i l s o f 
d iameter di and í¿2 w i t h and n2 t u r n s r e s p e c t i v e l y . F o r a g i v e n ¿ 2 ( r e c e i v i n g c o i l 
d i a m e t e r ) and i n o r d e r t o maximize /c, the p r i m a r y c o i l d i a m e t e r di s h o u l d be : 

d^ = W 2 ^ + (2Z))^}^ (4) 

The p r o c e d u r e f o r d e s i g n i n g the RF c o u p l i n g c i r c u i t can be summarized as f o l l o w s 
(Ko, 1977): 

1. D e r i v e known c o n d i t i o n s : 
(a) i?o = VjLo a t the l o a d . 
(b) Determine the mean o r maximum s p a c i n g D r e q u i r e d . 
( c ) Determine ¿ 2 · 
(d) Determine f r e q u e n c y o f RF power ing / . 

2 . C a l c u l a t e di from E q u a t i o n ( 4 ) . 
3 . C a l c u l a t e (^2/2^1); shape f a c t o r o f c o i l s ¿ 2 ; and c o u p l i n g f a c t o r Ν 

from (Terman, 1947) and c a l c u l a t e k = 1.27N//F\F^. 
4. E s t i m a t e un loaded Qi, Q2* and c a l c u l a t e y^^. 
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Common name N i c k e l - c a d m i u m 
( s e a l e d ) 

S i l v e r - c a d m i u m L e a d - a c i d S i l v e r - z i n c L i t h i u m * 
T i t a n i u m 
D i s u l f i d e 

E l e c t r o c h e m i c a l 
sys tem 
V o l t a g e / c e l l 

N i c k e l - c a d m i u m S i l v e r - c a d m i u m Lead a c i d S i l v e r z i n c L i t h i u m E l e c t r o c h e m i c a l 
sys tem 
V o l t a g e / c e l l 1.2 1.1 2 1 . 5 - 2 . 1 1 . 5 - 1 . 9 

N e g a t i v e 
e l e c t r o d e 
(anode) 

Cadmium S i l v e r o x i d e Lead c a l 
c i u m / a n t i 
mony 

S i l v e r z i n c L i t h i u m 

P o s i t i v e 
e l e c t r o d e 
( c a t h o d e ) 

N i c k e l -
h y d r o x i d e 

Cadmium o x i d e Lead 
d i o x i d e 

Z i n c T i t a n i u m 
d i s u l f i d e 

E l e c t r o l y t e Aqueous s o l u 
t i o n o f p o t a s 
s ium h y d r o x i d e 

P o t a s s i u m 
h y d r o x i d e 

G e l l e d 
s o l u t i o n 
o f s u l 
p h u r i c 
a c i d 

P o t a s s i u m 
h y d r o x i d e 

C y c l e l i f e 300 t o 2000 150 to 300 200 t o 400 25 t o 100 -
T y p i c a l 
c a p a c i t i e s 

20 mAh t o 
10 Ah 

100 mAh t o 
> 50 Ah 

30 mAh to 
25 Ah 

50 mAh to 
> 50 Ah 

70-90 mAh 

Energy d e n s i t y 
W h / k g 
W h/cm^ 

26-35 
0 . 0 7 9 - 0 . 1 0 3 

48-75 
0 . 0 9 1 - 0 . 1 6 5 

1 7 . 5 - 2 2 
0 .067 

88-110 
0 . 1 5 3 - 0 . 1 9 5 

22-26 
0 .085 

Temperature 
r a n g e : 
S t o r a g e 
D i s c h a r g e 
C h a r g e 

- 4 0 - 1 4 0 ° F 
- 4 0 - 1 4 0 O F 
3 2 - 1 1 3 ° F 

- 8 5 - 1 6 5 ° F 
- 1 0 - 1 6 5 ° F 
32 -115°F 

- 4 0 - I O O O F 
- 7 6 - 1 4 0 O F 
32-113°F 

- 8 5 - 1 6 5 ° F 
- 1 0 - 1 6 5 O F 
32-1150F 

-

S h e l f l i f e F a i r F a i r to good Good F a i r t o good Good 

C o s t : 
I n i t i a l Medium t o h i g h H i g h Low H i g h -
* P r e l i m i n a r y s p e c , f o r B a t t e r y D i v i s i o n , Exxon E n t . S o m e r v i l l e , N J , U . S . A . 

5 . C a l c u l a t e L2 = Qi^zHy = \l {l-^f)'^!^ . 
6 . C a l c u l a t e L^, C j , n^, η^*· and w i r e s i z e . 

F o l l o w i n g t h i s p r o c e d u r e , s e v e r a l t e l e m e t r y and s t i m u l a t i o n RF power s o u r c e s were 
d e s i g n e d , w i t h s a t i s f a c t o r y r e s u l t s . 

I n d e s i g n i n g RF power c o u p l i n g s y s t e m , two a p p r o a c h e s have been d e m o n s t r a t e d , (1) u s i n g 
two d i f f e r e n t f r e q u e n c i e s f o r power ing and s i g n a l t r a n s m i s s i o n . T h i s i s s i m i l a r to 
the f r e q u e n c y d i v i s i o n m u l t i p l e x e x c e p t t h a t one c h a n n e l i s u s e d t o s u p p l y power t o 
the t e l e m e t r y u n i t . I n t h i s c a s e , the two f r e q u e n c i e s s h o u l d be f a r a p a r t to a v o i d 
i n t e r f e r e n c e , p a r t i c u l a r l y i n t e r f e r e n c e from t h e power c h a n n e l t o the s i g n a l c h a n n e l . 
Frequency r a t i o s ( / 1 / / 2 ) o f t o 100 were u s e d . Because the power ing c h a n n e l has 
much h i g h e r power, i t s h o u l d be k e p t c o n s t a n t by a r e g u l a t e d d c s u p p l y w h i c h h e l p s 
m a i n t a i n c o n s t a n t a m p l i t u d e . (2) The s e c o n d approach i s s i m i l a r to t h e t ime d i v i s i o n 
m u l t i p l e x , and i n v o l v e s u s i n g the same, or n e a r l y the same, f r e q u e n c y f o r power ing 
and s i g n a l t r a n s m i s s i o n , b u t t ime s h a r i n g t h e f r e q u e n c y by t u r n i n g t h e power c h a n n e l 
on and o f f and t r a n s m i t t i n g the s i g n a l w h i l e the power c h a n n e l i s o f f (Ko et dl,, 1979) , 
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RELATIVE DISCHARGE TIME 

F i g . 3 . C h a r a c t e r i s t i c s o f s e c o n d a r y b a t t e r i e s , (a) Power 
d e n s i t y , (b) d i s c h a r g e c u r v e s . 

For t e l e m e t r y p u r p o s e s , the l o a d requ irement i s g e n e r a l l y s m a l l , i n the o r d e r o f 1 mW. 
However, f o r s t i m u l a t i o n purposes o r f o r c h a r g i n g s e c o n d a r y b a t t e r i e s , t h e power 
r e q u i r e d w i l l be s e v e r a l o r d e r s o f magni tude h i g h e r . The p r i n c i p l e f o r the d e s i g n o f 
h i g h e r power c o u p l i n g c i r c u i t s and t h e s w i t c h e d c o u p l i n g c i r c u i t i s the same as f o r 
low power c o u p l i n g , b u t e a c h c a s e w i l l need i n d i v i d u a l a d j u s t m e n t . The p r e s e n t p r o 
cedure can be used as a f i r s t s t e p f o r d e s i g n i n g a l l t y p e s o f RF power ing c i r c u i t s . 
Three RF powered i m p l a n t sys tems c o v e r i n g d i f f e r e n t c a s e s w i l l be g i v e n as e x a m p l e s . 

IMPLANT INTRACRANIAL PRESSURE AND TEMPERATURE MONITORING SYSTEM 

The implant i n t r a c r a n i a l p r e s s u r e ( I C P ) and temperature m o n i t o r i n g s y s t e m i s aimed a t 
m o n i t o r i n g the I C P o f n e u r o s u r g i c a l p a t i e n t s f o r a p e r i o d from weeks t o y e a r s . F i g u r e 5 
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a . 

O S C I L L A  POWER 
TOR A M P L I F I E R 

Tl 

F i g . 4 . (a) B a s i c RF power ing b l o c k d i a g r a m , and (b) c o i l 
c o n f i g u r a t i o n . 

Tetnp 
Sensor ^

Pulse Freq. | 
Hodulator |—1 

RF 
[Receiver I 

Signal 
Demodulator I 

I Temp i ATP 
ICamp Circui t 

Chart 
Recorder 

F i g . 5. B l o c k d iagram o f the I C P t e l e m e t r y s y s t e m . 
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shows the b l o c k d iagram o f the s y s t e m . RF power a t 3 .5 MHz i s u sed t o power the 
i m p l a n t e l e c t r o n i c s , wh ich t r a n s m i t the p r e s s u r e and t emperature i n f o r m a t i o n a t 
120 MHz. 

F i g u r e 6 i l l u s t r a t e s the s t r u c t u r e and c o n s t r u c t i o n i n f o r m a t i o n o f : (a) the e x t e r n a l 
u n i t i n c l u d i n g the 3 .5 MHz power ing c o i l and the 120 MHz r e c e i v i n g c o i l ; and (b) the 
i m p l a n t u n i t i n c l u d i n g the 3 .5 MHz power d e t e c t o r c i r c u i t and the 120 MHz t r a n s m i t t i n g 
c o i l . The aim i s t o a l l o w 0 . 2 to 1.5 cm s e p a r a t i o n between the power ing c o i l and 
d e t e c t o r w i t h a maximum of 1.5 cm m i s a l i g n m e n t o f the a x i s , g i v i n g a 1 mW power and 
4 V a t the i m p l a n t power d e t e c t o r t e r m i n a l s . 

90mm. Η 

SKIN BOUNDARY / 

METAL FLATPACK 

COIL FUNCTION TURNS DIAMETER VIRE GAUGE 

SIGNAL 
RECEIVER 

1 T. 43 m. 20 

•-2 POWER 
TRANSMITTING 

12 T. 65 m. 28 

POMER 
OHECTOR 

2 LAYERS 
24T λ 23T 

RECTANGULAR 
16·9.5·3.2 

rti. 

•Λ 

^4 SIGNAL 
TRAfiSMiniNG 

5 Τ. 4.5 m. 26 

(b) 

F i g . 6 . S t r u c t u r e o f RF power ing c o i l s used i n I C P t e l e m e t r y 
u n i t , (a) C o i l s s t r u c t u r e ; (b) C o i l w i n d i n g i n f o r m a 
t i o n . 

F i g u r e 7 i s a p h o t o g r a p h o f the i m p l a n t u n i t . Some i n t e r e s t i n g r e s u l t s o b t a i n e d 
from t h i s sy s t em on a human p a t i e n t a r e shown i n F i g . 8 . The change o f I C P d u r i n g 
a c t i v i t y and the s p o n t a n e o u s r i s e o f I C P t o form a p l a t e a u wave and a p p a r e n t d e c r e a s e 
o f I C P a f t e r awakening can be s een c l e a r l y . T h i s i n f o r m a t i o n i s n o t o b t a i n a b l e by 
any o t h e r means than t e l e m e t r y . 

S I N G L E FREQUENCY RF POWERED SYSTEMS 

By t ime s h a r i n g a f r e q u e n c y f o r power ing and s i g n a l t r a n s m i s s i o n , 
between the two f u n c t i o n s i s e s s e n t i a l l y e l i m i n a t e d ; the c i r c u i t 

the i n t e r f e r e n c e 
can be s i m p l i f i e d ; 
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( c ) 

POWER 

d= 2.4 run. 

d= 7.0 mm. 

d= η mm. 

3/4R 1/2R 1/4R 1/4R 1/2R 3/4R X 

( d 

F i g . 6. Per formance o f the c o i l s . (c ) Power v e r s u s s e p a r a 
t i o n between c o i l s ; (d) power v e r s u s l a t e r a l m i s a l i g n 
ment . 

F i g . 7. I C P i m p l a n t u n i t . 

and s i n c e one tank c i r c u i t i s used f o r b o t h f u n c t i o n s , the volume o f the i m p l a n t 
u n i t can be r e d u c e d . T h i s RF power ing scheme was s t u d i e d a t the E n g i n e e r i n g D e s i g n 
C e n t e r , C a s e Western R e s e r v e U n i v e r s i t y (Ko, 1977; Kou, 1976) . The b l o c k 
d iagram o f a t h r e e c h a n n e l t e l e m e t r y s y s t e m i s shown i n F i g . 9 a l o n g w i t h the t i m i n g 
d i a g r a m . The s i g n a l i s t r a n s m i t t e d as p u l s e p o s i t i o n modu la ted (PPM) c a r r i e r p u l s e s 
i n the t ime s l o t when t h e RF p o w e r i n g o s c i l l a t o r i s t u r n e d o f f . Many v a r i a t i o n s o f 
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50 TORR 

16 TORR -4 

-18 TORRJ—. 

F i g . 8 . I C P r e c o r d i n g of a human p a t i e n t d u r i n g s l e e p w i t h 
spontaneous changes i n I C P d u r i n g s l e e p . (Recorded 
by C o n t i n u o u s T e l e m e t r y M o n i t o r i n g ) . 

Multiplexer 

Modulator 

Transmitter 

& 
Power Detector 

Implant Unit 
Transducer Ä Amp. 

RF powering 
uni t Ό Receiver & 

demodulation 

Synchronization 
Clock 

F i g . 9 . s i n g l e f r e q u e n c y RF power ing t e l e m e t r y s y s t e m , 
(a) Sys tem b l o c k d i a g r a m . 

d e s i g n c a n be p u r s u e d . The d u t y c y c l e o f the RF power ing o s c i l l a t o r can be v a r i e d 
and more than one s i g n a l c h a n n e l can be t r a n s m i t t e d d u r i n g one t ime s l o t . Both t h e 
t h r e e c h a n n e l and s i n g l e c h a n n e l u n i t were c o n s t r u c t e d and t e s t e d i n t h e l a b o r a t o r y . 
The RF power ing c o i l i s a t h r e e t u r n , 12 cm d i a m e t e r c o i l and the i m p l a n t c o i l i s an 
a i r c o r e or f e r r i t e core c o i l o f 1 cm d i a m e t e r . 

An i n t e r e s t i n g d e s i g n by Hynecek (Ko et al., 1979) i s shown i n F i g . 10 where t h e 
j u n c t i o n F E T , Q - 1 , i s used a s a d i o d e r e c t i f i e r d u r i n g the power ing p h a s e , when Q2 
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CLOCK FOR R - F POWERING CHANNEL SYNCHRONIZATION 

SYNCHRONIZATION 

SIGNAL FROM THE 
RADIO RECEIVER 

' EKG 
1 0 to 12 MR 

PULSE 

RESSURE TEMPERATURE 

FIRST INFORMA- SECOND INFOR- THIRD INFOR-
TION CHANNEL MATION CHANNEL MATION CHANNEL 

F i g . 9 b . I n p u t s i g n a l f o r m a t . 

SYNC PULSE 

TO 

MODULATOR 

C 3 : 

FROM MODULATOR 

R3 JL 
350K 

F i g . 10. O s c i l l a t o r - d e t e c t o r c i r c u i t d i a g r a m o f s i n g l e f r e q u e n c y 
RF power ing s y s t e m . 

i s turned o f f . The r e c t i f i e d RF e n e r g y from the tank c i r c u i t and 
i n C5, and the v o l t a g e i s r e g u l a t e d by the Zener d i o d e Z)^- ^1 ^3 used t o 
g e n e r a t e the s y n c h r o n i z i n g p u l s e f o r t h e m o d u l a t o r . When Q2 i s t u r n e d on by the 
m o d u l a t o r f o r a t ime p e r i o d τ a f t e r the RF power ing s i g n a l s t o p s , Qi^Qs and Ci^ 
C'¿ become an o s c i l l a t o r , t r a n s m i t t i n g the p o s i t i o n m o d u l a t e d p u l s e s i g n a l to the 
e x t e r n a l r e c e i v e r t h r o u g h the same tank c i r c u i t . T h i s p r i n c i p l e was u s e d f o r s i n g l e 
channe l ECG t e l e m e t r y o f r h e s u s monkeys f o r s e v e r a l months w i t h good r e s u l t s . 



240 W. Η. Ko 

RF POWERED NEUROMUSCULAR STIMULATOR 

F u n c t i o n a l e l e c t r i c a l s t i m u l a t i o n i s b e i n g used f o r b o t h s e n s o r y p r o s t h e s e s as w e l l 
as f o r neuromuscu lar d i s o r d e r s . I m p l a n t d e v i c e s have been used f o r v i s u a l and h e a r 
ing p r o s t h e s e s ( M l a d e j o v s k y , 1976) as w e l l as f o r the c o n t r o l o f (a) h e a r t r a t e , 
(b) r e s p i r a t i o n r a t e , ( c ) u r i n a r y b l a d d e r f u n c t i o n , (d) p a r a l y z e d l imb m u s c l e s , 
(e) m u s c l e s c o n n e c t e d to the s p i n a l column and ( f ) nerve sys tem f o r p a i r s u p p r e s s i o n 
(Hembrecht and R i s w i c k , 1977; R i c h a r d s o n , 1976; Swiontek et al.^ 1 9 7 6 ) . The power 
l e v e l r e q u i r e d f o r s t i m u l a t i o n i s g e n e r a l l y h i g h e r than t e l e m e t r y can p r o v i d e . 
A v e r a g e power of s e v e r a l mW, and peak power a t w a t t l e v e l s are n e e d e d . RF power ing 
h a s been used i n many c h r o n i c i m p l a n t s to a v o i d the l a r g e volume and w e i g h t r e q u i r e d 
f o r pr imary or s e c o n d a r y b a t t e r i e s . 

F i g u r e 11 i l l u s t r a t e s the b l o c k d iagram of a f o u r c h a n n e l l imb musc l e s t i m u l a t o r 
sys tem f o r the c o n t r o l o f f i n g e r g r a s p . Three c h a n n e l s are used f o r p r o p o r t i o n a l 
c o n t r o l o f g r a s p and one c h a n n e l f o r t h e r e l e a s e o f g r a s p . The RF power ing c o i l s 
are shown i n F i g . 12 w i t h c o r r e s p o n d i n g c o n s t r u c t i o n i n f o r m a t i o n . F i g u r e 13 shows 
the per formance of the c o i l s . F i g u r e 14 shows the h y b r i d c i r c u i t s t i m u l a t o r b e f o r e 
f i n a l package f o r c h r o n i c i m p l a n t i n a s m a l l a n i m a l . 

CONTROL 
LOGIC 

EXTERNAL CONTROLLER 

25 MHz 
bSCILLATORT 

BUFFER CLASS C 
AMPLIFIER 

COUPLING 
NETWORK 

TRANSMITTING 
ANTENNA 

S K I N 

STMULUS 
OUTPUTS CONTROL 

REGULATOR 

IMPLANT RECEIVER 

SIGNAL 
CONDITION 
ER 

RECEIVINC} 
ANTENNA 

RECTIFIER 

F i g . 11. B l o c k d iagram o f RF powered m u l t i c h a n n e l m u s c l e 
s t i m u l a t o r . 

B I O L O G I C A L B A T T E R Y , BODY FLUID CELL A ND BODY ENERGY 
CONVERTERS 

B e s i d e s t h e power s o u r c e s d i s c u s s e d a b o v e , t h e r e are many o t h e r means t o t r a n s f e r 
e l e c t r i c a l energy i n t o the b o d y . Andren (1968) has r e p o r t e d on the use o f t r a n s 
cutaneous c a r b o n bot toms t o p r o v i d e d i r e c t c o n n e c t i o n through s k i n b o u n d a r y , and 
the use o f a s k i n t u n n e l t r a n s f o r m e r . B i o l o g i c a l b a t t e r i e s u s i n g d i s s i m i l a r m a t e r i a l s 
t o form g a l v a n i c c e l l s from b l o o d or body f l u i d as the e l e c t r o l y t e have b e e n d e s 
c r i b e d ( P a r s o n n e t , 1964; R a c i n e and M a s s i e , 1966; R e y n o l d s , 1 9 6 4 ) . T a b l e 6 summar
i z e s the c h a r a c t e r i s t i c s o f some o f the body f l u i d c e l l s . S i n c e the u n i t f u n c t i o n s 
as a g a l v a n i c c e l l , t h e anode m a t e r i a l w i l l d i s s o l v e and t h e r e i s the prob lem o f 
c o r r o s i o n on o t h e r e l e c t r o d e s . These m e t a l i o n s must be e x p e l l e d by body o r g a n s or 
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COAXIAL CABLE 

MATCHING NETWORK 

VELCRO BELT 

TRANSMITTING ANTENNA 

COIL DATA 

RECEIVING ANTENNA 

COIL SHAPE SIZE WIRE AWG LAYER rURNS L,uH 

TRANSMIT ROUND 3" ID 
0.08" Τ 

18 1 2 0.9 

RECEIVING RECTANGLE 1.0"xl.4" 
xO.l" Τ 

28 1 7 5.1 

F i g . 12 . T r a n s m i t t i n g and r e c e i v i n g a n t e n n a f o r m u s c l e s t i m u 
l a t o r s y s t e m . 

w i l l accumula te and have t o x i c e f f e c t s . T h e r e f o r e , they can n o t be u s e d where t h e 
t o x i c e f f e c t may be damaging . E x p e r i m e n t s h a v e b e e n r e p o r t e d on i m p l a n t a b l e f u e l 
c e l l s wh ich a l l o w oxygen and f u e l s p r e s e n t i n body f l u i d s t o r e a c t and g e n e r a t e e l e c 
t r i c a l e n e r g y (Yao et al., 1969; Dohan et al,, 1 9 7 1 ) . The f u e l s s t u d i e d i n c l u d e : 
g l u c o s a m i n e , o t h e r c a r b o h y d r a t e s , and p o l y s a c c h a r i d e s . However , t h e s e f u e l c e l l s 
are s t i l l under development and w i l l no t be a v a i l a b l e f o r g e n e r a l use f o r many y e a r s . 

Many o t h e r forms o f e n e r g y can be t r a n s m i t t e d a c r o s s the body boundary such as l i g h t , 
i n f r a r e d , v i b r a t i o n and u l t r a s o u n d . I n p r i n c i p l e , t h e s e forms o f e n e r g y can be used 
i n a s i m i l a r way as RF e n e r g y t o p r o v i d e a boundary c o u p l i n g a c r o s s t h e b o d y . As y e t 
no p r a c t i c a l t e c h n i q u e f o r g e n e r a l a p p l i c a t i o n e x i s t s i n the l i t e r a t u r e . 

E n e r g y c o n v e r t e r s can be used t o t r a n s f o r m body e n e r g y i n t o e l e c t r i c i t y . F o r example , 
thermal e n e r g y c o n t a i n e d i n a t empera ture d i f f e r e n c e between the deep p a r t and the 
s u r f a c e o f the body can be u t i l i z e d to g e n e r a t e e l e c t r i c power w i t h t h e r m o e l e c t r i c 
e l e m e n t s . The c h e m i c a l energy a s s o c i a t e d w i t h pH d i f f e r e n c e s between t h e s tomach 
and o t h e r p a r t s o f the body f l u i d may be e x p l o r e d . The many c y c l i c m o t i o n s o f the 
body s u c h as b l o o d f l o w , h e a r t b e a t , r e s p i r a t i o n , and m u s c l e movement may be c o n 
v e r t e d i n t o e l e c t r i c a l e n e r g y w i t h e l e c t r o m a g n e t i c d e v i c e s and p i e z o e l e c t r i c m a t e r i a l . 
F i g u r e 15 shows a m e c h a n i c a l c o n v e r t e r c o u p l e d t o a h e a r t t h a t can c o n v e r t t h e h e a r t 
movement i n t o the v i b r a t i o n o f a p i e z o e l e c t r i c beam t h a t g e n e r a t e s ac power t o be 
r e c t i f i e d and used to power a pacemaker . Such d e v i c e s were f a b r i c a t e d and c o u p l e d 
to dogs* h e a r t s t h a t g e n e r a t e d 30 yW f o r s e v e r a l months (Ko , 1 9 6 6 ) . However , f o r 
p r a c t i c a l a p p l i c a t i o n f u r t h e r r e s e a r c h i n m a t e r i a l and e s i g n must be c a r r i e d o u t . 

C O N C L U S I O N 
I n c o n c l u s i o n , l i t h i u m c e l l s and o t h e r p r i m a r y c e l l s are s i m p l e to use i f c o s t and 
a v a i l a b i l i t y are not s e r i o u s p r o b l e m s . They are p r e f e r r e d power s o u r c e s b e c a u s e o f 
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χ LATERAL DISPLACEMENT. INCHES 
(d ̂  = TRANSMITTING ANTENNA RADIUS) 

0 . 5 1 . 0 1 . 5 2 . 0 

Y L A T E R A L D I S P L A C E M E N T , I N C H E S 

F i g . 13a. P i c k - u p v o l t a g e and power v e r s u s l a t e r a l d i s p l a c e 
ment (22 kQ l o a d ) . 

t h e i r s i m p l i c i t y and b e c a u s e no s p e c i a l s k i l l s are r e q u i r e d f o r t h e i r u s e . L i f e t i m e s 
from 5 t o 10 y e a r s can be o b t a i n e d . F o r c h r o n i c i m p l a n t o p e r a t i o n , or where the 
implant s i z e or w e i g h t i s a l i m i t i n g f a c t o r , RF p o w e r i n g , i n v o l v i n g e i t h e r a two 
f r e q u e n c y or s i n g l e f r e q u e n c y approach may be u s e d . F o r f u t u r e r e s e a r c h i n power 
s o u r c e s , t h e r e a l f u e l c e l l and m e c h a n i c a l c o n v e r t e r seem t o o f f e r good p o s s i b i l i t i e s . 
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F i g . 13b. V o l t a g e and power v e r s u s an tenna v e r t i c a l d i s p l a c e m e n t . 

F i g . 14 . H y b r i d c i r c u i t i n M a c o r ™ c e r a m i c c a p s u l e w i t h a n t e n n a 
and f e e d t h r o u g h s ( i m p l a n t m u s c l e s t i m u l a t o r ) . 
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T a b l e 6 . 
B i o l o g i c a l b a t t e r y 

E l e c t r o d e s V o . c . ( V o l t s ) Po (yW) ^ u t 

C a t . Anode M e a s . C a l c . ISkf iRL 470fiRL (kß) 

P t - B k HSS 0 .70 1.67 80 2 

P t Zn 1.12 1.99 50 1 

Pt Zn 1.0 1.99 30 10 

Ag Zn 0 .7 0 .91 20 1 

A g C l HSS 0 .64 0 .66 300 0 .6 

A g C l Zn 1.0 0 .98 60 1200 0 . 5 

CERAMIC 
WAFER 

E« k 8 

• T — W 1 

5 • Λ Λ Λ γ -

F i g . 15 . M e c h a n i c a l c o n v e r t e r f o r pacemaker . 
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Abstract — The l o n g e v i t y o f s o l a r t r a n s m i t t e r s e n a b l e s the 
r e s e a r c h e r to g a t h e r l o n g t e r m l i f e h i s t o r y i n f o r m a t i o n w h i c h 
was p r e v i o u s l y l i m i t e d by p a c k a g e w e i g h t and b a t t e r y l i f e 
a s s o c i a t e d w i t h c o n v e n t i o n a l p r i m a r y power s o u r c e s ( i . e . m e r c u r y , 
l i t h i u m , and s i l v e r o x i d e b a t t e r i e s ) . C o n t i n u o u s t r a n s m i s s i o n 
i s p o s s i b l e w i t h r e l a t i v e l y low l e v e l s o f i n d i r e c t s o l a r r a d i a 
t i o n , depending upon t r a n s m i t t e r d e s i g n . These range i n s i z e 
and c a p a b i l i t i e s from d a y l i g h t o n l y , 6 g , 1.25 V , s i n g l e s t a g e 
s u b m i n i a t u r e t r a n s m i t t e r w i t h a power o u t p u t o f 0 .25 mW and a 
t r a n s m i s s i o n range of 2 km (ground to g r o u n d ) ; t o a r e c h a r g e 
a b l e , 800 g , 2 .5 V , t w o - s t a g e s t a n d a r d t r a n s m i t t e r w i t h a power 
o u t p u t o f 2 mW and a t r a n s m i s s i o n r a n g e o f 9 . 5 km (ground to 
g r o u n d ) . A t t e n t i o n must be g i v e n to a t t a c h m e n t d e s i g n to e n s u r e 
s o l a r p a n e l e x p o s u r e t o s o l a r r a d i a t i o n . Examples o f a t t a c h m e n t 
t e c h n i q u e s a r e ; f i t t e d c o l l a r , s l i p - o n neck c o l l a r , d o r s a l h a r 
n e s s , t a i l - c l i p , t a r s u s ' b r a c e l e t * , and c u t a n e o u s a d h e s i o n . 
Gray p a r t r i d g e (Perdix perdix) have been m o n i t o r e d w i t h 10.5 g 
( t o t a l p a c k a g e w e i g h t ) r e c h a r g e a b l e s o l a r t r a n s m i t t e r s i n e a s t -
c e n t r a l W i s c o n s i n , U . S . A . , t o g a t h e r y e a r - r o u n d l i f e h i s t o r y 
i n f o r m a t i o n p r e v i o u s l y u n a t t a i n a b l e v i a c o n v e n t i o n a l p r i m a r y 
power b a t t e r i e d t r a n s m i t t e r s . 

INTRODUCTION 
Radio t e l e m e t r y i s an e s t a b l i s h e d r e s e a r c h t e c h n i q u e f o r the s t u d y o f a n i m a l b e h a v i o r , 
p h y s i o l o g y , and movements (LeMunyan et al,, 1959; M a r s h a l l , G u l l i o n and Schwab, 
1962; Cochran and L o r d , 1963) . T h i s paper d i s c u s s e s t h e use o f s o l a r c e l l s as an 
a l t e r n a t i v e t o c o n v e n t i o n a l p r i m a r y power s o u r c e s ( i . e . m e r c u r y , l i t h i u m , and s i l v e r 
o x i d e b a t t e r i e s ) , f o r r a d i o t r a n s m i t t e r s as s u g g e s t e d by C o c h r a n and L o r d ( 1 9 6 3 ) . 
S o l a r t r a n s m i t t e r s p r o v i d e a g r e a t e r e n e r g y - t o - w e i g h t and e n e r g y - t o - v o l u m e r a t i o i n 
s m a l l e r p a c k a g e s than c o n v e n t i o n a l pr imary b a t t e r y powered t r a n s m i t t e r s . The i n c r e a s e d 
l o n g e v i t y o f s o l a r t r a n s m i t t e r p a c k a g e s e n a b l e s the r e s e a r c h e r t o g a t h e r l o n g t e r m 
l i f e h i s t o r y i n f o r m a t i o n on ' w e i g h t s e n s i t i v e ' s p e c i e s w i t h o u t h a v i n g to r e c a p t u r e 
the r a d i o t a g g e d c o h o r t t o r e p l a c e e x p i r e d b a t t e r i e s . 

M E T H O D S 
There are two b a s i c t y p e s o f s o l a r t r a n s m i t t e r s , d a y l i g h t o n l y and r e c h a r g e a b l e . 
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D a y l i g h t o n l y t r a n s m i t t e r s o p e r a t e from the power e m i t t e d by the s o l a r m i c r o g e n e r a -
t o r p a n e l s v i a a s t o r a g e c a p a c i t o r . T r a n s m i s s i o n o c c u r s o n l y d u r i n g d a y l i g h t h o u r s , 
and may t e m p o r a r i l y d i s c o n t i n u e when s o l a r r a d i a t i o n i s s e v e r e l y r e s t r i c t e d ( e . g . 
f o g , dense c l o u d c o v e r , dense v e g e t a t i o n or i n den c a v i t i e s ) . The f i e l d l i f e o f 
d a y l i g h t o n l y t r a n s m i t t e r s may be as l o n g as 8 y e a r s (D . R o y c e , p e r s o n a l communica
t i o n ) . M a j o r f a c t o r s l i m i t i n g l o n g e v i t y are a t t a c h m e n t f a i l u r e , an tenna b r e a k a g e 
and the e v e n t u a l f a i l u r e o f the s t o r a g e c a p a c i t o r . 

R e c h a r g e a b l e s o l a r t r a n s m i t t e r s o p e r a t e from power s u p p l i e d by a n i c k e l - c a d m i u m 
(Nied) b a t t e r y r e c h a r g e d through the s o l a r p a n e l s ( F i g . 1 ) . T r a n s m i s s i o n i s p o s s i b l e 
on a 24 h b a s i s and d u r i n g ex tended p e r i o d s o f r e s t r i c t e d s o l a r r a d i a t i o n . I n most 
i n s t a n c e s 2 .5 to 5 h of c o n t i n u o u s i n d i r e c t s u n l i g h t w i l l s u f f i c i e n t l y c h a r g e the 
NiCd b a t t e r y f o r 24 to 36 h o f t r a n s m i s s i o n , depending upon b a t t e r y s i z e and d r a i n . 
The f i e l d l i f e o f r e c h a r g e a b l e s o l a r t r a n s m i t t e r s i s l i m i t e d by the number o f t imes 
the NiCd b a t t e r y can be r e c h a r g e d . The s m a l l e r a v i a n s i z e t r a n s m i t t e r s have a f i e l d 
l i f e of 3 y e a r s , and l a r g e r mammalian s i z e t r a n s m i t t e r s have a f i e l d l i f e o f 
5 y e a r s ( 0 . R o y c e , p e r s o n a l c o m m u n i c a t i o n ) . The l a r g e s t b a t t e r y s i z e t h a t 
a s u b j e c t can t o l e r a t e i s g e n e r a l l y recommended to maximize l o n g e v i t y and p r e v e n t 
e x c e s s i v e d i s c h a r g i n g . L i k e w i s e , b a t t e r y s i z e d i c t a t e s the s o l a r p a n e l s u r f a c e a r e a 
n e c e s s a r y f o r r e c h a r g i n g , and may be a c o n s i d e r a t i o n i n d e t e r m i n i n g shape and dimen
s i o n s of the t r a n s m i t t e r p a c k a g e . 

V 
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F i g . 1. S c h e m a t i c f o r t w o - s t a g e r e c h a r g e a b l e s o l a r t r a n s m i t t e r . 
S : s o l a r p a n e l s 3-6 v d c ; D : b l o c k i n g d i o d e , 1N4001; 
E : 3 vdc r e c h a r g e a b l e b a t t e r y ; C ^ : c a p a c i t o r , .001 mfd; 
C 2 : c a p a c i t o r , 2 . 2 - 1 0 mfd; C 3 : c a p a c i t o r , 6-35 p F ; 
C ^ : c a p a c i t o r , 15-22 p F ; R^: r e s i s t o r , 270 K - 1 ΜΩ; 
R 2 : r e s i s t o r , 1 .5 -8 ΚΩ; R 3 : r e s i s t o r , 1.5 ΚΩ; CR: f o r 
a c r y s t a l f r e q u e n c y o f 1-64 MHz = o p e r a t i n g f r e q u e n c y , 
65-129 MHz = o p e r a t i n g f r e q u e n c y - 5 K H z / 2 , 130-220 MHz = 
o p e r a t i n g f r e q u e n c y - 1 0 K H z / 3 ; and Q2: t r a n s i s t o r . 
M o t o r o l a MMT3014; L ^ : i n d u c t o r , 0 . 3 3 - 1 yH; L 2 : i n d u c t o r , 
6 t u r n s . N o . 24 AWG on a 5 /32" d i a m e t e r f e r r i t e c o r e . 
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The s h e l f - l i f e o f c o m p l e t e l y assembled s o l a r t r a n s m i t t e r s s u p p l i e d by Te l emetry 
Systems I n c . (5830 North Shore D r . , M i l w a u k e e , W i s c o n s i n 53217, U . S . A . ) , i s 10 y e a r s 
i f kept i n t o t a l darkness a t a t empera ture r a n g e o f 4 to 21^0. I n a d d i t i o n , s o l a r 
t r a n s m i t t e r s are c a p a b l e of o p e r a t i n g between -57 and 6 5 ° C , w i t h the e f f i c i e n c y o f 
the s o l a r c e l l s i n c r e a s i n g a t lower t e m p e r a t u r e s and d e c r e a s i n g a t h i g h e r t empera
t u r e s . S o l a r t r a n s m i t t e r s range i n s i z e and c a p a b i l i t i e s from d a y l i g h t o n l y , 6 g , 
1.25 V , s i n g l e s t a g e s u b m i n i a t u r e t r a n s m i t t e r s w i t h a power o u t p u t o f 0 .25 mW and a 
t r a n s m i s s i o n range o f 2 km; t o a r e c h a r g e a b l e , 800 g , 2 .5 V , t w o - s t a g e s t a n d a r d 
t r a n s m i t t e r w i t h a power o u t p u t o f 2 mW and a t r a n s m i s s i o n range o f 9 .5 km. Ranges 
are l i n e - o f - s i g h t g r o u n d - t o - g r o u n d t r a n s m i s s i o n u s i n g a RT-20A r e c e i v e r (Te lemetry 
Systems I n c . ) and a v e h i c l e mounted 8 -e lement Y a g i a n t e n n a . 

The requirement f o r s o l a r c e l l s t o be exposed t o s o l a r r a d i a t i o n can l i m i t the a p p l i 
c a b i l i t y o f s o l a r t r a n s m i t t e r s f o r some s p e c i e s . To e n s u r e ample s o l a r e x p o s u r e , 
s t r i c t a t t e n t i o n must be g i v e n to the a t t a c h m e n t d e s i g n . T r a n s m i t t e r s a t t a c h e d to 
g r a y p a r t r i d g e (Perdix perdix), sage g r o u s e {Centraoevous urophasianus), and s p r u c e 
g r o u s e (Canachites canadensis) have absorbed s u f f i c i e n t s o l a r r a d i a t i o n d e s p i t e 
d o r s a l f e a t h e r s b e i n g preened over the s o l a r p a n e l s u r f a c e a r e a . C o u n t e r b a l a n c e s 
on c o l l a r s a t t a c h e d to w h i t e t a i l deer (Odocoileus virginianus), woodland c a r i b o u 
(Rangifer tarandus), and c o y o t e (Canis latrans) have s u c c e s s f u l l y m a i n t a i n e d s o l a r 
p a n e l s i n an u p r i g h t p o s i t i o n . The r e t r i e v a l o f s o l a r t r a n s m i t t e r s a f t e r m o r t a l i t y 
can be a problem i f the s o l a r p a n e l s are f a c e d downward on the ground s u r f a c e , or 
i f the t r a n s m i t t e r i s l o c a t e d i n an a r e a o f r e s t r i c t e d s u n l i g h t . Some examples o f 
a t t a c h m e n t t e c h n i q u e s which have been used s u c c e s s f u l l y i n c l u d e : a f i t t e d c o l l a r on 
pronghorn a n t e l o p e (Antilocapra americana), s l i p - o n c o l l a r on Canada gee se (Branta 
canadensis), d o r s a l h a r n e s s on b l u e g r o u s e (Dendrapagus obscurus), t a i l - c l i p on 
k e s t r e l (Falco sparverius), t a r s u s ' b r a c e l e t ' on s a n d h i l l c r a n e (Grus canadensis), 
and cutaneous a d h e s i o n on a r m a d i l l o (Dasypus novemcinctus) . 

The c o s t o f s o l a r t r a n s m i t t e r s i s s l i g h t l y g r e a t e r t h a n c o n v e n t i o n a l p r i m a r y b a t t e r y 
powered t r a n s m i t t e r s . C o m p l e t e l y assembled a 17 g r e c h a r g e a b l e s o l a r t r a n s m i t t e r 
t y p i c a l l y used on r i n g - n e c k p h e a s a n t (Phasianus colchicus) c o s t a p p r o x i m a t e l y US 
$100, a comparable 18 g l i t h i u m t r a n s m i t t e r would c o s t a p p r o x i m a t l e y US $85 . 

D I S C U S S I O N 
I have used r e c h a r g e a b l e s o l a r t r a n s m i t t e r s w e i g h i n g 10 .5 g ( t o t a l p a c k a g e w e i g h t ) 
on g r a y p a r t r i d g e i n e a s t - c e n t r a l W i s c o n s i n , U . S . A . , f o r the p a s t two y e a r s . S i n c e 
w i n t e r t r a p p i n g i s t h e o n l y r e l i a b l e c a p t u r e t e c h n i q u e i n N o r t h A m e r i c a , i t was 
n e c e s s a r y t o m o n i t o r g r a y p a r t r i d g e f o r a p p r o x i m a t e l y 9 months to s t u d y r e p r o d u c t i v e 
b e h a v i o r through the brood r e a r i n g p e r i o d . A l t h o u g h i t i s d i f f i c u l t t o a s s e s s the 
e f f e c t o f t r a n s m i t t e r p a c k a g e s on the b e h a v i o r o f f r e e r a n g i n g a n i m a l s , g r a y p a r t r i d g e 
i n W i s c o n s i n have met the c r i t e r i a used by Brander (1968) f o r normal b e h a v i o r o f 
t r a n s m i t t e r - e q u i p p e d r u f f e d g r o u s e i n M i n n e s o t a . M o n i t o r e d p a r t r i d g e have s u r v i v e d 
abnormal ly s e v e r e w i n t e r c o n d i t i o n s , m a t e d , d i s p e r s e d , s u c c e s s f u l l y r e p r o d u c e d and 
r a i s e d young to a d u l t s i z e . 

O t h e r s p e c i e s i n N o r t h A m e r i c a p r e v i o u s l y n o t m e n t i o n e d on w h i c h s o l a r t r a n s m i t t e r s 
have been employed a r e : g r e a t e r p r a i r i e c h i c k e n (Tympanuchus cupido), r u f f e d grouse 
(Bonasa umbellus), s h a r p t a i l g r o u s e (Pedioeceter phasianellus), b o b w h i t e q u a i l 
(Colinus virginianus), t u r k e y (Meleogris gallopavo), E a s t e r n c o t t o n t a i l (Sylvilagus 
floridanus), and e l k (Cervus elaphus) ( 0 . R o y c e , p e r s o n a l c o m m u n i c a t i o n , 1979 ) . 

Acknowledgements — I g r a t e f u l l y acknowledge Owen Royce o f T e l e m e t r y Sys tems I n c . , 
Mequon, W i s c o n s i n , U . S . A . f o r h i s c o o p e r a t i o n and a s s i s t a n c e i n p r e p a r a t i o n o f the 
s c h e m a t i c . 
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Abstract — There are many t y p e s o f an tennas f o r b o t h r e c e i v i n g 
and t r a n s m i t t i n g . T h i s paper b r i e f l y d e s c r i b e s the d e s i g n , 
f r e q u e n c y m o d i f i c a t i o n and use o f the more i m p o r t a n t a n t e n n a s 
f o r r a d i o t e l e m e t r y i n the 30-500 MHz b a n d . Much o f the m a t e r i a l 
p r e s e n t e d h e r e i s e x p l a i n e d i n g r e a t e r d e t a i l i n the A m e r i c a n 
R a d i o R e l a y League Antenna Handbook (1974 ) . 

W A V E THEORY 
Wave l e n g t h (λ) i s d e f i n e d by t h e r e l a t i o n s h i p 

λ = ^ (1) 

where ν e q u a l s t h e v e l o c i t y o f t h e wave and / e q u a l s the f r e q u e n c y o f c u r r e n t c a u s i n g 
t h e w a v e . For w a v e l e n g t h i n meters and f r e q u e n c y i n MHz the e q u a t i o n i s c o n v e n i e n t l y 
e x p r e s s e d as 

X . (2) 
" -^MHz 

E q u a t i o n 2 w i l l be used t h r o u g h o u t t h i s c h a p t e r when c a l c u l a t i n g λ f o r a n t e n n a e l e 
ments and s p a c i n g s . 

TRANSMISSION DISTANCE 

The e s t i m a t e d t r a n s m i s s i o n d i s t a n c e to the h o r i z o n (^j^) i n k i l o m e t e r s i s g i v e n i n 
e q . 3 , where Η is the antenna e l e v a t i o n i n m e t e r s above g r o u n d . 

D, = 4 .124 ^/ΪΓ . (3) 
km m 

T h i s e q u a t i o n t a k e s i n t o a c c o u n t t h a t under normal c o n d i t i o n s a s l i g h t b e n d i n g o f 
the r a d i o s i g n a l o c c u r s o v e r the e a r t h ' s s p h e r e . G e n e r a l l y , a n t e n n a s s h o u l d be as 
h i g h as p o s s i b l e above t h e s u r r o u n d i n g c o u n t r y s i d e and s h o u l d n o t be n e a r or a d j a c e n t 
to s t e e p , i r r e g u l a r t e r r a i n , power l i n e s , b u i l d i n g s or t h i c k f o r e s t . I f an antenna 
i s p l a c e d on a h i l l , i t s h o u l d not be l o c a t e d a t the t o p , e s p e c i a l l y i f the t r a n s 
m i s s i o n o r i g i n a t e s i n f r o n t o f a h i l l t h a t h a s a s t e e p s l o p e . Waves a r r i v i n g a t such 
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h i l l s tend t o be d e f r a c t e d above the an tenna i f i t i s p l a c e d on the summit. T h i s 
can be a l l e v i a t e d by l i f t i n g the antenna h i g h e r above the ground s u r f a c e . Power 
l i n e s and t h i c k f o r e s t t e n d to 'bend* the r a d i o s i g n a l w h i c h s e r i o u s l y a f f e c t s the 
t r a n s m i s s i o n d i s t a n c e and d i r e c t i o n a l a c c u r a c y . 

POLARIZATION 

Antennas composed o f s e v e r a l d i f f e r e n t e l e m e n t s a r r a n g e d i n p a r a l l e l , w i l l have the 
same p o l a r i z a t i o n as any one o f t h e i r e l e m e n t s . F o r e x a m p l e , i f a l l e l ements on 
the antenna are v e r t i c a l , then the a n t e n n a w i l l be v e r t i c a l l y p o l a r i z e d . V e r t i c a l l y 
p o l a r i z e d s i g n a l s tend to p e n e t r a t e t h i c k f o r e s t s b e t t e r than h o r i z o n t a l l y p o l a r i z e d 
waves which t r a v e l f u r t h e r under l i n e ~ o f - s i g h t c o n d i t i o n s . 

C o n s i d e r now the a s s o c i a t i o n between t r a n s m i s s i o n and r e c e i v i n g a n t e n n a s . F o r a l l 
p r a c t i c a l purposes t h e p r o p e r t i e s o f a p r o p e r l y tuned ( see m a t c h i n g a n t e n n a to f e e d 
l i n e s ) r e c e i v i n g antenna a r e the same as those used i n t r a n s m i s s i o n . The g a i n , 
c a p t u r e p a t t e r n and impedance o f b o t h r e c e i v i n g and t r a n s m i t t i n g antennas a r e the 
same a t any g i v e n p o i n t o f measurement . The o n l y c o n c e p t u a l d i f f e r e n c e i s t h a t a 
r e c e i v i n g antenna a c t s as the s o u r c e o f r a d i o power whereas i n t r a n s m i s s i o n i t i s 
the a c t u a l ' l o a d ' f o r power. 

TRANSMITTING ANTENNAS 
The w h i p , d u s t c o r e , and the s i m p l e loop a n t e n n a are common t r a n s m i t t i n g a n t e n n a s , 
and are m o d e r a t e l y e f f i c i e n t a t V H F . The e f f i c i e n c y o f a l oop a n t e n n a i s g r e a t l y 
i n c r e a s e d by c o n c e n t r a t i n g t h e e l e c t r o m a g n e t i c f l u x , and can be a c h i e v e d by u s i n g 
a f e r r i t e core w i t h i n the l o o p i t s e l f . T h i s i s commonly c a l l e d a d u s t c o r e a n t e n n a . 
V a r i o u s s i z e s o f f e r r i t e c o r e s are a v a i l a b l e c o m m e r c i a l l y w i t h a p p r o x i m a t e l y a 2-4 mm 
d iameter b e i n g s t a n d a r d . A g a i n f a c t o r o f a p p r o x i m a t e l y 10 can be a c h i e v e d by u s i n g 
a d u s t c o r e i n s t e a d o f a loop o f the same s i z e . The e l e c t r o m a g n e t i c r a d i a t i o n p a t t e r n 
from a loop i s shaped l i k e a ' f i g u r e 8 ' . Reduced s i z e i s the main a d v a n t a g e o f u s i n g 
loop and d u s t c o r e a n t e n n a s , w h i c h makes them o f p a r t i c u l a r use i n i m p l a n t e d t r a n s 
m i t t e r s . L a r g e r loop a n t e n n a s made from w i r e b r a i d i n g may be i n c o r p o r a t e d i n t o the 
t r a n s m i t t e r as a c o l l a r . These must be tuned to r e s o n a n c e to o p t i m i z e power o u t p u t . 
Th i s i s a c h i e v e d by p l a c i n g a t u n i n g c a p a c i t o r p a r a l l e l t o the l o o p c o l l a r . 

S t r a i g h t w i r e antennas (whips) are more e f f i c i e n t s i g n a l r a d i a t o r s t h a n loop a n t e n n a s . 
The c h o i c e o f a whip antenna i s a f f e c t e d by s e v e r a l d i f f e r e n t f a c t o r s i n c l u d i n g : 
(1) an imal s u i t a b i l i t y , (2) o p e r a t i n g f r e q u e n c y , and (3) method o f e x t e r n a l c o n n e c 
t i o n between antenna and t r a n s m i t t e r . Whip antennas a r e p a r t i c u l a r l y s u i t a b l e f o r 
b i r d r a d i o t e l e m e t r y , s i n c e t h e r e are proven methods f o r a t t a c h i n g t h e s e r a d i o p a c k s 
to b i r d s . (a) A r a d i o pack can be t a i l mounted, t h e r e b y i n c o r p o r a t i n g i t i n t o t h e 
t a i l f e a t h e r . (b) The pack can be mounted on the a n i m a l ' s back u s i n g a h a r n e s s 
( e . g . made from underwear e l a s t i c ) . I n t h i s c o n f i g u r a t i o n the an tenna can e i t h e r 
be h o r i z o n t a l l y or v e r t i c a l l y mounted . Whip antennas may be made from s p r i n g s t e e l 
(p iano w i r e or g u i t a r s t r i n g s ) . Where the a n t e n n a w i l l be immersed i n s a l t w a t e r , 
s t a i n l e s s s t e e l i s t h e b e s t c h o i c e . 

The c a l c u l a t i o n o f λ f o r a whip antenna i s g i v e n i n e q . 2 . Most p r a c t i c a l a p p l i c a 
t i o n s w i l l n e c e s s i t a t e t h a t the antenna l e n g t h be a s s h o r t as p o s s i b l e , t h e r e f o r e 
o p t i m a l l e n g t h s o f 5 / 8 or 1/2 λ cannot be a c h i e v e d . I f the t r a n s m i t t e r r a d i o f r e 
quency (RF) s t a g e h a s t h e f a c i l i t y f o r t u n i n g the an tenna to r e s o n a n c e (which o p t i 
mizes power o u t p u t ) , then the l o n g e s t p r a c t i c a l l e n g t h o f a n t e n n a s h o u l d be u s e d . 
T h i s i s u s u a l l y i m p o s s i b l e t o a c h i e v e i n m i n i a t u r e t r a n s m i t t e r s wh ich u t i l i z e f i x e d 
v a l u e s o f c a p a c i t a n c e i n the RF a n t e n n a s e c t i o n . On t h e s e t r a n s m i t t e r s , a 1 /4 , 1/8 
or 1/16 λ i s u s u a l l y chosen t o r e s o n a t e i n the c i r c u i t . Antenna e f f i c i e n c y i s d r a s 
t i c a l l y reduced a t s h o r t e r l e n g t h s . For e x a m p l e , a t 1/16 λ, t r a n s m i s s i o n range f o r 
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RECEIVING A N T E N N A S 
D i f f e r i n g l a b o r a t o r y and f i e l d a p p l i c a t i o n s r e q u i r e s p e c i f i c r e c e i v i n g a n t e n n a s . 
F o r i n s t a n c e , l o n g range r e c e p t i o n may be d e s i r a b l e , b u t huge a n t e n n a s cannot be 
c a r r i e d t h r o u g h t h i c k u n d e r g r o w t h , t h e r e f o r e a compromise i s i n e v i t a b l e . The s p e c i 
f i c aim and o p e r a t i n g f r e q u e n c y , e . g . t r a c k i n g f i s h u s i n g H F , t e r r e s t r i a l a n i m a l s 
u s i n g VHF, or b i r d s on VHF and UHF b a n d s , w i l l d i c t a t e the a n t e n n a ' s shape and s i z e . 
The f o l l o w i n g s e c t i o n s w i l l d e s c r i b e s e v e r a l t y p e s o f r e c e i v i n g a n t e n n a w i t h s u g g e s 
t i o n s on t h e i r c o n s t r u c t i o n . 

DIRECTIONAL ANTENNAS 

The antenna t y p e s d i s c u s s e d i n t h i s s e c t i o n a l l have a p l a n e i n w h i c h the s i g n a l 
s t r e n g t h i s g r e a t e s t , and a s econdary p l a n e i n w h i c h the s i g n a l s t r e n g t h i s m i n i m a l . 
These are most u s e f u l i n l o c a t i n g the d i r e c t i o n o f a s p e c i f i c t r a n s m i t t e r . 

Dipole Antenna 

The d i p o l e antenna i s s i m p l e to b u i l d and can produce f a i r l y h i g h g a i n . The g a i n 
o f the d i p o l e w i l l be used as a s t a n d a r d t o w h i c h o t h e r a n t e n n a s w i l l be compared. 
T h i s antenna i s p o t e n t i a l l y p o r t a b l e and a p p r o p r i a t e f o r f i e l d work i n t h i c k u n d e r 
brush and i s c o m m e r c i a l l y a v a i l a b l e . Minimum s i g n a l s t r e n g t h i s d i r e c t l y i n l i n e 
w i t h the two p o l e s and a p o s s i b l e a m b i g u i t y e x i s t s as to the d i r e c t i o n o f t h e s i g n a l 
s o u r c e . A d i p o l e w i l l g e n e r a l l y y i e l d an a c c u r a c y o f 5 - 1 0 ° , b u t may a l s o be used 
i n the l a b o r a t o r y , where d i r e c t i o n i s u n i m p o r t a n t . The d i p o l e r e s o n a n t l e n g t h 
(0 .5 λ) can be c a l c u l a t e d from e q . 4 . 

0 . 5 λ = ^ X k (4) 
^ ^MHz 

where ^ i s a c o n s t a n t , c a l c u l a t e d from the r a t i o 

0 . 5 λ 
m — 

m 
(5) 

Here d e q u a l s the d i a m e t e r o f m a t e r i a l used to make the d i p o l e . A r a t i o o f 10,000 
y i e l d s a k v a l u e of a p p r o x i m a t e l y 0 .98 from F i g . 1 and i n e f f e c t i t means t h a t the 
s m a l l e r the r a t i o , the s h o r t e r the e l e c t r i c a l l e n g t h o f the a n t e n n a . I n p r a c t i c e , 
m e t a l t u b i n g or s o l i d rod o f s i m i l a r d imens ions have the same c o n s t a n t k. 

Loop Antenna 

Loop antennas are u s e f u l where t h e s u b j e c t t o a n t e n n a d i s t a n c e i s s h o r t and t h e 

a low power RF o s c i l l a t o r may be 100's o f m e t e r s . Whip a n t e n n a s may be s h o r t e n e d 
by the use o f a l o a d i n g c o i l be tween the RF s e c t i o n and the b a s e o f the a n t e n n a . 
T h i s l o a d i n g c o i l i s made up o f a p p r o x i m a t e l y 2-6 t u r n s o f enameled w i r e (20-40 
gauge) and may be e n c a p s u l a t e d w i t h i n the t r a n s m i t t e r . 

Power o u t p u t i s g r e a t l y dependent upon the e f f i c i e n t c o u p l i n g o f t h e RF s e c t i o n t o 
the antenna and so s p e c i a l c a r e s h o u l d be t a k e n a t t h i s s t e p o f d e s i g n . I n p r a c t i c e , 
the b e s t an tenna RF c o u p l i n g can o n l y be a c h i e v e d t h r o u g h e x p e r i m e n t where s i g n a l 
s t r e n g t h i s checked on a s e n s i t i v e power m e t e r . T r a n s m i t t e r s used f o r l o n g range 
r a d i o t r a c k i n g or p h y s i o l o g i c a l measurements s h o u l d be checked i n f i e l d c o n d i t i o n s 
o v e r the r e q u i r e d r a n g e , as t h e o r e t i c a l c a l c u l a t i o n s r a r e l y a n t i c i p a t e s u b o p t i m a l 
f i e l d c o n d i t i o n s . 
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F i g . 1. The curve shows the c o n s t a n t used i n e q . 4 to g i v e 
the p h y s i c a l l e n g t h o f a r e s o n a n t h a l f - w a v e a n t e n n a . 
The r a t i o ( x - a x i s ) i s c a l c u l a t e d from e q . 5 . 

antenna i s f i x e d . F o r f r e q u e n c i e s near 30 MHz and where the k v a l u e (see F i g . 1) 
i s l a r g e , the c i r c u m f e r e n c e of the loop i s : 

C 306 .3 (6) 
MHz 

A s i g n a l may be r e c e i v e d from a lmos t anywhere w i t h i n the p e r i m e t e r o f a h o r i z o n t a l l y 
p o l a r i z e d l o o p . A v e r t i c a l l y p o l a r i z e d loop has d i r e c t i o n a l s e n s i t i v i t y when the 
t r a n s m i t t e r i s o u t s i d e the p e r i m e t e r . Maximum r a d i a t i o n i s p e r p e n d i c u l a r to the 
p l a n e o f the l o o p and i s shaped l i k e a ' f i g u r e 8 ' . D i r e c t i o n a l a c c u r a c y i s a p p r o x i 
m a t e l y 5 ° ; b u t when the loop i s h o r i z o n t a l l y p o l a r i z e d , d i r e c t i o n a l i t y i s s e v e r e l y 
r e d u c e d . The t h e o r e t i c a l g a i n i n compar i son to a h a l f wave d i p o l e i s a p p r o x i m a t e l y 
+3 dB. Loop a n t e n n a s can be c o n s t r u c t e d f o r h i g h e r f r e q u e n c i e s w i t h the a d d i t i o n 
o f a t u n i n g c a p a c i t o r and these are termed, tuned l o o p s . 

MULTI-ELEMENT DIRECTIONAL ANTENNA 

M u l t i - e l e m e n t an tennas are u s u a l l y o n l y s u i t a b l e f o r f r e q u e n c i e s above 30 MHz. 
These antennas o f f e r t h e b e n e f i t t h a t , a t h i g h e r f r e q u e n c i e s , added e l e m e n t s i n c r e a s e 
t h e g a i n . A l s o , d i r e c t i o n a l an tennas c o n c e n t r a t e power r e c e i v e d over a much narrower 
a n g l e . I n t h i s c a s e d i r e c t i o n a l i t y i s improved to w i t h i n 0 . 5 ° when the s i g n a l 
s o u r c e i s > 20 λ away. 

O p t i m a l d e s i g n w i l l t ake i n t o a c c o u n t the g a i n and f r o n t - t o - b a c k r a t i o o f t h e a n t e n n a . 
To o b t a i n a narrow c a p t u r e a r e a (and hence good d i r e c t i o n a l i t y ) , the f r o n t - t o - b a c k 
r a t i o i s o p t i m i z e d i n the d i r e c t i o n o f s i g n a l o r i g i n . I n p r a c t i c e , t h e r e are v a r i o u s 
compromises between antenna g a i n and f r o n t - t o - b a c k r a t i o w h i c h may be de termined by 
e l ement s p a c i n g , number and l e n g t h o f e l e m e n t s , and t h e s e are d i c t a t e d , t o a l a r g e 
e x t e n t , by the s p e c i f i c a p p l i c a t i o n . 

Element l e n g t h s a r e a p p r o x i m a t e l y ± 5 p e r c e n t of 0 . 5 λ and s p a c i n g between e l e m e n t s 
may v a r y from 0.1 to 0 . 2 λ. The d i f f e r e n t e l ements ( F i g . 2) a r e (1) the d r i v e n 
e lement w h i c h i s s u p p l i e d power from the t r a n s m i t t e r , or i n the c a s e o f r e c e p t i o n 
o f r a d i o s i g n a l s , i s t h e one t h a t a c t u a l l y s u p p l i e s power t o the r e c e i v e r , (2) the 
p a r a s i t i c e lement w h i c h o b t a i n s power through e l e c t r i c a l c o u p l i n g t o o t h e r e l e m e n t s 
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A. 

REFLECTOR 

B. 
F i g . 2 . A . A three e lement d i r e c t i o n a l Y a g i on the 102 MHz 

band has an e lement s p a c i n g (a) = 43 .7 cm, r e f l e c 
t o r l e n g t h = 145.5 cm, d r i v e r = 137 .4 cm and p a r a 
s i t e = 130.6 cm. 

B . The f i v e e l ement Y a g i d e s i g n e d f o r 173 MHz has an 
e l ement s p a c i n g (b) = 35 .5 cm, r e f l e c t o r l e n g t h = 
86 .4 cm, d r i v e r = 8 1 . 3 cm, P I = 76 .2 cm, P2 = 75 .6 cm, 
P3 = 74.9 cm. 

i n the a r r a y , and (3) a s p e c i a l c a t e g o r y o f p a r a s i t e c a l l e d t h e r e f l e c t o r , wh ich i s 
c l o s e l y a s s o c i a t e d w i t h the d r i v e n e l e m e n t . The r e f l e c t o r i s l o c a t e d a t the ' b a c k ' 
o f t h e a n t e n n a . The Adcock and Y a g i a r e s p e c i a l t y p e s o f m u l t i - e l e m e n t a n t e n n a s . 

Adcock or 'Lazy H' Antenna 

The Adcock antenna ( F i g . 3) i s commonly used i n r a d i o t r a c k i n g as i t may be f o l d e d 
up when not i n u s e ; h a s e x c e l l e n t d i r e c t i o n a l q u a l i t i e s (± 2 ° ) and has a h i g h g a i n 
compared to the h a l f wave d i p o l e (see T a b l e 1 ) . The d i s a d v a n t a g e o f an Adcock i s 
t h a t w h i l e i n u s e , i t i s cumbersome, however , i f the e l ements are h i n g e d f o r f o l d i n g , 
i t can be s t o r e d i n a s m a l l a r e a . T a b l e 1 shows the d i f f e r e n c e s be tween f r a c t i o n a l 
s p a c i n g o f the two e l e m e n t s r e l a t i v e t o a n t e n n a g a i n . I n p r a c t i c e , 0 . 5 λ s p a c i n g 
o f e l ements i s optimum f o r f r e q u e n c i e s i n the range o f 100 MHz. 
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0.5λ 

L2=0.75AxVF 

50 Ohm Coax Cable 

0.5λ 

V -τιλ-

F i g . 3 . An H-Adcock a n t e n n a and b a l u n m a t c h . The d imens ions 
o f λ a r e g i v e n i n T a b l e 1. 

T a b l e 1. 
G a i n o f Adcock antenna compared w i t h d i p o l e under d i f f e r e n t 

e l ement s p a c i n g 

3 /8 -wave s p a c i n g - 4 .4 dB 

1/2-wave s p a c i n g - 5 . 9 dB 

5 /8 -wave s p a c i n g - 6 .7 dB 

3 /4-wave s p a c i n g - 6 . 6 dB 

The Adcock a n t e n n a may be c o n n e c t e d to a r e c e i v e r through a b a l u n m a t c h i n g network 
(see F i g . 3 and m a t c h i n g t h e a n t e n n a to c o a x i a l c a b l e ) . I t i s c r i t i c a l t h a t each 
loop l e n g t h be p r e c i s e l y measured (0 .25 λ and 0 .75 λ) t o m a i n t a i n d i r e c t i o n a l 
a c c u r a c y and impedance m a t c h i n g . A c a b l e v e l o c i t y f a c t o r ( e q . 10) must a l s o be 
taken i n t o c o n s i d e r a t i o n ( see e l e c t r i c a l l e n g t h o f c a b l e s ) when comput ing t h e s e l o o p 
l e n g t h s . 

Yagi Antenna 

A m u l t i - e l e m e n t a r r a y w i t h l i n e a r d i p o l e e l ements i s f r e q u e n t l y c a l l e d a ' Y a g i ' 
a n t e n n a . T h i s a n t e n n a has e x t r e m e l y good d i r e c t i o n a l i t y and h a s the h i g h e s t g a i n 
(when many e l ements are u t i l i z e d ) o f any a n t e n n a d i s c u s s e d h e r e . Y a g i s are r o u t i n e l y 
used f o r l o n g range b i o t e l e m e t r y and r a d i o t r a c k i n g b e c a u s e o f t h e s e q u a l i t i e s . The 
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s i m p l e s t m u l t i - e l e m e n t Y a g i c o n s i s t s o f two e l e m e n t s where one e l ement i s a d r i v e r 
and the o t h e r a r e f l e c t o r . F o l d - u p models are e x c e l l e n t f o r f i e l d u s a g e . F i x e d 
antenna sys tems may employ more than one Y a g i s t a c k e d t o g e t h e r and , i f f e d out of 
p h a s e , w i l l a c h i e v e h i g h e r q u a l i t y d i r e c t i o n a l i t y (± 0 . 5 ° ) . The n u l l peak s y s t e m 
d e s c r i b e d below i s used f o r t h i s p u r p o s e . 

E f f e c t i v e Y a g i d e s i g n t a k e s i n t o a c c o u n t (1) e l ement l e n g t h , (2) s p a c i n g between 
e l e m e n t s , and (3) t h e t o t a l number of e l e m e n t s w i t h i n the a n t e n n a . F i g u r e 2b shows 
a t y p i c a l f i v e e lement Y a g i a n t e n n a w i t h a r e f l e c t o r , d r i v e n e l e m e n t and 3 p a r a s i t e s . 
T h e o r e t i c a l l y t h e r e i s no l i m i t a t i o n t o the number o f p a r a s i t e s w h i c h may be u s e d , 
b u t the o p e r a t i n g f r e q u e n c y i s the p r a c t i c a l l i m i t i n g f a c t o r . A t 30 MHz, a n t e n n a s 
w i t h more t h a n 4 e l ements are l a r g e and i m p r a c t i c a l to b u i l d , whereas on VHF b a n d s , 
s i z e and w a v e l e n g t h a l l o w use o f many e l e m e n t s . F i g u r e 4 shows the r e l a t i o n s h i p 
between number o f e l e m e n t s and antenna g a i n i n d e c i b e l s (dB) above the g a i n o f a 
h a l f wave d i p o l e . 

20 

16 
QÜ 
TD 

12 

< 8 

4 

2 4 6 8 10 12 14 16 18 20 

NUMBER OF ELEMENTS 
F i g . 4 . G a i n o f a Y a g i a n t e n n a compared t o a h a l f wave d i p o l e 

v e r s u s number o f e l e m e n t s on the Y a g i . 

Yogi Construction 

Element l e n g t h s and s p a c i n g s d e s c r i b e d i n the f o l l o w i n g s e c t i o n w i l l n o t n e c e s s a r i l y 
be e x a c t l y those c a l c u l a t e d u s i n g t h e o r e t i c a l a n t e n n a d e s i g n . The p r a c t i c a l com
p r o m i s e s are u s u a l l y i n terms o f s a c r i f i c i n g g a i n f o r a g r e a t e r band w i d t h ( t h a t i s , 
what the a n t e n n a w i l l r e c e i v e above and be low the d e s i g n e d f r e q u e n c y ) or i n c r e a s i n g 
f r o n t - t o - b a c k r a t i o f o r more g a i n . T h i s means t h a t i n g e n e r a l t h e e l ement l e n g t h 
and ( t o a l e s s c r i t i c a l e x t e n t ) s p a c i n g w i l l n o t a l w a y s conform to the v a l u e s c a l 
c u l a t e d t o g i v e maximum g a i n . 

F i g u r e 2A and Β shows t h e d i m e n s i o n s f o r a 102 MHz and 173 MHz Y a g i . These a n t e n n a s 
can c o n v e n i e n t l y be made from aluminum t u b i n g w h i c h i s o b t a i n a b l e from most e l e c 
t r i c a l or p lumbing s u p p l i e r s . F o r permanent a p p l i c a t i o n s or i n c o r r o s i v e m a r i n e 
e n v i r o n m e n t s , s t a i n l e s s s t e e l i s p r e f e r a b l e to aluminum t u b i n g . E lement d i a m e t e r 
s h o u l d be no more than 1.5 cm ( e x c e p t the d r i v e r e l ement ) and t h e boom 2.5 to 4 cm. 
The d r i v e n e lement s h o u l d be c l o s e to 0 . 5 λ i n l e n g t h and 2-3 t i m e s the d i a m e t e r o f 
the o t h e r e l e m e n t s . P a r a s i t i c e l e m e n t s s h o u l d be a p p r o x i m a t e l y 5 p e r c e n t l e s s i n 
l e n g t h than the d r i v e r and the r e f l e c t o r s h o u l d be a p p r o x i m a t e l y 5 p e r c e n t l o n g e r . 

Wave length (λ ) c a l c u l a t i o n s s h o u l d take i n t o a c c o u n t the k f a c t o r ( F i g . 1) which 
e s s e n t i a l l y d e c r e a s e s t h e o v e r a l l p h y s i c a l l e n g t h o f each e l e m e n t . The l e n g t h s o f 
the d i f f e r e n t e l ements ( g a i n o p t i m i z e d ) are c a l c u l a t e d by u s i n g the f o l l o w i n g 
e q u a t i o n s : 
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, . 146.0 
d r i v e r = 

(7) 

152.4 
r e f l e c t o r = 

^ ^MHz 
(8) 

£· . 138.7 f i r s t p a r a s i t e = -¿ 
^MHz 

(9) 

These are a v e r a g e l e n g t h s de termined u s i n g a l e n g t h / d i a m e t e r r a t i o o f 200-400 
{k = 0 . 9 6 - 0 . 9 7 ) and e l ement s p a c i n g o f 0 .1 to 0 . 2 w a v e l e n g t h s . 

The gamma match (trombone s l i d e , F i g . 5) f o r the two Y a g i s i n F i g . 3A and Β s h o u l d 
be made out o f t h e same m a t e r i a l as the e l e m e n t s . The antenna s h o u l d be tuned f o r 
a minimum v o l t a g e s t a n d i n g wave r a t i o (VSWR) e i t h e r u s i n g a VSWR b r i d g e or by a c t u a l 
f i e l d t e s t i n g ( u s i n g a c o n t i n u o u s tone t r a n s m i t t e r l o c a t e d > 20 w a v e l e n g t h s away) 
by t u n i n g the 'trombone s l i d e ' f o r a maximum s i g n a l . F o r h i g h e r f r e q u e n c i e s (above 
the 200 MHz r a n g e ) the e l ements may be made from s o l i d r o d . C o n d u c t o r s p l a c e d n e a r 
e l e m e n t s o f the a r r a y may cause s e v e r e d e t u n i n g e f f e c t s , which lower a n t e n n a g a i n 
and d i r e c t i o n a l a c c u r a c y . Antenna e l e m e n t s s h o u l d be no c l o s e r t h a n 0 . 5 λ to t h e 
n e a r e s t c o n d u c t o r . H o l d i n g or mount ing the an tenna by i t s e l e m e n t s a l s o c a u s e s 
d e t u n i n g . 

SHORTING SLIDE 

ALUMINUM 
TUBING 

mi 

BOOM 

DRIVER ELEMENT 

SHRINKABLE TUBING 

COAXIAL CABLE WITHOUT SHIELDING 

F i g . 5 . The gamma match used on Y a g i s o f F i g . 2 , t o match 
50 or 75 coax c a b l e . See t e x t f o r e x p l a n a t i o n s o f 
d i m e n s i o n s . 

OMNI-DIRECTIONAL ANTENNAS 

Where an imal s are moving w i t h i n a c o n f i n e d a r e a , l o s s o f s i g n a l from a t r a n s m i t t e r 
i s min imized by u s i n g an o m n i - d i r e c t i o n a l a n t e n n a . These an tennas can a l s o be u s e f u l 
i n r a d i o t r a c k i n g , f o r example , i f an an imal h a s been l o s t , an o m n i - d i r e c t i o n a l 
antenna may be used on a v e h i c l e to q u i c k l y l o c a t e the s i g n a l . I t may a l s o be u s e d 
f o r s t u d i e s o f v i s i t s t o a p a r t i c u l a r p l a c e , such as n e s t a t t e n d a n c e o f b i r d s . The 
o m n i - d i r e c t i o n a l antenna h a s a c a p t u r e a r e a o f 3 6 0 ° , and u n i f o r m g a i n i n a l l d i r e c 
t i o n s . Four e q u a l l y spaced e l e m e n t s a c t as an a r t i f i c i a l ground p l a n e and a r e 
a p p r o x i m a t e l y 5 p e r c e n t l o n g e r than the q u a r t e r w a v e l e n g t h r a d i a t o r ( F i g . 6 ) . T h i s 
an tenna may be f e d d i r e c t l y w i t h 50 Ω c o a x i a l c a b l e w i t h o n l y a s l i g h t impedance 
m i s m a t c h . 
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F i g . 6 . An o m n i - d i r e c t i o n a l ground p l a n e a n t e n n a . 

MATCHING THE ANTENNA TO COAXIAL CABLE 

Techniques used f o r m a t c h i n g c a b l e impedance and m i n i m i z i n g VSWR on r e c e i v i n g 
antennas i n c l u d e t h e gamma match ( b e t t e r known a s the trombone s l i d e ) , the Τ match 
(a s p e c i a l c a s e o f the gamma m a t c h ) , and b a l u n m a t c h e s . The b a l u n and gamma m a t c h 
i n g methods adapt n i c e l y t o the use o f c o a x i a l c a b l e w h i c h i s r e a d i l y a v a i l a b l e . 

The r e a s o n f o r m a t c h i n g the c a b l e to the a n t e n n a , i s t h a t , a t v a r i o u s f r e q u e n c i e s 
the antenna e x h i b i t s a d i f f e r e n t impedance w h i c h the c a b l e ' s e e s ' as i t r e c e i v e s 
t h e s i g n a l . The compromise i s between m a t c h i n g impedance ( m i n i m i z i n g the s t a n d i n g 
wave r a t i o ) or a l l o w i n g the a n t e n n a t o o p e r a t e o v e r a wide f r e q u e n c y b a n d . I f we 
m i n i m i z e the VSWR t h i s tends u s u a l l y t o m i n i m i z e the band w i d t h o f the a n t e n n a b u t 
i n c r e a s e s the g a i n . I f the VSWR i s no t m i n i m i z e d then g a i n on the a n t e n n a i s 
g r e a t l y reduced and a l s o the r a d i a t i o n p a t t e r n o f the a n t e n n a i s c h a n g e d . M a t c h i n g 
o f impedance i s a c h i e v e d by c h a n g i n g the c h a r a c t e r i s t i c s o f t h e m a t c h i n g ne twork , 
e i t h e r by c h a n g i n g the l e n g t h and s p a c i n g o f the ' trombone s l i d e ' ( F i g . 5 ) , or by 
c h a n g i n g t h e l e n g t h o f the loop s i z e ( b a l u n m a t c h i n g . F i g . 3 ) . 

Gamma Match Construction 

The gamma match ( F i g . 5) used on Y a g i s s h o u l d have a c a p a c i t o r (50 p f ) p l a c e d i n 
s e r i e s w i t h the f e e d l i n e f o r 50 MHz and i t s h o u l d be 30 cm l o n g . A t 150 MHz the 
gamma match s h o u l d be a p p r o x i m a t e l y 13 cm l o n g and s h o u l d use a 14 p f s e r i e s c a p a 
c i t o r . Antennas u s i n g t h e s e measurements can be f ed d i r e c t l y w i t h 75 Ω c o a x c a b l e . 
For m a t c h i n g a m u l t i - e l e m e n t a r r a y to a 50 Ω l i n e the l e n g t h o f the rod s h o u l d be 
0 . 0 4 - 0 . 0 5 λ ( F i g . 5 , d i m ens i on A ) , o u t s i d e d i a m e t e r 1/3 t h a t o f d r i v e r d i a m e t e r 
and s p a c i n g ( c e n t e r t o c e n t e r o f d r i v e n e l e m e n t ) , a p p r o x i m a t e l y 0 .007 λ ( F i g . 5 , 
d imens ion B) . 

CABLE TYPES 

Common t y p e s o f r e c e i v i n g c a b l e are RG58U, RG59U, R G l l and RG8. These c o a x i a l 
c a b l e s have a r e s i s t a n c e o f e i t h e r 50 Ω (RG58 and RG8) or 75 Ω ( R G l l and R G 8 ) . A t 
f r e q u e n c i e s above 30 MHz and a p p r o a c h i n g 200, the a t t e n u a t i o n through 30 m o f c a b l e 
i s a p p r o x i m a t e l y 2-3 dB. On t h i s b a s i s a l o n e the l e n g t h o f c a b l e between r e c e i v e r 
and antenna s h o u l d a lways be kept t o an a b s o l u t e minimum so as n o t t o n u l l i f y the 
advantages o f a h i g h g a i n a n t e n n a . Antenna c a b l e s h o u l d be f r e q u e n t l y checked 
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f o r a b r a s i o n or wear due t o rough f i e l d use and the e f f e c t s o f w e a t h e r on the 
i n s u l a t i o n . Frayed or worn c a b l e s h o u l d be r e p l a c e d i m m e d i a t e l y as i n c r e a s e d s i g n a l 
a t t e n u a t i o n o c c u r s when the i n s u l a t i o n b r e a k s down. 

ELECTRICAL LENGTH OF CABLES 

Whenever r e f e r e n c e i s made t o a c o a x i a l c a b l e b e i n g a m u l t i p l e o f λ i t r e f e r s t o i t s 
e l e c t r i c a l l e n g t h and n o t i t s p h y s i c a l l e n g t h c a l c u l a t e d from e q . 2 . E l e c t r i c a l 
l e n g t h i s g i v e n by t h e e q u a t i o n : 

E l e c t r i c a l l e n g t h 300 
V e l o c i t y f a c t o r (10) 

MHz 

T h i s v e l o c i t y f a c t o r i s a r a t i o o f the a c t u a l s i g n a l v e l o c i t y a l o n g the c o a x to the 
s i g n a l v e l o c i t y i n f r e e s p a c e . The v e l o c i t y f a c t o r f o r the f o u r d i f f e r e n t t y p e s o f 
c a b l e ment ioned above i s a p p r o x i m a t e l y 0 . 6 6 . For o t h e r c a b l e v e l o c i t y f a c t o r s , con
s u l t the m a n u f a c t u r e r s . Note t h a t a v e l o c i t y c o r r e c t i o n was made f o r the b a l u n 
m a t c h i n g loop on F i g . 3 . 

NULL-PEAK 
CONVERTER 

RECEIVER 

ANTENNA A 

ANTENNA 

RECEIVER 

75/fmhzxVF 

F i g . 7 . The b l o c k d iagram and s c h e m a t i c o f a n u l l - p e a k dual 
Y a g i a r r a n g e m e n t . The two c o a x c a b l e s a^ and b L must 
be i d e n t i c a l i n l e n g t h . Dashed l i n e s on the s c h e m a t i c 
r e p r e s e n t a doub le p o l e , d o u b l e throw s w i t c h . VF i s 
the v e l o c i t y f a c t o r o f the coax used i n the l o o p ( L ) . 
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NULL-PEAK MULTI-ANTENNA ARRAYS 

S e v e r a l Y a g i s f e d i n p a r a l l e l b o o s t forward g a i n , b u t a t a c o s t o f an o v e r a l l 
i n c r e a s e i n s i z e . Two Y a g i s mounted s i d e - b y - s i d e can be used c o n v e n i e n t l y f o r r a d i o 
t r a c k i n g p u r p o s e s . S i b l y and M c C l e e r y ( t h i s v o l u m e , page 347, F i g . 2) used t h e s e 
v e r t i c a l l y p o l a r i z e d Y a g i s f o r t r a c k i n g s e a g u l l movements o v e r l o n g d i s t a n c e s 
(5-20 km) . The b a s e o f t h i s a n t e n n a c o u l d be r o t a t e d from i n s i d e a L a n d r o v e r . The 
sys tem u t i l i z e d a n u l l - p e a k d e v i c e ( F i g . 7 ) . When the an tennas were aimed d i r e c t l y 
a t a d i s t a n t t r a n s m i t t e r (>> 20 λ) and b o t h Y a g i s were i n p h a s e , the r e c e i v e r gave 
a peak s i g n a l and when they were s w i t c h e d o u t o f p h a s e , a n u l l was r e c e i v e d . The 
n u l l peak s y s t e m c r e a t e d a v e r y a c c u r a t e method by w h i c h t r i a n g u l a t i o n c o u l d be 
a c h i e v e d w i t h a p r e c i s i o n o f ± 0 . 5 ° . 
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Abstract — T h i s paper d e s c r i b e s w i t h d iagrams the method o f 
c o n s t r u c t i o n and use o f a c o l l a p s i b l e d i p o l e a n t e n n a f o r r a d i o 
t r a c k i n g o f b a d g e r s f i t t e d w i t h 102 MHz t r a n s m i t t e r s . C o n s t r u c 
t i o n i s from r e a d i l y a v a i l a b l e m a t e r i a l s and methods o f c a l c u 
l a t i n g d imens ions are d e s c r i b e d w i t h a p p r o p r i a t e r e f e r e n c e s . I t s 
p e r f o r m a n c e compares f a v o r a b l y w i t h s i m i l a r r i g i d a n t e n n a s . 

The method of u s e i s d e s c r i b e d t o g e t h e r w i t h a m o d i f i c a t i o n 
w h i c h under i d e a l c o n d i t i o n s can d e t e r m i n e not o n l y the b e a r i n g 
o f the t r a n s m i t t e r but a l s o i t s d i r e c t i o n . D i s a d v a n t a g e s o f 
t h i s an tenna a r e t h a t i t i s r e l a t i v e l y f r a g i l e when e x t e n d e d 
and t h a t i t l a c k s the p r e c i s i o n and g a i n o f l a r g e r H - A d c o c k and 
Y a g i a r r a y s , however t h e s e are outwe ighed f o r s h o r t r a n g e work 
and e v e n t u a l v i s u a l c o n t a c t by i t s compactness and the d e g r e e 
to which i t i s p r o t e c t e d when f o l d e d . 

INTRODUCTION 
S t u d i e s o f the European b a d g e r u s i n g r a d i o t r a c k i n g equipment h a v e y i e l d e d many p r a c 
t i c a l problems i n the use o f such equipment under d i f f i c u l t f i e l d c o n d i t i o n s . There 
are problems o f a t t a c k i n g the t r a n s m i t t e r and o f p r o t e c t i n g i t from m o i s t u r e , p h y s i 
c a l damage by the an imal and impact damage on r o c k s and t u n n e l w a l l s . 

Another f i e l d problem has been t o make a r e c e i v e r an tenna w h i c h was s u f f i c i e n t l y 
a c c u r a t e t o l o c a t e an a n i m a l when a c t i v e or r e s t i n g and t o *home in* t o f i n d i t s 
r e s t i n g s i t e or t o make v i s u a l c o n t a c t ; and y e t was compact and e a s y t o c a r r y when 
n o t i n u s e . 

T r a n s m i t t e r s f o r t h i s type o f r a d i o l o c a t i o n a r e l i k e l y t o o p e r a t e on 102 MHz i n the 
U . K . (or 104 .6-105 MHz f o r new equipment) ( T a y l o r and L l o y d , 1 9 7 8 ) . E a c h e lement of 
an antenna d e s i g n e d f o r t h i s f r e q u e n c y must be 70 cm l o n g : 95 p e r c e n t o f the t h e o r e 
t i c a l J w a v e l e n g t h o f 73.5 cm ( L a i d l a w , 1957; A m l a n e r , 1980, t h i s v o l u m e ) . A d i p o l e 
f o r t h i s f r e q u e n c y i s t h e r e f o r e g o i n g t o be a t l e a s t 1.4 m l o n g and even i f i t i s 
made o f s t u r d y aluminum t u b i n g , i t i s l i a b l e t o damage when used over rough t e r r a i n , 
w a l l s and f e n c e s o r i n dense c o n i f e r o u s p l a n t a t i o n s p a r t i c u l a r l y a t n i g h t . I t i s 
a l s o v e r y cumbersome t o c a r r y w h i l e u s i n g o t h e r equipment s u c h as an image i n t e n s i -
f i e r or i n f r a red b i n o c u l a r s . 
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To r e s o l v e t h e s e d i f f i c u l t i e s a hand h e l d d i p o l e an tenna was made such t h a t t h e 
e l ements c o u l d be e x t e n d e d i n use and c o l l a p s e d i n t o the p r o t e c t i o n o f t h e h a n d l e , 
when not r e q u i r e d . 

MATERIALS AND METHOD OF CONSTRUCTION 
B a s i c m a t e r i a l s r e q u i r e d a r e (1) two t e l e s c o p i c t r a n s i s t o r r a d i o an tennas w i t h a 
h i n g e above t h e lower s e c t i o n which i s not i n c l u d e d i n the minimum e x t e n d e d l e n g t h 
o f 70 cm; (2) 20 cm o f 25 mm i n t e r n a l d i a m e t e r C l a s s C A l k a t h e n e w a t e r p i p e ; (3) t h r e e 
25 mm rubber bungs and c o a x i a l c a b l e , clamp and p l u g to s u i t r e c e i v e r . 

The method o f c o n s t r u c t i o n i s shown i n F i g . 1. The rubber bungs a r e trimmed to a 
t i g h t push f i t i n t h e w a t e r p i p e and two o f them are bored w i t h two h o l e s e a c h to 
support the antennas s i d e by s i d e . The b a s e segments o f the an tennas a r e s l e e v e d 
w i t h t h i n w a l l e d r u b b e r gas t u b i n g or wrapped w i t h P o l y v i n y l c h l o r i d e (PVC) t a p e . 
The r e m a i n i n g bung has one h o l e t o take the 75 Ω c o - a x i a l l e a d which i s then a t t a c h e d 
to the an tenna w i t h s o l d e r or s c r e w s . The a n t e n n a which i s c o n n e c t e d t o t h e c e n t e r 
w i r e o f the c o - a x i a l c a b l e s h o u l d be marked i n some way ( e . g . red p a i n t ) and w i l l 
be termed the ' c o l l e c t o r ' i n the f o l l o w i n g d e s c r i p t i o n o f use o f t h i s d e v i c e . 

Telescopic section 
^ o f aerial 

•Rubber bung 

Rubber tubing. 

F i g . 1. D i a g r a m a t i c s e c t i o n o f a n t e n n a p a r t i a l l y e x t e n d e d 
showing r e l a t i v e p o s i t i o n s o f components . 

Two 8 cm deep n o t c h e s are c u t i n o p p o s i t e s i d e s o f one end o f the w a t e r p i p e , shaped 
l i k e i n v e r t e d k e y h o l e s so t h a t they w i l l g r i p the an tennas f i r m l y . The bungs and 
a n t e n n a s are then pushed i n t o the tube t o about 1 cm below the t o p . A c a b l e clamp 
i s f i t t e d above the lower bung w h i c h i s t h r e a d e d on the c a b l e and pushed i n t o the 
b o t t o m o f the t u b e . 

F i n a l l y t h e c a b l e i s trimmed t o an a p p r o p r i a t e l e n g t h , w h i c h f o r p r a c t i c a l p u r p o s e s 
s h o u l d be 0 .66 o f the t h e o r e t i c a l i w a v e l e n g t h , or m u l t i p l e s o f t h i s u n i t ( L a i d l a w , 
1957; see a l s o Amlaner , 1980, t h i s v o l u m e ) . F i n e tr imming ( | cm a t a t ime) o f t h e 
f r e e end o f the l e a d can l o c a t e a peak o f s e n s i t i v i t y and a n o t h e r l e a d o f i d e n t i c a l 
w i r e can then be c u t e x a c t l y t o t h i s l e n g t h . 
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METHOD OF USE 
When not i n use the antenna can be c o l l a p s e d and put i n the r e c e i v e r b a g or i n the 
p o c k e t . I n use the an tennas are ex tended and f o l d e d t h r o u g h 9 0 ° t o r e s t i n the 
n o t c h e s i n the o u t e r tube thus forming a s i m p l e d i p o l e s h a p e . 

The f o l l o w i n g d e s c r i p t i o n o f the use and p e r f o r m a n c e o f t h i s a n t e n n a was o b t a i n e d 
under o p t i m a l c o n d i t i o n s w i t h few r e f l e c t e d s i g n a l s on a g e n t l e s l o p e w i t h the 
o b s e r v e r a p p r o x i m a t e l y 5 m above the t r a n s m i t t e r a t a range o f 250 m. The antenna 
i s h e l d above the head ( F i g . 2) w i t h i t s a x i s i n a h o r i z o n t a l p l a n e and i s r o t a t e d 
through 3 6 0 ° . N u l l s are o b t a i n e d when the a x i s o f the a n t e n n a i s i n l i n e w i t h the 
s i g n a l s o u r c e and the s t r o n g e s t s i g n a l i s r e c e i v e d when the a n t e n n a i s more or l e s s 
a t 90° to the s o u r c e ( F i g . 3 ) . The p o l a r d iagrams r e l a t e s t r e n g t h o f s i g n a l r e c e i v e d 
to the d i r e c t i o n o f the ' c o l l e c t o r ' e l ement o f the d i p o l e w i t h a s t a t i o n a r y t r a n s 
m i t t e r . F i g u r e 3 shows t h a t t h e r e are two i d e n t i c a l n u l l s i n d i c a t i n g t h a t the t r a n s 
m i t t e r i s i n e i t h e r o f two o p p o s i t e d i r e c t i o n s from the o b s e r v e r and o n l y by r e p e a t 
i n g the r e a d i n g s from o t h e r l o c a t i o n s or h a v i n g a second o b s e r v e r a t a n o t h e r l o c a 
t i o n , can the s i g n a l s o u r c e be found by t r i a n g u l a t i o n . 

F i g . 2 . H o l d i n g t h e a n t e n n a h o r i z o n t a l l y f o r f i e l d t e s t i n g . 
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Signal source 

Di-pole horizontal 

F i g . 3 . P o l a r d iagram of s i g n a l s t r e n g t h r e c e i v e d i n r e l a t i o n 
t o d i r e c t i o n o f ' c o l l e c t o r ' w i t h a x i s o f a n t e n n a 
h o r i z o n t a l . 

F i e l d e x p e r i m e n t s have shown t h a t i f the a n t e n n a i s t i l t e d 15° from t h e h o r i z o n t a l 
w i t h the ' c o l l e c t o r ' e lement uppermost ( F i g . 4 ) , the p o l a r d iagram i s no l o n g e r 
s y m m e t r i c a l about the 90° a x i s ( F i g . 5 ) . When the a n t e n n a i s r o t a t e d through 3 6 0 ° , 
one o f the n u l l s i s a u d i b l y narrower and more pronounced i n d i c a t i n g not o n l y the 
b e a r i n g but a l s o the d i r e c t i o n o f the t r a n s m i t t e r . 

I f t h e an imal i s moving ( s i g n a l s t r e n g t h v a r y i n g ) the a n t e n n a must be r o t a t e d a t 
f i r s t through 360° t o o b t a i n an approx imate d i r e c t i o n and then a l t e r n a t e d r a p i d l y 
through about 90° so t h a t r a p i d compar i sons o f s i g n a l s t r e n g t h can be made by e a r 
t o d e t e c t t h e b e s t n u l l . T h i s p r o c e d u r e s h o u l d be r e p e a t e d r e g u l a r l y when f o l l o w i n g 
or ' h o m i n g - i n ' on an a n i m a l t o e l i m i n a t e s p u r i o u s e f f e c t s o f topography and r e f l e c t e d 
s i g n a l s . When no l o n g e r r e q u i r e d the a n t e n n a i s s i m p l y c o l l a p s e d i n t o the h a n d l e 
f o r easy c a r r y i n g ( F i g . 6 ) . 

D I S C U S S I O N 
T h i s antenna compares f a v o r a b l y i n p e r f o r m a n c e w i t h s i m i l a r r i g i d t u b u l a r aluminum 
d i p o l e s . D i s a d v a n t a g e s o f t h i s a n t e n n a are t h a t i t i s f r a g i l e when opened and must 
be opened and c o l l a p s e d w i t h some c a r e . I t a l s o l a c k s the p r e c i s i o n and h i g h g a i n 
of the v e r t i c a l l y p o l a r i z e d H-Adcock double d i p o l e ( T a y l o r and L l o y d , 1978) , or Y a g i 
and double Y a g i a r r a y s ( H a l l b e r g , J a n z a and T r a p p , 1974) wh ich l i m i t s i t s use f o r 
l o n g range p r e c i s e t r i a n g u l a t i o n , A f u r t h e r d i s a d v a n t a g e i s t h a t i t s p r e c i s i o n i s 
f r e q u e n t l y a f f e c t e d by r e f l e c t e d s i g n a l s b u t the o b s e r v e r c a n u s u a l l y overcome t h i s 
by m o v i n g , o f t e n o n l y a few m e t e r s . I t s compactness and the d e g r e e t o w h i c h i t i s 
p r o t e c t e d when f o l d e d however make i t i d e a l f o r ' h o m i n g - i n ' on an a n i m a l t o make 
v i s u a l c o n t a c t o r t o d i s c o v e r where the a n i m a l i s r e s t i n g by d a y . I t i s p a r t i c u l a r l y 
u s e f u l f o r l o c a t i n g b a d g e r s and s u b s e q u e n t l y f o l l o w i n g them v i s u a l l y u s i n g i n f r a red 
b i n o c u l a r s or an image i n t e n s i f i e r , as an e x t e n d e d a n t e n n a i s a g r e a t d i s a d v a n t a g e 
when t r y i n g to move q u i e t l y o v e r rough t e r r a i n and f e n c e s , or through dense v e g e t a 
t i o n . 
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F i g . 4 . D i p o l e t i l t e d 15° from h o r i z o n t a l . 

Di - pole 15° upwards 

F i g . 5 . P o l a r d iagram o f s i g n a l s t r e n g t h r e c e i v e d i n r e l a t i o n 
to d i r e c t i o n o f ' c o l l e c t o r ' w i t h ' c o l l e c t o r ' t i l t e d 
15° upwards from h o r i z o n t a l . 
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F i g . 6 . C o l l a p s i n g the d i p o l e a n t e n n a . 
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Abstract — A l i g h t w e i g h t , two- tower r e c e i v i n g s y s t e m was 
d e v e l o p e d i n r e s p o n s e t o t h e need f o r a c c u r a t e p o s i t i o n a l 
f i x e s o f t a g g e d a n i m a l s i n the f i e l d , w i t h o u t i n t r o d u c i n g the 
problem of b i a s i n the form o f o b s e r v e r p r e s e n c e i n or n e a r 
the s t u d y s i t e . The sys t em can be r e m o t e l y o p e r a t e d by 
e i t h e r one or two w o r k e r s , and can o p e r a t e f o r a p p r o x i m a t e l y 
t w e l v e hours on a s i n g l e b a t t e r y c h a r g e . I t accommodates a 
wide v a r i e t y o f r e c e i v e r s and a n t e n n a s , and can be as sembled 
from e a s i l y o b t a i n a b l e i t e m s a t modest c o s t . 

INTRODUCTION 
Radio t r a c k i n g has demonstra ted i t s m e r i t s as a u s e f u l sys tem f o r the l o c a t i o n and 
m o n i t o r i n g o f a n i m a l s i n the f i e l d . C u r r e n t l i m i t a t i o n s c e n t e r around two m a j o r 
p r o b l e m s . The f i r s t i s the a v a i l a b i l i t y o f s m a l l , r e l i a b l e t r a n s m i t t e r s w i t h s u i t 
a b l e r a n g e , w h i l e the s econd c o n c e r n s the f l e x i b i l i t y , s e n s i t i v i t y and a c c u r a c y o f 
the r e c e i v e r s y s t e m . Whi l e many improvements to the former have o c c u r r e d , we f e e l 
t h a t t h e v e r s a t i l i t y o f a v a i l a b l e r e c e p t i o n sys t ems l e a v e s much t o be d e s i r e d . T h i s 
i s p a r t i c u l a r l y so i n the c a s e o f l o c a l i z e d , i n t e n s i v e s u r v e y s i n w h i c h a c c u r a t e 
f i x e s must be taken o f t e n and where the p r e s e n c e o f an o b s e r v e r would be l i k e l y t o 
modi fy the b e h a v i o r o f the s p e c i e s under s t u d y . 

We have d e v e l o p e d a t w o - s t a t i o n r e c e i v i n g s y s t e m w h i c h : 

1. can be r e m o t e l y c o n t r o l l e d by one o p e r a t o r , 
2 . can be q u i c k l y r e l o c a t e d and r e - r e f e r e n c e d 
3 . can be used to t a k e r e l i a b l e l o c a t i o n a l f i x e s w i t h i n a s h o r t p e r i o d o f t i m e . 

S i n g l e o p e r a t o r f i x e s can u s u a l l y be comple ted w i t h i n 30 s , once the a p p r o x i m a t e 
b e a r i n g s are known, and i f the p e r i o d between r e a d i n g s i s r e a s o n a b l y s h o r t . There 
i s a lways a l a r g e r i n h e r e n t e r r o r i n l o c a t i o n s made, w h i c h i s d i r e c t l y p r o p o r t i o n a l 
w i t h t ime which has e l a p s e d between r e a d i n g s . 

SYSTEM LAYOUT 
Two y a g i a n t e n n a s are s u p p o r t e d on e a c h o f the two t e l e s c o p e masts by a r e v e r s i b l e , 
antenna r o t a t i o n d e v i c e . T h i s d e v i c e c o n s i s t s o f a 12 V p l a n e t a r y gearhead m o t o r , 

H . B . — κ 
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r o t a t i o n l i m i t s w i t c h e s and a l i n e a r v a r i a b l e p o t e n t i o m e t e r ( F i g . 1 ) . The p o t e n t i o 
meter i s used t o r e f e r e n c e the p o s i t i o n o f the an tenna m a s t , wh ich i s b e l t d r i v e n 
by t h e m o t o r . The mast i s s o l i d | i n s t e e l , 40 cm l o n g , and i s s u p p o r t e d a t e a c h 
end by an aluminum b u s h i n g , b o l t e d to the mast by means o f we lded s t e e l p l a t e s . The 

F i g . 1. Mast p o s i t i o n d e v i c e . Motor i s s p r i n g l o a d e d to t e n ^ 
s i o n b e l t . L i m i t s w i t c h e s are s e t to engage a f t e r a 
185° sweep. The antenna c ros s -boom i s c lamped t o the 
l a r g e aluminum c o l l a r s s i t u a t e d t o the r i g h t (above) 
o f the p u l l e y . The l a r g e r i n g l o c a t e d a t the ex treme 
l e f t i s used f o r a n c h o r i n g r o p e s . A t h r e e or f o u r 
rope c o n f i g u r a t i o n may be u s e d . 

r e s u l t i n g c o n f i g u r a t i o n h a s g r e a t r i g i d i t y . The p o t e n t i o m e t e r s h a f t i s i n s e r t e d a t 
the lower end o f the mast s h a f t and s e c u r e d by a s e t s c r e w . There i s v i r t u a l l y no 
p o s s i b i l i t y o f i n a c c u r a t e p o s i t i o n i n g as a r e s u l t o f l o n g i t u d i n a l t w i s t i n g when t h i s 
method of assembly i s u s e d . The whole u n i t has an e x t r e m e l y narrow p r o f i l e to t h e 
w i n d . C o n t r o l and r e c e p t i o n i s a c h i e v e d r e m o t e l y u s i n g s o l i d s t a t e s w i t c h i n g d e v i c e s , 
e x t e r n a l p r e a m p l i f i e r s and a c e n t r a l c o n t r o l u n i t ( F i g . 2 ) . A 12 V l e a d a c i d b a t t e r y 
s u p p l i e s power to each tower . S i n c e the h e a v i e s t power demand i s a t the tower s i t e 
(each motor r e q u i r e s 8 A d u r i n g o p e r a t i o n ) , i t i s c o n v e n i e n t and e c o n o m i c a l t o p l a c e 
them t h e r e , thus e l i m i n a t i n g the n e c e s s i t y o f c o n v e r t e r s , t r a n s f o r m e r s and b u l k y 
power l i n e s . C o n n e c t i o n s are made from the towers t o the c e n t r a l c o n t r o l u n i t v i a 
t h e c a b l e c o n t r o l l i n g antenna r o t a t i o n and c o a x i a l c a b l e . N u l l peak s w i t c h i n g and 
s i g n a l p r e a m p l i f i c a t i o n i s performed a t e a c h tower by remote c o n t r o l . The c e n t r a l 
c o n t r o l u n i t c o n n e c t s the r e c e i v e r ( s ) and a d i g i t a l ohm meter to the towers ( F i g . 3 ) . 
The ohm meter i s the d e v i c e t h a t d i s p l a y s mast p o s i t i o n . To c a l i b r a t e the m e t e r , a 
r e s i s t a n c e i s a r b i t r a r i l y s e t f o r a b e a r i n g o f 1 8 0 ° . R e s i s t a n c e change t h e n o c c u r s 
l i n e a r i l y over t h e 180° sweep as an e x a c t f u n c t i o n o f 4 .94 Ω degree"-^. A d i g i t a l 
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F i g . 2 . C e n t r a l c o n t r o l u n i t 2 . U n i t measurements are 26 χ 
13 χ 6 cm o v e r a l l . U n i t w e i g h t i s 772 g . C e n t r a l 
c o n t r o l u n i t 1 i s no t i l l u s t r a t e d , b u t i s a p p r o x i 
m a t e l y o n e - h a l f t h e o v e r a l l s i z e o f the u n i t i l l u s 
t r a t e d a b o v e . R e f e r to F i g . 3 f o r c i r c u i t d e t a i l s . 

ohm meter must t h e r e f o r e be used to d e v e l o p t h i s maximum a c c u r a c y . There are two 
ammeters i n c o r p o r a t e d i n t o the c o n t r o l u n i t w h i c h show c u r r e n t d r a i n r e s u l t i n g from 
the gearhead m o t o r s . T h i s a l l o w s the o p e r a t o r t o e s t i m a t e r e m a i n i n g c h a r g e i n t h e 
b a t t e r i e s as w e l l a s i n d i c a t i n g l o a d upon e a c h m o t o r . They a l s o p o i n t ou t motor 
f a i l u r e or jamming. 

OPERATION 
The sys tem makes use o f the n u l l peak t h e o r y o f r a d i o l o c a t i o n d e v e l o p e d by Cochran 
(Banks et at,, 1975) and shows t h e a c c u r a c y t y p i c a l o f the r e c e i v e r s and a n t e n n a s 

b e i n g u t i l i z e d . On the 148 MHz b a n d , t h i s a c c u r a c y i s a p p r o x i m a t e l y 0 . 5 ° , and thus 
g e n e r a t e s t h e ' e r r o r p o l y g o n ' f o r m u l a t e d and d e s c r i b e d by Heezen and T e s t e r (1967 ) . 
I f h i g h e r r e s o l u t i o n i s r e q u i r e d , then the p o s i t i o n r e s i s t a n c e change must be r e c a l i 
b r a t e d t o a h i g h e r r e s i s t a n c e change p e r d e g r e e . 

I n f i e l d p r a c t i c e , the towers are p l a c e d i n optimum p o s i t i o n s f o r s i g n a l r e c e p t i o n 
and then c o n n e c t e d t o t h e power s u p p l i e s and c e n t r a l c o n t r o l u n i t . They are then 
r e f e r e n c e d w i t h r e s p e c t to e i t h e r each o t h e r or to m a g n e t i c n o r t h , u s i n g t r a n s e c t 
or compass , r e s p e c t i v e l y . T h i s i s a c c o m p l i s h e d by f i r s t r o t a t i n g the mast u n t i l i t 
s t o p s a t the l i m i t s w i t c h , then m a n u a l l y r o t a t i n g the whole tower u n t i l i t i s e x a c t l y 
a l i g n e d a l o n g the antenna r e f e r e n c e b e a r i n g . Once i n p o s i t i o n , the ohm meter i s 
s e t a t i t s r e f e r e n c e p o i n t s e t t i n g by t h e use o f v a r i a b l e p o t e n t i o m e t e r s i n c o r p o r a t e d 
i n t o the c o n t r o l u n i t . 

Synchronous f i x e s are n o t p o s s i b l e u n l e s s two o p e r a t o r s are p r e s e n t to c o n t r o l each 
tower s e p a r a t e l y , b u t a c c u r a t e r e a d i n g s can be t a k e n by one o p e r a t o r p r o v i d e d t h a t 
the s u b j e c t i s no t moving r a p i d l y a c r o s s t h e r a d i o f i e l d . 
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Abstract — The c o n s t r u c t i o n o f an a c o u s t i c r e c e i v e r and h y d r o 
phone s u i t a b l e f o r use i n underwater t r a c k i n g e x p e r i m e n t s i s 
d e s c r i b e d . The r e c e i v e r i s a b e a t f r e q u e n c y o s c i l l a t o r 
d e s i g n and the hydrophone f e a t u r e s a f r e q u e n c y s e l e c t i v e 
p r e a m p l i f i e r . The equipment d e t e c t s f r e q u e n c i e s o f from 
40 t o 60 KHz and i s most s e n s i t i v e t o 50 KHz s i g n a l s . A 
1 y V , 50 KHz s i g n a l a t the hydrophone i s c l e a r l y a u d i b l e a t 
the h e a d p h o n e s . Both the r e c e i v e r and the p r e a m p l i f i e r may 
be e a s i l y a d j u s t e d f o r the d e t e c t i o n o f e i t h e r h i g h e r or lower 
f r e q u e n c i e s . The hydrophone may be used f o r e i t h e r o m n i d i r e c 
t i o n a l or d i r e c t i o n a l s i g n a l d e t e c t i o n . 

INTRODUCTION 
E v e r i n c r e a s i n g use i s b e i n g made o f t e l e m e t r y t o o b t a i n i n f o r m a t i o n about the 
b e h a v i o r and p h y s i o l o g y o f an imal s i n the w i l d . Mos t work i n the a r e a h a s i n v o l v e d 
r a d i o t r a c k i n g o f t e r r e s t r i a l a n i m a l s . U n t i l r e c e n t l y , few s t u d i e s w i t h a q u a t i c 
an imal s were performed b e c a u s e o f the d i f f i c u l t y o f p r o p a g a t i n g s u i t a b l e e n e r g y 
through w a t e r . Over r a n g e s o f more than a few m e t e r s , sound i s the most p r a c t i c a l 
form o f energy f o r underwater t e l e m e t r y . Advances i n a c o u s t i c t e l e m e t r y make i t 
p o s s i b l e to o b t a i n d a t a on many s p e c i e s o f a q u a t i c a n i m a l s o v e r p e r i o d s o f time 
and i n l o c a t i o n s where i t i s i m p o s s i b l e t o o b t a i n i n f o r m a t i o n by means o f any o t h e r 
t e c h n i q u e ( S t a s k o and P i n c o c k , 1977; I r e l a n d and K a n w i s h e r , 1 9 7 8 ) . U n f o r t u n a t e l y 
f o r t h e i n v e s t i g a t o r , commerc ia l a c o u s t i c t e l e m e t r y equipment i s e x p e n s i v e . Here 
we p r e s e n t a l l the i n f o r m a t i o n n e c e s s a r y to c o n s t r u c t a s i m p l e , i n e x p e n s i v e , and 
compact a c o u s t i c r e c e i v e r and hydrophone s u i t a b l e f o r use i n a v a r i e t y o f d i f f e r e n t 
e x p e r i m e n t a l s i t u a t i o n s . 

M A T E R I A L S AND METHODS 
F i g u r e 1 i s a c i r c u i t d iagram f o r a b e a t f r e q u e n c y o s c i l l a t o r r e c e i v e r and a f r e 
quency s e l e c t i v e hydrophone p r e a m p l i f i e r . A n p l i f i c a t i o n w i t h i n the hydrophone i s 
i m p o r t a n t to e l i m i n a t e e l e c t r i c a l i n t e r f e r e n c e from b o a t motors and o t h e r s o u r c e s . 
Frequency s e l e c t i v e p r e a m p l i f i e r s p a r t i a l l y e l i m i n a t e background n o i s e . The c i r c u i t 
d iagram i s a m o d i f i c a t i o n o f one shown i n K a n w i s h e r , Lawson and Sundnes (1974 ) . 
Changes t o the c i r c u i t r e f l e c t e x p e r i e n c e g a i n e d over s e v e r a l y e a r s i n the f i e l d 
w i t h t h i s equ ipment . 
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F i g . 1. C i r c u i t d iagram f o r an a c o u s t i c r e c e i v e r and a f r e 
quency s e l e c t i v e hydrophone p r e a m p l i f i e r . A l l s e m i 
c o n d u c t o r s are from the HEP® s e r i e s by M o t o r o l a . 
The m i n i a t u r e 30 mH i n d u c t o r i s a T o r t e l TG-20-7518 D . 
The t r a n s d u c e r , 1.65 cm o . d . , 1.49 cm i . d . , 0 .89 cm 
l o n g , TCD-5H© m a t e r i a l , i s m a n u f a c t u r e d by M a r i n e 
R e s o u r c e s I n c o r p o r a t e d . (Adapted from Kanwisher 
et al.^ 1974. C o u r t e s y of the U . S . N a t i o n a l M a r i n e 
F i s h e r i e s S e r v i c e . ) 

The r e c e i v e r may be assembled on a 10 χ 15 cm p e r f o r a t e d b o a r d . E x c e p t where i n d i 
c a t e d i n F i g . 1, l o c a t i o n o f p a r t s i s n o t c r i t i c a l . C a r e s h o u l d be t a k e n when h a n d 
l i n g and s o l d e r i n g the CMOS C4001P i n t e g r a t e d c i r c u i t as s t a t i c e l e c t r i c i t y can 
damage i t . With the component v a l u e s shown i n F i g . 1, t h e r e c e i v e r d e t e c t s f r e 
q u e n c i e s o f 40 t o 60 K H z . Use o f a p r e c i s i o n 1 0 - t u r n p o t e n t i o m e t e r ( C l a r o s t a t 6 2 J A ) 
and a 1 0 - t u r n d i a l w i t h 1000:1 i n d e x i n g a c c u r a c y ( S p e c t r o l 15 -1 -11) p e r m i t s t u n i n g 
t o a g i v e n f r e q u e n c y w i t h good a c c u r a c y . The r e c e i v e r may be e a s i l y r e s e t to d e t e c t 
e i t h e r a h i g h e r or lower range o f f r e q u e n c i e s . D e c r e a s i n g the v a l u e o f r e s i s t o r R l 
tunes the r e c e i v e r f o r h i g h e r f r e q u e n c i e s ; i n c r e a s i n g i t has the o p p o s i t e e f f e c t . 
We u s e 1.5 V a l k a l i n e AA b a t t e r i e s to power the r e c e i v e r . C a r b o n - z i n c 1.5 V AA 
b a t t e r i e s may a l s o be used and are a v a i l a b l e i n a l l b u t the most remote c o r n e r s o f 
the w o r l d . A w a t e r p r o o f m e t a l c a s e houses the r e c e i v e r . The c a s e i s c o n n e c t e d t o 
r e c e i v e r g r o u n d . 

The p r e a m p l i f i e r i s assembled on a t h i n , 1.5 x 4 .0 cm p e r f o r a t e d b o a r d . The l o c a 
t i o n o f p a r t s i s n o t c r i t i c a l . With the components shown i n F i g . 1, t h e p r e a m p l i f i e r 
i s most s e n s i t i v e t o s i g n a l s o f 50 K H z . S e n s i t i v i t y i s a p p r o x i m a t e l y 3 dB down a t 
45 and 55 K H z . The p r e a m p l i f i e r can be made m a x i m a l l y s e n s i t i v e t o a n o t h e r f r e q u e n c y 
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by c h a n g i n g the v a l u e o f c a p a c i t o r C I . The f o r m u l a f o r the p r o p e r v a l u e o f C I i s : 

C I (pF) = [330 X ( 5 0 / d e s i r e d f r e q u e n c y i n KHz)^] . 

The v a l u e o f r e s i s t o r R2 must then be a d j u s t e d so t h a t the p r e a m p l i f i e r once a g a i n 
h a s a g a i n o f 100. The p r e a m p l i f i e r i s c o n n e c t e d to the r e c e i v e r by means o f w a t e r 
p r o o f , 2 - c o n d u c t o r s h i e l d e d c a b l e (Be iden 8412) . The s h i e l d i s c o n n e c t e d t o ground 
at the r e c e i v e r o n l y . Care s h o u l d be taken when s o l d e r i n g the l e a d s from the p r e 
a m p l i f i e r to t h e i n s i d e and o u t s i d e o f the c y l i n d r i c a l t r a n s d u c e r ; e x c e s s i v e h e a t 
can damage i t . A f t e r the l e a d s are i n p l a c e , e a c h end o f the t r a n s d u c e r i s s e a l e d 
w i t h a 0 .08 cm t h i c k p i e c e o f L e x a n ( p o l y c a r b o n a t e ) . The p i e c e s o f Lexan® are the 
same d i a m e t e r as the t r a n s d u c e r and h e l d i n p l a c e w i t h c y a n o a c r y l a t e a d h e s i v e . 
The t r a n s d u c e r i s now ' a i r b a c k e d ' . 

The t r a n s d u c e r and p r e a m p l i f i e r are b o t h p o t t e d i n s i d e a t h i n w a l l e d g l a s s epoxy 
t u b e . Tube and t r a n s d u c e r s h o u l d be a c l o s e f i t i f h i g h a c o u s t i c - t o - e l e c t r i c e f f i 
c i e n c y i s t o be r e a l i z e d . We used 7 cm l e n g t h s o f 1.77 cm i n n e r d i a m e t e r t u b i n g 
w i t h a 0 .08 cm w a l l , s e a l e d a t one end w i t h a c i r c u l a r p i e c e o f g l a s s e p o x y , 0 .15 cm 
t h i c k ( S t e v e n s Tub ing C o r p . ) . H y s o l ® R9-2039 epoxy r e s i n and H2-3651 h a r d e n e r 
(Dexter C o r p . ) have p r o v e n e x c e l l e n t f o r p o t t i n g h y d r o p h o n e s . 

I f an o m n i d i r e c t i o n a l hydrophone i s s u f f i c i e n t f o r o n e ' s e x p e r i m e n t s , t h e equipment 
i s now ready t o u s e . S e n s i t i v i t y i s remarkable f o r such s i m p l e d e v i c e s . A 1 yV, 
50 KHz s i g n a l a t the hydrophone i s c l e a r l y a u d i b l e i n t h e h e a d p h o n e s . I f a d i r e c 
t i o n a l hydrophone i s r e q u i r e d , the p o t t e d t r a n s d u c e r and p r e a m p l i f i e r may be f i t t e d 
i n s i d e a 9 0 ° , foam neoprene l i n e d , s t a i n l e s s s t e e l cone ( see S t a s k o and P o l a r , 
1973) . The cone can be mounted on one end of a r o t a t i n g s h a f t f i x e d t o a b o a t . 
B r a c k e t s o f the k i n d s u p p l i e d w i t h s m a l l e l e c t r i c f i s h i n g motors are i d e a l f o r h o l d 
i n g the s h a f t . We used an aluminum s h a f t made up o f s e v e r a l s e p a r a t e s e c t i o n s . 
R e c e i v e r , hydrophone , s h a f t , and mount ing b r a c k e t a l l f i t r e a d i l y i n t o an a v e r a g e 
s i z e d s u i t c a s e . 

Ackncwledgements — T h i s m a t e r i a l i s b a s e d upon work p a r t i a l l y s u p p o r t e d by the 
N a t i o n a l S c i e n c e F o u n d a t i o n under G r a n t N o . BNS 78-18196 . C o n t r i b u t i o n N o . 807 o f 
the Bermuda B i o l o g i c a l S t a t i o n f o r R e s e a r c h . 
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Abstract — Two h e a r t r a t e / t e m p e r a t u r e t e l e m e t r y t r a n s m i t t e r 
c i r c u i t s have been deve loped f o r e s t i m a t i n g a c t i v i t y , p h y s i o 
l o g i c a l s t a t e or m e t a b o l i c r a t e . Use o f programmable m i c r o -
power o p e r a t i o n a l a m p l i f i e r s p e r m i t s t o t a l q u i e s c e n t s u p p l y 
c u r r e n t s be low 25 yA w h i l e r e t a i n i n g s u f f i c i e n t s e n s i t i v i t y 
f o r use on i n v e r t e b r a t e s ( c r a b s ) . The f i r s t c i r c u i t re sponds 
to e l e c t r i c a l a c t i v i t y o f the myocardium or c a r d i a c g a n g l i o n . 
I t h a s the a d v a n t a g e o f s e n s i n g an unambiguous a l l - o r - n o t h i n g 
e l e c t r i c a l s i g n a l w h i c h h a s an e x a c t o n e - t o - o n e c o r r e s p o n d e n c e 
w i t h h e a r t b e a t . I t s d i s a d v a n t a g e s are low n o i s e immunity due 
t o h i g h i n p u t impedance , s e n s i t i v i t y o f o t h e r m u s c l e p o t e n t i a l s , 
p o s s i b l e s i g n a l l o s s due t o e l e c t r o d e m o t i o n or d e g r a d a t i o n , 
and a requ irement f o r c r i t i c a l e l e c t r o d e p l a c e m e n t . The s econd 
c i r c u i t , s l i g h t l y more complex , r e s p o n d s to a . c . impedance 
changes a s s o c i a t e d w i t h h e a r t movements . The s i g n a l waveform 
changes w i t h h e a r t r a t e and d e g r e e o f f i l l i n g and t h e r e f o r e i s 
not as unambiguous as E C G . T h i s c i r c u i t i s , however , immune 
to b o t h musc l e p o t e n t i a l s and e x t e r n a l n o i s e f i e l d s , shows v e r y 
long e l e c t r o d e l i f e , and does not r e q u i r e p r e c i s e e l e c t r o d e 
p l a c e m e n t . Both t r a n s m i t t e r s can be c o n s t r u c t e d w i t h p a c k a g e 
w e i g h t s be low 5 g i n c l u d i n g b a t t e r i e s f o r two weeks o p e r a t i o n . 

INTRODUCTION 
The i n t e n s i t y , p a t t e r n , and m e t a b o l i c c o s t o f v a r i o u s a c t i v i t i e s a r e i m p o r t a n t v a r i 
a b l e s i n p h y s i o l o g i c a l and b e h a v i o r a l e c o l o g y . Of the v a r i o u s c o r r e l a t e s o f m e t a b o 
l i s m , h e a r t r a t e appears to be t h e most s u i t a b l e i n d i c a t o r o f s h o r t - t e r m v a r i a t i o n s 
(Gessaman, 1973) . T h i s p a p e r p r e s e n t s two t r a n s m i t t e r s d e v e l o p e d f o r m o n i t o r i n g the 
h e a r t r a t e o f f r e e r a n g i n g g h o s t c r a b s (Ocypode quadrata) and some p r e l i m i n a r y r e s u l t s 
which i n d i c a t e t h a t h e a r t r a t e measurements w i l l be a u s e f u l f i e l d t o o l . 

CIRCUIT D E S I G N 
The requ irements f o r m o n i t o r i n g the h e a r t r a t e o f i n v e r t e b r a t e s were somewhat more 
s t r i n g e n t than t h o s e f o r w o r k i n g on v e r t e b r a t e s . As w i t h any s m a l l a n i m a l , low c a r r y 
i n g c a p a c i t y d i c t a t e d m i n i m a l power d r a i n t o maximize l i f e from s m a l l b a t t e r i e s . The 
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t r a n s m i t t e r s themse lves had t o be s m a l l ; n e v e r t h e l e s s they had to be e x t r a o r d i n a r i l y 
s e n s i t i v e by v e r t e b r a t e s t a n d a r d s . Crab h e a r t s are t h i n w a l l e d l i t t l e b a g s o f m u s c l e 
and produce a s i g n a l o r d e r s o f magni tude s m a l l e r than t h a t o b t a i n a b l e from a mouse 
h e a r t . The s o l u t i o n s to t h e s e r e q u i r e m e n t s were e s s e n t i a l l y t w o - f o l d . F i r s t , p r o 
grammable micropower o p e r a t i o n a l a m p l i f i e r s ( 'op amps') were used as h i g h g a i n f u n c 
t i o n a l b l o c k s . These i n t e g r a t e d c i r c u i t s have h i g h i n p u t impedance and common mode 
r e j e c t i o n , are i n h e r e n t l y s t a b l e , draw min imal s u p p l y c u r r e n t , and r e q u i r e a minimum 
o f e x t e r n a l components . S e c o n d l y , a p u l s e d o u t p u t was used r a t h e r than t r a n s m i t t i n g 
a c o n t i n u o u s a n a l o g s i g n a l o f the E C G . T h i s a p p r o a c h , p i o n e e r e d by B a l d w i n (1973) , 
r e d u c e s t h e duty c y c l e o f t h e power consuming r a d i o c i r c u i t r y to a few p e r c e n t , thus 
d r a s t i c a l l y l o w e r i n g t o t a l power r e q u i r e m e n t s f o r a g i v e n RF o u t p u t and r a n g e . A 
t h i r d d e s i g n requ irement was t h a t proper o p e r a t i o n s h o u l d not depend on the m a i n t e n 
ance o f any r e s i s t a n c e s i n e x c e s s o f 2 ΜΩ, H i g h e r r e s i s t a n c e s were deemed l i k e l y 
t o change as a r e s u l t o f i n e v i t a b l e exposure t o s o i l m o i s t u r e and s a l t w a t e r . (Th i s 
c r i t e r i o n m i g h t w e l l a p p l y t o i m p l a n t a b l e t r a n s m i t t e r s as w e l l . ) Two t r a n s m i t t e r 
t y p e s have been d e s i g n e d u s i n g t h e s e a p p r o a c h e s : the f i r s t s e n s e s the E C G , and the 
second s ense s v a r i a t i o n s i n c a r d i a c a . c . impedance . 

The ECG s e n s i n g h e a r t r a t e t r a n s m i t t e r ( F i g . 1) has a q u i e s c e n t c u r r e n t d r a i n of 
l e s s than 10 yA and can be c o n s t r u c t e d to w e i g h l e s s than 4 g ( l e s s b a t t e r i e s ) . The 
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F i g . 1. ECG s e n s i n g h e a r t r a t e / t e m p e r a t u r e t r a n s m i t t e r . A - F = 
CMOS 4049 hex i n v e r t e r b u f f e r . T l = 250 Κ t h e r m i s t o r . 
L I , L 2 : 5T, N o . 28 A . W . G . , 5 mm d i a m e t e r ; L I tapped 
a t I T . 

feedback loop of the o p e r a t i o n a l a m p l i f i e r p a s s e s d . c , r e s u l t i n g i n an op amp o u t 
put c e n t e r e d a t ground p o t e n t i a l . A . C . g a i n i s c o n t r o l l e d by a v o l t a g e d i v i d e r 
coup led through a 4 .7 yF c a p a c i t o r t o g r o u n d . I t i s s e t , f o r use on g h o s t c r a b s , a t 
1000 — about t h e maximum f o r t h e LM4250 a t the r e q u i r e d s l ew r a t e . The o u t p u t v o l 
t a g e of the op amp b i a s e s t h e MMT930 t r a n s i s t o r i n t o s a t u r a t i o n e x c e p t when n e g a t i v e 
g o i n g swings o f the op amp o u t p u t wi thdraw b a s e d r i v e t h r o u g h the 0 . 1 yF c a p a c i t o r . 
When t h i s o c c u r s the t r a n s i s t o r i s s h u t o f f and the c o l l e c t o r v o l t a g e r i s e s r a p i d l y 
from n e a r l y z e r o to the s u p p l y v o l t a g e . 

T h i s h i g h a m p l i t u d e r e c t a n g u l a r wave s i g n a l i s f e d t o s w i t c h i n g c i r c u i t r y b u i l t 
around a 4049 CMOS hex i n v e r t e r b u f f e r . E a c h t ime the t r a n s i s t o r s h u t s o f f and the 
i n p u t o f i n v e r t e r ' C goes h i g h , s e v e r a l t h i n g s h a p p e n . F i r s t , the ' o n e s h o t ' com
p r i s i n g i n v e r t e r s *B' and ' A ' i s t r i g g e r e d ; i t s o u t p u t goes low f o r about 15 ms . 
The o u t p u t o f i n v e r t e r ' D ' goes h i g h f o r the 15 ms p e r i o d , p e r m i t t i n g the m u l t i 
v i b r a t o r c o m p r i s i n g i n v e r t e r s ' E ' and ' F ' t o o s c i l l a t e a t the f r e q u e n c y de termined 
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* D r . A d r a i n Bottoms in forms me t h a t he d e v e l o p e d an impedance pneumograph type t r a n s 
m i t t e r a t the U n i v e r s i t y o f H u l l , E n g l a n d , b u t has not y e t p u b l i s h e d h i s work . 

by t h e r m i s t o r T l . The o u t p u t o f ' F ' p r o v i d e s b a s e d r i v e f o r the r a d i o t r a n s m i t t e r , 
i n t h i s example a 2 - s t a g e 100 MHz FM c i r c u i t . S i m u l t a n e o u s l y , t h e o u t p u t o f ' A ' 
d i s c h a r g e s C l , which w i l l h o l d the i n p u t of ' C low f o r about 100 ms u n t i l C l i s 
r e c h a r g e d and Dl i s a g a i n r e v e r s e b i a s e d . T h i s l i m i t s o u t p u t p u l s e d u r a t i o n t o 15 ms 
r e g a r d l e s s o f i n p u t p u l s e l e n g t h (up t o 100 ms) and p r e v e n t s r e t r i g g e r i n g o f the 
h i g h impedance a m p l i f i e r c i r c u i t r y by s w i t c h i n g t r a n s i e n t s from the h i g h c u r r e n t 
RF s e c t i o n . The net r e s u l t i s a 15 ms, t e m p e r a t u r e modulated r a d i o p u l s e a t e a c h 
b e a t o f the h e a r t . T r a n s m i s s i o n o f t empera ture p e r m i t s the o b s e r v e r t o d i s t i n g u i s h 
h e a r t r a t e changes due t o a c t i v i t y from t h o s e due t o t empera ture v a r i a t i o n . T o t a l 
c u r r e n t consumpt ion a t 100 bpm i s about 100 y A . 

T h i s c i r c u i t has the a d v a n t a g e o f s e n s i n g an unambiguous , a l l - o r - n o n e e l e c t r i c a l 
e v e n t which has a o n e - t o - o n e c o r r e l a t i o n w i t h h e a r t c o n t r a c t i o n s . I t s d i s a d v a n t a g e s 
i n c l u d e a s u s c e p t i b i l i t y t o t r i g g e r i n g by m u s c l e p o t e n t i a l s d u r i n g l o c o m o t i o n or 
o t h e r movement and a moderate s e n s i t i v i t y t o e x t e r n a l n o i s e f i e l d s ( e . g . power l i n e 
hum). Due t o the common mode r e j e c t i o n o f t h e o p e r a t i o n a l a m p l i f i e r , even i n t h e 
unba lanced c o n f i g u r a t i o n shown, hum i s l e s s o f a prob lem t h a n w i t h t r a d i t i o n a l d i s 
c r e t e d e s i g n s . T h i s c i r c u i t has been used i n the l a b o r a t o r y under f l u o r e s c e n t l i g h t s 
w i t h o u t a F a r a d a y c a g e . I n v e r t e b r a t e s , l a r g e s i g n a l a m p l i t u d e s would p r o b a b l y 
permi t b a l a n c e d o p e r a t i o n by d e l e t i o n of the v o l t a g e d i v i d e r and g r o u n d i n g c a p a c i t o r 
i n the n e g a t i v e f eedback l o o p , and n o i s e r e j e c t i o n s h o u l d be e x c e l l e n t . More s e r i o u s 
l i m i t a t i o n s to the a p p l i c a t i o n o f t h i s c i r c u i t on c r a b s i n v o l v e e l e c t r o d e p l a c e m e n t . 
A p p a r e n t l y the m y o c a r d i a l p o t e n t i a l s are so s m a l l and d i f f u s e t h a t p r o p e r o p e r a t i o n 
depends on p l a c i n g the e l e c t r o d e s p r e c i s e l y o v e r the c a r d i a c g a n g l i o n , w h i c h produces 
a c l e a r , f a s t s p i k e . I t i s , however , a s m a l l t a r g e t and problems have a r i s e n i n 
a c h i e v i n g c o r r e c t i n i t i a l p lacement and i n m a i n t a i n i n g s i g n a l s t r e n g t h a f t e r e l e c 
t r o d e i m p l a n t a t i o n . A p p a r e n t l y t h e r e can be r e l a t i v e movement between h e a r t and 
c a r a p a c e w i t h changes i n b l o o d v o l u m e , or the e l e c t r o d e s t h e m s e l v e s may be degraded 
over t ime by s c a r r i n g o v e r , p o l a r i z a t i o n , or o t h e r p r o c e s s e s w h i c h i n c r e a s e t h e i r 
impedance . These d i f f i c u l t i e s l e d me to e x p l o r e a l t e r n a t i v e methods o f d e t e c t i n g 
c a r d i a c movements . 

C i r c u i t s s e n s i t i v e t o v a r i a t i o n s i n a . c . impedance ( ' impedance pneumographs ' ) a v o i d 
the problems of d e t e c t i n g low l e v e l b i o p o t e n t i a l s . However, b e c a u s e they are com
p l e x and r e l y on t h e i r own power to i n d u c e an a . c . c u r r e n t i n the an imal r a t h e r than 
d e r i v i n g s i g n a l power from the an imal i t s e l f , they have been used a l m o s t e x c l u s i v e l y 
i n l a b o r a t o r y s t u d i e s ( H o g g a r t h and Trueman, 1967; A n s e l l , 1973; Cumberledge and 
Uglow, 1977; M c D o n a l d , McMahon and Wood, 1 9 7 7 ) . * The d e s i g n worked out f o r an impe
dance s e n s i n g t r a n s m i t t e r w h i c h would remain w i t h i n the s i z e and power consumpt ion 
requ irement s f o r s m a l l an imal t e l e m e t r y ( F i g . 2) a g a i n made use o f programmable 
micropower op amps to m i n i m i z e c o m p l e x i t y and t o h o l d q u i e s c e n t c u r r e n t d r a i n be low 
15 y A . 

The a . c . s i g n a l to the h e a r t e l e c t r o d e s i s a p p l i e d , and impedance changes are s e n s e d , 
by a m u l t i v i b r a t o r c o n s t r u c t e d from t h e op amp OAl and i t s a s s o c i a t e d components . 
The f r e q u e n c y o f the m u l t i v i b r a t o r i s de termined (o ther components b e i n g h e l d c o n 
s t a n t ) by the a . c . impedance a c r o s s the h e a r t e l e c t r o d e s , w h i c h are i n p o s i t i v e f e e d 
back p a t h . At an impedance o f 1 kß the c i r c u i t o s c i l l a t e s a t about 2 K H z . P o s i t i v e 
f eedback r e s i s t o r R l i s a d j u s t e d t o about 1000 t imes the c a r d i a c impedance f o r m a x i 
mum s e n s i t i v i t y o f t h e c i r c u i t . A . C . c u r r e n t a c r o s s t h e h e a r t i s l e s s t h a n 5 y A . 
The p e r i o d when the op amp r e c t a n g l e wave o u t p u t i s h i g h i s s h o r t and e s s e n t i a l l y 
independent o f c a r d i a c impedance due t o D l ; t h e p e r i o d when the o u t p u t i s low i s p r o 
p o r t i o n a l to c a r d i a c impedance . T h u s , d i f f e r e n c e s i n f r e q u e n c y caused by v a r i a t i o n s 
i n c a r d i a c impedance c a u s e v a r i a t i o n s i n a v e r a g e s i g n a l l e v e l w h i c h can be r e c t i f i e d 
and d e t e c t e d by d iode D2 and i t s a s s o c i a t e d RC n e t w o r k . The d e t e c t e d s i g n a l i s 
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• 1.35 V 

- 1.36 V 
.001 

IMPEDANCE-SENSITIVE 
MULTIViBRATOR 

(OAI) 

F i g . 2 . Impedance s e n s i n g h e a r t r a t e / t e m p e r a t u r e t r a n s m i t t e r . 
a - f = CMOS 4049 h e x i n v e r t e r b u f f e r . T l = 250 Κ t h e r 
m i s t o r . 

a m p l i f i e d by the second op amp (0A2) c o n f i g u r e d as i n the ECG a m p l i f i e r ; g a i n i s s e t 
by R 2 . 

The c a r d i a c impedance s i g n a l i s a s low wave r a t h e r than a f a s t s p i k e , and d i f f e r e n t 
s w i t c h i n g c i r c u i t r y must be employed. I n v e r t e r s ' a ' and *b' a c t as a h i g h g a i n 
a m p l i f i e r , c o n v e r t i n g the s i g n a l i n t o a r e c t a n g u l a r wave; the p o s i t i v e f e e d b a c k 
c a p a c i t o r a s s u r e s n o n l i n e a r o p e r a t i o n and f a s t s w i t c h i n g . E a c h t ime t h e o u t p u t o f 
' b ' goes low, the o u t p u t o f ' c ' i s d r i v e n h i g h f o r about 15 ms and the m u l t i v i b r a t o r 
c o m p r i s i n g ' d ' and ' e ' o s c i l l a t e s a t a f r e q u e n c y determined by t h e r m i s t o r T l . The 
o u t p u t o f ' e ' p r o v i d e s b a s e d r i v e f o r the r a d i o c i r c u i t r y . The c i r c u i t a l s o has a 
t o t a l c u r r e n t d r a i n of about 100 μΑ a t 100 bpm, and can be b u i l t to we igh l e s s than 
5 g . 

The impedance s e n s i n g c i r c u i t h a s s e v e r a l un ique a d v a n t a g e s ; i t i s v i r t u a l l y immune 
t o b o t h m u s c l e p o t e n t i a l s and e x t e r n a l n o i s e f i e l d s , has i n d e f i n i t e e l e c t r o d e l i f e , 
does n o t demand p r e c i s e e l e c t r o d e p l a c e m e n t , and i s a d a p t a b l e to d e t e c t i n g o t h e r 
movements not a s s o c i a t e d w i t h e l e c t r i c a l a c t i v i t y . I t i s , however , somewhat more 
complex than ECG s e n s i n g c i r c u i t s and measures a l e s s u n e q u i v o c a l phenomenon than 
E C G . 

Both the ECG s e n s i n g and impedance s e n s i n g c i r c u i t s have been t e s t e d on a c a p t i v e 
crab i n the l a b o r a t o r y ; b o t h produced a c c e p t a b l e s i g n a l s f o r more than two months 
(a s i n g l e p a i r o f e l e c t r o d e s f o r t u i t o u s l y s e r v e d i n b o t h modes) . The ECG s e n s i n g 
c i r c u i t , as e x p e c t e d , gave o c c a s i o n a l f a l s e b e a t s due to e x t r a n e o u s m u s c l e p o t e n t i a l s . 
The impedance s e n s i n g c i r c u i t a l s o gave f a l s e b e a t s a t e x t r e m e l y low (below 30 bpm) 
and e x t r e m e l y h i g h (above 150 bpm) h e a r t r a t e s . These e r r o r s were due to the impe
dance v a r i a t i o n becoming m u l t i p h a s i c a t the extreme r a t e s ( F i g . 3 ) . The fundamenta l 
rhythm c o u l d u s u a l l y be d e t e c t e d by e a r , a l t h o u g h a u t o m a t i c r e c o r d i n g d e v i c e s would 
not d i s t i n g u i s h a r t i f a c t s from h e a r t b e a t s . F u t u r e e x p e r i m e n t a t i o n w i l l r e v e a l whether 
the a r t i f a c t s can be a v o i d e d by u s i n g o t h e r e l e c t r o d e o r i e n t a t i o n s . 

A sys tem f o r o b t a i n i n g c o n t i n u o u s r e c o r d i n g s of h e a r t r a t e s from a n i m a l s i n t h e 
f i e l d was d e v e l o p e d to complement the t r a n s m i t t e r s . A c l o c k d r i v e r e c o r d e r w i t h a 
1 mA m e t e r movement was d r i v e n by t h e c i r c u i t shown i n F i g . 4 . T l , a 555 t i m e r i . e . 
w i r e d as a o n e - s h o t , i s t r i g g e r e d by the a m p l i f i e d a u d i o o u t p u t o f the r a d i o r e c e i v e r . 
I t s v o l t a g e o u t p u t p u l s e i s c o n v e r t e d t o a c u r r e n t p u l s e by the Howland c i r c u i t i n c o r 
p o r a t i n g op amp O A I . Thus , each h e a r t b e a t r e s u l t s i n the i n j e c t i o n o f a f i x e d c h a r g e 
i n t o c a p a c i t o r C I , and the v o l t a g e a p p e a r i n g on C I (or a t the o u t p u t o f OAI) i s p r o 
p o r t i o n a l t o h e a r t r a t e . T h i s v o l t a g e i s c o n v e r t e d i n t o meter d r i v e c u r r e n t by 0A2, 
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SECONDS 

F i g . 3 . C a r d i a c impedance s i g n a l s ( d i a g r a m m a t i c ) o c c u r r i n g 
a t the a m p l i f i e r (OAZ) o u t p u t o f the impedance s e n s i n g c i r 
c u i t ( F i g . 2 ) . T r i g g e r i n g o f an o u t p u t p u l s e o c c u r s a t 
e a c h n e g a t i v e g o i n g z e r o c r o s s i n g ; m u l t i p h a s i c s i g n a l s 
a t e x t r e m e l y low and h i g h h e a r t r a t e s t h e r e f o r e g i v e 
' e x t r a b e a t s . ' 

+ 9 V 

RECORDER 
(I mA) 

F i g . 4 . C i r c u i t w h i c h c o n v e r t s a u d i o p u l s e s from the r a d i o 
r e c e i v e r t o h e a r t r a t e p r o p o r t i o n a l r e c o r d e r d r i v e 
c u r r e n t (0-1 m A ) . CA 3130 op amps are used b e c a u s e 
t h e i r common mode and o u t p u t r a n g e s i n c l u d e g r o u n d . 
Opening S2 a p p l i e s 100 bpm c a l i b r a t i o n s i g n a l t o 
r e c o r d e r d r i v e . 

a v o l t a g e - t o - c u r r e n t c o n v e r t e r . S i n c e t h e meter i s c u r r e n t d r i v e n , v a r i a t i o n s i n 
meter r e s i s t a n c e due to t emperature v a r i a t i o n have no e f f e c t on r e a d i n g s . A second 
555 t i m e r , T 2 , i s used to p r o d u c e a 100 bpm c a l i b r a t i o n s i g n a l ; t h e r e c o r d e r span i s 
a d j u s t e d i n the f i e l d t o the c a l i b r a t i o n v a l u e w i t h a 5 Κ p o t e n t i o m e t e r . A l i g h t 
e m i t t i n g d i o d e p r o v i d e s a v i s u a l c o r r e l a t i o n be tween a u d i o o u t p u t and t imer o u t p u t . 
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T h i s permit s s e t t i n g r a d i o volume to a l e v e l where t r i g g e r i n g o c c u r s on a l l h e a r t 
b e a t s b u t not on n o i s e . Temperature was r e c o r d e d by c o n s t r u c t i n g and c a l i b r a t i n g 
a CMOS m u l t i v i b r a t o r i d e n t i c a l to the t emperature s e n s i t i v e m u l t i v i b r a t o r i n t h e 
t r a n s m i t t e r e x c e p t t h a t a l o g a r i t h m i c (audio t a p e r ) p o t e n t i o m e t e r was s u b s t i t u t e d 
f o r T l . I n the f i e l d , the p o t e n t i o m e t e r was r o t a t e d u n t i l the p i t c h i t produced 
matched t h a t h e a r d on t h e r a d i o r e c e i v e r . 

A f i e l d t r i a l o f t h i s s y s t e m , u t i l i z i n g a m i n i a t u r i z e d p r o t o t y p e of an e a r l i e r 
( W o l c o t t , 1977) ECG s e n s i n g t r a n s m i t t e r d e s i g n ( F i g s . 5 and 6) was c o n d u c t e d w i t h 

F i g . 5 . M i n i a t u r i z e d p r o t o t y p e o f ECG s e n s i n g t r a n s m i t t e r 
( t h i s c i r c u i t d i f f e r s s l i g h t l y from t h a t i n F i g . 1 ) . 
P l a s t i c DIPS are ground to 2 mm t h i c k n e s s to reduce 
w e i g h t and vo lume . E n c a p s u l a t e d w e i g h t = 4 g . 

a crab w h i c h was l a t e r found to 
o n l y r e f l e c t e d changes i n tempe 
term, b u t a l s o p r o v i d e d a v e r y 
h e a r t r a t e t o changes i n a c t i v i 
r e c o r d e r ) were e x t r e m e l y r a p i d ; 
commencement of l o c o m o t i o n , and 
s a t i o n o f a c t i v i t y . Sudden i n c 

be i n poor c o n d i t i o n . N e v e r t h e l e s s , h e a r t r a t e not 
r a t u r e (and presumably m e t a b o l i c r a t e ) over the l o n g 
d e t a i l e d r e c o r d o f a c t i v i t y ( F i g . 7 ) . Responses o f 
t y i n o t h e r c r a b s ( t e s t e d b e f o r e c o n s t r u c t i o n of the 
h e a r t r a t e r o s e from 30 to 150 bpm w i t h i n 5 s upon 
d e c l i n e d to r e s t i n g l e v e l s w i t h i n 1-2 min a f t e r c e s -

r e a s e s i n h e a r t r a t e s o f c r a b s 20-50 cm deep i n t h e i r 
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F i g . 6 . H e a r t r a t e / t e m p e r a t u r e t r a n s m i t t e r on g h o s t c r a b 
(Ocypode quadrata). T r a i l i n g T e f l o n i n s u l a t e d w i r e 
i s t r a n s m i t t i n g a n t e n n a . 

burrows o c c u r r e d when i n v e s t i g a t o r s approached w i t h i n 10 m o f t h e b u r r o w s , i n d i c a t i n g 
the s e n s i t i v i t y of t h e s e a n i m a l s to sand b o r n e v i b r a t i o n s . P r e l i m i n a r y s t u d i e s i n 
a t r e a d m i l l r e s p i r o m e t e r ( C . F . H e r r e i d , S t a t e U n i v e r s i t y o f New Y o r k a t B u f f a l o , 
p e r s o n a l communicat ion) have i n d i c a t e d a c l o s e c o r r e l a t i o n between e x e r c i s e m e t a b o 
l i s m and h e a r t r a t e . T h i s h e a r t r a t e t e l e m e t r y sys t em thus shows c o n s i d e r a b l e p r o 
mise as a method o f e s t i m a t i n g a c t i v i t y and i t s m e t a b o l i c c o s t i n g h o s t c r a b s and 
p o s s i b l y i n o t h e r h i g h l y m o b i l e s m a l l a n i m a l s . 

Ackncwledgements — These d e v i c e s were d e v e l o p e d w i t h s u p p o r t from the N . C . S . U . D e p a r t 
ment o f Mar ine S c i e n c e s and E n g i n e e r i n g and g r a n t DEB-77 from t h e N a t i o n a l S c i e n c e 
F o u n d a t i o n . The c o o p e r a t i o n of the N a t i o n a l M a r i n e F i s h e r i e s S e r v i c e L a b o r a t o r y a t 
B e a u f o r t , N . C . and F o r t Macon S t a t e Park on Bogue B a n k s , N . C . , d u r i n g t h e f i e l d work 
i s g r a t e f u l l y acknowledged . C o n t r i b u t i o n 79-03 from the Department o f M a r i n e S c i e n c e 
and E n g i n e e r i n g , N o r t h C a r o l i n a S t a t e U n i v e r s i t y . 
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F i g . 7. H e a r t r a t e o f a f r e e r a n g i n g g h o s t c r a b (Ocypode 
quadrata), S t i p p l e d b a r s are p e r i o d s o f a c t i v e l o c o 
m o t i o n w h i c h tend t o be f o l l o w e d by i n c r e a s e s i n h e a r t 
r a t e ; open b a r s r e p r e s e n t q u i e s c e n t p e r i o d s w h i c h tend 
t o be a s s o c i a t e d w i t h d e c l i n i n g h e a r t r a t e s . D o t t e d 
l i n e = h e a r t r a t e o f q u i e s c e n t c rab i n burrow. 
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Abstract — A t r a n s d u c e r has been d e v e l o p e d t h a t i s i m p l a n t a b l e , 
has a low power requ irement and p r o d u c e s a l i n e a r d i r e c t i o n a l 
measurement o f r e s p i r a t o r y a i r f l o w . The a i r v e l o c i t y i s s ensed 
by the phase s h i f t t h a t i t produces i n a beam o f u l t r a s o u n d 
p a s s e d d i a g o n a l l y a c r o s s the t r a c h e a between two i d e n t i c a l 
p i e z o e l e c t r i c t r a n s d u c e r s . P r e l i m i n a r y r e s u l t s i n d i c a t e a 
l i n e a r i t y o f b e t t e r than 2 p e r c e n t over a f l o w range o f 
± 20 I min"-^, w i t h a r e s p o n s e t ime o f a p p r o x i m a t e l y 5 ms . The 
t r a n s d u c e r can be f i t t e d t o t r a c h e a e o f 1 cm and g r e a t e r d i a m e t e r , 
and c o n s t r i c t s the t r a c h e a l c r o s s s e c t i o n by 3 mm^. The d r i v e r , 
r e c e i v e r and phase measurement f u n c t i o n s are p r o v i d e d by t h r e e 
s t a n d a r d CMOS d i g i t a l i n t e g r a t e d c i r c u i t s . 

Many a t t e m p t s have been made t o measure r e s p i r a t o r y a i r f l ow i n u n r e s t r a i n e d a n i m a l s 
( B e r g e r , H a r t and Roy , 1970; Kimmich, 1972, 1976; H ö r n i c k e et al,:, 1974 ) . Most 

workers have used masks p l a c e d over the mouth and n o s t r i l s , w i t h a consequent i n t e r 
f e r e n c e w i t h the n a t u r a l b e h a v i o r o f the s u b j e c t . I m p l a n t a t i o n o f the f l o w t r a n s 
ducer i s t h e r e f o r e e s s e n t i a l i f t h i s major b e n e f i t o f t e l e m e t r y s y s t e m s , p a r t i c u l a r l y 
i f used f o r l o n g t e r m s t u d i e s o f b e h a v i o r , p h y s i o l o g y and e n e r g e t i c s , i s no t to be 
l o s t . T h i s i s e s p e c i a l l y i m p o r t a n t i f the f l o w t r a n s d u c e r i s used i n c o n j u n c t i o n 
w i t h an oxygen s e n s o r i n o r d e r to measure the oxygen consumpt ion o f a f r e e r a n g i n g 
a n i m a l . An i m p l a n t a b l e t r a n s d u c e r and a s s o c i a t e d e l e c t r o n i c s h a v e t h e r e f o r e been 
deve loped as a modular s e c t i o n o f a m u l t i c h a n n e l t r a n s m i t t e r . T h i s r e p o r t i s o f a 
p r e l i m i n a r y n a t u r e as l i t t l e e x p e r i e n c e h a s y e t b e e n g a i n e d o f the o p e r a t i o n o f t h e 
d e v i c e . However, the r e s u l t s t h a t have been o b t a i n e d are e n c o u r a g i n g and i t i s 
hoped t h a t t h i s e a r l y p u b l i c a t i o n w i l l h e l p o t h e r r e s e a r c h e r s who as y e t h a v e no 
means a v a i l a b l e f o r s t u d y i n g t h i s i m p o r t a n t p a r a m e t e r . 

The p r i n c i p l e of o p e r a t i o n o f the t r a n s d u c e r i s s i m i l a r to t h a t o f a number o f 
i n s t r u m e n t s d e s i g n e d t o measure b l o o d f l o w ( Z a r n s t o r f f , C a s t i l l o and Crumpton, 1962; 
Rayder , Meehan and H e n r i k s e n , 1973) i n t h a t the f l o w i s s e n s e d by t h e phase s h i f t 
t h a t i t produces i n a beam o f u l t r a s o u n d p a s s e d d i a g o n a l l y a c r o s s the t r a c h e a between 
two i d e n t i c a l p i e z o e l e c t r i c t r a n s d u c e r s , T l and T2 ( F i g . 1 ) . I f one t r a n s d u c e r , 
say T2 , i s d r i v e n a t f r e q u e n c y / , then the t i m e , t, t aken f o r the sound to r e a c h the 
o t h e r t r a n s d u c e r , T l , ¿ cm away i s : 

^2-1 = -ζ-τ4 θ ' 
cos 
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Ose. 

GD1 

T1 

X 
i f -1 T2 

GD2 

GA1 

GA2 

PDet. 

Vout 

F i g . 1. M a j o r e l ements o f the f l o w m e t e r . The o s c i l l a t o r 
( O s e . ) p r o v i d e s a s t a b l e f r e q u e n c y t h a t i s used to 
d r i v e one o f the t r a n s d u c e r s ( T l , 2 ) through a g a t e d 
d r i v e r c i r c u i t ( G D I , 2 ) . The t r a n s d u c e r g e n e r a t e s a 
beam o f u l t r a s o u n d t h a t c r o s s e s the t r a c h e a and i s 
s h i f t e d i n phase by a t ime d e l a y t h a t i s p a r t i a l l y 
dependent on the mean v e l o c i t y (v) o f the a i r f l o w 
i n the t r a c h e a . The r e c e i v e d s i g n a l i s a m p l i f i e d by 
a g a t e d a m p l i f i e r (GA1,2 ) and compared w i t h the 
m a s t e r o s c i l l a t o r by the phase d e t e c t o r ( F . D e t . ) 
wh ich p r o d u c e s a v o l t a g e o u t p u t p r o p o r t i o n a l t o the 
phase d i f f e r e n c e between the two s i g n a l s , 

where V c o s ^ i s the component o f mean a i r f low a l o n g the p a t h , d, and c i s t h e v e l o 
c i t y o f sound i n a i r . T h i s r e p r e s e n t s a phase s h i f t , Φ2-1» o f the t r a n s m i t t e d s i g n a l , 
where 

P2-1 = 
2π fd 

C + V (2) 

I f the f u n c t i o n s o f the two t r a n s d u c e r s are r e v e r s e d then the phase s h i f t i s : 

Π - 2 = 
2π fd 

(3) 

The d i f f e r e n c e between t h e s e two phase s h i f t s , Δφ, i s t h e r e f o r e g i v e n b y : 

1 1 Δφ = 2π fd 

= 2π fd 

C - V, cos*^ C + Veosθ 

2V 

C ^ - V^cos^e 

i f C ^ >> c o s ^ e , t h i s s i m p l i f i e s t o : 

4π cos0 · V 
Δφ = - - , 

T h e r e f o r e : 

(4) 

(5) 

(6) 

Δφ « V . (7) 
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+3.6V 

C I—t—° V flow 
R ±1v 

-3.6v 

J 12 

F i g . 2 . The c i r c u i t d iagram o f t h e f l o w m e t e r . I n p u t s i g n a l 
G i s d e r i v e d from the c h a n n e l t i m i n g s i g n a l s o f the 
m u l t i c h a n n e l t r a n s m i t t e r . The component v a l u e s a r e : 

R l 1.5k R4-5 22k R l l 33k 

2 IM 6-9 IM 
3 1.8k 10 68k 

C l lOOp C3-6 2 .2n C9 4 .7n 
2 4 .7n 7-8 I n V C l 6-30p 

I C l MC14070B I C 2 - 3 MC14011B 
D l - 4 OA202 

R e s o n a t i n g e lement X I and t r a n s d u c e r s T l , 2 a r e c o n 
s t r u c t e d from M u l l a r d bimorph f l e x u r e e l ements 
MB7010. 

The d i f f e r e n c e between the phase s h i f t s found w i t h the u l t r a s o n i c beam t r a v e l l i n g 
f i r s t i n one d i r e c t i o n , and then r e v e r s e d , i s t h e r e f o r e l i n e a r l y r e l a t e d to the mean 
v e l o c i t y o f the a i r f l o w i n g between the two t r a n s d u c e r s . 

I n p r a c t i c e a s t a b l e , c r y s t a l c o n t r o l l e d o s c i l l a t o r f e e d s two g a t e d d r i v e r s t a g e s 
a t the r e s o n a n t f r e q u e n c y o f two matched p i e z o e l e c t r i c t r a n s d u c e r s T l and T2 ( F i g . 1 ) . 
Only one d r i v e r a t a t ime i s a c t i v e . They are c o n t r o l l e d by the g a t e s i g n a l G, and 
i t s i n v e r s e G , w h i c h i s d e r i v e d from the c h a n n e l t i m i n g s i g n a l s o f the t r a n s m i t t e r . 
When one t r a n s d u c e r i s o p e r a t i n g as a sound t r a n s m i t t e r , i t s a s s o c i a t e d g a t e d 

' r e c e i v e r i s s w i t c h e d o f f . When a t r a n s d u c e r i s r e c e i v i n g an u l t r a s o n i c s i g n a l , 
t y p i c a l l y 2-5 mV i n a m p l i t u d e , i t s a m p l i f i e r i s s w i t c h e d o n . The o u t p u t o f the a m p l i 
f i e r i s a c l i p p e d , square wave s i g n a l t h a t r e t a i n s the p h a s e i n f o r m a t i o n o f the 
i n p u t ( F i g . 2 ) . 

The phase o f t h i s s i g n a l i s compared w i t h t h a t o f the main o s c i l l a t o r , and a v o l t a g e 
p r o p o r t i o n a l t o the d i f f e r e n c e i s g e n e r a t e d and forms the i n p u t to one c h a n n e l o f 
the m u l t i c h a n n e l t r a n s m i t t e r . T h i s one c h a n n e l a l t e r n a t e l y c a r r i e s the i n f o r m a t i o n 
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d e r i v e d from the two s e q u e n t i a l measurements of phase s h i f t . On r e c e p t i o n , they 
are s e p a r a t e d and s u b t r a c t e d i n order t o o b t a i n the v e l o c i t y measurement . T h e i r 
sum g i v e s i n f o r m a t i o n about the c o n s t a n t o f p r o p o r t i o n a l i t y , and a l l o w s c o r r e c t i o n s 
f o r changes i n t h i s f a c t o r t o be made t o t h e v e l o c i t y r e a d i n g s . The o s c i l l a t o r , 
d r i v e r s , a m p l i f i e r s and phase d e t e c t o r a r e b u i l t from t h r e e s t a n d a r d CMOS d i g i t a l 
i n t e g r a t e d c i r c u i t s . The t r a n s d u c e r s are matched p i e z o e l e c t r i c c e r a m i c e l e m e n t s , 
3 mm i n d iameter and have a r e s o n a n t f r e q u e n c y o f between 120 and 160 K H z . They 
are mounted on s t u d s i n order to p r o j e c t them i n t o the lumen o f the t r a c h e a ( F i g . 3 ) . 

piezoelectric 
transducer — | — 

mounting -
stud 

spill acrylic 
collar 

trachea 

F i g . 3 . The i m p l a n t a b l e t r a n s d u c e r , shown p a r t i a l l y s e c t i o n e d . 
The a c r y l i c c o l l a r i s s p l i t i n t o two s e c t i o n s w h i c h 
f i t around the t r a c h e a . They a r e t h e n h e l d t o g e t h e r 
w i t h 1 mm d i a m e t e r screws which a l s o r e t a i n the 
mount ing s t u d s . 

T h i s keeps the e l ements c l e a r o f the w a l l s o f the t r a c h e a and o f t h e mucus f l o w i n g 
a l o n g them. The b a s e s of the s t u d s are h e l d i n a s p l i t a c r y l i c c o l l a r w h i c h f i t s 
t i g h t l y around the o u t s i d e o f the t r a c h e a , and e n s u r e s t h a t the t r a n s d u c e r s are 
r i g i d l y and a c c u r a t e l y p o s i t i o n e d r e l a t i v e t o e a c h o t h e r and t o the a i r f l o w . G r e a t 
c a r e has to be taken i n the c o n s t r u c t i o n o f the i n s t r u m e n t i n o r d e r to p r e v e n t u l t r a 
s o n i c and e l e c t r i c a l c r o s s t a l k between the t r a n s m i t t i n g and r e c e i v i n g e l ements and 
a m p l i f i e r s . 

The t r a n s d u c e r may be f i t t e d t o t r a c h e a e o f 1 cm and g r e a t e r d i a m e t e r , and each 
p r o j e c t i n g s t u d r e s t r i c t s the c r o s s s e c t i o n o f the lumen by a p p r o x i m a t e l y 3 mm^. 
P r e l i m i n a r y r e s u l t s i n d i c a t e t h a t t h e o u t p u t from t h e t r a n s d u c e r i s l i n e a r t o w i t h i n 
2 p e r c e n t up to f l o w s o f a t l e a s t 20 I min"^ ( F i g . 4 ) , and i s r e l a t i v e l y i n s e n s i t i v e 
t o changes i n g a s c o m p o s i t i o n and t e m p e r a t u r e . The r e s p o n s e t ime i s l e s s than 10 ms 
( F i g . 5) and i s e f f e c t i v e l y de termined by the r a t e a t w h i c h the f l o w i s sampled by 
a l t e r n a t i n g the d i r e c t i o n o f the u l t r a s o n i c s i g n a l . F i g u r e 6 shows t r a c e s o b t a i n e d 
w i t h the t r a n s d u c e r i m p l a n t e d i n a Canada goose (Branta canadensis) and i l l u s t r a t e s 
the p o t e n t i a l o f t h i s i n s t r u m e n t . 

Acknowledgement — We w i s h to thank the S c i e n c e R e s e a r c h C o u n c i l f o r t h e i r f i n a n c i a l 
s u p p o r t . 
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F i g . 4 . R e l a t i o n s h i p between a i r f l o w and the o u t p u t v o l t a g e 
o f the f l o w m e t e r . A i r f l o w was measured w i t h a 
R o t a m e t e r f l o w m e t e r , 2-20 I min"^. 
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F i g . 5 . T r a c e s showing: (A) the r e s p o n s e o f t h e t r a n s d u c e r 

t o p u l s e d a i r f l o w ; (B) r e s p i r a t i o n o f a human, w i t h 
the t r a n s d u c e r used as an e x t e r n a l f l o w m e t e r . 



292 A, J , Woakes and Ρ, 7. Butler 

1 0 

Air flow: 
I m i h 

- 1 0 · -

Time: s 
F i g . 6 . T r a c e s o b t a i n e d from a r e s t i n g g o o s e , w i t h the t r a n s 

d u c e r i m p l a n t e d around the t r a c h e a . 
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Abstract — I n t h i s p a p e r we p r e s e n t d e s i g n a s p e c t s o f an i n d u c 
t i v e l y powered, i m p l a n t a b l e t e l e m e t r y sys t em w h i c h can be used 
i n m o n i t o r i n g s t r a i n s i n o r t h o p e d i c i m p l a n t s , i n d e s i g n i n g and 
t e s t i n g o f new d e v i c e s and m a t e r i a l s f o r i n t e r n a l f i x a t i o n . As 
s t r a i n i s u s u a l l y measured by the e l e c t r i c a l r e s i s t a n c e o f a 
g a u g e , a t t e n t i o n h a s been g i v e n t o t e l e m e t r y sys tems w h i c h use 
r e s i s t i v e t r a n s d u c e r s . The c o n t i n u o u s wave o s c i l l a t o r c i r c u i t 
chosen c o n s i s t s o f a s i n g l e f i e l d e f f e c t t r a n s i s t o r (FET) w i t h 
a f e e d b a c k r e s i s t a n c e i n the s o u r c e l e a d s i m u l a t i n g the s t r a i n 
g a u g e . As t h i s o s c i l l a t o r w i l l be i n d u c t i v e l y powered, t h e r e 
w i l l be v a r i a t i o n s i n s u p p l y v o l t a g e (due t o r e l a t i v e m o v e m e n t s ) . 
Hence t h e changes i n gauge r e s i s t a n c e must produce g r e a t e r 
changes i n the o s c i l l a t o r f r e q u e n c y than t h o s e produced by 
s u p p l y v o l t a g e v a r i a t i o n s . The use o f s e m i c o n d u c t o r s t r a i n 
gauges was found d e s i r a b l e . 

INTRODUCTION 
Because i n t e r n a l f i x a t i o n o f f r a c t u r e d bone depends on the p r o d u c t i o n o f l o c a l p r e s 
sure a r e a s between i m p l a n t and bone and between bone f r a g m e n t s , a s s e s s i n g the s t r e s s e s 
i n f r a c t u r e p l a t e s i s o f paramount i m p o r t a n c e i n f o l l o w i n g the c o u r s e o f bone h e a l i n g 
and i n the d e s i g n o f new d e v i c e s f o r i n t e r n a l f i x a t i o n . 

I n 1969 F e r r e n et a l . , p i o n e e r e d in vivo measurements o f s t r a i n i n f r a c t u r e p l a t e s . 
They m o d i f i e d a f o u r h o l e AO ( A s s o c i a t i o n f o r the S t u d y o f I n t e r n a l F i x a t i o n ) compres 
s i o n p l a t e to i n c o r p o r a t e s t r a i n gauges and thus to a c t , a t the same t i m e , as com
p r e s s i o n p l a t e and l o a d c e l l . They used t h i s s y s t e m i n p r e l i m i n a r y e x p e r i m e n t s u s i n g 
sheep by b r i n g i n g the e l e c t r i c a l l e a d s through the s k i n . They emphas i zed t h a t many 
p r e l i m i n a r y e x p e r i m e n t s were r e q u i r e d b e c a u s e o f d i f f i c u l t i e s w h i c h a r o s e from f a i l u r e 
of i n s u l a t i o n , r e t r o g r a d e i n f e c t i o n s , b e n d i n g d e f o r m a t i o n and b r o k e n l e a d s . I n s p i t e 
o f t h e s e d i f f i c u l t i e s they c o u l d c o n c l u d e : 

(1) The s y s t e m was s e n s i t i v e t o v e r y s m a l l changes i n l e n g t h and p r e s s u r e would have 
decreased to zero i f t h e r e had been a l o s s o f s u b s t a n c e o f 10-20 y due to r e s o r p t i o n . 
M i n u t e changes o f l e n g t h due t o i n s t a b i l i t y would a l s o cause sudden changes o f p r e s 
s u r e . (2) The p r e s s u r e w i t h i n the range s t u d i e d (21 mn m"^) l e a d t o a s low l o s s o f 
l oad w h i c h they a t t r i b u t e d to H a v e r s i a n r e m o d e l i n g . (3) The f a c t t h a t p r e s s u r e 
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r e c o r d i n g s permi t c o n c l u s i o n s about l o n g t e r m s t a b i l i t y o f f i x a t i o n had p o t e n t i a l 
i n t e s t i n g new d e v i c e s f o r i n t e r n a l f i x a t i o n . 

The aim o f the p r e s e n t p r o j e c t i s to improve the t e c h n i q u e o f s t r a i n measurement i n 
f r a c t u r e p l a t e s by a r r a n g i n g an i m p l a n t sys t em which e l i m i n a t e s t r a n s c u t a n e o u s l e a d s 
and which can enab le the m o n i t o r i n g o f s t r a i n over ex tended p e r i o d s . To a c h i e v e 
the l a t t e r r e q u i r e m e n t , the t e l e m e t e r i s i n d u c t i v e l y powered. 

Hence the complete sys t em c o n s i s t s o f f o u r main p a r t s ( F i g . 1 ) : (a) The power i n d u c 
t i o n sys tem; c o n s i s t i n g o f a 500 KHz power o s c i l l a t o r and p r i m a r y i n d u c t i o n c o i l , 
(b) The implanted p i c k up c o i l and r e c t i f i c a t i o n u n i t , ( c ) The i m p l a n t e d t e l e m e t r y 
t r a n s m i t t e r ; t h i s i s a 4 MHz o s c i l l a t o r whose f r e q u e n c y w i l l be f r e q u e n c y m o d u l a t e d 
(FM) by changes i n the r e s i s t a n c e o f s t r a i n gauges which a r e a t t a c h e d to the f r a c 
t u r e p l a t e , (d) The e x t e r n a l r e c e i v e r i n which the 4 MHz FM s t r a i n s i g n a l i s d e t e c t e d 
and measured . 
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F i g . 1. I m p l a n t a b l e t e l e m e t r y sys tem f o r s t r a i n measurement . 

THE IMPLANTED TELEMETRY TRANSMITTER 
As s t r a i n i s u s u a l l y measured by the e l e c t r i c a l r e s i s t a n c e o f a g a u g e , a t t e n t i o n i s 
g i v e n to t e l e m e t e r s w h i c h use a r e s i s t i v e t r a n s d u c e r , A commonly used c i r c u i t i s 
the H a r t l e y b l o c k i n g o s c i l l a t o r ( e . g . F r y e r , Deboo and W i n g e t , 1965; C l a r k e , 1966) , 
i n which the p e r i o d o f the S q u e g i n g o s c i l l a t o r i s dependent on r e s i s t a n c e . However, 
i n an a n a l y s i s by L i n and Ko ( 1 9 6 8 ) , they p o i n t e d out t h a t the p e r i o d of o s c i l l a t i o n 
i s a l s o h e a v i l y dependent upon s u p p l y v o l t a g e . I n an i n d u c t i v e l y powered s y s t e m , 
the i n d u c e d s u p p l y v o l t a g e s w i l l be s u b j e c t to v a r i a t i o n p r i m a r i l y due to s m a l l 
r e l a t i v e movements between the p r i m a r y power c o i l and the i m p l a n t e d power p i c k u p 
c o i l . Hence the H a r t l e y b l o c k i n g o s c i l l a t o r i s c o n s i d e r e d i n a d e q u a t e f o r the c u r r e n t 
a p p l i c a t i o n . 

C o n s e q u e n t l y , a t t e n t i o n was c e n t e r e d on the c o n t i n u o u s wave L C o s c i l l a t o r w h i c h c o n 
s i s t s o f a s i n g l e f i e l d e f f e c t t r a n s i s t o r (FET) T3 w i t h the s t r a i n gauge r e s i s t a n c e 
R i n the s o u r c e l e a d . The d r a i n and g a t e c o i l s y s t e m a c t s as the r a d i a t i n g e l e m e n t . 

The o s c i l l a t o r f r e q u e n c y (F) i s dependent upon the r e s i s t a n c e (R) o f the s t r a i n 
gauge such t h a t A F / ( A R / R ) i s a p p r o x i m a t e l y 6 KHz per 1 p e r c e n t r e s i s t a n c e . T h i s r e l a 
t i v e l y l a r g e v a r i a t i o n i s due t o the FET b e i n g d r i v e n i n t o s a t u r a t i o n . F u r t h e r , the 
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v a r i a t i o n o f f r e q u e n c y w i t h s u p p l y v o l t a g e (V) i s a p p r o x i m a t e l y p a r a b o l i c w i t h a 
f r e q u e n c y minimum a t V - 2 V . However, the minimum may be broadened by the a p p r o 
p r i a t e a d d i t i o n o f d r a i n g a t e c a p a c i t a n c e . I n F i g . 2 i t i s shown t h a t the o s c i l l a t o r 
f r e q u e n c y o n l y v a r i e s by 2 KHz f o r a v a r i a t i o n o f ± 0 . 5 V i n the s u p p l y v o l t a g e . 

Now the s t r a i n s c a l c u l a t e d from F e r r e n ' s (1969a ,b) r e s u l t s range up to 200 y s t r a i n . 
With a m e t a l f o i l gauge ( r e s i s t a n c e = 120 Ω and gauge f a c t o r = 2) the c o r r e s p o n d i n g 
r e s i s t a n c e range i s up t o 0 .048 Ω. T h i s change i s too s m a l l t o g i v e a d e t e c t a b l e 
f r e q u e n c y v a r i a t i o n . Hence a s e m i c o n d u c t o r s t r a i n gauge w i t h a g a u g e f a c t o r > 100 
i s d e s i r a b l e . I n f a c t two gauges are used (one on e a c h s i d e o f the n e u t r a l a x i s o f 
the p l a t e ) t o e l i m i n a t e b e n d i n g moments and c o n s e q u e n t l y , the e s t i m a t e d v a r i a t i o n 
i n r e s i s t a n c e i s up t o 10 Ω which would g i v e an o s c i l l a t o r f r e q u e n c y v a r i a t i o n up 
to 30 KHz. 
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F i g . 2 . The e f f e c t o f a d d i n g c a p a c i t a n c e between the d r a i n 
and the g a t e . 

THE EXTERNAL POWER SOURCE 
The t e l e m e t r y d e v i c e does n o t c o n t a i n b a t t e r i e s , b u t i s powered by e l e c t r o m a g n e t i c 
c o u p l i n g . The e x t e r n a l power i n d u c t i o n s y s t e m c o n s i s t s o f a c r y s t a l o s c i l l a t o r , a 
power a m p l i f i e r ( A l ) w i t h low o u t p u t impedence , a p r i m a r y c o i l a p p r o x i m a t e l y 9 cm i n 
d i a m e t e r , and a v a r i a b l e c a p a c i t a n c e i n s e r i e s t o tune t h e r e s o n a n t c i r c u i t a t the 
r e q u i r e d i n d u c t i o n f r e q u e n c y . 

For e f f i c i e n t power t r a n s m i s s i o n , a h i g h Q - f a c t o r c o i l i s r e q u i r e d . I t was found 
t h a t t h e optimum power was i n d u c e d a t 500 KHz by a 4 0 - t u r n w i r e (18 SWG) c o i l h a v i n g 
a Q = 180. The pr imary power c o i l was 3 cm d i s t a n t a l o n g the common a x i s from the 
i m p l a n t a b l e s e c o n d a r y c o i l . 

THE IMPLANTED PICKUP C O I L A ND REC T I F I C A T I O N UNIT 
The s econdary c o i l h a s a d i a m e t e r o f 5 mm, l e n g t h o f 4 mm and i s wound on a f e r r i t e 
core to i n c r e a s e t h e c o u p l i n g c o e f f i c i e n t . I n o r d e r t o m i n i m i z e the i n t e r f e r e n c e 
between power i n d u c t i o n f r e q u e n c y and the o s c i l l a t o r f r e q u e n c y , the power p i c k u p c o i l 
i s p l a c e d a t r i g h t a n g l e r e l a t i v e t o the o s c i l l a t o r c o i l s . The i n d u c e d v o l t a g e i s 
r e c t i f i e d by T2 w h i c h i s o p e r a t i n g i n s a t u r a t i o n so t h a t i t h a s a v e r y low v o l t a g e 
drop (Vce =̂  50 mV) . 
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THE EXTERNAL RECEIVER 
A l t h o u g h the 4 MHz s i g n a l can be d e t e c t e d by a c o n v e n t i o n a l r a d i o r e c e i v e r , the 
500 KHz i n d u c t i o n s i g n a l can c a u s e i n t e r f e r e n c e . Hence the d e t e c t i o n s y s t e m c o n s i s t s 
o f a RF a m p l i f i e r A2 (bandwidth 730 KHz) f e e d i n g a phase l o c k e d l o o p ( P L L ) . The 
v o l t a g e c o n t r o l l e d o s c i l l a t o r (VCO) o f the PLL i s s y n c h r o n i z e d to the t r a n s m i t t e r 
f r e q u e n c y . The VCO f r e q u e n c y i s then measured by a d i g i t a l f r e q u e n c y c o u n t e r . 

THE TELEMETRY CONSTRUCTION 
A t h i c k f i l m h y b r i d t e c h n i q u e i s used f o r the p r o d u c t i o n o f the i m p l a n t a b l e t e l e m e t e r . 
The c o n d u c t i o n c i r c u i t i s p r i n t e d on a c e r a m i c s u b s t r a t e (10 x 19 x 1 mm) and m i c r o 
m i n i a t u r e components are used t o c o n s t r u c t t h e c i r c u i t . The c o i l s are t h e n f i x e d on 
the o p p o s i t e s i d e o f the s u b s t r a t e . The t e l e m e t e r i s e n c a p s u l a t e d a t the end o f 
the f r a c t u r e p l a t e w i t h two l e a d s c o n n e c t e d t o the s t r a i n gauges a t t a c h e d a t the 
c e n t e r o f the p l a t e . A r a l d i t e i s used t o p o t the whole t e l e m e t e r , t h e n i t i s g i v e n 
a l a y e r o f S i l a s t i c 382 f o r body t i s s u e c o m p a t i b i l i t y . S i l a s t i c t u b i n g i s used t o 
s l e e v e the l e a d s and the j o i n t s a t the ends o f the t u b i n g are s e c u r e d w i t h a m e d i c a l 
grade a d h e s i v e f o r b e t t e r p r o t e c t i o n a g a i n s t body f l u i d i n v a s i o n . The s i z e o f t h e 
e n c a p s u l a t e d t e l e m e t e r i s about 1.5 cm^ w h i c h i s about 0 . 2 5 the s i z e o f a s t a n d a r d 
6 - h o l e AO p l a t e . 

CONCLUSION 
The d e s i g n o f t h i s t e l e m e t e r was d i r e c t e d towards i t s p o s s i b l e a p p l i c a t i o n i n o r t h o 
p e d i c s t u d i e s . In vivo d a t a are b a d l y needed t o e l u c i d a t e our knowledge about bone 
h e a l i n g , r e m o d e l i n g and i t s p o s s i b l e m e c h a n i c a l r e a c t i o n s to i m p l a n t s o f s e v e r a l 
t y p e s . M o r e o v e r , t h i s t e l e m e t e r can be used f o r t e s t i n g d e v i c e s and m a t e r i a l s f o r 
i n t e r n a l f i x a t i o n . The p r e s e n t work has s u c c e e d e d to produce a t e l e m e t e r w h i c h can 
f u l f i l the r e q u i s i t e s o f such a p p l i c a t i o n s . The t e l e m e t e r , however , i s n o t t e m p e r a 
t u r e compensated and t h e r e f o r e must o n l y be used i n c o n s t a n t t e m p e r a t u r e e n v i r o n m e n t s . 
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Abstract — T h i s p a p e r i s concerned w i t h a t o t a l l y i m p l a n t a b l e 
s i n g l e c h a n n e l FM t e l e m e t r y s y s t e m t h a t has been d e s i g n e d t o 
o p e r a t e w i t h a s t r a i n gauged v e r s i o n o f an E n g l i s h low f r i c t i o n 
low o f f s e t s t y l e p r o s t h e t i c h i p j o i n t . T h i s e n a b l e s m e a s u r e 
ments o f the c o m p r e s s i v e f o r c e s a c t i n g on the p r o s t h e s i s t o be 
c a r r i e d out v i a the t e l e m e t r y s y s t e m in vivo. The need f o r 
f u r t h e r i n v e s t i g a t i o n s i n t o the f o r c e s e x e r t e d on h i p p r o s t h e s e s 
a r o s e d u r i n g the development o f the E n g l i s h i m p l a n t , a f t e r 
f a t i g u e and f r a c t u r e o b s e r v a t i o n s had been p r e v a l e n t i n o t h e r 
t y p e s o f i m p l a n t . 

The paper d e s c r i b e s the m e c h a n i c a l and e l e c t r o n i c c o n s t r a i n t s 
imposed a t the d e s i g n s t a g e o f the s y s t e m , and the f i n a l s o l u 
t i o n a d o p t e d . I n e s s e n c e , the s y s t e m a t p r e s e n t c o n s i s t s o f 
a b r i d g e d gauge mounted on a c a r r i e r i n s i d e the p r o s t h e s i s , 
wh ich d r i v e s a m i n i a t u r e FM t r a n s m i t t e r . The FM s i g n a l i s 
r e c e i v e d , demodula ted , p r o c e s s e d and d i s p l a y e d on a U . V . r e c o r 
der i n such a way t h a t a d i r e c t p r i n t out o f l o a d p a t t e r n s 
d u r i n g s e l e c t e d a c t i v i t i e s i s o b t a i n e d . The s y s t e m h a s b e e n 
s u c c e s s f u l l y i m p l a n t e d and o p e r a t e d , and many n o v e l r e s u l t s 
have been o b t a i n e d . 

I n a d d i t i o n t o the s y s t e m d e s c r i p t i o n t h e paper d i s c u s s e s the 
a c c u r a c y o f the p r e s e n t s y s t e m ; a l s o ways o f i m p r o v i n g t h i s 
a c c u r a c y by means o f f u r t h e r s i g n a l p r o c e s s i n g , a n d / o r changes 
i n the m o d u l a t i o n scheme are o u t l i n e d . 

INTRODUCTION 
The need f o r f u r t h e r i n v e s t i g a t i o n s i n t o the f o r c e s e x e r t e d on h i p p r o s t h e s e s a r o s e 
d u r i n g the development o f the E n g l i s h i m p l a n t ( E n g l i s h , 1975 ) , a f t e r f a t i g u e and 
f r a c t u r e o b s e r v a t i o n s had been p r e v a l e n t i n o t h e r t y p e s o f i m p l a n t . E x t e n s i v e 
m e c h a n i c a l t e s t i n g o f the i m p l a n t had been c a r r i e d o u t , b u t a c t u a l d a t a on p r o s t h e t i c 
h i p f o r c e s was not a v a i l a b l e . I n d e e d , the p u b l i s h e d l i t e r a t u r e f o r w a l k i n g f o r c e s 
i n the femur v a r i e d from 1.8 to 7 t imes body w e i g h t , t h e r e b y making m e a n i n g f u l 
f a t i g u e t e s t i n g o f the i m p l a n t i m p o s s i b l e . Most o f the p r e v i o u s work on f o r c e measure
ment had been b a s e d on ' i n d i r e c t ' c a l c u l a t i o n s , the o n l y in vivo s t u d y b e i n g t h a t of 
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TRANSMITTER DESIGN 
STRAIN GAUGES 

The main f a c t o r g o v e r n i n g the type o f t r a n s m i s s i o n scheme used i s the type o f s t r a i n 
gauge employed. The E n g l i s h p r o s t h e s i s i s m a n u f a c t u r e d i n 316 s t a i n l e s s s t e e l w h i c h 
y i e l d s a t a s t r a i n l e v e l o f a p p r o x i m a t e l y 0 .04 p e r c e n t . A t a f o r c e o f 2224N the 
s t r a i n e x p e c t e d i s 0 .0112 p e r c e n t . T h i s means t h a t the maximum p o s s i b l e change i n 
gauge r e s i s t a n c e Ai?, r e l a t i v e to o r i g i n a l r e s i s t a n c e R, is g i v e n b y : 

f = eK (1) 

where e i s the s t r a i n and Κ i s t h e ' g a u g e ' or Κ f a c t o r o f t h e gauge w h i c h l i e s 
between 2 and 6 f o r m e t a l g a u g e s . T h u s , f o r example , w i t h a h i g h o u t p u t p l a t i n u m -
t u n g s t e n gauge which has Κ = 4 . 5 , t h e maximum r a t i o AR/R i s - 0 . 2 p e r c e n t . I n a d d i 
t i o n , t h i s v a l u e i s t h e maximum b^R/R, and i n normal o p e r a t i o n the l o a d s e x p e c t e d 
would cause a change i n r e s i s t a n c e c o n s i d e r a b l y l e s s than t h i s ( say 100 t imes l e s s ) . 
I t i s t h e r e f o r e n e c e s s a r y to o p e r a t e s e v e r a l s t r a i n gauges i n a b r i d g e arrangement 
i n order to produce a s u i t a b l e o u t p u t s i g n a l . 

F igure 1 i l l u s t r a t e s the s o l u t i o n adopted and shows the p r o s t h e s i s w h i c h i s d i f f e r e n t 
from t h e normal c l i n i c a l model i n t h a t i t i s m a n u f a c t u r e d i n two p a r t s . The head p a r t 
which forms a removable p i s t o n and f i t s i n t o a c y l i n d e r machined out o f t h e s p e c i a l l y 
t h i c k e n e d neck o f the f e m o r a l component . The removable neck i s machined t o a l l o w 
f o r f o u r m i n i a t u r e D e n t r o n i c 1800 s e r i e s p l a t i n u m t u n g s t e n s t r a i n gauges {R = 350 Ω) 
to be mounted around i t s c i r c u m f e r e n c e thus f o r m i n g a s i m p l e l o a d c e l l . F i g u r e 2 
shows a t y p i c a l s t r a i n g a u g e , and F i g . 3 shows the b r i d g e arrangement used f o r the 
g a u g e s . The gauges are p l a c e d 90° a p a r t around the c i r c u m f e r e n c e o f the l o a d c e l l . 
E a c h one has i t s gauge l e n g t h a x i s a t r i g h t a n g l e s t o i t s n e i g h b o r . I n a x i a l 

R y d e l l , 1966. T h i s s t u d y was l i m i t e d i n t h a t measurements were s t a r t e d 6 months 
a f t e r o p e r a t i o n , and r e s t r i c t e d t o one week b e c a u s e o f t h e need to b r i n g s i g n a l w i r e s 
o u t through the s k i n . 

I t was t h e r e f o r e d e c i d e d t o measure d i r e c t l y the f o r c e s a c t i n g on the head o f an 
E n g l i s h h i p p r o s t h e s i s u s i n g s t r a i n g a u g e s , and t o t r a n s m i t t h i s i n f o r m a t i o n out o f 
the body v i a an i m p l a n t e d r a d i o t r a n s m i t t e r . The sys t em has been d e s i g n e d and 
i m p l a n t e d , and the r e s u l t s o b t a i n e d are the f i r s t e v e r r e p o r t e d r e s u l t s o f in vivo 
measurement o f human h i p l o a d s u s i n g a t e l e m e t r i c o u t p u t . 

DESIGN CONSTRAINTS 
S e v e r a l c o n s t r a i n t s have been e l e m e n t a l i n p r o d u c i n g the f i n a l sys tem d e s i g n . These 
are as f o l l o w s : 

(a) The h i p p r o s t h e s i s s h o u l d be an E n g l i s h model C and the s t r a i n gauges s h o u l d be 
mounted on the i m p l a n t . These gauges w i l l t h e r e f o r e be p h y s i c a l l y s m a l l , and 
g i v e a low o u t p u t . 

(b) The t r a n s m i s s i o n sys t em s h o u l d be t o t a l l y i m p l a n t a b l e . The t r a n s m i t t e r module 
must t h e r e f o r e be p h y s i c a l l y removed from the i m p l a n t and s t r a i n g a u g e s . 

( c ) Measurements s h o u l d be made over as l ong a p e r i o d o f the p a t i e n t ' s r e c o v e r y as 
p o s s i b l e . Thus the t r a n s m i t t e r r e q u i r e s h i g h c a p a c i t y b a t t e r i e s , and some means 
of s w i t c h i n g them on and o f f e x t e r n a l l y , i n o r d e r t o c o n s e r v e power. 

(d) The t r a n s m i t t e r must be p h y s i c a l l y s m a l l enough to be e a s i l y b u r i e d i n body f a t . 
(e) F o r c e s i n t h e r a n g e 0 9000N, w i t h a r e s o l u t i o n o f - 50N a r e t o be measured . 
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F i g . 1. E n g l i s h h i p p r o s t h e s i s . 
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F i g . 2 . I m p l a n t s t r a i n g a u g e s . 
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F i g . 3 . I m p l a n t i n t e r gauge w i r i n g . 

compress ion a l l f o u r gauges d e t e c t s t r a i n , a l t h o u g h t h e two h a v i n g t h e i r gauge 
l e n g t h a x i s a l i g n e d around the c i r c u m f e r e n c e do t o a l e s s e r e x t e n t . These c i r c u m 
f e r e n t i a l gauges a l s o ensure t h a t t h e unwanted e f f e c t on the b r i d g e o f f r o n t / b a c k 
o f f a x i s l o a d i n g i s m i n i m i z e d . No t e i i p e r a t u r e compensa t ion i s i n c l u d e d i n the b r i d g e 
f o r r easons o f s i m p l i c i t y , and b e c a u s e t h e body s h o u l d remain a t s u f f i c i e n t l y c o n 
s t a n t temperature to make compensa t ion u n n e c e s s a r y f o r r e a s o n s o f a c c u r a c y . 

MODULATION SCHEME 

I n t h i s a p p l i c a t i o n the i n f o r m a t i o n t o be t r a n s m i t t e d i s e s s e n t i a l l y dynamic d . c , 
t h a t i s , l o a d i n g o f the p r o s t h e s i s w i l l produce a c e r t a i n d . c . o u t p u t from t h e gauge 
b r i d g e . F o l l o w i n g normal t e l e m e t r i c p r a c t i c e we s h o u l d t h e r e f o r e use the b r i d g e 
o u t p u t to d r i v e some form o f p u l s e d u r a t i o n m o d u l a t o r , whose o u t p u t p u l s e t r a i n can 
then modula te an FM t r a n s m i t t e r . I n t h i s way i n f o r m a t i o n i s i n the m a r k / s p a c e r a t i o 
o f the p u l s e t r a i n , and i s independent o f a m p l i t u d e l e v e l s and hence b a t t e r y l i f e . 
T h i s s o l u t i o n was not adopted f o r s e v e r a l r e a s o n s . The b r i d g e o u t p u t from no l o a d 
t o maximum i s o n l y about 0 to 3 mV i n p u t . I n order to d r i v e a p u l s e d u r a t i o n 
modula tor t h i s s i g n a l would have t o be a m p l i f i e d , thus r e q u i r i n g more t r a n s m i t t e r 
c i r c u i t r y and g i v i n g lower b a t t e r y l i f e . A l t e r n a t i v e l y a h i g h b r i d g e i n p u t v o l t a g e 
would have t o be u s e d , and t h i s would r e q u i r e a p h y s i c a l l y l a r g e r t r a n s m i t t e r . 

The f i n a l s o l u t i o n was to adopt a s i m p l e a m p l i t u d e m o d u l a t i o n s y s t e m , and to check 
t h a t a c c u r a c y was m a i n t a i n e d over a r e a s o n a b l e p r o p o r t i o n o f the b a t t e r y l i f e by 
e x t e n s i v e p r e - i m p l a n t a t i o n t e s t i n g . 

TRANSMITTER SYSTEM 

F i g u r e 4 shows the f i n a l t r a n s m i t t e r c i r c u i t d e s i g n . The LM3909 o s c i l l a t o r c h i p 
runs o f f a s i n g l e 1.35 V b a t t e r y ( D u r a c e l l mercury WH 3T2, 220 mA h) and p r o d u c e s 
a 1 V a m p l i t u d e 1 KHz square wave w h i c h i s used to e x c i t e the s t r a i n gauge b r i d g e . 
The o u t p u t o f the b r i d g e i s b a l a n c e d t o about 0 . 5 mV p e a k - t o - p e a k by means o f the 
p a r a l l e l b a l a n c e r e s i s t o r . The b r i d g e o u t p u t i s a p p r o x i m a t e l y 3 mV a t f u l l l o a d 
(9000N) , and i s v e r y n o i s y due t o t h e i n h e r e n t c h i p n o i s e i n the e x c i t a t i o n s i g n a l . 

The b r i d g e o u t p u t i s used t o m o d u l a t e d i r e c t l y an FM t r a n s m i t t e r c h i p (SN102F) w h i c h 
o p e r a t e s on the VHF b i o t e l e m e t r y band a t 102.3 MHz, The maximum i n p u t a m p l i t u d e i s 
4 mV, so t h a t b r i d g e and t r a n s m i t t e r a r e w e l l m a t c h e d . 
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F i g . 4. T r a n s m i t t e r c i r c u i t . 

Both the o s c i l l a t o r (1 .5 V) and t r a n s m i t t e r (2 x 1.35 V) b a t t e r y c i r c u i t s are f i t t e d 
w i t h s u b m i n i a t u r e reed s w i t c h e s w h i c h e n a b l e power to be s w i t c h e d on and o f f v i a a 
magnet a t d i s t a n c e s o f between 25 t o 50 mm from the t r a n s m i t t e r . B a t t e r y l i f e i s 
a p p r o x i m a t e l y 70 h . 

F i g u r e 5 shows the m e c h a n i c a l c o n s t r u c t i o n o f the t r a n s m i t t e r w h i c h i s a p p r o x i m a t e l y 
25 X 35 X 10 mm and F i g . 6 shows the i m p l a n t e d s y s t e m . E n c a p s u l a t i o n i s o f paramount 
importance i n any human i m p l a n t and the r e q u i r e d m e d i c a l s t a n d a r d i s a c h i e v e d 
as f o l l o w s . The gauges are s e a l e d from t h e body f l u i d s by c o a t i n g w i t h type A s i l i 
cone a d h e s i v e . The c a v i t y i s a l l o w e d to cure and i s a p p l i e d s l i g h t l y proud o f the 
p i s t o n d i a m e t e r . A f u r t h e r s e a l i s p r o v i d e d by the a d d i t i o n o f a g r o o v e i n t h e neck 
and p i s t o n components , which are machined t o l i n e up on a s s e m b l y . These g r o o v e s are 
f i l l e d w i t h m e d i c a l grade s i l i c o n e rubber and a l l o w e d to c u r e , a g a i n s l i g h t l y proud 
o f t h e p i s t o n d i a m e t e r . The p o l y v i n y l c h l o r i d e (PVC) w i r e s a t t a c h e d t o t h e s t r a i n 
gauges are c o v e r e d by a t h i n w a l l e d s i l i c o n e rubber s l e e v e w h i c h i s s e a l e d i n t o the 
p i s t o n c e n t e r h o l e w i t h s i l i c o n e a d h e s i v e . The c a b l e i s p a s s e d t h r o u g h t h e i m p l a n t 
stem w i t h t h e s i l i c o n e s l e e v e p r o t r u d i n g about { i n . The main l e n g t h o f t h e PVC 
w i r e s i s then c o a t e d w i t h S i l a s t i c a d h e s i v e type ' A ' and a t h i c k w a l l e d s i l i c o n e 
rubber tube p a s s e d o v e r them t o b o l t up t o the i m p l a n t s tem and o v e r t h e s h o r t 
l e n g t h of t h i n w a l l e d t u b e . The s i g n a l c a b l e i s then a t t a c h e d to the t r a n s m i t t e r 
and the P e r s p e x b o x i s f i l l e d w i t h epoxy r e s i n . The who le u n i t and c a b l e a r e t h e n 
covered i n a moulded S i l a s t i c (382) c o v e r i n g . 

THE RECEIVING SYSTEM 
F i g u r e 7 shows the r e c e i v i n g s y s t e m . The FM s i g n a l from the t r a n s m i t t e r i s r e c e i v e d 
on a s i m p l e 3 i n loop antenna taped t o the p a t i e n t ' s s k i n . The a n t e n n a c a b l e i s l o n g 
enough to a l l o w complete freedom of movement when the p a t i e n t i s u n d e r g o i n g t e s t s . 
The antenna s i g n a l i s r e c e i v e d and demodulated u s i n g s t a n d a r d M u l l a r d m o d u l e s . The 
n o i s y square wave r e c e i v e r o u t p u t i s t h e n p a s s e d to the main f i l t e r i n g c i r c u i t s and 
to an a u d i o a m p l i f i e r / l o u d s p e a k e r s y s t e m . The s i g n a l i s p r o c e s s e d i n t h e f o l l o w i n g 
way t o p r o v i d e a n o i s e f r e e d . c . s i g n a l whose a m p l i t u d e v a r i e s i n sympathy w i t h the 
a m p l i t u d e o f the r e c e i v e r o u t p u t square w a v e . T h i s d . c . s i g n a l i s r e q u i r e d to d r i v e 
the c h a r t r e c o r d e r . 

The n o i s y square wave i s f i r s t p a s s e d through a 1 KHz Q = 10 bandpass a c t i v e f i l t e r 
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F i g . 5 . T r a n s m i t t e r c o n s t r u c t i o n . 

to remove a l l h i g h f r e q u e n c y n o i s e . The r e s u l t i n g 1 KHz o u t p u t i s b u f f e r e d and f e d 
to a p r e c i s i o n f u l l wave r e c t i f i e r . The r e c t i f i e r o u t p u t i s t h e r e f o r e a d . c . s i g n a l 
w i t h a l a r g e amount o f 2 KHz r i p p l e . T h i s s i g n a l i s s u f f i c i e n t to d r i v e the t u n i n g 
m e t e r . The s i g n a l i s then smoothed by the i n t e g r a t i n g a c t i o n o f the 15 Hz low p a s s 
f i l t e r . The o u t p u t i s now d . c . w i t h low r i p p l e . The n e x t s t a g e per forms l e v e l 
s h i f t i n g and a t t e n u a t i o n t o p r o v i d e a s i g n a l s u i t a b l e f o r d r i v i n g the U . V . r e c o r d e r . 

CALIBRATION AND ACCURACY 
The i m p l a n t and t e l e m e t r y s y s t e m were e x t e n s i v e l y c a l i b r a t e d and t e s t e d b e f o r e 
i m p l a n t a t i o n . A m o d i f i e d f a t i g u e t e s t i n g machine was used f o r c a l i b r a t i o n . The 
machine was c a p a b l e o f a p p l y i n g known s t a t i c or dynamic l o a d s o f up t o 9000N. Four 
r a n g e s o f l o a d were r e c o r d e d u s i n g a f o r c e a p p l i e d a x i a l l y down the i m p l a n t head and 
n e c k . The r a n g e s were: 0~2224N, 0-4448N, 0-6672N, 0 -8896N. I n a d d i t i o n , l o a d s were 
a p p l i e d a t 20° a n g l e s t o the a x i s w i t h i n the r a n g e 0-4448N. T h i s 20° o f f a x i s l o a d 
i n g was f e l t to be t h e g r e a t e s t d i r e c t i o n a t w h i c h a f o r c e would be a p p l i e d to t h e 
implant head d u r i n g normal w a l k i n g or h i g h l o a d a c t i v i t i e s , and g a v e r i s e t o an 
apparent f a l l i n f o r c e o f 7 p e r c e n t when compared w i t h a x i a l l o a d i n g . 
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F i g . 6 . I m p l a n t e d s y s t e m . 
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The sys tem a c c u r a c y i s a f f e c t e d by s e v e r a l f a c t o r s . F i r s t l y , the s t r a i n gauges are 
not t emperature compensated , and t h e t r a n s m i t t e r f r e q u e n c y v a r i e s w i t h t e m p e r a t u r e . 
S e c o n d l y , b e c a u s e o f the a m p l i t u d e s y s t e m u s e d , r e c e i v e r t u n i n g (and hence t r a n s 
m i t t e r t emperature ) a f f e c t s t h e o u t p u t U . V . r e c o r d e r s i g n a l . T h i r d l y , o f f a x i s 
f o r c e s c a u s e an a p p a r e n t r e d u c t i o n i n l o a d . F o u r t h l y , m e t a l d e f o r m a t i o n and gauge 
* creep* w i l l a f f e c t r e s u l t s i n h i g h f o r c e a c t i v i t i e s s u c h as r u n n i n g . 

However, t h e sys tem gave dependable and r e p e a t a b l e r e s u l t s when t e s t e d a t body 
t e m p e r a t u r e , over s e v e r a l months , and over the p e r i o d o f t r a n s m i t t e r b a t t e r y l i f e . 
An o v e r a l l r e s o l u t i o n o f 40N i n the range 0-2224N was o b t a i n e d , and t h e o v e r a l l 
s y s t e m a c c u r a c y i s e s t i m a t e d a t ± 10 p e r c e n t . 

RESULTS 
The p a t i e n t s e l e c t e d f o r the o p e r a t i o n was f e m a l e and we ighed 79 .8 k g . The s y s t e m 
p r o v i d e d h i p f o r c e r e c o r d s a t the i m p l a n t a t i o n o p e r a t i o n and a t r e g u l a r i n t e r v a l s 
d u r i n g a 40 day p e r i o d . Because o f t h e f a c t o r s ment ioned above i t was i m p o r t a n t to 
o b t a i n an a c c u r a t e b a s e l i n e r e c o r d i n g f o r t h e z e r o f o r c e l e v e l a t o p e r a t i o n t i m e . 
F i g u r e 8 shows the r e c o r d e d s i g n a l ( i n terms o f p a t i e n t body w e i g h t ) a t v a r i o u s 
t imes d u r i n g the o p e r a t i o n . The z e r o l e v e l was o b t a i n e d by a l l o w i n g the i m p l a n t 
and t r a n s m i t t e r to s t a b i l i z e t o body t emperature b u t w i t h the h i p s t i l l d i s l o c a t e d . 

Dislocated Hip Reduced Troch.on Sutured ^^^^sing 
Applied 

2 . 0 

1 . 5 

1 . 0 

Ü . 5 

F i g . 8 . Recorded h i p l o a d (AW). Day 0 — s i g n a l h e i g h t a t 
o p e r a t i o n . 

Subsequent r e s u l t s were t a k e n w i t h t h e p a t i e n t s u p i n e , s t a n d i n g , w a l k i n g w i t h and 
w i t h o u t s t i c k s , and s t a i r c l i m b i n g . F i g u r e 9 , f o r e x a m p l e , shows w a l k i n g r e s u l t s on 
day 12 . 

CONCLUSIONS AND DI S C U S S I O N 
A f t e r day 40 no f u r t h e r s i g n a l s were r e c e i v e d . A p o s s i b l e cause o f f a i l u r e c o u l d 
have been t h e c h o i c e o f s i l i c o n e rubber f o r e n c a p s u l a t i n g t h e s t r a i n g a u g e s as i t 
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SECONDS 0 

F i g . 9 . Recorded h i p l oads (AW). Day 12 — w a l k i n g w i t h and 
w i t h o u t s t i c k s . 

h a s s i n c e come to our n o t i c e t h a t the a c e t i c a c i d p r e s e n t i n uncured s i l i c o n e c o u l d 
have corroded t h e gauges or s o l d e r c o n n e c t i o n s . 

The r e c o r d s o b t a i n e d have g i v e n v a l u a b l e i n f o r m a t i o n r e g a r d i n g f o r c e s a c t i n g on the 
head o f the t y p e o f i m p l a n t u s e d . The d e s i g n o f the i m p l a n t was i n t e n d e d t o reduce 
b e n d i n g l o a d s on the stem and t h e o p e r a t i v e t e c h n i q u e ( E n g l i s h , 1975) was i n t e n d e d 
t o reduce the o v e r a l l f o r c e a c t i n g a c r o s s the h i p j o i n t by o f f s e t t i n g the t r o c h a n t e r 
and d i s p l a c i n g the c e n t e r f o r r o t a t i o n towards t h e m i d l i n e . The r i s k o f d i s l o c a t i o n , 
f a t i g u e f a i l u r e , and l o o s e n i n g i s lower u s i n g t h i s t e c h n i q u e t h a n w i t h more s t a n d a r d 
i m p l a n t s . 

The r e s u l t s o b t a i n e d c a n be summarized as f o l l o w s . S t a n c e phase f o r c e , and swing 
phase f o r c e , were found t o be 2 . 0 t imes and 1.0 t imes body w e i g h t r e s p e c t i v e l y . 
The o n e - l e g g e d s t a n c e caused f o r c e s o f 2 .54 t imes and 2 .18 t imes body w e i g h t a t 12 
and 40 days a f t e r o p e r a t i o n . 

The t e l e m e t r y s y s t e m h a s o p e r a t e d s a t i s f a c t o r i l y and g i v e n u s e f u l r e s u l t s . I t i s , 
however , p o s s i b l e t o improve the s y s t e m , and t h i s i s under c o n s i d e r a t i o n f o r any 
f u t u r e c l i n i c a l t r i a l s . F i r s t l y , we c a n c o n s i d e r improvements to the e x i s t i n g d e s i g n . 
These c o u l d take the form o f t emperature c o m p e n s a t i o n on the s t r a i n g a u g e s , and a u t o 
m a t i c r e c e i v e r t u n i n g v i a f eedback from the f i l t e r e d 1 KHz s i g n a l . T h i s would a l l e 
v i a t e t r a n s m i t t e r t emperature e f f e c t s c o n s i d e r a b l y , and speed up the d e t e r m i n a t i o n 
o f zero f o r c e a t o p e r a t i o n t i m e . S e c o n d l y , we can c o n s i d e r r e d e s i g n i n g t h e s y s t e m 
t o o p e r a t e w i t h a p u l s e d u r a t i o n m o d u l a t i o n scheme. T h i s would r e q u i r e a more com
p l e x t r a n s m i t t e r , b u t i n c o n j u n c t i o n w i t h s t r a i n gauge t empera ture c o m p e n s a t i o n , 
would p r o v i d e an a b s o l u t e z e r o f o r c e l e v e l , i n w h i c h s y s t e m a c c u r a c y would be a lmos t 
c o m p l e t e l y independent o f t r a n s m i t t e r t e m p e r a t u r e , a m p l i t u d e , and f r e q u e n c y d r i f t s . 
One p o s s i b l e way o f a c h i e v i n g t h i s i s t o c o n s i d e r the u s e o f s e m i c o n d u c t o r s t r a i n 
gauges w h i c h have Κ v a l u e s o f up t o 200 . Such g a u g e s , however , a r e e x t r e m e l y tem
p e r a t u r e dependent and would r e q u i r e complex c o m p e n s a t i o n c i r c u i t r y to be e f f e c t i v e . 
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F i n a l l y , we can a s s e r t t h a t the sys tem h a s e s t a b l i s h e d the f o r c e s a c t i n g on t h i s 
s t y l e of h i p p r o s t h e s e s t o w i t h i n ± 10 p e r c e n t , and t h a t f u t u r e c l i n i c a l t e s t s w i t h 
improved e l e c t r o n i c s and gauge p r o t e c t i o n w i l l be d i r e c t e d to c o n f i r m i n g t h e s e 
r e s u l t s a t g r e a t e r a c c u r a c y , over l o n g e r p e r i o d s o f t i m e , and w i t h more v a r i e d 
a c t i v i t i e s . 
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Abstract — A new e l e c t r o d e chamber i s d e s c r i b e d from w h i c h the 
l o c o m o t o r a c t i v i t y , o p e r c u l a r movement, c o u g h s , and h e a r t b e a t 
o f f ree - swimming t r o u t can be r e c o r d e d w i t h o u t a t t a c h m e n t s t o 
the f i s h . The chamber i s more s p a c i o u s than t h o s e p r e v i o u s l y 
d e s c r i b e d , and c l e a r s i g n a l s c a n be d e t e c t e d whether the f i s h 
i s h e l d i n s t a t i c w a t e r or i n w a t e r f l o w i n g a t s e v e r a l cm s"" .̂ 
The compos i t e s i g n a l d e t e c t e d by the e l e c t r o d e s i s a m p l i f i e d 
and then e i t h e r f i l t e r e d to p r o v i d e s e p a r a t e r e s p i r a t o r y and 
h e a r t b e a t s i g n a l s or i n t e g r a t e d t o p r o v i d e an i n d e x o f l o c o 
motor a c t i v i t y . 

The use o f submerged m e t a l e l e c t r o d e s to d e t e c t b i o e l e c t r i c 
s i g n a l s from f i s h swimming f r e e l y i n a tank i s no t new, b u t 
t h i s paper d e s c r i b e s c o n s i d e r a b l e advances i n the swimming 
space a v a i l a b l e f o r the f i s h , i n the r a t e o f f l ow o f w a t e r 
t h a t can be used w i t h o u t c r e a t i n g e l e c t r i c a l i n t e r f e r e n c e , 
and i n the number o f b i o l o g i c a l p a r a m e t e r s t h a t can be r e c o r d e d 
r e g a r d l e s s o f t h e p o s i t i o n o f t h e f i s h i n the chamber. The 
e l e c t r o n i c sys t em d e v e l o p e d f o r r e t r i e v i n g and p r o c e s s i n g the 
b i o l o g i c a l s i g n a l s d e r i v e d from the e l e c t r o d e chamber i s a l s o 
d e s c r i b e d . 

INTRODUCTION 
The r e s p i r a t o r y and c a r d i a c a c t i v i t y o f f i s h can be m o n i t o r e d v e r y p r e c i s e l y u s i n g 
c a t h e t e r s o r i m p l a n t e d e l e c t r o d e s ( H o l e t o n and R a n d a l l , 1967; S a u n d e r s , 1961; 
S h e l t o n and R a n d a l l , 1962 ) . These methods a r e , however , c o m p l i c a t e d to use and 
a f f e c t the b e h a v i o r o f the t e s t a n i m a l . An a l t e r n a t i v e approach i s t o use a p a i r 
o f e l e c t r o d e s p l a c e d on e i t h e r s i d e o f , b u t not i n c o n t a c t w i t h , t h e f i s h . The 
e l e c t r o p h y s i o l o g i c a l s i g n a l s produced by the f i s h , and the w a t e r movements caused 
by swimming, can be d e t e c t e d by t h e e l e c t r o d e s and d i s p l a y e d , a f t e r a m p l i f i c a t i o n , 
on a c h a r t r e c o r d e r . S p o o r , N e i h e i s e l and Drummond (1971) , who r e v i e w e d t h e e a r l y 
work i n t h i s f i e l d , d e s c r i b e d an e l e c t r o d e chamber which c o u l d d e t e c t the r e s p i r a t o r y 
movements o f the o p é r e n l a ( g i l l c o v e r s ) . With no a t t a c h m e n t s to the f i s h the 
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t e c h n i q u e was s i m p l e r to use and had l e s s e f f e c t on b e h a v i o r than methods i n v o l v i n g 
c a t h e t e r s or i m p l a n t e d e l e c t r o d e s . 

E l e c t r o d e chambers o f t h i s t y p e have been used i n a u t o m a t i c w a t e r - p o l l u t i o n a larm 
sys t ems ( C a i r n s , D i c k s o n and W e s t l a k e , 1975; Morgan , 1977; S l o o f , 1977) and i n s u b 
l e t h a l t o x i c o l o g i c a l s t u d i e s (Drummond, Spoor and O l s o n , 1973; Thomas and R i c e , 
1975) . The p o t e n t i a l f o r movement w i t h i n the chamber i s , however , s m a l l b e c a u s e 
the e l e c t r o d e s , which are p l a c e d near the end w a l l s , need to be c l o s e to the head 
and t a i l o f t h e f i s h and the n e c e s s a r y a l i g n m e n t o f the f i s h , p e r p e n d i c u l a r to the 
e l e c t r o d e s , i s m a i n t a i n e d b y a narrow chamber w i d t h . 

M a r s h a l l (1972) d e m o n s t r a t e d t h a t a s i g n a l r e l a t e d to h e a r t b e a t c o u l d a l s o be 
d e t e c t e d u s i n g e s s e n t i a l l y the same t e c h n i q u e , and t h a t a p a r t i a l s e p a r a t i o n o f the 
super imposed r e s p i r a t o r y and c a r d i a c components c o u l d be a c h i e v e d by u s i n g s i m p l e 
e l e c t r o n i c f i l t e r s . An improvement i n the f i l t e r i n g was shown by Y a k i m o v i c h , 
Bergman and Weeks (1977) , though t h e i r r e s u l t s r e q u i r e d a tank s h i e l d e d from e l e c 
t r i c a l i n t e r f e r e n c e w i t h a F a r a d a y c a g e . F o r c l e a r r e c e p t i o n o f h e a r t b e a t s i g n a l s 
the e l e c t r o d e s o f b o t h M a r s h a l l (1972) and Y a k i m o v i c h et al. (1977) had to be n e a r e r 
to the f i s h than were the e l e c t r o d e s o f Spoor et al. ( 1 9 7 1 ) , and so t h e problem o f 
c o n t i n u o u s m o n i t o r i n g w i t h o u t p h y s i c a l l y r e s t r i c t i n g the f i s h r e m a i n e d . 

T h i s paper d e s c r i b e s a new e l e c t r o d e chamber and e l e c t r o n i c s y s t e m i n which some 
improvements on p r e v i o u s d e s i g n s h a v e been a c h i e v e d . The e l e c t r o n i c sys tem was 
d e v e l o p e d w i t h a s s i s t a n c e from S a n d s - W h i t e l e y R e s e a r c h and Development L t d . , 
C a m b r i d g e , U . K . 

THE M O N I T O R I N G CHAMBER 
The chamber ( F i g . 1) d i f f e r s from t h a t o f Spoor et al. (1971) i n t h a t the s e n s i n g 
e l e c t r o d e s are p l a c e d on i t s f l o o r and r o o f r a t h e r than a t i t s e n d s . The f i s h 
compartment i s 610 mm l o n g , 165 mm w i d e , and 76 mm deep and a l l o w s a t r o u t o f 150 mm 
to swim forwards f o r f o u r f i s h - l e n g t h s and to t u r n c o m f o r t a b l y t h r o u g h 3 6 0 ° . Water 
e n t e r s the chamber through a f l o w - s t r a i g h t e n i n g b a f f l e s i m i l a r t o t h a t o f Foe I s 
(1975) and e x i t s through a p e r f o r a t e d p l a t e . A s t a n d p i p e m a i n t a i n s the w a t e r s u r 
f a c e above the l e v e l o f the top e l e c t r o d e w h i c h forms the r o o f o f the chamber. The 
t e s t f i s h can be p l a c e d i n the chamber a f t e r removing the upper e l e c t r o d e . 

With t h i s e l e c t r o d e c o n f i g u r a t i o n the f i s h has c o n s i d e r a b l y more freedom of movement 
y e t the s e n s i n g e l e c t r o d e s are n e a r e r t o t h e f i s h t h a n i n the d e s i g n o f Spoor et al. 
(1971 ) . T h i s e n a b l e s v e r y c l e a r r e s p i r a t o r y and h e a r t b e a t s i g n a l s to be d e t e c t e d 
r e g a r d l e s s o f the p o s i t i o n o r a t t i t u d e o f the f i s h i n the chamber. The e x t r a s p a c e 
a l s o makes the c o n t i n u o u s m o n i t o r i n g o f l o c o m o t o r a c t i v i t y more m e a n i n g f u l and 
g e n e r a l l y l e s s e n s t h e e f f e c t o f t h e m o n i t o r i n g t e c h n i q u e on b e h a v i o r . An a d d i t i o n a l , 
u n e x p e c t e d a d v a n t a g e o f t h i s d e s i g n i s the f a c t t h a t w a t e r v e l o c i t i e s o f s e v e r a l 
cm s~^ a l o n g the chamber can be used i f r e q u i r e d , whereas w i t h e l e c t r o d e s p l a c e d 
a c r o s s the f l ow (Spoor et al.y 1971) moving w a t e r c r e a t e s s t r o n g i n t e r f e r e n c e w h i c h 
masks the b i o l o g i c a l s i g n a l s . The e x p l a n a t i o n f o r t h i s i s not known, but i t i s 
thought to be r e l a t e d to the manner i n w h i c h the common mode r e j e c t i o n c h a r a c 
t e r i s t i c s o f the a m p l i f i e r respond t o the two d e s i g n s . 

SIGNAL R E T R I E V A L AND PROCESSING 
The m o n i t o r i n g chamber was d e v e l o p e d u s i n g a B r o o k d e a l E l e c t r o n i c s t r a n s f o r m e r 
(Model 9433) and d i f f e r e n t i a l ac a m p l i f i e r (Model 9454) t o a m p l i f y t h e b i o l o g i c a l 
s i g n a l s d e r i v e d from the e l e c t r o d e s . S u b s e q u e n t l y t h e s e u n i t s were r e p l a c e d w i t h 
a l e s s e x p e n s i v e , s p e c i a l l y d e s i g n e d a m p l i f i e r b u i l t up on a matched p a i r o f t r a n 
s i s t o r s ( type 2N3811) w i t h s e c o n d - s t a g e a m p l i f i c a t i o n p r o v i d e d by an i n s t r u m e n t a t i o n 
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F i g . 1. M o n i t o r i n g chamber and e l e c t r o n i c u n i t . 

a m p l i f i e r ( t y p e A D 5 2 1 ) . F i l t e r s were used to l i m i t the f r e q u e n c y r e s p o n s e o f t h e 
a m p l i f i c a t i o n sys tem t o a p p r o x i m a t e l y 1-40 H z , and a dc f e e d b a c k loop was i n c o r p o r a t e d 
to n e u t r a l i z e the c h a r g e w h i c h tended to b u i l d up s p o n t a n e o u s l y on e i t h e r e l e c t r o d e . 

The r e s p i r a t o r y and c a r d i a c components o f the a m p l i f i e d s i g n a l were o r i g i n a l l y s e p a r 
a t e d by u s i n g a Barr and S t r o u d v a r i a b l e f i l t e r (Model E F 3 ) . Lowpass f i l t e r i n g a t 
5 Hz was used t o i s o l a t e the r e s p i r a t o r y component w h i l e bandpass f i l t e r i n g a t 20-40 
Hz was used to i s o l a t e the e l e c t r o c a r d i o a g r a m ( E C G ) . T h i s u n i t was r e p l a c e d by a 
p a i r o f f i x e d - f r e q u e n c y f i l t e r s made w i t h B a r r and S t r o u d a c t i v e f i l t e r modules 
( s e r i e s EF 1 0 / 2 0 ) . The two u n i t s compri sed 6 - p o l e B u t t e r w o r t h f i l t e r s c u t t i n g o f f 
at the f r e q u e n c i e s ment ioned above a t the r a t e o f 36 d B / o c t a v e . F i g u r e 2 shows the 
s i g n a l s t h a t can be o b t a i n e d w i t h the a m p l i f i e r and t h e two f i l t e r s , name ly , (a) the 
e l e c t r o c a r d i o a g r a m and (b) the movements o f the o p é r e n l a ( i n c l u d i n g c o u g h i n g ) . C l e a r 
o p e r c u l a r s i g n a l s and the R waves o f the ECG a r e a l m o s t a l w a y s d e t e c t a b l e . Ρ w a v e s , 
however , can be r e c o r d e d from about one f i s h i n two, w h i l e Τ waves are o n l y seen i n 
f i s h t h a t g i v e a p a r t i c u l a r l y s t r o n g s i g n a l . S i g n a l s are d i s p l a y e d on a D e v i c e s 
(MX212) c h a r t r e c o r d e r . 

A d i s a d v a n t a g e o f the t e c h n i q u e i s t h a t t h e s e s i g n a l s t end t o become c o n f u s e d d u r i n g 
swimming, t h i s b e i n g more the c a s e w i t h the o p e r c u l a r s i g n a l t h a n w i t h the E C G . T h i s 
f a c t h a s been turn ed t o a d v a n t a g e , however , i n t h e d e s i g n o f a s y s t e m f o r m o n i t o r i n g 
locomotor a c t i v i t y . The sys tem r e l i e s on the o b s e r v a t i o n t h a t the a m p l i t u d e and 
d u r a t i o n o f the i n t e r f e r e n c e which o c c u r s d u r i n g swimming i n c r e a s e w i t h the i n t e n s i t y 
and d u r a t i o n o f the l o c o m o t o r a c t i v i t y which caused i t . By r e c t i f y i n g and i n t e g r a t i n g 
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F i g . 2 . a . E l e c t r o c a r d i o g r a m showing P , R , and Τ w a v e s . 
b . Movements o f the o p é r e n l a , i n c l u d i n g c o u g h i n g . 
c . Locomotor a c t i v i t y . 

the u n f i l t e r e d o u t p u t from the a m p l i f i e r a measure o f the a m p l i t u d e and d u r a t i o n o f 
t h i s i n t e r f e r e n c e can be o b t a i n e d . F i g u r e 2 ( c ) shows a c h a r t r e c o r d o f l o c o m o t o r 
a c t i v i t y produced by an e l e c t r o n i c module c o n s i s t i n g o f a f u l l w a v e r e c t i f i e r and a 
s i m p l e c a p a c i t o r i n t e g r a t o r . 

F i g u r e 1 shows the modular e l e c t r o n i c s y s t e m d e s i g n e d a t the Water R e s e a r c h C e n t e r 
to m o n i t o r f i s h a c t i v i t y . From l e f t t o r i g h t the modules a r e the a m p l i f i e r , the 
locomotor a c t i v i t y m o n i t o r , an i n s c r i b e d b l a n k i n g - o f f p a n e l , the ECG f i l t e r , the 
r e s p i r a t i o n f i l t e r , a b l a n k i n g - o f f p a n e l , and a power s u p p l y w i t h a m e t e r w h i c h d i s 
p l a y s t h e l e v e l o f l ocomotor a c t i v i t y . 

D I S C U S S I O N 
The m o n i t o r i n g sys tem was d e v e l o p e d f o r use i n an a u t o m a t i c w a t e r p o l l u t i o n a l a r m 
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sys tem ( M i l l e r , 1977) but i t i s c o n s i d e r e d t o be p o t e n t i a l l y u s e f u l i n s t u d i e s o f 
f i s h p h y s i o l o g y , b e h a v i o r and s u b - l e t h a l t o x i c o l o g y . The d e g r e e o f freedom a l l o w e d 
t o t h e f i s h , the number o f p a r a m e t e r s t h a t can be r e c o r d e d , and t h e l a c k o f a t t a c h 
ments to the f i s h are s een as major a d v a n t a g e s . The t e c h n i q u e a l s o works w e l l w i t h 
o t h e r s p e c i e s o f f i s h , f o r example salmon s m o l t s {Salmo salar), s t i c k l e b a c k {Gastero-
steus aculeatus), r o a c h (Rutilus rutilus), t e n c h (Tinea tinca), and g o l d f i s h 
(Carassius auvatus), 
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Abstract — C a p t u r e p r e c e d e s many s t u d i e s o f l a r g e mammals i n 
the w i l d . Three methods are a v a i l a b l e : s t o c k a d e s , n e t t i n g and 
c a p t u r e d r u g s . S t o c k a d e s are e x p e n s i v e b u t can be e f f e c t i v e . 
N e t t i n g i s l a b o r i n t e n s i v e and v e r s a t i l e , b u t r e q u i r e s c o n s i 
d e r a b l e s k i l l . Both methods are s u i t a b l e f o r c a t c h i n g l a r g e 
numbers o f u n s e l e c t e d a n i m a l s . C a p t u r e drugs a r e b e s t a d m i n i 
s t e r e d by a s y r i n g e p r o j e c t i l e and a r e s u i t a b l e f o r c a t c h i n g 
s m a l l numbers o f c a r e f u l l y s e l e c t e d a n i m a l s . A r e c e n t d e v e l o p 
ment i s the d a r t t r a n s m i t t e r w h i c h e n a b l e s the use o f s y r i n g e 
p r o j e c t o r s i n dense f o r e s t c o n d i t i o n s . Problems a s s o c i a t e d 
w i t h each o f t h e s e methods are r e v i e w e d ; the h e a l t h o f the 
a n i m a l s i s a m a j o r c o n s i d e r a t i o n . 

INTRODUCTION 
A major problem i n work on w i l d mammals i s how t o c a p t u r e them s a f e l y and s e l e c t i v e l y . 
Three c a t e g o r i e s o f c a p t u r e t e c h n i q u e s a r e a v a i l a b l e . I n c h o o s i n g t h e most s u i t a b l e 
method the main c o n s i d e r a t i o n i s whether a f ew, c a r e f u l l y s e l e c t e d a n i m a l s or a 
l a r g e , u n s e l e c t e d sample i s r e q u i r e d . There i s a l s o a c h o i c e be tween e x p e n s i v e 
v e r s u s l a b o r i n t e n s i v e m e t h o d s . D e s c r i p t i o n o f the d i f f e r e n t methods i s b i a s e d by 
the a u t h o r ' s e x p e r i e n c e w i t h f a l l o w d e e r , b u t as t h e s e a r e a d i f f i c u l t s p e c i e s to 
work w i t h , t h i s b i a s u n c o v e r s problems l i k e l y t o be e n c o u n t e r e d w i t h o t h e r deer 
s p e c i e s . S n a r e s are u n a c c e p t a b l e b e c a u s e o f the r i s k t o c a p t u r e d a n i m a l s and so they 
are not c o n s i d e r e d h e r e . 

STOCKADES 
The c o n s t r u c t i o n o f a permanent o r semipermanent s t o c k a d e , where p r a c t i c a l , i s the 
most s a t i s f a c t o r y way o f c a p t u r i n g l a r g e numbers o f d e e r . A n i m a l s are a t t r a c t e d 
or herded through a l a r g e f u n n e l i n t o e n c l o s u r e s from where they can be l e d s i n g l y 
through a p a s s a g e i n t o a c r a t e or a h a n d l i n g c r u s h . Once s e t u p , a w e l l d e s i g n e d 
s t o c k a d e s y s t e m can be o p e r a t e d by o n l y a few p e o p l e . However , the c o s t i s l i k e l y 
to be p r o h i b i t i v e l y h i g h f o r most s c i e n t i f i c s t u d i e s o t h e r t h a n l o n g t e r m o n e s . 
Permanent s t o c k a d e s a r e , o f c o u r s e , immobi le and must be d e s i g n e d and p o s i t i o n e d 
v e r y c a r e f u l l y . Animal a t t r a c t a n t s may overcome t h e problem o f a v o i d i n g the 
a r e a around the s t o c k a d e w h i c h may be a s s o c i a t e d w i t h d i s t u r b a n c e . A v a r i e t y o f 
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a t t r a c t a n t s may be e f f e c t i v e under d i f f e r e n t c i r c u m s t a n c e s ( e . g . w i n t e r f e e d , m i n e r a l 
l i c k s , or even c a p t i v e f e m a l e s ) . S t o c k a d e s are u n l i k e l y t o work i n open c o u n t r y . 

A semi permanent s t o c k a d e w i t h woven p o l y p r o p y l e n e w a l l s ( O e l o f s e , 1970) p r o v i d e s 
a sound , b a s i c d e s i g n f o r any s t o c k a d e s y s t e m and i s d e s c r i b e d by H a r t h o o r n (1976, 
p . 107 ) . An imal s are herded i n t o a f u n n e l , t h e mouth o f which i s a t l e a s t 200 m 
wide and the depth even l o n g e r t o a v o i d damaging the a n i m a l s . The f u n n e l l e a d s 
t h r o u g h a g a t e i n t o a s t r a i g h t s i d e d e n c l o s u r e , wh ich i n t u r n l e a d s t h r o u g h a second 
g a t e i n t o a c i r c u l a r c o r r a l . A c i r c u l a r f i n a l e n c l o s u r e i s h i g h l y recommended s i n c e 
i t g r e a t l y reduces the r i s k o f damage t o the a n i m a l . The two g a t e s y s t e m r e d u c e s 
the chances t h a t an animal w i l l double back and e scape b e f o r e e n t e r i n g the f i n a l 
e n c l o s u r e . O e l o f s e used 3 m h i g h p l a s t i c w a l l s and h a s s a f e l y c a p t u r e d thousands 
o f an ima l s i n c l u d i n g w i l d e b e e s t , z e b r a , i m p a l a and g i r a f f e . A minimum h e i g h t o f 
2 .5 m would be r e q u i r e d f o r l a r g e r deer s p e c i e s . P r o v i d e d t h a t the w a l l s a r e h i g h 
and opaque , the a n i m a l s w i l l run around r a t h e r than a t the w a l l s and are u n l i k e l y 
to a t t e m p t t o jump o u t . 

A s i m p l e s t o c k a d e sys tem h a s been used i n c o n j u n c t i o n w i t h f o r e s t e n c l o s u r e s to c a p 
t u r e f a l l o w deer f o r c o n t r o l l e d g e n e t i c c r o s s e s ( S m i t h et al.^ 1978 ) . Two p a i r s o f 
a d j o i n i n g 5 ha e n c l o s u r e s are s e p a r a t e d by a c e n t r a l c a p t u r e a r e a i n t o w h i c h a n i m a l s 
are a t t r a c t e d by w i n t e r f e e d i n g . The o u t e r g a t e s are s h u t when the deer a r e i n s i d e , 
and s e l e c t e d i n d i v i d u a l s c a n be s p l i t o f f and g u i d e d t h r o u g h a g a t e i n t o t h e a p p r o 
p r i a t e e n c l o s u r e . Our f a l l o w d e e r s t u d y has a l s o used the v e r y o l d d e v i c e known as 
a s a l t o r y or deer l e a p ( S h i r l e y , 1867) , w h i c h i s e f f e c t i v e l y a oneway v a l v e . E a r t h 
i s removed from t h e i n s i d e o f a f e n c e to form a d e p r e s s i o n and banked up on the 
o u t s i d e so t h a t deer can jump i n t o b u t n o t out o f an e n c l o s u r e . Once i n s i d e , a n i m a l s 
can be f u n n e l l e d i n t o a h a n d l i n g c r u s h or t r a n q u i l l i z e d u s i n g a s y r i n g e p r o j e c t o r . 
A s a l t o r y does n o t need c o n s t a n t a t t e n t i o n when i n use and i s e a s i l y f e n c e d o f f 
when not r e q u i r e d . 

C o r r a l s and t r a p s have been used w i t h v a r y i n g d e g r e e s o f s u c c e s s f o r c a p t u r i n g 
a n t e l o p e ( K i n g , 1966) , w h i t e - t a i l e d deer (Hawkins , A u t r y and K l i m s t r a , 1967) , mule 
deer ( S a u e r , Gorman and Boyd, 1969) , k a n g a r o o s (Keep and F o x , 1971) and moose 
(Le Resche and L y n c h , 1973 ) . The l i k e l i h o o d o f s u c c e s s i s enhanced i f the w a l l s 
a r e opaque ( e . g . h e s s i a n s h o u l d be draped o v e r n e t t i n g ) and i f the f i n a l e n c l o s u r e 
i s c i r c u l a r . Some quoted m o r t a l i t y f i g u r e s o f 20-35 p e r c e n t a r e q u i t e u n a c c e p t a b l e 
and i n d i c a t e t h a t c o n s i d e r a b l e t h o u g h t must be put i n t o the d e s i g n and u s e o f t h e s e 
sys tems t o make them a s e f f e c t i v e and humane as p o s s i b l e . 

NETTING 
The use o f n e t s f o r the c a p t u r e and management o f deer i s a c o n t e n t i o u s i s s u e 
( D a n s i e , 1977 ) . However, i n the absence o f a s t o c k a d e t h e r e i s o f t e n v e r y l i t t l e 
c h o i c e i f l a r g e numbers o f a n i m a l s are t o be c a p t u r e d , e . g . Chapman and Chapman 
(1975 ) . The use o f cannon n e t s i n b i r d r i n g i n g o p e r a t i o n s i s w e l l e s t a b l i s h e d , and 
t h e same t e c h n i q u e h a s been used t o c a p t u r e w h i t e - t a i l e d and f a l l o w deer (Hawkins , 
M a r t o g l i o and Montgomery, 1 9 6 8 ) . An a t t r a c t a n t i s r e q u i r e d to b r i n g s u f f i c i e n t 
a n i m a l s w i t h i n range t o make t h e e x e r c i s e w o r t h w h i l e . The n e c e s s i t y f o r s t r o n g , 
heavy n e t s imposes s e v e r e r e s t r i c t i o n s on range and u s e f u l n e s s . The t e c h n i q u e i s 
l i k e l y to be most e f f e c t i v e on open ground where o t h e r n e t t i n g methods are i n e f f e c t u a l . 

Drop n e t s a r e most u s e f u l i n s e m i n a t u r a l c o n d i t i o n s where a n i m a l s r e g u l a r l y c o n g r e 
g a t e i n f e e d i n g a r e a s . Ramsey (1968) r e p o r t e d the s u c c e s s f u l c a p t u r e o f s e v e r a l 
hundred w h i t e - t a i l e d and a x i s d e e r , and P i e n a a r (1969) has used drop n e t s t o c a p t u r e 
many medium s i z e d s p e c i e s o f A f r i c a n game. A l l n e t t i n g t e c h n i q u e s r e q u i r e r a p i d 
h a n d l i n g o f c a p t i v e s so t h a t damage i s m i n i m i z e d . 

Long n e t s used i n woodland c a n be e f f i c i e n t and humane, p r o v i d e d t h e y are used by 
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competent p e r s o n n e l . The p r i n c i p l e i s t h a t a n i m a l s a r e moved q u i c k l y , b u t not 
s tampeded, i n t o a l o n g l i n e o f n e t t i n g s t r u n g l o o s e l y on s t a k e s , bushes o r s m a l l 
t r e e s . The n e t must s u f f e r l o c a l c o l l a p s e as an a n i m a l h i t s i t , and the a n i m a l 
s h o u l d v e r y q u i c k l y be r e s t r a i n e d , b l i n d f o l d e d and removed from t h e n e t . B l i n d 
f o l d i n g h a s an immediate c a l m i n g e f f e c t . A h a z a r d i s t h a t a number o f an ima l s may 
h i t the same p a r t o f the n e t t o g e t h e r , i n e v i t a b l y c a u s i n g broken l i m b s , g o r i n g and 
s u f f e r i n g and i n v o l v i n g r i s k s t o the h a n d l e r s . S k i l l e d b e a t e r s a r e r e q u i r e d to 
b r i n g a herd i n s l o w l y and s p l i t them o f f towards the n e t one or two a t a t i m e . 

I t i s i m p o r t a n t t o p o s i t i o n t h e n e t w e l l . G e n e r a l l y a f u n n e l i s r e q u i r e d (Riney 
and K e t t l i t z , 1964) so t h a t the a n i m a l s cannot b r e a k away when t h e y see the n e t . 
I d e a l l y , t h e s i d e s or w i n g s s h o u l d be b r i g h t l y c o l o r e d and the main c a t c h i n g n e t 
b l a c k or dark brown i n f o r e s t , or b e i g e i n more open , d r i e r c o u n t r y . 

C o n t r o v e r s y about t h e u s e o f l o n g n e t s has a r i s e n b e c a u s e o f u n f o r t u n a t e i n c i d e n t s 
and c r i t i c i s m from h e a r s a y . U n n e c e s s a r y m o r t a l i t y h a s o c c u r r e d b e c a u s e o f incompe
t e n t p e r s o n n e l who have damaged u n g u l a t e s by k n e e l i n g on t h e t h o r a x , and b e c a u s e o f 
o v e r z e a l o u s c h a s i n g . There i s no doubt t h a t c a p t u r e i n a n e t c a u s e s g r e a t s t r e s s , 
and so n e t t i n g s h o u l d n o t be u n d e r t a k e n l i g h t l y . 

CAPTURE DRUGS 
The c a p t u r e o f a n i m a l s by the a d m i n i s t r a t i o n o f s t u p e f y i n g drugs s h o u l d be t h e l e a s t 
s t r e s s f u l and most s a t i s f a c t o r y method a v a i l a b l e and i t a l l o w s a n i m a l s t o be h a n d l e d 
f o r some c o n s i d e r a b l e t ime w i t h o u t p h y s i c a l r e s t r a i n t . However, problems o f d e l i v e r y , 
dosage and s u p e r v i s i o n g e n e r a l l y make c h e m i c a l c a p t u r e l e s s s u i t a b l e e x c e p t when o n l y 
a few, s e l e c t e d a n i m a l s are t o be c a p t u r e d , A f a i r l y r e c e n t book c o v e r s t h e s u b j e c t 
e x c e l l e n t l y ( H a r t h o o r n , 1976 ) . 

A d m i n i s t r a t i o n o f t h e drug i s e i t h e r o r a l or h y p o d e r m i c . Hypodermic i n j e c t i o n o f 
w i l d a n i m a l s u s u a l l y r e q u i r e s some s o r t o f s y r i n g e p r o j e c t i l e and an a p p r o p r i a t e 
p r o j e c t o r ( e . g . a b low p i p e , crossbow o r a r i f l e or p i s t o l u s i n g compressed g a s o r 
an e x p l o s i v e c h a r g e f o r p r o p u l s i o n ) . H a r t h o o r n (1976) r e v i e w s the deve lopment o f 
s y r i n g e p r o j e c t o r s s i n c e Hayes et al, ( 1957 ) , and J o n e s (1976) g i v e s an up to d a t e 
a s se s sment o f a v a i l a b l e weapons and s y r i n g e p r o j e c t i l e s . A r e c e n t i n n o v a t i o n n o t 
i n c l u d e d i n J o n e s * a r t i c l e i s the C o n s e r v a t o r r a n g e o f t r a n q u i l i z i n g equipment 
m a n u f a c t u r e d to order by H . V . I I s l e y i n L i v e r p o o l , U . K , The o n l y weapon f e a s i b l e 
f o r u s e i n the f i e l d i s a r i f l e type p r o j e c t o r , and e f f e c t i v e range i s l i m i t e d t o 
40 o r 50 m. 

The range o f drugs s u i t a b l e f o r use w i t h d i f f e r e n t s p e c i e s i s c o v e r e d i n d e t a i l by 
H a r t h o o r n ( 1 9 7 6 ) , M u s c l e r e l a x a n t s such as s u c c i n y l c h o l i n e a r e u n n e c e s s a r i l y c r u e l 
(Low, 1973; L e e s and Done , 1 9 7 3 ) . The e f f e c t s o f morphine l i k e a n a l g e s i c s such as 
e t o r p h i n e ( R e c k i t t and Colman) c a n be r e v e r s e d by a n t a g o n i s t s such as c y p r e n o r p h i n e . 
C o m m e r c i a l l y a v a i l a b l e f o r m u l a t i o n s s u c h as L a r g e A n i m a l Immobi lon ( R e c k i t t and Colman) 
may be u n s a t i s f a c t o r y f o r p a r t i c u l a r s p e c i e s such as f a l l o w deer w h i c h r e a c t a d v e r s e l y 
to the s e d a t i v e acepromaz ine i n c o r p o r a t e d i n the m i x t u r e ( J o n e s and Mantón , 1 9 7 3 ) . 
However, m i x t u r e s o f pure e t o r p h i n e w i t h x y l a z i n e (Bayer ) have b e e n found t o g i v e a 
s a t i s f a c t o r y r e s p o n s e ( H a r r i n g t o n and W i l s o n , 1 9 7 4 ) . U n f o r t u n a t e l y the morphine 
l i k e compounds and t h e i r a n t a g o n i s t s c a n be e x t r e m e l y dangerous to man; a l l a r e 
l i s t e d as dangerous drugs and some as n a r c o t i c s . S e d a t i v e s s u c h as x y l a z i n e may be 
used f o r the s a f e t y o f the worker b u t an imal r e c o v e r y may take s e v e r a l h o u r s . There 
are r e p o r t s t h a t c y p r e n o p h i n e w i l l r e v e r s e the e f f e c t s o f x y l a z i n e i n some a n i m a l s . 

Hypodermic i n j e c t i o n may be d i f f i c u l t , b u t o r a l a d m i n i s t r a t i o n i s even more s o . 
Because o f t h e complex s t r u c t u r e o f t h e ruminant s t o m a c h , t h e b a i t must be chosen 
c a r e f u l l y i f the drug i s t o be c a r r i e d q u i c k l y t h r o u g h the rumen w i t h o u t r i s k o f 
b a c t e r i a l d e g r a d a t i o n ( H a r t h o o r n , 1976, p . 1 4 8 ) . The t r a n q u i l i z e r d iazepam (Roche) 
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has been used to c a p t u r e s i x s p e c i e s o f deer w i t h 3-4 p e r c e n t m o r t a l i t y (Thomas, 
Robinson and M a r b u r g e r , 1967) . O t h e r u s e r s have a l s o e n c o u n t e r e d m o r t a l i t y i n 
f a l l o w deer (Murry and D e n n e t t , 1963) and w h i t e - t a i l e d deer (Montgomery and Hawkins , 
1967) , a l t h o u g h s m a l l e r doses have proven e f f e c t i v e and s a f e (Lees and Done, 1973) . 
I t i s not p o s s i b l e t o r e g u l a t e the dose i n i n d i v i d u a l a n i m a l s . Some s p e c i e s ( e . g . 
f a l l o w deer ) r e q u i r e such e x t r a o r d i n a r i l y h i g h doses t h a t hundreds of grams o f 
pure drug may be needed a t a t ime (Thomas, Robinson and M a r b u r g e r , 1967) . 

Whatever method i s used to a d m i n i s t e r a d r u g , i t i s e s s e n t i a l t h a t a drugged an imal 
be found and a t t e n d e d q u i c k l y . One way o f f i n d i n g drugged a n i m a l s i s to i n c o r p o r a t e 
a t r a n s m i t t e r i n t o a s y r i n g e p r o j e c t i l e , the n e e d l e o f w h i c h must have e i t h e r a 
barb or a c u f f so t h a t i t s t a y s i n the a n i m a l . At p r e s e n t , one such d a r t t r a n s m i t t e r 
i s manufac tured i n the U . S . A . and i s a m o d i f i c a t i o n o f a Palmer C a p - C h u r S y r i n g e 
a v a i l a b l e from W i l d l i f e M a t e r i a l s I n c . A l t h o u g h the d e s i g n e r s o f the d a r t t r a n s 
m i t t e r r e p o r t s a t i s f a c t o r y per formance ( L o v e t t and H i l l , 1977) , the d r a s t i c m o d i f i 
c a t i o n s t o the s y r i n g e a r e l i k e l y to r educe the a c c u r a t e range o f 30 m r e p o r t e d f o r 
the unmodi f i ed s y r i n g e by J o n e s (1976) . I am c u r r e n t l y c o l l a b o r a t i n g w i t h the 
m a n u f a c t u r e r of the C o n s e r v a t o r s y r i n g e p r o j e c t o r to d e s i g n and produce a d a r t 
t r a n s m i t t e r w i t h the same f l i g h t c h a r a c t e r i s t i c s as an u n m o d i f i e d s y r i n g e p r o j e c t i l e 
and hence a maximum a c c u r a t e r a n g e o f 40 to 50 m. 
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Abstract — R a d i o t r a c k i n g i s an i m p o r t a n t t o o l i n s e v e r a l 
s t u d i e s on mammals and b i r d s a t Grimsö R e s e a r c h S t a t i o n . 
M o b i l e t r a c k i n g i s e s s e n t i a l t o c o v e r the 14,000 h a r e s e a r c h 
a r e a . The sys tem recommended s i m p l i f i e s and s h o r t e n s the 
t ime o f t h i s o p e r a t i o n . A 6 - e l e m e n t , h o r i z o n t a l l y p o l a r i z e d 
Y a g i a n t e n n a , on a 3 . 5 m mast i s o p e r a t e d from i n s i d e a v e h i c l e . 
I n w o r k i n g p o s i t i o n the a n t e n n a i s r a i s e d a n o t h e r 1 .0 m. 
B e a r i n g s are r e a d u s i n g a r e p e a t e r compass s y s t e m w i t h a 
compass mounted a t t h e top o f the mast and a h e a d i n g i n d i c a 
t o r mounted on a p a n e l i n s i d e t h e v e h i c l e ( a n g u l a r dependent 
e l e c t r i c a l s i g n a l s are t r a n s m i t t e d through a c a b l e to t h e 
h e a d i n g i n d i c a t o r ) . The s y s t e m e l i m i n a t e s a l i g n i n g o f the 
v e h i c l e a t each s t o p . O p e r a t i o n t ime i s r e d u c e d t o 1 t o 2 min 
when t r a c k i n g one a n i m a l . A t e s t o f the r e l i a b i l i t y o f t h e 
r e p e a t e r compass s y s t e m shows a s m a l l s y s t e m a t i c e r r o r 
r e l a t e d to the o r i e n t a t i o n o f t h e an tenna boom. T e s t s o f t h e 
a c c u r a c y o f the s y s t e m w i t h i n normal range (1000 m) showed a 
mean a n g u l a r e r r o r o f 3 . 3 ± 3 . 2 ° . Mean d i s t a n c e o f l o c a t i o n 
was 570 m. 

INTRODUCTION 
R a d i o t r a c k i n g i s an i m p o r t a n t t o o l i n b e h a v i o r a l and e c o l o g i c a l s t u d i e s o f w i l d l i f e . 
T e c h n i q u e s and equipment u l t i m a t e l y depend on the b i o l o g i c a l q u e s t i o n s t o be answered . 
Commonly, o p t i m a l a c c u r a c y r e q u i r e s b e a r i n g s from a t l e a s t 2 l o c a t i o n s u s i n g a 
s t a t i o n a r y antenna sys tem or a m o b i l e u n i t a t p r e d e t e r m i n e d s i t e s . 

Methods o f a l i g n i n g v e h i c l e s and r e c o r d i n g b e a r i n g s were s u g g e s t e d by V e r t s (1963) ; 
Proud (1969); Anderson and De Moor (1971) ; Haacke et al, (1973) and H a l l b e r g et al, 
(1974) , b u t t h e o p e r a t o r must g e t out o f t h e v e h i c l e and e r e c t the a n t e n n a a t each 
s t o p . H u t t o n et al, (1976) d e s c r i b e d a l i g n m e n t on a permanent s y s t e m , but t h i s c o u l d 
be troublesome under w i n t e r c o n d i t i o n s . K o l z and J o h n s o n (1975) r e q u i r e d no o r i e n 
t a t i o n o f t h e v e h i c l e , bu t t h e equipment was h e a v y and d i d not p e r m i t e l e v a t i o n o f 
the antenna more than 2 m above t h e v e h i c l e r o o f . 

At the Grimsö W i l d l i f e R e s e a r c h S t a t i o n , s i t u a t e d i n the T a i g a r e g i o n o f c e n t r a l 
Sweden, r a d i o t r a c k i n g i s used f o r r e s e a r c h on moose {Alces alces), roe deer 
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(Capreolus cczpreolus), mounta in h a r e {Lepus timidus), f o x {Vulpes vulpes), goshawk 
{Accipiter gentilis) and b l a c k g r o u s e {Lyrurus tetrix). The m o b i l e s y s t e m recom

mended i n t h i s paper i s used i n the 14,000 ha r e s e a r c h a r e a . A l l o p e r a t i o n s a r e 
c o n v e n i e n t l y performed w i t h i n the v e h i c l e . 

METHOD 
S i g n a l s r e c e i v e d w i t h a 6 - e l e m e n t , h o r i z o n t a l l y p o l a r i z e d y a g i a n t e n n a , p r o v i d e d 
the b e s t d i r e c t i o n a l i t y . B e a r i n g s were r e c o r d e d i n the s t r o n g e s t s i g n a l p o s i t i o n 
or by r o t a t i n g the antenna on b o t h s i d e s o f the peak lobe u n t i l e q u a l s t r e n g t h was 
o b t a i n e d , n o r m a l l y a t t h e n u l l - p o i n t s . The f i n a l d i r e c t i o n was t h e n c a l c u l a t e d by 
b i s e c t i n g the a n g l e formed by the n u l l - p o i n t s . 

To reduce d e f l e c t i o n c a u s e d by ground and v e g e t a t i o n , the an tenna i n w o r k i n g p o s i 
t i o n was 4 .5 m above t h e ground on a mast a t t a c h e d to a v a n - t y p e v e h i c l e . The 
3 .5 m mast was mounted through a h o l e i n the c e n t e r of the r o o f , and c o u l d be r a i s e d 
a n o t h e r 1.0 m when o p e r a t i n g ( F i g . 1 ) . Antenna e x t e n s i o n was m a n u a l l y a c c o m p l i s h e d 
from i n s i d e the cab u s i n g a h a n d l e a t t a c h e d t o the lower end o f the m a s t . A b a l l 
b e a r i n g on the r o o f mount ing f a c i l i t a t e d r o t a t i o n and s t a b i l i z e d the m a s t . Removal 
of the antenna from the v e h i c l e c o u l d be a c c o m p l i s h e d w i t h i n 5 m i n . 

F i g . 1. M o b i l e t r a c k i n g u n i t w i t h the an tenna e l e v a t e d f o r 
o p e r a t i n g . The a n t e n n a lowers from i n s i d e the 
v e h i c l e t o r e s t i n the r a c k f o r d r i v i n g . 

P r i o r to moving the v e h i c l e , the mast was lowered from i n s i d e and l o c k e d to p r e v e n t 
h i t t i n g t r e e b r a n c h e s and t r a n s m i s s i o n s l i n e s or b e n d i n g the m a s t . The a n t e n n a was 
then o r i e n t e d i n t h e l o n g a x i s o f the van and the boom was a t t a c h e d t o 2 aluminum 
tubes t h a t were c o a t e d w i t h p o l y v i n y l c h l o r i d e (PVC) m a t e r i a l and s u p p o r t e d by an 
aluminum frame on c a r - t o p c a r r i e r s ( F i g . 1 ) . When the mast was l o w e r e d , t h e v e h i c l e 
c o u l d be d r i v e n a t h ighway s p e e d . 

B e a r i n g s were r e a d u s i n g a r e p e a t e r compass s y s t e m (NM3 Neco R e p e a t e r Compass manu
f a c t u r e d by Neco M a r i n e L t d . , E n g l a n d ) o r i g i n a l l y d e s i g n e d f o r s a i l i n g b o a t s and 
c o n s i s t i n g o f a mas ter compass , h e a d i n g i n d i c a t o r , and power pack ( F i g . 2 ) . Power 
was p r o v i d e d by t h e v e h i c l e b a t t e r y . The m a s t e r compass had a b u i l t i n s e n s o r c o i l 
t h a t t r a n s m i t t e d a n g u l a r - d e p e n d e n t e l e c t r i c a l s i g n a l s through a c a b l e t o the h e a d i n g 
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F i g . 2 . The r e p e a t e r compass s y s t e m . 

i n d i c a t o r ( the magnesyn p r i n c i p l e ) . The compass was mounted a t the top o f t h e m a s t , 
j u s t above t h e antenna p l a n e , and o r i e n t e d a l o n g the boom toward the f r o n t o f the 
a n t e n n a , t o p r o v i d e t h e z e r o b e a r i n g when the a n t e n n a was d i r e c t e d t r u e n o r t h . 

B e a r i n g s were read on the h e a d i n g i n d i c a t o r , mounted on a p a n e l i n s i d e the v e h i c l e 
and f a c e d so t h a t t h e o p e r a t o r c o u l d s i m u l t a n e o u s l y r o t a t e t h e mast and r e a d t h e 
d i r e c t i o n o f the a n t e n n a . The c o a x i a l c a b l e c o n n e c t i n g the a n t e n n a w i t h c o n t r o l s 
i n the v e h i c l e r a n i n s i d e the mast t u b e , and p e r m i t t e d the a n t e n n a t o r o t a t e 4 to 
5 rounds w i t h o u t d i f f i c u l t y . 

T r a c k i n g was conducted by 1 or 2 p e r s o n s . The r e p e a t e r compass e l i m i n a t e d the n e c e s 
s i t y o f a l i g n m e n t o f the v e h i c l e a t each s t a t i o n . I f 1 p e r s o n drove and a n o t h e r 
o p e r a t e d t h e r a d i o equipment , t h e t ime l a p s e be tween s u c c e s s i v e r e a d i n g s was r e d u c e d . 
Mast e l e v a t i o n , r e a d i n g and mast l o w e r i n g took 1 to 2 min when t r a c k i n g 1 a n i m a l . 

A t e s t o f r e l i a b i l i t y o f the r e p e a t e r compass a g a i n s t a handhe ld compass (Suunto 
F a s t a c c u r a c y Compass) r e v e a l e d a s y s t e m e r r o r r e l a t e d t o the o r i e n t a t i o n o f t h e 
antenna boom. The p a t t e r n o f the d e v i a t i o n was a l m o s t i d e n t i c a l f o r a l l f i x e d 
s t a t i o n s , showing a s i n u s o i d a l f u n c t i o n on a 400° round w i t h r a n g e s o f ± 3 ° . T h i s 
enab led g e n e r a l c o r r e c t i o n f o r e a c h r e c o r d e d b e a r i n g . The cause o f the d e v i a t i o n 
was not u n d e r s t o o d f u l l y . F u r t h e r t e c h n i c a l i n v e s t i g a t i o n s r e j e c t e d the s u g g e s t i o n 
t h a t t h e r e was a m a g n e t i c d e f l e c t i o n from the v e h i c l e or g r o u n d . 

T e s t s were c o n d u c t e d t o e s t i m a t e the a c c u r a c y o f t h e s y s t e m . A r a d i o e q u i p p e d dog 
was p l a c e d i n known l o c a t i o n s w i t h i n normal r e c e i v i n g d i s t a n c e from f i x e d s t a t i o n s . 
B e a r i n g s were t a k e n from a t l e a s t 2 s t a t i o n s . A t o t a l o f 39 b e a r i n g s were o b t a i n e d 
on 13 d i f f e r e n t l o c a t i o n s o f the t r a n s m i t t e d d o g . C o r r e c t e d b e a r i n g s gave g r e a t e r 
a c c u r a c y t h a n d i d u n c o r r e c t e d ( s i g n t e s t , Ρ < 0 . 0 5 ) . The a n g u l a r e r r o r s were 
3 . 3 ° ± 3 . 2 ° and 4 . 2 ° ± 3 . 2 ° , r e s p e c t i v e l y . However, w i t h i n normal w o r k i n g range 
(1000 m) c o r r e c t i o n d e c r e a s e d mean e r r o r o f l o c a t i o n by about 8 m (x36 .5 m v e r s u s 

X 28 .3 m) a t a mean d i s t a n c e o f 570 m. 

A double y a g i antenna p r o v i d e d b e t t e r d i r e c t i o n a l i t y than d i d a s i n g l e y a g i , bu t 
was more d i f f i c u l t t o mount s e m i - p e r m a n e n t l y on a v e h i c l e . H a l l b e r g et al, (1974) , 
u s i n g such an arrangement , r e c o r d e d an a c c u r a c y o f ± 1° i n over 2000 t r i a l s . They 
d i d not m e n t i o n d e f l e c t i o n from o b j e c t s i n the t e r r a i n , b u t t r e e s , t o p o g r a p h y , and 
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Abstract — U s i n g i n e x p e n s i v e CMOS i n t e g r a t e d c i r c u i t s we have 
d e v e l o p e d a s i m p l e m u l t i - c h a n n e l s y s t e m f o r c o n t i n u o u s l y 
m o n i t o r i n g low l e v e l b i o l o g i c a l s i g n a l s by t ime s h a r i n g the 
t r a n s m i s s i o n o f a c o n v e n t i o n a l s i n g l e c h a n n e l FM t e l e m e t r y 
l i n k . T h i s d e v i c e does not r e q u i r e a d d i t i o n a l c i r c u i t s f o r 
p r e a m p l i f i c a t i o n on e v e r y c h a n n e l and a s a consequence u s e s 
r e l a t i v e l y l i t t l e power . Time s h a r i n g i s a c h i e v e d by s w i t c h i n g 
the o r i g i n a l low l e v e l s i g n a l s t h r o u g h a s t a n d a r d a n a l o g 
m u l t i p l e x o r and f e e d i n g the o u t p u t , t o g e t h e r w i t h s y n c h r o n i z i n g 
p u l s e s d e r i v e d from d i g i t a l c l o c k i n g c i r c u i t s , d i r e c t l y i n t o 
a c o m m e r c i a l l y a v a i l a b l e b i o t e l e m e t r y t r a n s m i t t e r . 

T h i s s y s t e m has been s u c c e s s f u l l y used to r e c o r d s i m u l t a n e o u s l y , 
e i g h t c h a n n e l s o f p h y s i o l o g i c a l i n f o r m a t i o n i n f r e e l y moving 
s u b j e c t s , and t h e r e i s the p o t e n t i a l f o r b e i n g e x t e n d e d t o 
s i x t e e n c h a n n e l s . 

U l t i m a t e l y i t i s hoped t o d e v e l o p a t o t a l l y i m p l a n t a b l e t r a n s 
m i t t e r b a s e d on t h i s d e s i g n t h a t has low power consumpt ion 
and i s a d e q u a t e l y p r o t e c t e d from body f l u i d s . 

INTRODUCTION 
The need t o r e c o r d many p h y s i o l o g i c a l p a r a m e t e r s from u n r e s t r a i n e d a n i m a l s h a s l e d to 
the deve lopment o f m u l t i - c h a n n e l r a d i o t e l e m e t r y sys t ems (Mackay , 1970; V o e g e l i and 
K r a f t , 1972) . F o r some a n i m a l s , s u c h as monkeys , the i d e a l d e v i c e s h o u l d be d e s i g n e d 
f o r t o t a l i m p l a n t a t i o n , thus a v o i d i n g i n f e c t i o n prone open wounds and t a m p e r i n g by 
the a n i m a l . An i m p l a n t a b l e d e v i c e must be s m a l l , r e s i s t a n t to body f l u i d s and above 
a l l , o p e r a t e a t v e r y low c u r r e n t s p a r t i c u l a r l y i f many c h a n n e l s are r e q u i r e d . 

R e c e n t l y a f o u r c h a n n e l r a d i o t e l e m e t r y s y s t e m ( V o e g e l i and K r a f t , 1972) has b e e n 
t r i e d and t e s t e d on s m a l l a n i m a l s ( B o r b e l y , Baumann and Waser , 1972; Got te smann et al., 
1977) . F o r power c o n s e r v a t i o n t h i s d e v i c e used p u l s e i n t e r v a l m o d u l a t i o n ( P I M ) , 
r a t h e r t h a n c o n t i n u o u s a m p l i t u d e o r f r e q u e n c y m o d u l a t i o n ( A M / F M ) , o f an HF t r a n s m i t t e r 
and was c o n s t r u c t e d from d i s c r e t e components i n c o n v e n t i o n a l t r a n s i s t o r c i r c u i t s . 
The main d i s a d v a n t a g e o f t h i s s y s t e m was t h e need to p r o v i d e c o n t i n u o u s a m p l i f i c a t i o n 
f o r low l e v e l b i o l o g i c a l s i g n a l s , s u c h as the e l e c t r o e n c e p h a l o g r a m ( E E G ) , on e v e r y 
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c h a n n e l , thus m u l t i p l y i n g q u i t e d r a m a t i c a l l y t h e power r e q u i r e m e n t s as the number o f 
c h a n n e l s i n c r e a s e d . I d e a l l y i t s h o u l d be p o s s i b l e to t ime share a s i n g l e a m p l i f i c a 
t i o n s t a g e by s w i t c h i n g r a p i d l y between a l l the low l e v e l i n p u t s , the o u t p u t o f the 
a m p l i f i e r then b e i n g used to modula te the c a r r i e r f r e q u e n c y o f a r a d i o t r a n s m i t t e r 
i n one o f the ways ment ioned a b o v e . S i n c e 1972 t h e r e has been a r a p i d deve lopment 
i n the f i e l d o f low power i n t e g r a t e d c i r c u i t s u s i n g Complementary s y m m e t r i c a l M e t a l 
O x i d e S e m i c o n d u c t o r (CMOS) t e c h n o l o g y (RCA C o r p o r a t i o n , 1977) . T h i s s i g n i f i c a n t 
advance has e n a b l e d i m p l a n t a b l e c i r c u i t s to be d e s i g n e d , u s i n g CMOS m u l t i p l e x o r s and 
few o t h e r e x t e r n a l components , w h i c h can s w i t c h s t i m u l a t i o n p u l s e s to a number o f 
n e r v e s i n p r o s t h e t i c d e v i c e s (Gheewala et al._, 1975; C l a r k et al.j 1977; D o n a l d s o n , 
1979, t h i s v o l u m e ) . The c o n c e p t o f an e l e c t r o n i c a l l y c o n t r o l l e d s w i t c h f o r low l e v e l 
b i o l o g i c a l s i g n a l s was not n e c e s s a r i l y c o n s i d e r e d d u r i n g the development o f CMOS 
m u l t i p l e x o r s , b u t we have found t h a t by u s i n g such i n t e g r a t e d c i r c u i t s an i n e x p e n s i v e 
sys tem c o u l d be d e v e l o p e d f o r c o n t i n u o u s l y m o n i t o r i n g t h e s e s i g n a l s on many c h a n n e l s 
by t ime s h a r i n g the t r a n s m i s s i o n o f a c o n v e n t i o n a l s i n g l e c h a n n e l FM r a d i o t e l e m e t r y 
l i n k . T h i s d e v i c e does n o t r e q u i r e a d d i t i o n a l c i r c u i t s f o r p r e a m p l i f i c a t i o n on 
e v e r y channe l and as a consequence u s e s r e l a t i v e l y l i t t l e power . To e x t e n d the l i n k 
to s i x t e e n c h a n n e l s would not r e q u i r e much e x t r a power s a v e t h a t to s w i t c h c h a n n e l s 
more q u i c k l y . 

METHOD 
F i g u r e 1 shows s c h e m a t i c a l l y the comple te r a d i o t e l e m e t r y s y s t e m . Time s h a r i n g i n 
the t r a n s m i t t e r was a c h i e v e d by s w i t c h i n g t h e o r i g i n a l low l e v e l s i g n a l s through a 
s t a n d a r d 405IB e i g h t c h a n n e l a n a l o g m u l t i p l e x o r and f e e d i n g the o u t p u t d i r e c t l y i n t o 

V HIGH LEVEL 
OUTPUT 

SAMPLE & HOLDS 

0 0 

1 

S Y N C . 1 S Y N C . SAMPLE 
1 PERIOD AND 

PULSE 1 PULSE - r4 COUNTER 

Η CLOCK 

F i g , 1. B l o c k d iagram f o r an e i g h t channe l r a d i o t e l e m e t r y 
sys tem u s i n g CMOS a n a l o g m u l t i p l e x o r s to s w i t c h low 
l e v e l b i o l o g i c a l s i g n a l s . 
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a c o m m e r c i a l l y a v a i l a b l e FM b i o t e l e m e t r y t r a n s m i t t e r (SNR102F, Dynamic E l e c t r o n i c s 
L t d . ) tuned to the m e d i c a l band 1 0 2 . 2 - 1 0 2 . 4 MHz ( F i g 1 - l e f t ) . A 4510 Β b i n a r y 
coded d e c i m a l (BCD) c o u n t e r , d r i v e n by a 4528B d u a l m o n o s t a b l e w i r e d as a 1:50 ys 
mark space r a t i o p u l s e g e n e r a t o r , c l o c k s the m u l t i p l e x o r f o r e i g h t s e q u e n t i a l c o u n t s , 
t h e r e m a i n i n g two b e i n g used as a s y n c h r o n i z i n g p u l s e f o r r e c e p t i o n ( F i g . 2 — l e f t ) . 

4mV 

TRANSMIHER INPUT 

6V 

SYNC.PULSE 

6V 

CLOCK 
JOO 

I _^ 

1 
:·5ν 
1 
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1 - - J I 1 L-

' 7V 

I 7V 

RECEIVER OUTPUT 

DEMULTIPLEXER INHIBIT 

7V 

SYNC.PULSE 

I 7Y 

I J -

-Γ4 COUNTER OUTPUT 

CLOCK 
,100 ust^ 

F i g . 2 . Sequence o f c o d i n g and d e c o d i n g p u l s e s to o p e r a t e 
CMOS a n a l o g m u l t i p l e x o r s . 

Each c h a n n e l was sampled f o r 50 ys e v e r y 500 y s . To a v o i d e x c e s s i v e c r o s s c h a n n e l 
c o u p l i n g , p a r t i c u l a r l y on s e q u e n t i a l c h a n n e l s , a s m a l l low p a s s f i l t e r c o m p r i s i n g 
a 0 .1 yF c a p a c i t o r and 100 kfi r e s i s t o r i n p a r a l l e l was n e c e s s a r y on e a c h g a t e o f 
the m u l t i p l e x o r . T h i s u n d e s i r a b l e c o u p l i n g a p p e a r s to be an i n h e r e n t c h a r a c t e r i s t i c 
o f these CMOS g a t e s and a r i s e s b e c a u s e the g a t e i s c a p a c i t i v e l y c o u p l e d to t h e c o n 
t r o l s w i t c h i n g a t power r a i l l e v e l . E m p i r i c a l l y , t h e f i l t e r s were a r r a n g e d as a 
compromise o f t h e c o n f l i c t i n g r e q u i r e m e n t s o f low c r o s s t a l k and u s e f u l h i g h f r e q u e n c y 
r e s p o n s e . The low f r e q u e n c y re sponse was l i m i t e d by a 1.0 yF b l o c k i n g c a p a c i t o r 
i n s e r i e s w i t h the g a t e . The i n p u t impedance o f the g a t e s , when open , was m a i n l y 
determined by t h e i n p u t c h a r a c t e r i s t i c s o f t h e commerc ia l t r a n s m i t t e r ( a p p r o x i m a t e l y 
75 k f i ) . By o p e r a t i n g the m u l t i p l e x o r a t 6 V a n e g l i g i b l e a d d i t i o n a l r e s i s t a n c e o f 
about 150 Ω was p l a c e d i n s e r i e s w i t h the low l e v e l s i g n a l . The e x t r a n o i s e g e n e r 
a t e d by t h i s s m a l l r e s i s t a n c e c o u l d n o t be d e t e c t e d . A d e c o u p l i n g c a p a c i t o r (330 pF) 
was p l a c e d on the m u l t i p l e x o r o u t p u t . The 3 .0 mV s y n c h r o n i z i n g p u l s e was d e r i v e d 
from the 6 V p u l s e s o f the unused f o u r t h o u t p u t o f the BCD c o u n t e r by a r e s i s t o r and 
d iode network and , w i t h the low l e v e l m u l t i p l e x e d s i g n a l s , f e d d i r e c t l y to t h e i n p u t 
o f the t r a n s m i t t e r . T h i s BCD p u l s e was a l s o used to i n h i b i t t h e m u l t i p l e x o r d u r i n g 
the s y n c h r o n i z a t i o n p e r i o d . The power consumpt ion o f t h e s w i t c h i n g c i r c u i t s was 
a p p r o x i m a t e l y 250 yA b u t the t o t a l r e q u i r e m e n t was i n c r e a s e d by t h e commerc ia l 
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t r a n s m i t t e r which i t s e l f used 3 mA on a s e p a r a t e 3 V s u p p l y . Four s t a n d a r d 1.5 V 
watch c e l l s ( M a l l o r y D u r a c e l l ^Pacemaker* type 10L125B2) w i t h a c a p a c i t y o f 40 mAh 
were used to power t h e s w i t c h i n g c i r c u i t s g i v i n g a l i f e e x p e c t a n c y o f about 160 h . 

The t r a n s m i t t e d s i g n a l s were r e c e i v e d by a s t a n d a r d c o m m e r c i a l l y a v a i l a b l e FM tuner 
( S i n c l a i r P r o j e c t 80) and f e d i n t o a d e m u l t i p l e x i n g (4051 B) c i r c u i t ( F i g . 1 — r i g h t ) . 
The s y n c h r o n i z i n g p u l s e was d e t e c t e d and used to r e s e t the d e c o d i n g c o u n t e r s (4516B 
B i n a r y ) and an o s c i l l a t o r (CMOS 7555) r u n n i n g a t f o u r t imes the c l o c k f r e q u e n c y o f 
the t r a n s m i t t e r ; t h i s e n a b l e d a sample and h o l d c i r c u i t to s e l e c t o n l y t h e second 
and t h i r d q u a r t e r s (25 y s ) o f e a c h 50 ys sample p e r i o d f o r each c h a n n e l ( F i g . 2 — 
r i g h t ) , By t h i s t e c h n i q u e i t was p o s s i b l e to (a) accommodate s m a l l f l u c t u a t i o n s i n 
the f r e q u e n c y o f s a m p l i n g and (b) remove the s l i g h t i r r e g u l a r i t i e s , c a u s e d by poor 
s e t t l i n g t i m e , i n the l e a d i n g and t r a i l i n g edges o f the s a m p l e . 

RESULTS 
TRANSMISSION OF TEST SIGNALS 

F i g u r e 3 shows the r e p r o d u c i b i l i t y o f a 70 yV s i n e wave a t 10 Hz a p p l i e d to one 
i n p u t o f the e i g h t c h a n n e l t e l e m e t r y s y s t e m . The t r a n s m i t t e d s i g n a l had t h e h i g h 
f r e q u e n c y n o i s e component removed by l o w - p a s s f i l t e r i n g i n b o t h the t r a n s m i t t e r and 
r e c e i v e r . The o v e r a l l p a s s band o f the r a d i o t e l e m e t r y sys tem was 1 Hz-150 Hz ( 3 d B ) , 
a range s u i t a b l e f o r p h y s i o l o g i c a l s i g n a l s from b r a i n , h e a r t and m u s c l e . I n t h i s 
f requency range the n o i s e on each c h a n n e l d i d not e x c e e d 5 yV w i t h the i n p u t s open 
c i r c u i t e d , and the c r o s s t a l k between a d j a c e n t c h a n n e l s was b e t t e r than - 6 0 dB a t 
100 H z . 

DIRECT 

TRANSMITTED 

lOOpV 

lOOpV 

100ms 

F i g . 3 . R e p r o d u c i b i l i t y o f a 70 yV s i n e wave a t 10 Hz a p p l i e d 
to one i n p u t o f the e i g h t c h a n n e l r a d i o t e l e m e t r y 
s y s t e m . 

TRANSMISSION OF BIOLOGICAL S I G N A L S 

V a r i o u s p h y s i o l o g i c a l s i g n a l s on c h a n n e l s 1 to 4, r e c o r d e d between s i l v e r / s i l v e r 
c h l o r i d e d i s c e l e c t r o d e s and a common r e f e r e n c e , are shown i n F i g . 4 . The s o u r c e 
impedance was a p p r o x i m a t e l y 5 kf i . The low v o l t a g e EEG on c h a n n e l 2 showed no s i g n 



Time-sharing for Biological Signals in Radio Telemetry 327 

Θ 200pV 

0 4'4̂ ^̂ 4̂ ^̂ ^̂  Jeoopv 

0 ^M(s*íNV'·v^«^^^ 

Θ 

Θ 

200>jV 

eoopv 

200pV 

200pV 

Ss 

F i g . 4 . T r a n s m i s s i o n o f b i o l o g i c a l s i g n a l s . 
C h a n n e l : 
0 — 50 yV 5 Hz s i n e w a v e . 
1 - E C G . 
2 — EEG — v e r t e x . 
3 — EMG — w r i s t e x t e n s o r m u s c l e . 
4 — E y e movements . 
5 — S h o r t - c i r c u i t e d i n p u t . 
6 - 400 yV 10 Hz s i n e w a v e . 
7 — Open c i r c u i t e d i n p u t (100 k Q ) . 

of c r o s s t a l k from the h i g h a m p l i t u d e ECG on the p r e c e d i n g c h a n n e l . A compar i son 
o f c h a n n e l s 6 (400 yV 10 Hz s i n e wave) and 7 (open c i r c u i t ) a l s o r e v e a l s v e r y l i t t l e 
e v i d e n c e o f c r o s s t a l k . 

D I S C U S S I O N 
The purpose o f the work d e s c r i b e d i n t h i s paper was to e s t a b l i s h the p r i n c i p l e o f 
u s i n g CMOS a n a l o g m u l t i p l e x o r s f o r s w i t c h i n g low l e v e l b i o l o g i c a l s i g n a l s b e f o r e 
a m p l i f i c a t i o n , and t h e n t r a n s m i t t i n g them by c o n v e n t i o n a l r a d i o t e l e m e t r y . A t the 
c o s t o f some h i g h f r e q u e n c y r e s p o n s e , d i c t a t e d by c l o c k i n g r a t e and the need f o r 
low p a s s f i l t e r s on e a c h i n p u t , we have shown t h a t i t i s p o s s i b l e t o r e c o r d e i g h t 
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Abstract — An e a s i l y c o n s t r u c t e d and r e l i a b l e a u t o m a t i c seed 
d i s p e n s e r i s d e s c r i b e d . V a r i o u s s m a l l r a d i o t a g g e d and unmarked 
a n i m a l s have l e a r n e d t o o b t a i n seeds from i t i n the w i l d . P r e 
c i s e measurements o f f e e d i n g and h o a r d i n g b e h a v i o r c a n b e 
made u s i n g t h i s d e v i c e . 

INTRODUCTION 
D u r i n g r a d i o t r a c k i n g f i e l d s t u d i e s o f h o a r d i n g and f e e d i n g b e h a v i o r o f w i l d w o o d r a t s , 
Neotoma fuscipes, I have found t h a t t h e a n i m a l s w i l l l e a r n t o o b t a i n m i l l e t s eeds a t 
a f i e l d s t a t i o n by p r e s s i n g a b a r . I n c o r p o r a t e d i n the f i e l d s y s t e m i s an i n e x p e n 
s i v e and r e l i a b l e a u t o m a t i c f e e d e r o f new d e s i g n w i t h s e v e r a l f e a t u r e s t h a t make i t 
u s e f u l f o r b o t h f i e l d and l a b o r a t o r y : (1) i t can be b u i l t by m o d e r a t e l y s k i l l e d p e r 
sons w i t h s i m p l e t o o l s , (2) i t has no p a r t s t h a t r e q u i r e c l o s e t o l e r a n c e s , and (3) i t 
can be s c a l e d up or down i n s i z e . I h a v e used s m a l l f e e d e r s o f t h i s d e s i g n to t r a i n 
g o l d f i s h and l a r g e r ones to t r a i n b i r d s and s m a l l mammals. The f e e d e r w i l l d i s p e n s e 
any p a r t i c u l a t e food t h a t does not p a c k , e . g . , c e r t a i n k i n d s o f commerc ia l f i s h 
f o o d s , c r a c k e d c o r n , or v a r i o u s s m a l l s e e d s , s u c h as m i l l e t . I t h a s p r o v e d to be 
e x t r e m e l y r e l i a b l e . A f e e d e r o f t h i s d e s i g n has been w o r k i n g c o n t i n u o u s l y under 
f i e l d c o n d i t i o n s f o r the l a s t 6 months , p e r f o r m i n g over 100,000 d e l i v e r i e s w i t h few 
f a i l u r e s . 

D E S I G N 
As can be s een i n F i g . 1, the moving p a r t s c o n s i s t o f (1) a l e v e r w i t h a food scoop 
on one end , (2) a s o l e n o i d p l u n g e r s u p p o r t e d by a weak s p r i n g , and (3) a l i n k a g e 
between the l e v e r and the s o l e n o i d . When the s o l e n o i d i s e n e r g i z e d the scoop end 
o f the l e v e r f l i p s upwards r a p i d l y . The f o o d c o n t a i n e d i n the scoop c o n t i n u e s t o 
move on a l i n e t a n g e n t t o t h e c i r c l e d e s c r i b e d by the s c o o p , and i t s t r a j e c t o r y 
takes i t over the edge o f the food r e s e r v o i r . The scoop end o f t h e l e v e r i s w e i g h t e d 
so t h a t the scoop f a l l s back i n t o the food and r e f i l l s a t the end o f each s t r o k e . 

A l t h o u g h t h e f e e d e r w i l l work w i t h o n l y a momentary s w i t c h c l o s u r e t o e n e r g i z e the 
s o l e n o i d , i t i s recommended t h a t a d e v i c e such as the e l e c t r o n i c m o n o s t a b l e m u l t i 
v i b r a t o r ( o n e - s h o t ) shown i n F i g . 2 be used t o d e l i v e r a s h o r t p u l s e t o t h e s o l e n o i d . 
With a p u l s e o f about 250 ms, the s o l e n o i d i s d e - e n e r g i z e d by the t ime the l e v e r 
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F i g . 1. D iagram of seed d i s p e n s e r . (A) Food cup; (B) f o o d 
c h u t e ; (C) plywood b o x ; (D) m i c r o - s w i t c h ; (E) food 
s c o o p ; (F) p r e s s i n g b a r ; (G) f i n e s c r e e n e d p a c k a g e 
f o r t r a i n i n g inducement; (H) P l e x i g l a s s i d e s ; 
( I ) wooden s p a c e r t o s e p a r a t e s i d e s ; ( J ) l e v e r ; 
(K) f i l l l i n e ; (L) l i n k a g e ; (M) s o l e n o i d ; (N) f e e d e r 
b a s e . The d imens ions o f the P l e x i g l a s s i d e s are 
28 cm l o n g by 22 cm h i g h ; the s p a c i n g between the 
s i d e s i s 7 cm. 

F i g . 2 . S c h e m a t i c d iagram of s o l e n o i d c o n t r o l c i r c u i t . K l 
s h o u l d be a m u l t i - p o l e r e l a y t o o p e r a t e r e c o r d i n g 
d e v i c e s as w e l l as the s o l e n o i d . 

r e a c h e s t h e top o f i t s s w i n g . The s o l e n o i d p l u n g e r then i s r e t u r n e d to i t s o r i g i n a l 
p o s i t i o n , 1.5 cm above t h e s o l e n o i d , by i t s s u p p o r t i n g s p r i n g , and the w e i g h t e d end 
f a l l s unencumbered from i t s maximum h e i g h t . T h i s e n s u r e s t h a t the scoop i s b u r i e d 
i n the food and becomes r e f i l l e d c o m p l e t e l y . 
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D I S C U S S I O N 
W i l d C a l i f o r n i a ground s q u i r r e l s (Citellus beeohyi), brown towhees {Fqpilio fuscus) 
and C a l i f o r n i a t h r a s h e r s (Toxostoma redivivium) ^ as w e l l a s w o o d r a t s , have l e a r n e d 
t o o b t a i n m i l l e t seeds by p r e s s i n g the b a r . A b a r p r e s s i n g r e s p o n s e can be e l i c i t e d 
by p l a c i n g peanut b u t t e r and seeds i n a s m a l l f i n e s c r e e n e d p a c k a g e j u s t above and 
b e h i n d t h e b a r . These inducements g e n e r a l l y can be removed a f t e r a s i n g l e n i g h t . 
Any o f t h e s e a n i m a l s may spend up to 2 h per day f e e d i n g a n d / o r h o a r d i n g . Woodrats 
w i l l take as much a s 80 g o f food p e r n i g h t and a l s o w i l l f e e d o c c a s i o n a l l y i n d a y 
l i g h t . Ground s q u i r r e l s may p r e s s as many as 1500 t i m e s p e r d a y . 

I have i d e n t i f i e d i n d i v i d u a l a n i m a l s by means o f r a d i o t a g g i n g ( S h i e l d s , 1980, t h i s 
volume) and have r e c o r d e d f e e d i n g e v e n t s a u t o m a t i c a l l y on a 24 h b a s i s . By t h i s 
means i t i s p o s s i b l e t o make p r e c i s e measurements o f f e e d i n g t i m e s and amounts o f 
food c o l l e c t e d , and t o d e t e r m i n e i n t e r and i n t r a - s p e c i f i c dominance a t the f e e d e r . 
I m p o r t a n t i n s i g h t s c o n c e r n i n g the e c o l o g i c a l r e l a t i o n s h i p s be tween v a r i o u s a n i m a l s 
may emerge from d a t a o b t a i n e d i n t h i s manner ( r e p o r t i n p r e p a r a t i o n ) . 

I t s h o u l d be emphas ized t h a t the d i m e n s i o n s g i v e n are not c r i t i c a l . A d j u s t m e n t s i n 
the l o c a t i o n o f t h e l i n k a g e a t t a c h m e n t t o the l e v e r , the l e n g t h o f the l i n k a g e , and 
the depth t o w h i c h the f e e d e r i s f i l l e d w i l l a l l o w the c o n s t r u c t i o n o f f u n c t i o n a l 
f e e d e r s w i t h w i d e l y v a r y i n g d i m e n s i o n s . 

Acknowledgements — T h i s r e s e a r c h was s u p p o r t e d by NSF g r a n t GB-27553 t o D r . J . L . 
Kavanau . I a p p r e c i a t e h i s c o n s i d e r a b l e h e l p and a d v i c e w h i l e p r e p a r i n g t h i s r e p o r t . 

The l e v e r i s made o f 0 . 3 cm t h i c k aluminum s t o c k . The scoop i s made o f 1 mm t h i c k 
aluminum s h e e t . S e v e r a l i n t e r c h a n g e a b l e s c o o p s d e l i v e r i n g d i f f e r e n t amounts o f s eeds 
can be made f o r a s i n g l e f e e d e r . A scoop 6 mm l o n g by 4 mm wide by 2 mm deep w i l l 
d e l i v e r a p p r o x i m a t e l y 0 .15 g per s t r o k e . A l a r g e nut b o l t e d o r g l u e d t o the l e v e r 
near the scoop i s used as a w e i g h t . The l e v e r i s p i v o t e d on a 6 mm b o l t . A s m a l l 
h o l e i s d r i l l e d 3 .4 cm b e h i n d the p i v o t h o l e f o r the a t t a c h m e n t o f the s o l e n o i d -
l e v e r l i n k a g e . The l e n g t h o f the l i n k a g e i s the o n l y c r i t i c a l d i m e n s i o n . However, 
t h i s l e n g t h can be a d j u s t e d e a s i l y by u s i n g a u n i v e r s a l S t u r m e y - A r c h e r b i c y c l e - g e a r 
c a b l e a d j u s t e r . T h i s d e v i c e i s t i e d to b o t h the s o l e n o i d and t h e l e v e r by s e v e r a l 
l oops o f s t r o n g f i s h l i n e or waxed l i n e n s t r i n g . I n a d d i t i o n t o b e i n g an e a s y way 
to a d j u s t the l i n k a g e l e n g t h , the c a b l e a d j u s t e r a l s o a c t s as a s w i v e l , p r e v e n t i n g 
a change i n l i n k a g e l e n g t h due t o t w i s t i n g caused by r o t a t i o n o f the s o l e n o i d p l u n 
g e r . As p r e v i o u s l y m e n t i o n e d , the p l u n g e r s h o u l d be a d j u s t e d so t h a t , when the 
scoop i s w e l l b u r i e d i n the f o o d , t h e r e i s about 6 mm o f s l a c k on a s o l e n o i d whose 
t r a v e l i s 1.5 cm. The food r e s e r v o i r has 6 mm P l e x i g l a s s i d e s . The b o t t o m and the 
ends are made o f a s i n g l e p i e c e o f 7 cm p i n e . I t i s i m p o r t a n t t h a t t h e food r e s e r 
v o i r has adequate w i d t h and d e p t h . T h i s keeps the food from p a c k i n g and a l l o w s 
s e v e r a l hundred d e l i v e r i e s between r e f i l l s . The r e s e r v o i r i s f i l l e d w i t h s eeds t o 
a 6 cm d e p t h . The f e e d e r w i l l no t work w e l l i f i t i s o v e r - f i l l e d . A c h u t e t o 
d e l i v e r the food t o a cup can be f a s h i o n e d r e a d i l y by s o l d e r i n g t o g e t h e r p i e c e s o f 
t i n c a n s . 

I n the f i e l d t h i s f e e d e r i s c o n t a i n e d i n a plywood b o x w i t h t h e food c h u t e l e a d i n g 
to an o u t s i d e f o o d cup (6 cm w i d e , 4 cm l o n g and 1.6 cm d e e p ) . A b a r o p e r a t i n g 
a m i c r o s w i t c h i s p l a c e d 7 .5 cm above the f o o d cup and 6 mm away from the plywood 
b o x . 
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Abstract — O p t i c a l and r a d i o o p t i c a l t r a n s m i t t e r s p e r m i t l o c a l i 
z a t i o n and t r a c k i n g o f n o c t u r n a l a n i m a l s w i t h r e l i a b i l i t y and 
p r e c i s i o n t h a t cannot o t h e r w i s e be a c h i e v e d . R a d i o t r a c k i n g 
se ldom o f f e r s r e s o l u t i o n o f b e t t e r than a w a v e l e n g t h , and use 
o f s h o r t e r w a v e l e n g t h s i n c r e a s e s problems o f a b s o r p t i o n and 
r e f l e c t i o n . V i s u a l t r a c k i n g w i t h n i g h t v i s i o n s c o p e s i s o f t e n 
i m p o s s i b l e due to an imal s* c r y p t i c c o l o r a t i o n . T h i s p a p e r d e s 
c r i b e s h i g h e f f i c i e n c y LED f l a s h e r c i r c u i t r y which p e r m i t s v i s u a l 
l o c a l i z a t i o n o f s u b j e c t s i n open t e r r a i n to 300 m w i t h a n i g h t 
v i s i o n s c o p e . A d d i t i o n o f an RF s e c t i o n p e r m i t s homing to 
v i s u a l range by r a d i o from g r e a t e r d i s t a n c e s or i n v i s u a l l y 
c l u t t e r e d h a b i t a t s . S c h e m a t i c s f o r r a d i o o p t i c a l t r a n s m i t t e r s 
i n s e v e r a l f r e q u e n c y b a n d s , some c a p a b l e o f t r a n s m i t t i n g one 
or two c h a n n e l s o f d a t a , are p r e s e n t e d . 

INTRODUCTION 
O p t i c a l and r a d i o o p t i c a l d e v i c e s o f f e r c o n s i d e r a b l e a d v a n t a g e s o v e r t r a d i t i o n a l 
t e l e m e t r y t e c h n i q u e s f o r o b t a i n i n g p r e c i s e f i x e s and a c t i v i t y b u d g e t s o f n o c t u r n a l 
a n i m a l s . Rad io t r a c k i n g a l o n e , a l t h o u g h i t does g i v e l o n g r a n g e , p r o v i d e s o n l y 
approximate t a g l o c a t i o n . Use o f s h o r t e r w a v e l e n g t h s can i n c r e a s e t h e p r e c i s i o n o f 
t r a n s m i t t e r l o c a l i z a t i o n b u t may e x a c e r b a t e problems due to r e f l e c t i o n or a b s o r p t i o n 
of t h e r a d i o s i g n a l . F i x e s o b t a i n e d by t r i a n g u l a t i o n become i n c r e a s i n g l y a p p r o x i 
mate a t g r e a t e r d i s t a n c e s due t o a n g u l a r e r r o r s , w h i l e a t c l o s e r a n g e t h e a n i m a l i s 
l i k e l y t o be d i s t u r b e d by the maneuver ing o f the t r a c k e r t r y i n g t o g e t a s econd 
b e a r i n g b e f o r e the s u b j e c t moves . Even f i x e d a n t e n n a g r i d s used w i t h c a p t i v e p o p u 
l a t i o n s d i s p l a y c o n s i d e r a b l e e r r o r (Chute et a l . , 1974 ) . I n the c a s e o f d i u r n a l 
an imal s the u n c e r t a i n t i e s can o f t e n be e l i m i n a t e d by v i s u a l l y l o c a t i n g and f o l l o w i n g 
the an imal w i t h a t e l e s c o p e or b i n o c u l a r s . T h i s does n o t work w i t h n o c t u r n a l 
a n i m a l s u n l e s s one can see i n the d a r k . 

F o r t u n a t e l y , s e e i n g i n the dark h a s become p o s s i b l e w i t h the deve lopment o f image 
i n t e n s i f y i n g n i g h t v i s i o n s c o p e s ( ' s t a r l i g h t s c o p e s * ) . U n f o r t u n a t e l y , t h e s e d e v i c e s 
are monochromat ic and cannot * see ' c o l o r c o n t r a s t s , nor can they c r e a t e l i g h t - d a r k 
c o n t r a s t where none e x i s t s . N o c t u r n a l a n i m a l s , most o f w h i c h are c r y p t i c a l l y c o l o r e d 
and p a t t e r n e d , remain e x c e e d i n g l y d i f f i c u l t t o see a g a i n s t t h e i r n a t u r a l b a c k g r o u n d s , 
r e n d e r i n g the s t a r l i g h t scope n e a r l y u s e l e s s . A t t a c h m e n t o f an o p t i c a l t r a n s m i t t e r 
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( W o l c o t t , 1977) t o the an imal overcomes t h i s p r o b l e m , e x t e n d i n g the range o f the 
s t a r l i g h t scope t o s e v e r a l hundred m e t e r s . 

CIRCUITS AND APP L I C A T I O N S 
The s i m p l e s t way t o produce f l a s h e s s u i t a b l e f o r t r a c k i n g i s t o use L E D * s wh ich 
i n c o r p o r a t e b o t h the LED c h i p and a f l a s h e r c i r c u i t c h i p i n a s i n g l e T-1 3 /4 p a c k a g e 
( e . g . L i t r o n i x FLR 4 4 0 3 ) . These u n i t s have a d u t y c y c l e o f about 50 p e r c e n t , an 
average c u r r e n t d r a i n o f about 15 mA, and r e q u i r e a 5 V s u p p l y . These power r e q u i r e 
m e n t s , wh ich would r e s t r i c t t h e u s e o f such d e v i c e s to v e r y l a r g e a n i m a l s and would 
c e r t a i n l y n e g a t e any a d v a n t a g e s g a i n e d by the s m a l l s i z e o f t h e s e l f f l a s h i n g L E D , 
have p r e c l u d e d the use o f t h e s e d e v i c e s f o r n o c t u r n a l f i e l d work . 

O p t i c a l t r a n s m i t t e r s w i t h s h o r t duty c y c l e s and moderate power consumpt ion ( 0 . 5 -
1.0 mA a t 1 Hz r e p e t i t i o n r a t e ) may be s i m p l y c o n s t r u c t e d w i t h the LM 3909 LED 
f l a s h e r I . C . ( N a t i o n a l S e m i c o n d u c t o r ) , a L E D , and a 300 yF c a p a c i t o r . The f l a s h e r 
can be powered by a s i n g l e c e l l ( 1 . 3 5 - 1 . 5 V) b a t t e r y . These c i r c u i t s have been 
found u s e f u l on medium s i z e d a n i m a l s s u c h as b e a v e r s (Brooks and Dodge , 1978) , where 
the s i z e o f t h e 8 - p i n DIP I . C . and l a r g e c a p a c i t o r are a c c e p t a b l e . Ample b a t t e r y 
c a p a c i t y must be c a r r i e d ; the LM 3909 i s r a t h e r i n e f f i c i e n t f o r a t e l e m e t r y d e v i c e . 
I t has l e a k a g e c u r r e n t i n e x c e s s of 40 yA a t 1.5 V , and more i m p o r t a n t l y i n c u r s 
s u b s t a n t i a l power l o s s e s by p a s s i n g a l l o f the LED d r i v e c u r r e n t t h r o u g h c h a r g i n g 
and c u r r e n t - l i m i t i n g r e s i s t o r s . 

S m a l l e r , more e f f i c i e n t t r a n s m i t t e r s are r e q u i r e d f o r use on s m a l l a n i m a l s . Only 
low c a p a c i t y b a t t e r i e s can be c a r r i e d , and power l o s s e s must be m i n i m i z e d so t h a t 
most o f t h a t c a p a c i t y w i l l be a v a i l a b l e f o r p r o d u c i n g u s e f u l s i g n a l s . H i g h l y e f f i 
c i e n t , s imple d e v i c e s w h i c h f l a s h a LED c a n be c o n s t r u c t e d u t i l i z i n g a 3 - t r a n s i s t o r 
s w i t c h i n g o s c i l l a t o r ( F i g . 1 ) . Such a c i r c u i t may have l e a k a g e c u r r e n t s i n the 
o r d e r o f 2 y A , and m i n i m i z e s r e s i s t i v e l o s s e s by a p p l y i n g s h o r t , h i g h c u r r e n t square 
wave p u l s e s t o a LED w i t h o u t c u r r e n t l i m i t i n g r e s i s t o r s . O s c i l l a t i o n o f t h e c i r c u i t 
b e g i n s as the e m i t t e r o f Q2 approaches OV due t o C l d i s c h a r g i n g t h r o u g h R l . S i n c e 
the b a s e o f Q2 i s h e l d one d iode v o l t a g e drop above ground by t h e b a s e - e m i t t e r j u n c 
t i o n o f Q 3 , l e a k a g e c u r r e n t b e g i n s t o f l o w t h r o u g h Q 2 . H i g h g a i n p o s i t i v e f e e d b a c k 
between Q l and Q2 q u i c k l y l e a d s t o s a t u r a t i o n o f Q l and o f Q3 u n t i l C l i s r e c h a r g e d 
t h r o u g h Q 2 . When Q2*s e m i t t e r v o l t a g e r i s e s h i g h enough t o c u t o f f c u r r e n t through 
Q 2 , a l l t h r e e t r a n s i s t o r s r e v e r t to the ' o f f * s t a t e . O p e r a t i o n o f Q3 i n the s a t u r a 
t i o n mode m i n i m i z e s power l o s s e s i n the l o a d c i r c u i t s ; t h i s i s p a r t i c u l a r l y i m p o r 
t a n t when the load i s a h i g h c u r r e n t d e v i c e l i k e a L E D . P u l s e d u r a t i o n i s s e t by 
R 2 , which l i m i t s c u r r e n t f l o w i n g t h r o u g h Q2 t o r e c h a r g e C l and r e s e t the c i r c u i t . 
R e p e t i t i o n r a t e i s s e t by R l . 

The a d v a n t a g e s o f a LED f l a s h e r b a s e d on t h i s c i r c u i t are i t s s i m p l i c i t y , s m a l l 
s i z e and w e i g h t ( l e s s than 1 g ) , and e f f i c i e n c y ( l i f e o f up to 7 weeks w i t h 4 g o f 
b a t t e r i e s ) . D e t a i l s o f c o n s t r u c t i o n are g i v e n i n an e a r l i e r p a p e r ( W o l c o t t , 1 9 7 7 ) . 
The c i r c u i t has been s u c c e s s f u l l y used f o r f i e l d t r a c k i n g o f b e a c h c r a b s (Ooypode 
quadrata^ W o l c o t t , 1978) , can be used t o t r a n s m i t one d a t a c h a n n e l ( e . g . t e m p e r a t u r e 
by s u b s t i t u t i n g a t h e r m i s t o r f o r R l ) , and may be u s e f u l f o r o b t a i n i n g p h o t o g r a p h i c a l l y 
t ime b u d g e t s o f c a p t i v e a n i m a l s i n the dark by s i m p l y c o u n t i n g d o t s on a t ime e x p o 
s u r e . D i s t u r b a n c e o f s u b j e c t s c a n be m i n i m i z e d by u s i n g LEDs e m i t t i n g a t red or 
i n f r a red w a v e l e n g t h s , t o w h i c h most a n i m a l s are r e l a t i v e l y i n s e n s i t i v e . The p r i n 
c i p a l d i s a d v a n t a g e o f o p t i c a l t r a c k i n g a l o n e i s t h a t i t works o n l y a t moderate r a n g e s 
over a c l e a r l i n e o f s i g h t . I t s u s e f u l n e s s i s t h e r e f o r e l i m i t e d t o a n i m a l s w h i c h 
occupy r e a s o n a b l y p r e d i c t a b l e home r a n g e s i n open h a b i t a t s . T r a c k i n g n o c t u r n a l 
a n i m a l s w h i c h move about a g r e a t d e a l , or w h i c h o c c u p y v i s u a l l y c l u t t e r e d h a b i t a t s , 
r e q u i r e s t h e a d d i t i o n o f a r a d i o b e a c o n to t h e t r a n s m i t t e r t o p e r m i t homing i n to 
v i s u a l r a n g e . 
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F i g . 1. Three t r a n s i s t o r s w i t c h i n g o s c i l l a t o r s u i t a b l e f o r 
d r i v i n g f l a s h i n g - L E D o p t i c a l t r a n s m i t t e r s . V"*" = 2 .7 V 
minimum. 

R a d i o o p t i c a l t r a n s m i t t e r d e s i g n s must t a k e i n t o a c c o u n t the d i f f e r i n g r e q u i r e m e n t s 
o f o p t i c a l and r a d i o r e c e i v e r s . O p t i c a l r e c e i v e r s (eyes or s t a r l i g h t s c o p e s ) are 
s e n s i t i v e to t h e t o t a l l i g h t q u a n t a i n t e r c e p t e d . A p p l y i n g a v e r y s h o r t (1 m s ) , h i g h 
c u r r e n t p u l s e to t h e LED i s t h e r e f o r e t h e most e f f i c i e n t means o f p r o d u c i n g the 
l i g h t o u t p u t . I n c o n t r a s t , r a d i o r e c e i v e r s and p a r t i c u l a r l y the human e a r r e q u i r e 
l o n g e r p u l s e s t o d i s t i n g u i s h s i g n a l s from n o i s e . The r a d i o t r a n s m i t t e r must t h e r e 
f o r e be d r i v e n i n l o n g e r , lower c u r r e n t p u l s e s t h a n t h e L E D . 

A c r y s t a l s t a b i l i z e d r a d i o o p t i c a l t r a n s m i t t e r w h i c h meets t h e s e c r i t e r i a and i s 
c o m p a t i b l e w i t h c o m m e r c i a l l y a v a i l a b l e t e l e m e t r y r e c e i v e r s i s shown s c h e m a t i c a l l y 
i n F i g . 2 . The s w i t c h i n g o s c i l l a t o r i s e s s e n t i a l l y t h e same a s i n F i g . 1 w i t h t h e 
a d d i t i o n o f a second PNP t r a n s i s t o r ( Q 4 ) , w h i c h s a t u r a t e s a t t h e same t ime as Q l 
and c h a r g e s C 2 . C2 p r o v i d e s b a s e d r i v e f o r the 15 ms RF p u l s e , w h i c h b e g i n s 

•2.7 V-
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F i g . 2 . C r y s t a l s t a b i l i z e d DW r a d i o o p t i c a l t r a c k i n g t r a n s 
m i t t e r . R e p e t i t i o n r a t e = 1 H z ; d u r a t i o n o f l i g h t 
p u l s e = 1 ms; d u r a t i o n o f p u l s e = 15 ms. C u r r e n t 
d r a i n = a p p r o x i m a t e l y 30 μ Α . L I , a 22 mm l o o p , 
r e s o n a t e s a t 30 MHz w i t h 600 p F ; x l = 30 MHz. O t h e r 
f r e q u e n c i e s may be used by p r o p e r c h o i c e o f c r y s t a l , 
r e s o n a n t c i r c u i t and RF t r a n s i s t o r . 



336 Γ. G. Wolcott 

s i m u l t a n e o u s l y w i t h the l i g h t p u l s e . The RF o u t p u t f r e q u e n c y i s de termined by the 
r e s o n a n t c i r c u i t and by X I . Temperature may be t r a n s m i t t e d by s u b s t i t u t i n g a t h e r 
m i s t o r f o r R l . C u r r e n t d r a i n i s l e s s than 50 pA; t h e c i r c u i t can be c o n s t r u c t e d t o 
w e i g h l e s s than 2 g . 

A C M O S - s w i t c h e d c i r c u i t s u i t a b l e f o r AM or FM o p e r a t i o n and t r a n s m i s s i o n o f one or 
two d a t a c h a n n e l s i s shown s c h e m a t i c a l l y i n F i g . 3 . A m u l t i v i b r a t o r c o m p r i s i n g 
i n v e r t e r s *B* and * C ' a l t e r n a t e l y d r i v e s i n v e r t e r s *A* and * D * , p r o d u c i n g a l t e r n a t i n g 
l i g h t and r a d i o p u l s e s . The r a d i o o u t p u t i s modula ted by the m u l t i v i b r a t o r made 
from i n v e r t e r s *E* and ' F * , w h i c h o s c i l l a t e s as l o n g as the o u t p u t o f i n v e r t e r *A* 
i s h i g h . The r e s u l t i s a 15 ms *beep* a t the r e c e i v e r , the p i t c h o f wh ich i s d e t e r 
mined by the t emperature o f T l . Temperature r e a d o u t may be a c c o m p l i s h e d by c o n 
s t r u c t i n g and c a l i b r a t i n g an i d e n t i c a l m u l t i v i b r a t o r w i t h a l o g a r i t h m i c p o t e n t i o 
meter i n p l a c e o f T l and r o t a t i n g the p o t e n t i o m e t e r u n t i l i t produces a p i t c h i d e n 
t i c a l t o t h a t heard on the r a d i o r e c e i v e r . A second v a r i a b l e may be t r a n s m i t t e d by 
i n c o r p o r a t i n g a v a r i a b l e r e s i s t o r i n the t i m i n g m u l t i v i b r a t o r and thus v a r y i n g r e p e 
t i t i o n r a t e . T h i s c i r c u i t may be b u i l t t o we igh l e s s than 3 g . 

• • 2 . 7 V 

F i g . 3 . CMOS s w i t c h e d r a d i o o p t i c a l t r a c k i n g / t e m p e r a t u r e 
t r a n s m i t t e r . R e p e t i t i o n r a t e = 0 .5 H z ; d u r a t i o n o f 
l i g h t p u l s e = 1 ms; d u r a t i o n o f 100 MHz FM RF p u l s e = 
15 ms. C u r r e n t d r a i n = a p p r o x i m a t e l y 25 y A . A - F = 
CMOS 4049 h e x i n v e r t e r b u f f e r . T l = 250 Κ t h e r m i s t o r . 
L I , L2 = 5T N o . 28 A . W . G . , 5 mm d i a m e t e r ; L I tapped 
a t I T . 

S e v e r a l v a r i a t i o n s o f t h e s e b a s i c o p t i c a l and r a d i o o p t i c a l t r a n s m i t t e r s are p o s s i b l e . 
S h u t t i n g o f f the t r a n s m i t t e r d u r i n g the day t o c o n s e r v e b a t t e r i e s i s p o s s i b l e i n 
nonburrowing a n i m a l s by p l a c i n g a p h o t o t r a n s i s t o r or CdS c e l l w i t h a dark r e s i s t a n c e 
of s e v e r a l megohms i n p a r a l l e l w i t h C I i n F i g s . 1 and 2 , or from the i n p u t o f i n v e r 
t e r ' C t o ground i n F i g . 3 . The CMOS s w i t c h e d c i r c u i t h a s the a d d i t i o n a l o p t i o n 
o f s h u t t i n g down o n l y the LED w h i l e c o n t i n u i n g r a d i o t r a n s m i s s i o n d u r i n g the d a y , 
by c o n n e c t i n g a p h o t o t r a n s i s t o r or CdS c e l l w i t h low *on* r e s i s t a n c e from the i n p u t 
o f i n v e r t e r *D' to g r o u n d . D u r a t i o n o f l i g h t and r a d i o p u l s e s may be t a i l o r e d to 
s p e c i f i c r e q u i r e m e n t s by a d j u s t i n g the a p p r o p r i a t e RC t ime c o n s t a n t s . The L E D s , 
w h i c h n o r m a l l y d i r e c t most o f t h e l i g h t a l o n g an a x i s p a r a l l e l w i t h the l e a d s , may 
be m o d i f i e d a c c o r d i n g t o t h e v i e w i n g r e q u i r e m e n t s . F o r i n s t a n c e , the a p p l i c a t i o n 
on g h o s t c r a b s r e q u i r e d t h a t t h e l i g h t be d i r e c t e d toward the h o r i z o n t h r o u g h o u t 
360^, r a t h e r than i n a beam s t r a i g h t u p . T h i s was a c c o m p l i s h e d by u s i n g an a i r 
b u b b l e as a r e f l e c t o r . A s m a l l h o l e was d r i l l e d i n t o the LED d i r e c t l y o v e r t h e s e m i 
c o n d u c t o r d i e ; t h e h o l e was then r e f i l l e d w i t h c l e a r epoxy r e s i n c o n t a i n i n g a s i n g l e 
b u b b l e ( F i g . 4 ) . T h i s t ype o f d e v i c e was v e r y u s e f u l i n d e t e r m i n i n g a c t i v i t y b u d g e t s 
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CLEAR EPOXY 

—AIR BUBBLE 

—DIE 

F i g . 4. LED m o d i f i e d f o r h i g h e r v i s i b i l i t y p e r p e n d i c u l a r to 
the a x i s . A i r b u b b l e t r a p p e d i n c l e a r epoxy s e r v e s 
as r e f l e c t o r . 

of g h o s t c r a b s (Ocypode quadrata). I t gave s a t i s f a c t o r y o u t p u t s when the c r a b s 
were roaming the beach or e n t e r i n g the s e a w a t e r swash , and g a v e r a d i o r a n g e s of 
0 .5 km even when the a n i m a l s were 0 . 5 m deep i n t h e i r burrows ( see F i g . 5 ) . 

1 C H 

F i g . 5 . R a d i o o p t i c a l t r a n s m i t t e r on a g h o s t crab (Ocypode 
quadrata). T r a i l i n g T e f l o n i n s u l a t e d w i r e i s t r a n s 
m i t t i n g a n t e n n a . Arrow = f l a s h i n g L E D . 
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Abstract — A r a d i o t e l e m e t r y s y s t e m i s d e s c r i b e d t h a t a u t o 
m a t i c a l l y m o n i t o r s and r e c o r d s n e s t o c c u p a n c y d u r i n g i n c u b a 
t i o n o f two p a i r s o f b l a c k - b e l l i e d w h i s t l i n g d u c k s , Dendrocygna 
autumnaliSy o c c u p y i n g two nearby n e s t i n g s i t e s . E a c h i n c u b a t i n g 
b i r d c a r r i e s a s h o r t range r a d i o c o l l a r . E a c h p a i r o f r a d i o 
t r a n s m i t t e r s o p e r a t e on d i f f e r e n t f r e q u e n c i e s and t h e two t r a n s 
m i t t e r s o f each p a i r a r e p u l s e d a t d i f f e r e n t p u l s e r a t e s . 
Demodula t ion p r o v i d e s t ime d i v i s i o n m u l t i p l e x i n g be tween n e s t s 
and y i e l d s a un ique o u t p u t t o a b a t t e r y o p e r a t e d c h a r t r e c o r d e r 
f o r e a c h p o s s i b l e i n c u b a t i o n c o n d i t i o n o f the two n e s t b o x e s . 
A c t u a l f i e l d d a t a are p r o v i d e d . T r a n s m i t t e r s o p e r a t e a t 150 MHz 
and w e i g h about 15 g . Range i s l i m i t e d t o a few m e t e r s and a 
b a t t e r y l i f e o f s e v e r a l weeks i s a t t a i n a b l e . 

INTRODUCTION 
Use o f b i o t e l e m e t r y h a s been w e l l e s t a b l i s h e d f o r w i l d l i f e s t u d i e s ( S c h l a d w e i l e r 
and B a l l , 1968; W i l l and P a t r i e , 1972) , and the e f f e c t s o f r a d i o p a c k s on w a t e r f o w l 
have been d e s c r i b e d (Greenwood and S a r g e a n t , 1973; G i l m e r et al.^ 1974 ) . A t t e m p t s 
t o m o n i t o r n e s t a t t e n t i v e n e s s have employed m e c h a n i c a l d e v i c e s ( K e n d e i g h , 1952) ; 
such s t u d i e s have been l i m i t e d t o t h o s e s p e c i e s where o n l y one member, u s u a l l y t h e 
f e m a l e , a t t e n d s t h e n e s t ( c f . S t e w a r t , 1 9 6 2 ) . 

T h i s r e p o r t d e s c r i b e s t e l e m e t r y equipment used t o a u t o m a t i c a l l y m o n i t o r n e s t a t t e n 
t i v e n e s s f o r b i r d s when b o t h s e x e s a l t e r n a t e l y s h a r e i n c u b a t i o n . The s y s t e m was 
s u c c e s s f u l l y used t o m o n i t o r i n c u b a t i o n b e h a v i o r o f b l a c k - b e l l i e d w h i s t l i n g d u c k s , 
Dendrocygna autumnalis^ n e s t i n g a t t h e Welder W i l d l i f e F o u n d a t i o n n e a r S i n t o n , T e x a s , 
i n J u l y , 1978. The l o n g t e n u r e o f the p a i r - b o n d , i n c l u d i n g s h a r e d i n c u b a t i o n d u t i e s , 
i n t h i s s p e c i e s i s d e s c r i b e d e l s e w h e r e ( B o l e n , 1 9 7 1 ) . 

The sys t em c o n s i s t s o f f o u r 150 MHz t r a n s m i t t e r s , 2 VHF r e c e i v e r s and a m u l t i p l e x e d 
demodulator c i r c u i t c a p a b l e o f r e c o r d i n g n e s t a t t e n t i v e n e s s o f 2 p a i r s o f b i r d s i n c u 
b a t i n g i n 2 s e p a r a t e n e s t s . The n e x t b o x e s e r e c t e d f o r b l a c k - b e l l i e d w h i s t l i n g ducks 
are p r e d a t o r p r o o f and r e a d i l y u t i l i z e d by t h e b i r d s i n l i e u o f n a t u r a l c a v i t i e s 
( B o l e n , 1967 ) . D a t a are c o n t i n u o u s l y r e c o r d e d on an u n a t t e n d e d s i n g l e c h a n n e l s t r i p 
c h a r t r e c o r d e r . 
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SYSTEM B L O C K DIAGRAM 
The comple te sys tem c o n s i s t s o f f o u r t r a n s m i t t e r s , 2 f a s t p u l s e r a t e t r a n s m i t t e r s 
mounted on t h e f e m a l e s o f e a c h p a i r and 2 s low p u l s e r a t e t r a n s m i t t e r s a t t a c h e d t o 
the males o f each p a i r ( F i g . 1 ) . Two p a i r s o f i n c u b a t i n g b i r d s i n nearby n e s t s can 
be s i m u l t a n e o u s l y m o n i t o r e d w i t h t h i s s y s t e m . E a c h p a i r i s on a d i f f e r e n t r a d i o f r e 
quency so t h a t each can be r e c o g n i z e d by the i n c o m i n g s i g n a l . Two a n t e n n a s (one a t 
each n e s t ) p r o v i d e s i g n a l s t o e a c h o f 2 VHF r e c e i v e r s . The a u d i o s i g n a l from each 
r e c e i v e r i s demodulated and a v o l t a g e i s d e r i v e d as a f u n c t i o n o f the p u l s e r a t e . 
G a t e d d u a l comparators d e t e c t the absence o f a s i g n a l (ne s t e m p t y ) , a low r a t e t r a n s 
m i t t e r (male p r e s e n t ) , or a h i g h r a t e s i g n a l ( f emale p r e s e n t ) . M u l t i p l e x i n g e n a b l e s 
m o n i t o r i n g o f 2 r e c e i v e r s by a l t e r n a t e l y d i s a b l i n g e a c h d u a l g a t e d c o m p a r a t o r . A 
unique c u r r e n t o u t p u t f o r e a c h c o n d i t i o n i n d i c a t e s the c o n d i t i o n w i t h i n each n e s t . 
T a b l e 1 shows the r e l a t i o n between r e c o r d e d meter r e a d i n g and n e s t a t t e n t i v e n e s s o f 
2 n e s t s . 

N E S T , 
Ψ 

R E C E I V E R , 

R E C O R D E R 

Τ 

D E M O D U L A T O R 

N E S T 2 

F i g . 1. Sys tem b l o c k d i a g r a m . By u s i n g t ime d i v i s i o n m u l t i 
p l e x i n g , one r e c o r d e r a u t o m a t i c a l l y m o n i t o r s 2 i n c u 
b a t i n g p a i r s o f b i r d s . Each a n t e n n a may be up to 
100 m from the r e c o r d i n g s i t e . The antennas c o n s i s t 
o f a 46 cm w i r e a t t a c h e d to the r e a r o f t h e wooden 
n e s t boxes c o n n e c t e d t o the r e c e i v e r by coax c a b l e . 

T a b l e 1. 
R e c o r d e r meter r e a d i n g s i n d i c a t i n g s i m u l t a n e o u s c o n d i t i o n s o f 
a t t e n t i v e n e s s a t e a c h o f 2 n e s t s d u r i n g i n c u b a t i o n . The t e l e m e t r y 
sys tem i s d e s i g n e d f o r s p e c i e s where b o t h s e x e s share i n c u b a t i o n 

d u t i e s 

M e t e r r e a d i n g N e s t A t t e n t i v e n e s s 

0 . 0 0 mA N e s t 1 No b i r d p r e s e n t 

0 .20 mA N e s t 1 Male p r e s e n t 

0 .40 mA N e s t 1 Female p r e s e n t 

0 .60 mA N e s t 2 No b i r d p r e s e n t 

0 . 8 0 mA N e s t 2 Male p r e s e n t 

1.00 mA N e s t 2 Female p r e s e n t 

TRANSMITTERS 
The r a d i o t r a n s m i t t e r c o n s i s t s o f a f r e e r u n n i n g m u l t i v i b r a t o r , d i f f e r e n t i a t i n g c i r 
c u i t , e l e c t r o n i c s w i t c h , and RF o s c i l l a t o r ( F i g . 2 ) . The RF o s c i l l a t o r , s i m i l a r t o 
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F i g . 2 . T r a n s m i t t e r s c h e m a t i c d i a g r a m . R e s i s t o r s i n Ω u n l e s s 
d e s i g n a t e d o t h e r w i s e . C a p a c i t a n c e i s p i c o f a r a d e x c e p t 
Μ i n d i c a t e s m i c r o f a r a d . R d e t e r m i n e s the p u l s e r a t e s ; 
male t r a n s m i t t e r lOM, f emale t r a n s m i t t e r 4 . 7 M . The 
c o i l L de termines the r a d i o f r e q u e n c y . A p p r o x i m a t e l y 
3 t u r n s 26 gauge enameled w i r e o p e r a t e s a t 150 MHz. 
Β c o n s i s t s o f two mercury c e l l s , Hg-630 i n s e r i e s . 

t h a t d e s c r i b e d by S m i t h and S a l b (1975) , o p e r a t e s a t 150 MHz and i s t u r n e d on b r i e f l y 
e a c h time the m u l t i v i b r a t o r o u t p u t f a l l s t o z e r o v o l t s . T h i s p r o v i d e s a low duty 
c y c l e f o r low c u r r e n t d r a i n and l o n g b a t t e r y l i f e . M u l t i v i b r a t o r b a s e r e s i s t o r s 
are s e l e c t e d to p r o v i d e the d e s i r e d p u l s e r a t e . A t r a n s m i t t e d r a n g e o f s e v e r a l 
meters i s a t t a i n a b l e w i t h an a v e r a g e c u r r e n t d r a i n o f l e s s t h a n 100 μΑ, e x t e n d i n g 
b a t t e r y l i f e t o s e v e r a l w e e k s . I n c r e a s i n g the 0.01 mfd c o u p l i n g c a p a c i t o r i n c r e a s e s 
duty c y c l e and range a t the expense o f b a t t e r y l i f e . 

The t r a n s m i t t e r s we ighed about 15 g , or l e s s t h a n 2 p e r c e n t o f the a v e r a g e w e i g h t 
(800-890 g) o f a d u l t b l a c k - b e l l i e d w h i s t l i n g ducks ( B o l e n , 1 9 6 4 ) . The t r a n s m i t t e r 

was a t t a c h e d t o a p l a s t i c c o l l a r adapted from t h o s e d e s i g n e d f o r g e e s e (Sherwood, 
1966); the c o l l a r s were c o l o r - c o d e d f o r v i s u a l i d e n t i f i c a t i o n o f each b i r d d u r i n g 
subsequent i n s p e c t i o n s o f the n e s t b o x . 

MULTIPLEXED DEMODULATOR BLOCK DIAGRAM 

The a u d i o s i g n a l from each r e c e i v e r i s a m p l i f i e d by a s a t u r a t i n g a m p l i f i e r and each 
p u l s e from the t r a n s m i t t e r t r i g g e r s a o n e - s h o t m u l t i v i b r a t o r ( F i g . 3 ) . S i n c e the 
d u r a t i o n o f the o n e - s h o t i s c o n s t a n t , the duty c y c l e i s a f u n c t i o n o f t h e p u l s e r a t e . 
The o n e - s h o t o u t p u t i s f i l t e r e d and a v o l t a g e i s d e v e l o p e d t h a t i s p r o p o r t i o n a l t o 
t h e p u l s e r a t e . Two g a t e d comparators compare the f i l t e r e d v o l t a g e w i t h 2 r e f e r e n c e s 
and respond when the v o l t a g e e x c e e d s the r e f e r e n c e v o l t a g e . Each comparator e f f e c t s 
the o u t p u t c u r r e n t i n a un ique way so the o u t p u t c u r r e n t d e s c r i b e s 4 o f the 6 p o s s i 
b i l i t i e s (Tab le 1) . 

DEMODULATOR SCHEMATIC DIAGRAM 

I n p u t a u d i o s i g n a l s are a m p l i f i e d by t h e o p e r a t i o n a l a m p l i f i e r s ( F i g . 4 ) , N e g a t i v e 
g o i n g o u t p u t s t r i g g e r the 555 t i m e r s used a s o n e - s h o t m u l t i v i b r a t o r s . The o u t p u t 
i s f i l t e r e d and a p p l i e d to 2 c o m p a r a t o r s . The 3rd 555 t i m e r i s o p e r a t e d as an 
as t a b l e m u l t i v i b r a t o r and p r o v i d e s t h e m u l t i p l e x i n g s i g n a l . When the o u t p u t i s p o s i 
t i v e , 2 comparators are i n h i b i t e d . The m u l t i p l e x i n g s i g n a l i s i n v e r t e d by I C - l a , 
which e n a b l e s the o t h e r 2 c o m p a r a t o r s when the 555 t i m e r o u t p u t i s h i g h . A l t e r n a t e l y , 
t h e o u t p u t o f I C - l a p r o v i d e s t h e 0 . 6 mA o u t p u t s i g n a l t o t h e r e c o r d e r i f no b i r d s 
are p r e s e n t i n the s econd n e s t . Output c u r r e n t s may v a r y s l i g h t l y depend ing on 
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S A T U R A T E D 

A M P L I F I E R 
R E C E I V E R , R E C E I V E R , 

O N E S H O T 

M U L T I V I B R A T O R 

R E C O R D E R 

L O W P A S S 
F l L T E R 

D U A L G A T E D 

C O M P A R A T O R 
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A M P L I F I E R 

O N E S H O T 
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D U A L G A T E D 

C O M P A R A T O R 

x ? S L 0 W ^ J ^ A S T - ^ L O W 
^ S E T , f S E T , > S E T g 

A S T A B L E 
M U L T I V I B R A T O R 

L O W P A S S 

F I L T E R 

> 5 F A S T 
> S E T g 

I N V E R T E R 

F i g . 3 . B l o c k d iagram o f t h e d e m o d u l a t o r . Time m u l t i p l e x i n g 
was a c h i e v e d by the use o f 2 g a t e d d u a l c o m p a r a t o r s . 
Each n e s t i s m o n i t o r e d e v e r y 30 s . 

R E C E I V E R , 

R E C E I V E R i 

% 0 K ^ ^ ^ ^ ^ 

F i g . 4 . Demodulator s c h e m a t i c d i a g r a m . R e s i s t o r s i n Ω, 
c a p a c i t a n c e i s i n m i c r o f a r a d s . U n l a b e l e d p o t s a r e 
100 Κ t r i m p o t s . I C - 1 i s Ώ\ 324N quad o p e r a t i o n a l 
a m p l i f i e r and I C - 2 i s LM 339N quad c o m p a r a t o r . 
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r e s i s t o r t o l e r a n c e and s u b s t i t u t i o n s may be made f o r d i f f e r e n t v a l u e s . O u t p u t 
a m p l i f i e r I C - l d o p e r a t e s as a v o l t a g e - f o l l o w e r to p r o v i d e c u r r e n t t o d r i v e the 
0-1 mA meter o f the r e c o r d e r . A s low c h a r t speed (12 i n 24 h"'^) was s e l e c t e d so a 
c o n t i n u o u s r e c o r d was o b t a i n e d ( F i g . 5 ) . 

1.0 m A 
0.8 
0.6 
0.4 
0.2 
0,0 

0.6 
0.4 
0.2 
0.0 

Η 2 hri Η 
F i g . 5 . A t t e n t i v e b e h a v i o r o f i n c u b a t i n g b l a c k - b e l l i e d w h i s t l i n g 

d u c k s . Upper p a n e l was s i m u l a t e d i n the l a b o r a t o r y ; 
the lower p a n e l c o n t a i n s d a t a r e c o r d e d i n t h e f i e l d . 
A R u s t r a k 12 V DC r e c o r d e r Mode l 288/F2146 ( a v a i l a b l e 
from G u i t ó n I n d u s t r i e s , I n c . , M a n c h e s t e r , N . H . , U . S . A . ) 
was u s e d . 

A D J U S T M E N T S 
E a c h low r a t e comparator i s a d j u s t e d to respond to t h e r e s p e c t i v e low r a t e t r a n s 
m i t t e r , b u t n o t t o the h i g h r a t e t r a n s m i t t e r . C o n v e r s e l y , the h i g h r a t e comparator 
i s a d j u s t e d to respond t o t h e h i g h r a t e t r a n s m i t t e r . R e c e i v e r volume must be a d j u s t e d 
so a weak s i g n a l ( n u l l o r i e n t a t i o n o f t h e r a d i o c o l l a r ) o p e r a t e s the d e m o d u l a t o r . 
Too h i g h a volume s e t t i n g r e s u l t s i n r e s p o n s e t o s t a t i c or i g n i t i o n n o i s e . 

A P P L I C A T I O N 
The sys tem d e s c r i b e d s h o u l d f i n d wide a p p l i c a t i o n f o r n e s t i n g b i r d s where b o t h 
p a r e n t s i n c u b a t e t h e e g g s . I t c o u l d a l s o be used w i t h a l t r i c i a l s p e c i e s f o r a r e c o r d 
of f e e d i n g b e h a v i o r by the p a r e n t . The s y s t e m a u t o m a t i c a l l y r e c o r d s t h e t ime e a c h 
p a r e n t i s on the n e s t , and i f s h i f t changes are made a t the n e s t or i f the n e s t i s 
v a c a t e d d u r i n g s h i f t c h a n g e . F i n a l l y , t h i s s y s t e m c o u l d be used w i t h mammals i n 
b e h a v i o r a l s t u d i e s d e a l i n g w i t h s o c i a l r e l a t i o n s h i p s . 

Aoknoüledgements — P o r t i o n s o f t h i s r e s e a r c h were s u p p o r t e d by Welder W i l d l i f e F o u n 
d a t i o n and C a e s a r K e l b e r g F o u n d a t i o n . A d d i t i o n a l s u p p o r t was p r o v i d e d by NIH (MBS) 
G r a n t 5 S06 RR08123 and MARC G r a n t 5 T32 GM07694. We thank W. C . G l a z e n e r , D i r e c t o r 
o f the Welder W i l d l i f e F o u n d a t i o n , f o r h i s s u p p o r t o f our work . T r a v e l funds ( f o r 
E . N . S m i t h ) were s u p p l i e d by the C o l l e g e o f A r t s and S c i e n c e s and by a F a c u l t y 
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Abstract — We aimed t o o b s e r v e mated p a i r s c o n t i n u o u s l y when 
they were o f f t h e i r t e r r i t o r i e s d u r i n g the i n c u b a t i o n s e a s o n . 
I m p o r t a n t gaps i n our o b s e r v a t i o n s were o f 3 t y p e s , when 
(1) we l o s t a b i r d (3 p e r c e n t ) ; (2) we were c a t c h i n g up t o a 
b i r d t h a t had f l o w n away (1 p e r c e n t ) ; and (3) we were a t the 
s i t e b u t c o u l d not d i s t i n g u i s h the b i r d ' s b e h a v i o r (4 p e r c e n t ) . 
More p o w e r f u l r a d i o t a g s r e d u c e t3φe 1 g a p s , and have l e s s 
e f f e c t on the b i r d ' s b r e e d i n g s u c c e s s t h a n b e i n g c a u g h t , p r o 
v i d e d t h a t the w e i g h t o f the p a c k a g e i s l e s s t h a n 30 g . We 
d i s c u s s the b i a s e s i n t r o d u c e d by t h e s e gaps i n our o b s e r v a 
t i o n s and t r y t o a l l o w f o r them. 

INTRODUCTION 
A p r e r e q u i s i t e o f any b e h a v i o r s t u d y i s o b s e r v a t i o n o f b e h a v i o r i n n a t u r a l c o n d i t i o n s . 
S i n c e we wi shed t o s t u d y the b e h a v i o r o f f t e r r i t o r y o f p a r e n t h e r r i n g g u l l s d u r i n g 
the i n c u b a t i o n s e a s o n , we b e g a n by t r y i n g t o w a t c h mated p a i r s as c l o s e l y as p o s s i b l e . 
W i t h o u t a t a g o f some k i n d , such an e n t e r p r i s e would be i m p o s s i b l e , e s p e c i a l l y i n 
a l a r g e c o l o n y such as t h a t i n w h i c h we worked on Walney I s l a n d , C u m b r i a , U . K . , 
which we now e s t i m a t e t o be 2 0 , 0 0 0 - 3 0 , 0 0 0 p a i r s o f h e r r i n g g u l l s (Larus argentatus) 
n e s t i n g w i t h a s i m i l a r number o f l e s s e r b l a c k - b a c k e d g u l l s (Larus fuscus). S p e c i a l 
a d v a n t a g e s o f h e r r i n g g u l l s as s t u d y a n i m a l s a r e (1) l a r g e s i z e , (2) a c c e s s i b l e 
n e s t s , (3) r e l a t i v e t o l e r a n c e o f man, (4) r e l a t i v e a c c e s s i b i l i t y o f s i t e s u t i l i z e d , 
and (5) d i u r n a l i t y . 

The q u e s t i o n s we s h a l l pose here are (1) How n e a r t o c o n t i n u o u s are the o b s e r v a t i o n s 
we made? (2) What b i a s e s are i n t r o d u c e d b e c a u s e o f gaps i n our o b s e r v a t i o n s ? (3) What 
i s the b e s t t r a d e - o f f o f t r a n s m i t t e r power v e r s u s w e i g h t ? 

M A T E R I A L S 
We a t t a c h e d r a d i o t a g s t o h e r r i n g g u l l s b r e e d i n g a t the g u l l c o l o n y a t S o u t h Walney 
as f o l l o w s : i n 1975 ( p i l o t o b s e r v a t i o n s ) 3 p a i r s and 2 s i n g l e t o n s ; i n 1976, 5 p a i r s 
and 4 s i n g l e t o n s ; and i n 1977, 7 p a i r s and 4 s i n g l e t o n s . 39 b i r d s were c a u g h t on the 

*Presen t a d d r e s s : Department o f Z o o l o g y , U n i v e r s i t y o f G l a s g o w . 
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n e s t w i t h i n a week o f l a y i n g u s i n g a w a l k - i n t r a p (Amlaner et al,_, 1978) ( see F i g . 1) 
and 1 was c a u g h t b e f o r e l a y i n g by b a i t i n g (1 g A v e r t i n i n a 10 cm^ b r e a d * sandwich*) 
under N a t u r e C o n s e r v a n c y l i c e n s e . E a c h b i r d was measured , t a g g e d , dyed y e l l o w on 
the neck f e a t h e r s w i t h p i c r i c a c i d , and r e l e a s e d w i t h i n a few h o u r s o f c a t c h i n g : 
we then p r o t e c t e d the c l u t c h u n t i l the b i r d r e t u r n e d . I n 13 c a s e s t h e b i r d s were 
l a t e r r e c a u g h t t o r e c o v e r the t r a n s m i t t e r s . 

We used 2 t y p e s o f t r a n s m i t t e r o p e r a t i n g i n the 1 7 3 . 2 - 1 7 3 . 5 MHz b a n d . 15 t w o - s t a g e 
t r a n s m i t t e r s ( w e i g h i n g 8 g) s u p p l i e d by AVM I n s t r u m e n t C o . (model SB2) w i t h mercury 
b a t t e r i e s s u p p l i e d b y M a l l o r y (TR-112N, 8 g ) ; 13 o n e - s t a g e t r a n s m i t t e r s (2 g ) b u i l t 
i n our workshops w i t h mercury b a t t e r i e s (RM-675, 2 g ) . 

To t h e t r a n s m i t t e r was a t t a c h e d a 30 cm whip a n t e n n a made o f 18 -gauge s t a i n l e s s 
s t e e l s p r i n g w i r e and a 30 cm T e f l o n c o a t e d m u l t i s t r a n d ground p l a n e w i r e . I n our 
e a r l y p a c k a g e s A r a l d i t e c o m p l e t e l y e n c l o s e d t h e t r a n s m i t t e r and b a t t e r y and t h e h a r 
ness was made from t w o - s t r a n d p l a s t i c c o a t e d w i r e : t h i s p a c k a g i n g we ighed about 40 g . 
I n a l a t e r v e r s i o n A r a l d i t e d i d n o t e n t i r e l y cover a l l s u r f a c e s b u t was used t o p r o 
v i d e s t r u c t u r a l s t r e n g t h , and the h a r n e s s was made from n y l o n c o a t e d e l a s t i c webbing 
3 mm w i d e : t h i s p a c k a g i n g we ighed 7-10 g . The h a r n e s s was wrapped f i r m l y around 
the b i r d i n a ' f i g u r e o f e i g h t * p a t t e r n c r o s s i n g t h e b r e a s t i n s u c h a way t h a t t h e 
r a d i o pack l a y on the g u l l * s b a c k a t the b a s e o f the neck, the whip a n t e n n a l a y p a r a l 
l e l t o the t a i l , and the e a r t h w i r e was sewn t o the h a r n e s s . 

F o r t r a c k i n g we used two L a n d r o v e r s equipped w i t h n u l l - p e a k a n t e n n a sys t ems c o n s i s t 
i n g o f tw in f o u r - e l e m e n t Y a g i s mounted on a r o t a t i n g boom ( F i g . 2 . ) , and AVM type 
LA12 r e c e i v e r s . F o r most o f the t ime the v e h i c l e s e r v e d as a m o b i l e h i d e ; f o r t r a c k 
i n g on f o o t h a n d h e l d t h r e e - e l e m e n t Y a g i s were u s e d . A n o t h e r r e c e i v e r was u s e d i n 
t h e f i e l d s t a t i o n a t the c o l o n y , w i t h 2 a l a r m sys t ems b o t h b a s e d on a t y p e 741 o p e r a 
t i o n a l a m p l i f i e r used as a v o l t a g e comparator ( F i g , 3 ) . One was t r i g g e r e d by t h e 
d i s a p p e a r a n c e o f a r a d i o s i g n a l , the o t h e r by a n e s t r e l i e f m o n i t o r e d by a b a l a n c e 
s e t i n the ground under the n e s t . We r e c e i v e d a d d i t i o n a l f i e l d h e l p from D r . M. I . 
Webber i n 1976 and D r . R . A s h c r o f t i n 1977. 

ten tpegs 

F i g . 1. The w a l k - i n t r a p t o c a t c h b i r d s on the n e s t made o f 
* c h i c k e n - w i r e * r o u g h l y 1 m h i g h . When the c a t c h e r 
appears from the d i r e c t i o n o f t h e e n t r a n c e t h e b i r d 
a t t e m p t s t o e s c a p e t h r o u g h one o f t h e ' f a l s e e x i t s * 
(Amlaner et a t . , 1978) . 
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a e r i a l s - ^ 

y f lange 

4 mild Steel 
b a s e p la te 

F i g . 2 . The n u l l - p e a k a n t e n n a s y s t e m as mounted i n our L a n d -
r o v e r s . J o i n t s were we lded and b e a r i n g s were f i t t e d 
i n b a s e t u b e . The thumbscrew had a v e r y h e a v y t h r e a d 
and i t s h o l e was r e i n f o r c e d ; a n g l e i r o n was 1" x 
1" X 1 /8". 

- v e 12v 

F i g . 3 . The a larm c i r c u i t . When the b i r d moves the r a d i o 
s i g n a l f a d e s , t h e i n p u t ( from the r e c e i v e r ) becomes 
l e s s n e g a t i v e t h a n the t h r e s h o l d v o l t a g e ( s e t by u s i n g 
the v a r i a b l e r e s i s t o r , 1 kß w i r e wound, t e n t u r n ) and 
the r e l a y c l o s e s r i n g i n g a d o m e s t i c d o o r b e l l . The 
c i r c u i t w i l l a l s o o p e r a t e w i t h two 9 V r a d i o b a t t e r i e s 
(PP9 or e q u i v a l e n t ) . 

M E T H O D 
Our p l a n o f a c t i o n was t o note the d i r e c t i o n the b i r d went when the a larm sounded , 
t o t r y to f i n d t h e b i r d , and t h e n to n o t e ( u s i n g a tape r e c o r d e r ) t h e t i m e s a t w h i c h 
i t performed f e e d i n g , p r e e n i n g , r e s t i n g , d r i n k i n g , and b a t h i n g . Time r e s o l u t i o n was 
1 min and s h o r t gaps i n t h e o b s e r v e r s ' a t t e n t i o n were i g n o r e d i f they l a s t e d l e s s 
than t h i s t i m e . B r i e f n o t e s were a l s o made about the f o o d t a k e n , the f e e d i n g s i t e , 
the number and b e h a v i o r o f o t h e r g u l l s a t t h e s i t e , and the w e a t h e r . No o b s e r v a t i o n s 
were made o f the b e h a v i o r o f the b i r d on t e r r i t o r y . 
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RESULTS 
We made o b s e r v a t i o n s on 14 out o f 22 b i r d s t h a t c o n t i n u e d i n c u b a t i o n i n a normal 
f a s h i o n when r e l e a s e d . There are 4 t y p e s o f gaps i n our o b s e r v a t i o n s o f b i r d s o f f 
the t e r r i t o r y ( F i g . 4 ) . F i r s t l y , we sometimes l o s t the b i r d . F o r p r e s e n t purposes 
we use missing i n a s p e c i a l s e n s e to mean t h a t we c o u l d n o t make r a d i o c o n t a c t f o r 
a p e r i o d o f more than 2 h — i n o t h e r c a s e s o f l o s t r a d i o c o n t a c t we i n f e r r e d the 
l o c a t i o n o f the b i r d from t h e d i r e c t i o n i t was f l y i n g when c o n t a c t was b r o k e n or 
from the s i t e on which i t was s u b s e q u e n t l y f o u n d . 5 o f the 9 b i r d s o f F i g . 4 o n l y 
used l o c a l s i t e s . We use local t o r e f e r t o s i t e s l e s s t h a n 25 km by road from t h e 
c o l o n y . N o n - l o c a l s i t e s were i n d i f f e r e n t d i r e c t i o n s from l o c a l s i t e s and t h e s e 
d e s t i n a t i o n s were i n f e r r e d from the d i r e c t i o n o f f l i g h t . No a t t e m p t was made to 
f o l l o w b i r d s to n o n - l o c a l d e s t i n a t i o n s and the c r i t e r i o n o f m i s s i n g , a b o v e , was not 
then a p p l i e d . When a b i r d f l e w to a l o c a l s i t e t h e r e was t y p i c a l l y a d e l a y , catch-up 
time^ b e f o r e the o b s e r v e r a r r i v e d a t the s i t e . I n some c a s e s t h i s gap s e r i o u s l y 
b i a s e s our a s se s sment o f b e h a v i o r a t the s i t e ( see b e l o w ) . When a t the s i t e t h e 
o b s e r v e r c o u l d n o t a lways c l a s s i f y the b i r d ' s b e h a v i o r i n t o the c a t e g o r i e s o f f e e d 
i n g , p r e e n i n g , r e s t i n g , d r i n k i n g , and b a t h i n g . The b u l k o f t h i s d i s c r e p a n c y ( F i g . 4) 
a r o s e d u r i n g n i g h t o b s e r v a t i o n when, however , we know from the n a t u r e o f the s i t e 
t h a t the b i r d c o u l d not have f e d . The o b s e r v e r was a b l e to make i n f e r e n c e s about 
the b i r d ' s b e h a v i o r w i t h o u t s e e i n g i t i f (1) t h e f r e q u e n c y o f t h e r a d i o s i g n a l 
changed i n a way he knew t o be c h a r a c t e r i s t i c o f b a t h i n g , (2) the b i r d was known to 
be i n a group a l l members o f w h i c h were b e h a v i n g i d e n t i c a l l y , or (3) t h e s i t e p r e 
c l u d e d f e e d i n g and use o f w a t e r . 

Thus t h e r e are 3 major s o u r c e s o f b i a s i n F i g . 4, a r i s i n g from the t ime the b i r d 
was m i s s i n g , c a t c h - u p t i m e , and t ime t h a t b e h a v i o r was not c l a s s f i e d when the o b s e r v e r 
was a t the s i t e . We s h a l l use t h e s e measures t o a s s e s s the b e n e f i t s o f s t r o n g e r 
r a d i o s i g n a l s . 
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- | y f ca t ch -up 
o b s e r v e r 
at 
s i t e 

behav io r 
c lass i f i ed 

b i rd 
s e e n 

F i g . 4. O v e r v i e w o f r e s u l t s o f t r a c k i n g 9 b i r d s f o r 1530 h 
( s t r o n g s i g n a l s ) . The most s e r i o u s gaps i n our o b s e r v a 
t i o n s are those when b i r d s were m i s s i n g and those when 
the o b s e r v e r was c a t c h i n g - u p (see T a b l e 4) w i t h the 
a n i m a l . 
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We c l a s s i f i e d our o n e - and t w o - s t a g e t r a n s m i t t e r s as p r o d u c i n g strong signals (9 
b i r d s ) i f the range when t h e b i r d was f l y i n g was about 15 km or weak signals (5 b i r d s ) 
i f the range was 5 km. I t can be s een from T a b l e 1 t h a t r a d i o t a g s p r o d u c i n g s t r o n g e r 
s i g n a l s went m i s s i n g c o n s i d e r a b l y l e s s than weak s i g n a l s . On t h e o t h e r hand c a t c h - u p 
t imes a t l o c a l s i t e s (Table 2) were not c o n s i s t e n t l y l o w e r . These f i g u r e s are 
med ians ; f o r comparison we p r o v i d e a l s o the a v e r a g e v i s i t d u r a t i o n s . Note t h a t 
c a t c h - u p t ime i s o n l y a s u b s t a n t i a l p r o p o r t i o n o f v i s i t d u r a t i o n when the d e s t i n a 
t i o n was 'worms' or ' w i t h i n c o l o n y ' ( see b e l o w ) . The tip (4 km road d i s t a n c e ) i s 
the l o c a l m u n i c i p a l r e f u s e t i p ; worms (15-25 km) r e f e r s t o a g r i c u l t u r a l l a n d , m a i n l y 
p a s t u r e f i e l d s , on the m a i n l a n d c o v e r i n g an a r e a o f about 50 km^; nearby mussels 
(1 km) r e f e r s t o a m u s s e l s k e a r on the i s l a n d ' s b e a c h , bay (5 km) r e f e r s t o f e e d i n g 
s i t e s exposed a t low t i d e i n Morecambe Bay; beach (1 km) i s the i s l a n d ' s b e a c h ; 
within colony (1 km) r e f e r s t o ( p r o b a b l y w a t e r i n g ) s i t e s w i t h i n the c o l o n y . 

T a b l e 1. 
The b e n e f i t s o f s t r o n g e r r a d i o s i g n a l s : 1, L e s s o f t e n m i s s i n g 

S i g n a l s % Time m i s s i n g (Hours f o l l o w e d ) 

S t r o n g 3 (1530) 

Weak 14 (1140) 

The b e n e f i t s o f 
up w i t h b i r d s 

s t r o n g e r 
a t l o c a l 

T a b l e 2 . 
r a d i o s i g n a l s : 2, 

s i t e s ( c a t c h - u p 
. No h e l p i n c a t c h i n g -
t ime i n m i n . ) 

S i g n a l s Tip Worms Nearby Bay 
m u s s e l s 

Beach W i t h i n 
c o l o n y 

S t r o n g 11 85 15 4 10 10 

Weak 8 90 8 28 4 7 

V i s i t d u r a t i o n (min) 

212 108 132 158 69 17 

S t r o n g e r s i g n a l s can o n l y be produced by i n c r e a s i n g the w e i g h t o f the p a c k a g e a t t a c h e d 
to the b i r d . Package c h a r a c t e r i s t i c s m i g h t a f f e c t the b i r d ' s b e h a v i o r i n a number of 
ways : i n c r e a s i n g t h e amount o f p r e e n i n g , a f f e c t i n g the c h o i c e o f f e e d i n g s i t e , d e c r e a s 
i n g the amount o f t ime s pent on t e r r i t o r y , or i n c r e a s i n g the amount o f t ime s p e n t r e s t 
i n g on t h e b e a c h . I t i s q u i t e l i k e l y t h a t any o f t h e s e would lower the b r e e d i n g s u c 
c e s s o f a p a i r b e c a u s e c l u t c h p r e d a t i o n i s h i g h i n the Walney c o l o n y . 

We have used the s u r v i v o r s h i p o f a t l e a s t one member o f the c l u t c h as a measure o f 
the e f f e c t o f a p a c k a g e (Amlaner et al,j 1 9 7 8 ) . F i g u r e 5a shows the e f f e c t s o f 
c a t c h i n g b o t h p a r e n t s and a t t a c h i n g p a c k a g e s o f d i f f e r e n t w e i g h t . The e f f e c t s can 
be compared d i r e c t l y s i n c e a l l p a i r s were c a u g h t i n the same a r e a a t the same t i m e , 
and d i f f e r e d o n l y i n t h e i r t r e a t m e n t w h i c h was chosen a t random. The r a d i o t a g s i n 
F i g . 5b d i f f e r e d from the dummy t a g s o f F i g . 5 a , i n t h a t a 30 cm a n t e n n a p r o t r u d e d 
from them, and a g r o u n d p l a n e w i r e was sewn i n t o the h a r n e s s . I n a d d i t i o n the neck 
f e a t h e r s o f b i r d s r e c e i v i n g r a d i o t a g s were dyed y e l l o w and t h e i r n e s t s were d i s 
turbed by b e i n g p l a c e d on b a l a n c e s b u r i e d i n the g r o u n d . These b i r d s n e s t e d i n a 
d i f f e r e n t a r e a o f the c o l o n y from t h o s e o f F i g . 5a a t v a r i o u s t imes o v e r 3 s easons 
so t h a t , amongst o t h e r t h i n g s , the amount o f d i s t u r b a n c e near t h e i r n e s t s may have 
d i f f e r e d from t h a t o f F i g . 5 a . 

COST-BENEFIT ANALYSIS OF TRANSMITTER POWER 
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4 5 6 7 

weeks after lay 
3 4 

F i g . 5 . The c o s t o f h e a v i e r r a d i o t a g s : c l u t c h s u r v i v o r s h i p 
was lower when h e a v i e r t a g s were a t t a c h e d to b o t h 
p a r e n t s j u s t a f t e r the c l u t c h was c o m p l e t e d . 10 p a i r s 
i n each t r e a t m e n t , e x c e p t t h a t o n l y 5 r e c e i v e d 50 g r a d i o 
t a g s . (a) The trauma o f c a t c h i n g the b i r d had more e f f e c t 
than the a t t a c h m e n t of dummy t a g s w e i g h i n g up to 50 g 
(Walney h e r r i n g g u l l s w e i g h 800-1000 g) (Amlaner et al.j 
1978) . (b) The e f f e c t of r a d i o t a g s was s l i g h t l y g r e a t e r , 
p o s s i b l y b e c a u s e a 30 cm a n t e n n a and a g r o u n d p l a n e w i r e 
p r o t r u d e d from them (see t e x t f o r d e t a i l s ) . 

DISCUSSION 
A l t h o u g h s t r o n g e r s i g n a l s d i d not i n c r e a s e the p r o p o r t i o n o f t ime t h a t a b i r d ' s 
b e h a v i o r c o u l d be c l a s s i f i e d (Tab l e 3) or c a t c h - u p t ime (Tab le 2) i t d i d s u b s t a n 
t i a l l y reduce the t ime t h a t b i r d s went m i s s i n g (Tab le 1) and we t h e r e f o r e c o n c l u d e 
t h a t s t r o n g e r r a d i o s i g n a l s are w e l l w o r t h h a v i n g , p r o v i d e d t h a t the w e i g h t of the 
p a c k a g e does not e x c e e d 30 g ( F i g . 5 ) , about 3-4 p e r c e n t o f body w e i g h t . 

T a b l e 3 . 
The b e n e f i t s o f s t r o n g e r r a d i o s i g n a l s : 3 . No h e l p t o o b s e r v e r s 

a t l o c a l s i t e s i n c l a s s i f y i n g b e h a v i o r o f b i r d s 

% t ime b e h a v i o r c l a s s i f i e d 

S i g n a l s T i p Worms* Nearby 
m u s s e l s 

Bay Beach W i t h i n 
c o l o n y 

S t r o n g 82 61* 79 0 34 100 

Weak 75 85* 68 0 79 100 

* B i r d s were observed f o r a much lower p e r c e n t o f t i m e . 

Our s u c c e s s i n t r a c k i n g w i t h s t r o n g s i g n a l s i s u n d e r e s t i m a t e d i n F i g - . 4 , s i n c e over 
h a l f o f the b i r d s s p e n t a l l t h e i r t ime a t l o c a l s i t e s . N e v e r t h e l e s s t h e r e a r e 3 
s e r i o u s s o u r c e s of b i a s ( T a b l e 4) i n a t t e m p t i n g t o r e c o n s t r u c t b e h a v i o r s equences we 
m i s s e d . The a c c u r a c y o f s u c h a r e c o n s t r u c t i o n w i l l depend on what i t i s r e q u i r e d 
f o r , b u t i n some c a s e s i t would s e r v e f o r an e v a l u a t i o n o f , f o r example , the amount 
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S o u r c e o f b i a s Can b i a s be a l l o w e d f o r ? 

1. B i r d m i s s i n g No 

2 . C a t c h - u p d e l a y Y e s i f b e h a v i o r a t d e s t i n a t i o n i s 
s t e r e o t y p e d 

3 . V i s i b i l i t y o f Y e s i f b e h a v i o r a t ' m i c r o s i t e s * i s 
b i r d depends on s t e r e o t y p e d 
i t s b e h a v i o r 

T a b l e 5 . 
Can we r e c o n s t r u c t unobserved b e h a v i o r s e q u e n c e s ? 

B e h a v i o r Can b i a s be a l l o w e d f o r ? 

F e e d i n g Y e s 

P r e e n i n g Y e s 

R e s t i n g Y e s 

D r i n k i n g 

B a t h i n g 

Only by u s i n g o b s e r v a t i o n s on o t h e r randomly 
chosen g u l l s t o c o n s t r u c t an ' e x p e c t e d ' 
b e h a v i o r sequence 

C o u l d t h e s o u r c e s o f b i a s ( T a b l e 4) be e l i m i n a t e d ? C e r t a i n l y i n c r e a s i n g the number 
o f o b s e r v e r s would h e l p . N e v e r t h e l e s s we e s t i m a t e t h a t a t l e a s t 6 o b s e r v e r s would 
be r e q u i r e d t o w a t c h s i m u l t a n e o u s l y a t d i f f e r e n t s i t e s ( i . e . a team o f 6-12) i n 
o r d e r t o d r a s t i c a l l y reduce t h e s e b i a s e s . A t l e a s t some o f them would r e q u i r e 
L a n d r o v e r s a n d / o r b o a t s , and a l l would need r a d i o t r a c k i n g equipment and two-way 
r a d i o c o m m u n i c a t i o n . 

What would be the r e s u l t o f l o n g e r - t e r m t r a c k i n g ? The weak p o i n t s o f our t e c h n i q u e 
would i n c l u d e b r e a k a g e o f whip a n t e n n a , h a r n e s s , b a t t e r y and w a t e r - p r o o f i n g . Few 
o f our h a r n e s s e s l a s t e d more t h a n a y e a r . We are i n d e b t e d t o N . B a l l f o r t h e f o l l o w 
i n g i n f o r m a t i o n on the f a t e s o f 7 s i n g l e b i r d s c a u g h t w i t h A v e r t i n b a i t i n the c o l o n y 
i n F e b r u a r y , 1978, t o w h i c h were a t t a c h e d 45 g t r a n s m i t t e r p a c k a g e s powered by s o l a r -
p a n e l band r e c h a r g e a b l e NICAD b a t t e r i e s s u p p l i e d by T e l e m e t r y S y s t e m s , I n c . These 
p a c k a g e s had i n f e r i o r 30 cm whip antennas and were a t t a c h e d as above by 1 cm n y l o n -
c o a t e d e l a s t i c w e b b i n g . One h a r n e s s b r o k e i n A p r i l , 1978, and one male d i e d i n May, 
1978. One male was n o t h e a r d a f t e r J u n e , 1978. I n A p r i l , 1979 two males and two 
f e m a l e s were s t i l l h e a r d , b u t a l l o f t h e i r a n t e n n a s had b r o k e n o f f . O n l y one o f the 
f o u r (a male ) was d e f e n d i n g a t e r r i t o r y . T r a n s m i t t e r p e r f o r m a n c e was much lower 
than e x p e c t e d : a t most 3 km when the b i r d was f l y i n g , 0-1 km when on the g r o u n d , 
but not reduced o v e r n i g h t . 

Th i s model was o b v i o u s l y o f l i m i t e d v a l u e , b u t we s u s p e c t t h a t most o f the problems 
w i l l be overcome i n t i m e . Most w o r r y i n g to us was the low r e p r o d u c t i v e s u c c e s s , 
which we a s c r i b e t o the heavy p o t t i n g m a t e r i a l and b u l k y s o l a r p a n e l . 

o f t ime s p e n t f e e d i n g , r e s t i n g , o r p r e e n i n g a t e a c h s i t e . The e f f e c t o f b i a s must 
be c o n s i d e r e d s e p a r a t e l y i n e v e r y c a s e . Our g e n e r a l p r e l i m i n a r y a s s e s s m e n t i s g i v e n 
i n T a b l e 5 . The b i r d s f o l l o w e d s p e n t most o f t h e i r t ime f e e d i n g , p r e e n i n g or r e s t 
i n g so t h a t we can e s t i m a t e the b i a s and a l l o w f o r i t f o r each i n d i v i d u a l . On the 
o t h e r hand d r i n k i n g and b a t h i n g o c c u r much more r a p i d l y , o f t e n w i t h i n s econds o f 
a r r i v i n g a t a s i t e , b e f o r e the o b s e r v e r had a r r i v e d . We c e r t a i n l y cannot e s t i m a t e 
the b i a s i n our o b s e r v a t i o n s o f b a t h i n g and d r i n k i n g , e x c e p t a t the t i p . 

T a b l e 4 . 
Can we r e c o n s t r u c t unobserved b e h a v i o r s e q u e n c e s ? 
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CONCLUSION 
We c o n s i d e r t h a t , g i v e n our r e s o u r c e s , our method and t e c h n i q u e worked w e l l , and 
gave us some i d e a o f the c o n t i n u o u s b e h a v i o r s equences o f i n d i v i d u a l h e r r i n g g u l l s . 
The l i m i t a t i o n s o f t h e method a r e d e m o n s t r a t e d i n T a b l e 5 , b u t we ought to c o n c l u d e 
by p o i n t i n g out i t s un ique s t r e n g t h s : the d a t a g a t h e r e d a r e q u a l i t a t i v e l y d i f f e r e n t 
and new, and c o u l d not be o b t a i n e d i n any o t h e r way . 
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Abstract — R a d i o t r a c k i n g was w i d e l y h e r a l d e d when i t f i r s t 
appeared i n e c o l o g y two decades a g o , b u t i n our o p i n i o n i t s 
use h a s se ldom e x p l o i t e d i t s f u l l p o t e n t i a l . We s u g g e s t t h a t 
t h i s h a s been due l e s s t o drawbacks i n the equipment than t o 
how the t e c h n i q u e has tended to be u s e d . P e r u s a l o f t h e e c o 
l o g i c a l l i t e r a t u r e s u g g e s t s t h a t many s t u d i e s b a s e d on r a d i o 
t r a c k i n g have been mere d e s c r i p t i o n s o f movements and a c t i v i t y , 
w i t h no e x p l i c i t h y p o t h e s i s t e s t i n g . 

B e t t e r t r a n s m i t t e r d e s i g n and c o n s t r u c t i o n have overcome s e v e r a l 
o f the e q u i p m e n t ' s e a r l y f a i l i n g s . An example o f improvements 
i n per formance i s g i v e n from»our own f i e l d e x p e r i e n c e . D e v e l o p 
ments i n m i c r o c i r c u i t r y w i l l b r i n g f u r t h e r improvements , b u t 
t h e s e a l o n e w i l l n o t make r a d i o t r a c k i n g ' s c o n t r i b u t i o n t o 
e c o l o g y more e f f e c t i v e u n l e s s u s e r s look beyond the t e m p t a t i o n 
o f s t u d i e s w h i c h j u s t e x p l o i t the t e c h n i q u e ' s e f f i c i e n c y . 
Some v a r i e d e c o l o g i c a l t o p i c s w e l l s u i t e d t o s t u d y by t e l e m e t r y 
are l i s t e d . 

INTRODUCTION 
E v e r s i n c e r a d i o t e l e m e t r y was f i r s t a d a p t e d f o r b i o l o g i c a l r e s e a r c h , e c o l o g i s t s have 
r e a l i z e d t h a t t r a c k i n g a r a d i o t a g g e d a n i m a l m i g h t be more e f f i c i e n t and p r e d i c t a b l e 
than o b s e r v a t i o n s from s i g h t i n g s or t r a p p i n g . The a b i l i t y t o l o c a t e and f o l l o w f r e e 
r a n g i n g a n i m a l s i s e s s e n t i a l to most w i l d l i f e s t u d i e s . P o t e n t i a l l y , r a d i o t r a c k i n g 
can show the whereabouts o f an a n i m a l c o n t i n u o u s l y , and w i t h m i n i m a l d i s r u p t i o n o f 
i t s b e h a v i o r . However, as an a d v a n t a g e t o r e s e a r c h , a t e c h n i q u e i s o n l y as u s e f u l 
as t h e s o l u t i o n s t o t h e problems t o w h i c h i t i s a p p l i e d . I n the 16 y e a r s s i n c e t h e 
f i r s t major symposium on b i o t e l e m e t r y ( S l a t e r , 1963) , r a d i o t r a c k i n g h a s become 
w e l l e s t a b l i s h e d i n e c o l o g y . I t seems a p p r o p r i a t e i n t h i s p r e s e n t symposium to ask 
whether t h e t e c h n i q u e ' s a c h i e v e m e n t s h a v e l i v e d up t o e x p e c t a t i o n s . 

There are two main a s p e c t s to t h i s q u e s t i o n : ( i ) t e c h n i c a l p e r f o r m a n c e r e c o r d s and 
( i i ) r a d i o t r a c k i n g ' s c o n t r i b u t i o n t o the s t u d y o f i m p o r t a n t e c o l o g i c a l p r o b l e m s . 
We are not c o n c e r n e d h e r e w i t h the t e c h n i c a l p r i n c i p l e s o f r a d i o t r a c k i n g , w i t h t h e 
m e r i t s o f d i f f e r e n t t y p e s o f equ ipment , o r w i t h b i o t e l e m e t r y (which i s more the p r o 
v i n c e o f e n v i r o n m e n t a l p h y s i o l o g y ) . Our c o n c e r n i n s t e a d i s w i t h t h e u s e f u l n e s s of 
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TECHNICAL PERFORMANCE 
The main t h e o r e t i c a l c o n s t r a i n t s on t h e per formance o f r a d i o t r a c k i n g equipment a r e 
s i g n a l range and l i f e s p a n . The a c t u a l c o n s t r a i n t s on the u s e r are more numerous, 
however , and i n c l u d e : ( i ) the c o s t and a v a i l a b i l i t y o f equipment compared w i t h t h a t 
o f more c o n v e n t i o n a l t e c h n i q u e s ; ( i i ) b r e a k a g e s and o t h e r m a l f u n c t i o n s ; ( i i i ) the 
d i f f i c u l t i e s o f e f f e c t i n g r e p a i r s or r e p l a c e m e n t s w h i l e i n the f i e l d ; ( i v ) p o s s i b l e 
a d v e r s e e f f e c t s on the a n i m a l ; (v) t h e r e s t r i c t e d s i z e , w e i g h t , (and hence p e r f o r 
mance) of t r a n s m i t t e r s n e c e s s a r y t o m i n i m i z e i v ; ( v i ) the ways i n w h i c h the d e c i s i o n 
to use r a d i o t r a c k i n g can a f f e c t the l o g i s t i c s o f f i e l d w o r k . The l i m i t a t i o n s i n v i 
are o f t e n the most s e r i o u s o f a l l . 

Premature t r a n s m i t t e r f a i l u r e can be f r u s t r a t i n g i f i t i n t e r r u p t s a v a l u a b l e f i e l d 
e x p e r i m e n t , b u t b e t t e r d e s i g n and s t r u c t u r e have overcome s e v e r a l o f the commoner 
c a u s e s of f a i l u r e . The improvement i n t r a n s m i t t e r per formance shown i n T a b l e 1 i s 
an example from our own e x p e r i e n c e . A l s o , b e c a u s e more commerc ia l s u p p l i e r s are 

T a b l e 1. 
Improvements i n s i g n a l - l i f e o f t r a n s m i t t e r s o f s i m i l a r b a s i c 

d e s i g n , d u r i n g t h r e e s u c c e s s i v e e c o l o g i c a l s t u d i e s * 

S t u d y 1 S tudy 2 S t u d y 3 
(1966) (1968-70) (1971-72) 

N o . % N o . % N o . % 
T r a n s m i t t e r s fitted"*" 9 - 34 - 8 -
T r a n s m i t t e r s a c h i e v i n g f u l l e x p e c t e d l i f e ^ 0 0 9 38 4 67 

T r a n s m i t t e r s a c h i e v i n g 75 p e r c e n t o f e x p e c t e d 
l i f e 

2 22 11 44 5 83 

T r a n s m i t t e r s a c h i e v i n g 50 p e r c e n t o f e x p e c t e d 
l i f e 

4 44 24 89 5 83 

S o u r c e s or premature f a i l u r e ^ 

e a r l y b a t t e r y e x h a u s t i o n 6 6 1 

antenna b r e a k a g e 2 4 1 

damage by p r e d a t o r a t t a c k 0 4 2 

* S t u d y 1: Lance ( 1 9 7 0 ) . S t u d y 2: L a n c e ( 1 9 7 8 ) . S t u d y 3: L a n c e ( 1 9 7 1 ) . 
•*"Some o f the t r a n s m i t t e r s f i t t e d d u r i n g s t u d i e s 2 and 3 were removed w h i l e they were 

s t i l l f u n c t i o n i n g . 
^Mean e x p e c t e d t r a n s m i t t i n g l i f e was 60 days w i t h 1 mW s i g n a l o u t p u t from a 1.4 V 

800 mAh mercury c e l l . 
+ S o u r c e o f f a i l u r e c o u l d n o t be de termined f o r a l l t r a n s m i t t e r s . The d i f f e r e n c e s 

between s t u d i e s i n t h e p r o p o r t i o n s o f t r a n s m i t t e r s a c h i e v i n g f u l l e x p e c t e d t r a n s 
m i t t i n g l i f e are s i g n i f i c a n t a t Ρ < 0 .025 i n a 2 χ 3 c o n t i n g e n c y t a b l e . The d i f 
f e r e n c e s i n p r o p o r t i o n s a c h i e v i n g 75 p e r c e n t o f e x p e c t e d l i f e a r e s i g n i f i c a n t a t 
Ρ < 0 . 1 0 . 

r a d i o t r a c k i n g as a t o o l i n e c o l o g i c a l r e s e a r c h . Our s u g g e s t i o n i s t h a t t h i s has 
been l e s s s a t i s f y i n g thus f a r than m i g h t have been e x p e c t e d , not so much b e c a u s e o f 
d e f i c i e n c i e s i n the equ ipment , b u t b e c a u s e o f how the t e c h n i q u e has o f t e n been 
employed. 
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now i n the m a r k e t , r a d i o t r a c k i n g equipment i s e a s i e r to o b t a i n t h a n b e f o r e , and 
r e p l a c e m e n t s and r e p a i r s a t s h o r t n o t i c e a r e e a s i e r t o a r r a n g e . As j u d g e d by t h e 
l i t t l e p u b l i s h e d e v i d e n c e t o t h e c o n t r a r y , e f f e c t s on the a n i m a l s h a v e been l e s s 
p r o b l e m a t i c than once f e a r e d . I t i s s u r p r i s i n g , however , t h a t so few p u b l i s h e d 
s t u d i e s i n v o l v i n g r a d i o t r a c k i n g have i n c l u d e d e v i d e n c e s u c h as t h a t p r o v i d e d by 
L e u z e (1980, t h i s volume) and Smith (1980, t h i s v o l u m e ) . A d m i t t e d l y , t e s t i n g may 
be d i f f i c u l t when r a d i o t r a c k i n g i s the o n l y e f f e c t i v e way o f g e t t i n g the i n f o r m a 
t i o n , b u t t h i s does n o t a b s o l v e t h e b a s i c need t o any r e s e a r c h p r o j e c t , t o e n s u r e 
t h a t the t e c h n i q u e g i v e s u n b i a s e d r e s u l t s . 

Of the c o n s i d e r a t i o n i n v i , the f o l l o w i n g i s perhaps the most s i g n i f i c a n t . Even 
when c a t c h i n g and r a d i o marking pose no p r a c t i c a l d i f f i c u l t i e s , one p e r s o n u s i n g 
a p o r t a b l e r e c e i v e r ( the most common s i t u a t i o n ) can se ldom t r a c k more t h a n 10-12 
an imal s a t f r e q u e n t i n t e r v a l s , and s t i l l have t ime f o r o t h e r k i n d s o f f i e l d w o r k . 
With a l l h i s t ime and e f f o r t committed t o t h i s one method, the s u c c e s s o f h i s s t u d y 
may depend e n t i r e l y on the d a t a w h i c h r a d i o t r a c k i n g can g i v e n h i m . A c c i d e n t s , 
p r e d a t i o n , and t r a n s m i t t e r f a i l u r e may reduce h i s a l r e a d y s m a l l sample enough to 
l e a v e him w i t h d i f f i c u l t i e s i n s t a t i s t i c a l a n a l y s i s , or he may h a v e to r e s t r i c t the 
scope o f h i s s t u d y — p e r h a p s b o t h . Two p o s s i b l e t a c t i c s a r e t o i n c r e a s e the number 
o f f i e l d s t a f f , or to r e s o r t to automated equipment ( C o c h r a n , Warner and T e s t e r , 
1964) , b u t t h e s e i n c r e a s e the s t u d y ' s c o s t s , Brander and C o c h r a n (1971) r i g h t l y 
s t r e s s c o s t - e f f e c t i v e n e s s as a p r i m a r y r e q u i s i t e f o r r a d i o t r a c k i n g s t u d i e s . C o s t 
and l o g i s t i c s may p a r t l y e x p l a i n why so many t e l e m e t r y b a s e d s t u d i e s have been c o n 
f i n e d to the movements, h a b i t a t s e l e c t i o n , or home r a n g e o f a few i n d i v i d u a l s f o r 
which l a r g e amounts o f i n f o r m a t i o n can be o b t a i n e d e a s i l y . We s u g g e s t , however , 
t h a t t h i s i s n o t the comple te e x p l a n a t i o n . 

RADIO TRACKING'S UNFULFILLED POTENTIAL 
I n one b i b l i o g r a p h y o f r a d i o t r a c k i n g d u r i n g t h e t e c h n i q u e ' s f i r s t decade i n e c o l o g y 
( S c h l a d w e i l e r and B a l l , 1968) , more t h a n t h r e e - q u a r t e r s o f the e n t r i e s appear t o 
have c o n c e r n e d s t u d i e s p r i m a r i l y on a c t i v i t y or movements ( T a b l e 2 ) . I f s t u d i e s 
o f t h i s k i n d a r e so common i n the l i t e r a t u r e , a p r o s p e c t i v e u s e r o f r a d i o t r a c k i n g 

T a b l e 2 . 
Types of s t u d i e s b a s e d on r a d i o t r a c k i n g , d u r i n g t h e p e r i o d 

up t o 1968"^ 

N o . 

T o t a l number o f s t u d i e s b a s e d on r a d i o t r a c k i n g ^ 71 

Movements o r a c t i v i t y as the s u b j e c t ^ 53 

O t h e r types o f b e h a v i o r as t h e s u b j e c t 4 

B r e e d i n g or m o r t a l i t y as the s u b j e c t 7 

G e n e r a l e c o l o g i c a l s t u d i e s 7 

^Data from p a r t I o f S c h l a d w e i l e r and B a l l ( 1 9 6 8 ) . 
^As i n f e r r e d from s t u d y t i t l e , e x c l u d i n g p a p e r s on t e l e m e t r y 

sys tems d e v e l o p m e n t , m i g r a t i o n and n a v i g a t i o n . 
^Combined t o t a l f o r s t u d i e s on home r a n g e , h a b i t a t u s e , and 

movement and a c t i v i t y p a t t e r n s . 
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might be f o r g i v e n f o r t h i n k i n g t h a t they were the t e c h n i q u e ' s most i m p o r t a n t a p p l i 
c a t i o n . But a c t i v i t y and movements are j u s t two r e l a t i v e l y s i m p l e k i n d s o f i n f o r 
m a t i o n w h i c h can be d e r i v e d from r a d i o t r a c k i n g , and s h o u l d not be c o n f u s e d w i t h i t s 
e s s e n t i a l f u n c t i o n w h i c h i s m e r e l y t o r e l o c a t e a n i m a l s e f f i c i e n t l y . A c c o r d i n g l y , 
the t e c h n i q u e ' s p o t e n t i a l u s e f u l n e s s i s l i m i t e d l e s s by i t s per formance t h a n by the 
type of r e s e a r c h q u e s t i o n t h a t i s a s k e d . R a d i o l o c a t i o n o f f e r s a means o f making 
many k i n d s o f o b s e r v a t i o n s more e f f i c i e n t l y , and s h o u l d n o t be j u s t an end i n i t s e l f 
(Macdonald , 1 9 7 8 ) . F u r t h e r m o r e , w h i l e a i d i n g o t h e r o b s e r v a t i o n s , r a d i o t r a c k i n g 
p r o v i d e s d a t a on l o c a t i o n s and movement as an i n c i d e n t a l bonus anyway. 

Some v a r i e d t o p i c s f o r which r a d i o t r a c k i n g can be used t o a d v a n t a g e a r e : (a) S u r 
v i v a l s t u d i e s o f s e c r e t i v e a n i m a l s (Cook et al,y 1967); (b) f i n d i n g a n i m a l s a t 
s p e c i f i c t i m e s , such as f e e d i n g p e r i o d s ( R ö b e l , 1969a) ; ( c ) l o n g t e r m s t u d i e s o f , 
f o r example , growth o r s o c i a l b e h a v i o r ( L a n c e , 1978); (d) f i n d i n g a n i m a l s a t s u c c e s 
s i v e phases o f t h e i r p e r f o r m a n c e , i n o r d e r t o compare the p h a s e s ( L a n c e , 1978) ; 
(e) comparing movements o r a c t i v i t y w i t h any o f a -d ( R ö b e l , 1969b; Newton and 
M a r q u i s s , i n p r e s s ) ; ( f ) compar i son o f i n d i v i d u a l d i f f e r e n c e s w i t h c o n s p e c i f i c s 
( L a n c e , 1978) . 

S i n c e r a d i o t r a c k i n g i s done w i t h i n d i v i d u a l a n i m a l s , i t i s w e l l s u i t e d t o the s t u d y 
o f d i f f e r e n c e s between i n d i v i d u a l s . D i f f e r e n c e s i n i n d i v i d u a l p e r f o r m a n c e have 
been r a t h e r n e g l e c t e d by e c o l o g i s t s g e n e r a l l y , and not j u s t by t h o s e who use r a d i o 
t r a c k i n g . Oppos ing a s sumpt ions about the s t a t u s o f d i f f e r e n t i n d i v i d u a l s i n a 
p o p u l a t i o n h a v e b e e n i m p l i c i t i n t h e r i v a l v i e w s o f some p o p u l a t i o n e c o l o g i s t s f o r 
many y e a r s . Do d i f f e r e n c e s amongst t h e i n d i v i d u a l members d e t e r m i n e t h e i r p o p u l a 
t i o n ' s p e r f o r m a n c e , or i s i n d i v i d u a l per formance no more t h a n a random sample o f 
the p o p u l a t i o n ' s p e r f o r m a n c e ? T h i s i s a q u e s t i o n r e q u i r i n g t h e s t u d y o f i n d i v i d u a l s 
i n d e p t h , a v i r t u a l l y i m p o s s i b l e t a s k i f i t i s d i f f i c u l t t o keep i n t o u c h w i t h them. 
R a d i o t r a c k i n g o f f e r s one o f t h e b e s t means a v a i l a b l e f o r d o i n g s o . S t a t i s t i c a l 
o b s t a c l e s may o c c u r (Dunn and G i p s o n , 1977; Macdona ld et al,y 1980, t h i s vo lume; 
V o i g t and T i n l i n e , 1979, t h i s v o l u m e ) , b u t t h e s e are not s u f f i c i e n t r e a s o n f o r 
i g n o r i n g the q u e s t i o n . I f they are a n t i c i p a t e d a t the o u t s e t , a t l e a s t some s t a t i s 
t i c a l d i f f i c u l t i e s c a n be reduced by s t r a t i f i e d s a m p l i n g , or by m a n i p u l a t i n g i n d i 
v i d u a l s ' per formance i n an e x p e r i m e n t . 

R a d i o t r a c k i n g used i n the f o r e g o i n g ways would c o n t r a s t s h a r p l y w i t h the t e m p t a t i o n t o 
use i t i n d i s c r i m i n a t e l y ; e . g . w i t h r a d i o s f i t t e d u n s e l e c t i v e l y and i n f o r m a t i o n m e r e l y 
g a t h e r e d ad hoc. As the i n t e r p r e t a t i o n o f ad hoc d a t a must a l s o be ad hoOy such a 
use o f r a d i o t r a c k i n g i s u n s c i e n t i f i c . 

RADIO TRACKING IN THE FUTURE 
D u r i n g i t s growing p o p u l a r i t y i n r e c e n t y e a r s , r a d i o t r a c k i n g equipment h a s been 
made s m a l l e r , c h e a p e r , more d e p e n d a b l e , and more e f f i c i e n t . M i c r o c i r c u i t t e c h n o l o g y 
may b r i n g f u r t h e r improvements o f t h i s k i n d , and the use o f s a t e l l i t e s , s o l a r powered 
t r a n s m i t t e r s , and c o m p u t e r i z e d r e c e i v e r s may become more p r a c t i c a b l e t h a n a t p r e s e n t . 
S o p h i s t i c a t i o n s l i k e t h e s e may make r a d i o t r a c k i n g more e f f i c i e n t as a r e s e a r c h 
t o o l , and perhaps more p r e s t i g i o u s t o the u s e r , b u t we do n o t b e l i e v e t h a t they 
w i l l make i t more e f f e c t i v e to e c o l o g y . To f u l f i l i t s r e a l p o t e n t i a l , t h e t e c h n i q u e 
must be a p p l i e d more o f t e n t o t h e more i m p o r t a n t problems o f e c o l o g y , and l e s s o f t e n 
to t h o s e w h i c h m e r e l y c a p i t a l i z e on the t e c h n i q u e ' s c o n v e n i e n c e . Many o f the s t u d i e s 
r e p o r t e d e l s e w h e r e i n t h i s volume p r o v i d e good examples o f the way a h e a d . 

Aokncwledgements — The N a t i o n a l R e s e a r c h C o u n c i l o f C a n a d a , the N a t u r a l Env ironment 
R e s e a r c h C o u n c i l i n B r i t a i n , and the F o r e s t and W i l d l i f e S e r v i c e i n the R e p u b l i c o f 
I r e l a n d gave g r a n t s f o r the r a d i o t r a c k i n g equipment used i n T a b l e 1. We thank 
D r . I a n Newton f o r u s e f u l d i s c u s s i o n . 
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Abstvaet — R a d i o t r a c k i n g was used as t h e main t e c h n i q u e i n a 
s t u d y o f d i s p e r s i o n and s o c i a l o r g a n i z a t i o n o f the w a t e r v o l e , 
and the c a s u a l mechanisms r e l a t i n g t h e s e p a r a m e t e r s . 217 w a t e r 
v o l e s were r a d i o t r a c k e d , f o r a t l e a s t 2 months e a c h , i n c l u d i n g 
87 j u v e n i l e s f o r a t l e a s t 7 months e a c h , and 40 a d u l t s f o r a t 
l e a s t 12 months e a c h . A s i m p l e , low c o s t , and home made t r a c k i n g 
s y s t e m i s d e s c r i b e d . The l i n e a r movements o f w a t e r v o l e s a l o n g 
t h e edges o f waterways p e r m i t t e d s i g n a l i n t e n s i t y a l o n e t o be 
used f o r l o c a t i o n . The e f f e c t o f t h e r a d i o c o l l a r on r a d i o t a g g e d 
i n d i v i d u a l s was measured i n t h e f i e l d by d i r e c t o b s e r v a t i o n . 
Per formance i n f i v e p a r a m e t e r s was compared b e f o r e and a f t e r t h e 
a t t a c h m e n t o f t h e c o l l a r : a c t i v i t y above ground was r e d u c e d f o r 
24 h b u t t h e r e a f t e r was n o r m a l . R a n g e , t e r r i t o r y s i z e , s o c i a l 
s t a t u s , r e p r o d u c t i v e s u c c e s s i n f e m a l e s , and b o d y w e i g h t i n 
j u v e n i l e s and a d u l t males were u n a f f e c t e d . R a d i o t r a c k i n g was 
used t o measure d i s p e r s i o n and n e a r e s t n e i g h b o r d i s t a n c e s . A 
most i m p o r t a n t a s p e c t o f the t e c h n i q u e was t h a t i t p e r m i t t e d 
f i e l d e x p e r i m e n t s o f a c o m p l e x i t y comparable t o l a b o r a t o r y 
a p p r o a c h e s . 

INTRODUCTION 
I n the p r e s e n t paper I s h a l l d e s c r i b e the l o g i s t i c s o f t h e r a d i o t r a c k i n g t e c h n i q u e 
used t o s t u d y d i s p e r s i o n and s o c i a l o r g a n i z a t i o n and t h e c a s u a l mechanisms r e l a t i n g 
t h e s e two p a r a m e t e r s . I w i l l b r i e f l y d e s c r i b e f i r s t l y , the r a d i o c o l l a r and A s h w e l l ' s 
c i r c u i t , s e c o n d l y , the e f f e c t o f t h i s c o l l a r on f i v e p a r a m e t e r s o f t h e i n d i v i d u a l ' s 
per formance r e l e v a n t t o t h e s c i e n t i f i c aims o f t h i s s t u d y a n d , t h i r d l y , how I a p p l i e d 
the t e c h n i q u e i n t h e f i e l d and sampled r a d i o l o c a t i o n s . The r e s u l t s o f the main 
s t u d y w i l l n o t be d e a l t w i t h , b u t r a t h e r how t h e l o g i s t i c s were d e v e l o p e d i n r e l a 
t i o n to t h e q u e s t i o n s asked w i l l be d i s c u s s e d . 

RADIO TRACKING TECHNIQUES 
The low c o s t and e a s i l y home made r a d i o c o l l a r i s b a s e d on a s i m p l e o s c i l l a t o r c i r c u i t 
w i t h o u t c r y s t a l c o n t r o l o f i t s f r e q u e n c y ( A s h w e l l - T r a n s m i t t e r , F i g . l a ) , I t had a 
band w i d t h o f 3 MHz and t r a n s m i t t e d on the commerc ia l VHF band (88-168 MHz Bambino 
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C h a l l e n g e r ) . V a r y i n g the f r e q u e n c y o u t p u t and c l i c k r a t e a l l o w e d me t o o p e r a t e , on 
a v e r a g e , 43 t r a n s m i t t e r s c o n c u r r e n t l y w i t h i n the same a r e a . To d e s c r i b e p o p u l a t i o n 
d i s p e r s i o n o f s m a l l mammals i t was an e s s e n t i a l r e q u i r e m e n t t h a t many t r a n s m i t t e r s 
be o p e r a t e d c o n c u r r e n t l y . The c o i l a n t e n n a o f the t r a n s m i t t e r ( F i g . l b ) p r o v i d e d 
good v e r t i c a l p o l a r i z a t i o n which improved r e c e p t i o n o f the s i g n a l i n dense v e g e t a 
t i o n , a t the expense o f s i g n a l r a n g e (max imal ly 180 m ) . 

col lec tor 

F i g . l a . A s h w e l l t r a n s m i t t e r c i r c u i t . (TC) Tuning c a p a c i t o r 
(5-39 p F ) , (R) r e s i s t o r (220-330 k f i ) , ( C j ) c a p a c i t o r 
(1000 p F ) , (C2) c a p a c i t o r ( c l i c k r a t e c o n t r o l t o g e t h e r 

w i t h r e s i s t o r , 0 . 4 7 - 4 . 7 y F ) , (T) T r a n s i s t o r , NFN, 
ZTX 320, (A) antenna ( see F i g . l b ) , (B) 2 g M a l l o r y 
B a t t e r y ( 1 . 5 V ; due t o l e a k a g e u s u a l l y 1.35 V ) . 

F i g . l b . Diagram o f the w i n d i n g s o f the c o i l a n t e n n a o f the 
t r a n s m i t t e r . ( I R ) I r o n r e s i n compound c y l i n d e r , (CL) 
c e n t e r l e a d (286 enamel c o a t e d w i r e ) , (OL) o u t e r l e a d . 

To as semble the c i r c u i t , I g l u e d the a n t e n n a , C2, and the t r a n s i s t o r i n a row on 
the c o l l a r ( p l a s t i c c a b l e t i e w i t h a n o n r e l e a s e r a t c h e t ) . The r e m a i n i n g components 
were p o s i t i o n e d i n t h e r e s u l t i n g gaps and were h e l d by t h e i r s o l d e r j o i n t s . The 
b a t t e r y (2 g M a l l o r y , f i e l d l i f e 23 days ) was g l u e d t o one end o f the row to p e r m i t 
e a s y e x c h a n g e and was c o n n e c t e d w i t h c o n d u c t i v e e p o x y . I e n c a s e d the u n i t i n s e v e r a l 
t h i n l a y e r s o f s i l i c o n e r u b b e r ( ' B a t h t u b C a u l k ' ) . The t o t a l w e i g h t was 5 . 6 - 6 . 1 g , 
b e i n g m a x i m a l l y 6 p e r c e n t and on t h e a v e r a g e 3 p e r c e n t , o f t h e b o d y w e i g h t o f the 
w a t e r v o l e s . 

S i n c e w a t e r v o l e s move i n l i n e a r r a n g e s a l o n g t h e banks o f w a t e r w a y s , I c o u l d u s e 
the i n t e n s i t y o f the s i g n a l f o r i t s l o c a t i o n . The s i g n a l i n t e n s i t y dropped d r a s t i 
c a l l y about 2 m from i t s s o u r c e and t h e l o c a t i o n e r r o r was w i t h i n 1 m. The a n t e n n a 
p r o v i d e d w i t h t h e commerc ia l r e c e i v e r was s u f f i c i e n t f o r my p u r p o s e s , A d e t a i l e d 
manual f o r t h e c o n s t r u c t i o n o f t h e u n i t i s a v a i l a b l e on r e q u e s t . 
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THE EFFECT OF THE RADIO COLLAR ON WATER VOLES 
INTRODUCTION 

An a s se s sment o f t h e e f f e c t o f the t e c h n i q u e on the p a r a m e t e r s t o be s t u d i e d i s 
v e r y r a r e l y g i v e n . T e s t e r (1971) found no p u b l i s h e d r e p o r t s on s m a l l mammals, b u t 
n o t e d ' a b n o r m a l ' b e h a v i o r f o r 2 days a f t e r a t t a c h m e n t . Hamely and F a l l s (1975) 
showed t h a t the a c t i v i t y o f Microtus was r e d u c e d f o r up t o 10 days a f t e r a t t a c h m e n t . 
I have measured t h e impact o f the r a d i o c o l l a r on the i n d i v i d u a l ' s p e r f o r m a n c e i n 
f i v e p a r a m e t e r s . 

MATERIAL AND METHODS 
The measurement o f t h e e f f e c t o f the r a d i o c o l l a r was b a s e d on the compar i son o f 
i n d i v i d u a l s i n t h e f i e l d marked f o r i d e n t i f i c a t i o n p r i o r t o r a d i o t r a c k i n g by f u r 
c l i p p i n g . T h e i r b e h a v i o r was measured b e f o r e and a f t e r the a t t a c h m e n t o f t h e c o l l a r . 
S i n c e r a d i o p a c k a g e s make i n d i v i d u a l s more o b v i o u s than does f u r c l i p p i n g , I have 
a l s o t e s t e d t h e p a r a m e t e r s d e s c r i b e d be low i n i n d i v i d u a l s w e a r i n g c o l o r coded c o l l a r s 
( 0 . 3 g ) . These were as v i s i b l e as r a d i o p a c k a g e s and I have found no o b s e r v e r b i a s 
between t h e f u r c l i p p e d and c o l o r t a g g e d a n i m a l s . The p a r a m e t e r s s e l e c t e d f o r the 
a s se s sment were c r u c i a l t o the a n a l y s i s o f t h e b e h a v i o r a l e c o l o g y o f t h i s s p e c i e s . 
They were a l s o chosen t o be r e p r e s e n t a t i v e o f t h e e f f e c t s on: f i r s t l y , s h o r t and 
longterm a c t i v i t y ( a c t i v i t y above g r o u n d , r a n g e and t e r r i t o r y s i z e o v e r two m o n t h s ) , 
s e c o n d l y , on p h y s i o l o g i c a l c a p a b i l i t y ( r e p r o d u c t i v e s u c c e s s i n a d u l t f e m a l e s , b o d y -
w e i g h t i n a d u l t m a l e s and j u v e n i l e s ) and t h i r d l y , on s o c i a l s t a t u s ( i n t e r a c t i o n s 
won and l o s t when c a r r y i n g and n o t c a r r y i n g a c o l l a r ) . F o r the f i e l d t e c h n i q u e s 
used t o measure t h e s e p a r a m e t e r s see L e u z e (1976) . 

RESULTS 
SHORT AND LONGTERM A C T I V I T Y 

The a c t i v i t y shown above ground by 16 f u r c l i p p e d w a t e r v o l e s was r e d u c e d f o r 24 h 
a f t e r t h e a t t a c h m e n t o f the r a d i o c o l l a r ( F i g . 2 ) , b u t was t h e r e a f t e r the same as 
b e f o r e a t t a c h m e n t . I have lumped the r e s u l t s f o r t h e f o u r s e x and age c l a s s e s 
b e c a u s e d i f f e r e n c e s between i n d i v i d u a l s were g r e a t e r t h a n between c l a s s e s . 

T e r r i t o r y s i z e p e r 2 months i n 14 a d u l t f e m a l e s was s i m i l a r when c a r r y i n g (241.7 m, 
SD 59 .5 ) and n o t c a r r y i n g a t r a n s m i t t e r (243 .6 m, SD 5 7 . 9 ) (Mann-Whitney U - T e s t : 
U = 104, Ρ > 0 . 0 5 ) . The same r e s u l t was o b t a i n e d f o r range s i z e s i n a d u l t males 
and j u v e n i l e f e m a l e s . C o r r e s p o n d i n g r e s u l t s from j u v e n i l e ma le s a r e l a c k i n g s i n c e 
t h e i r l o n g d i s t a n c e movements n e c e s s i t a t e d c o n t i n u o u s r a d i o t r a c k i n g . 

PHYSIOLOGICAL CAPABILITY 

R e p r o d u c t i v e s u c c e s s i n f u r c l i p p e d a d u l t f e m a l e s , when c a r r y i n g and n o t c a r r y i n g a 
r a d i o c o l l a r over the whole o f the g e s t a t i o n and l a c t a t i o n p e r i o d (35 d a y s , L e u z e , 
1976) , was measured i n number o f w e a n l i n g s f i r s t s e e n w i t h e a c h a d u l t f e m a l e ( L e u z e , 
1976 ) . Females c a r r y i n g a c o l l a r produced 7 .03 w e a n l i n g s (SD 1 .26 , η = 24) and 
t h o s e not c a r r y i n g a c o l l a r produce 7 .42 (SD 1 .68 , η = 1 3 ) . R e p r o d u c t i v e s u c c e s s 
thus d i d n o t d i f f e r s i g n i f i c a n t l y between t h e s e c a t e g o r i e s (Mann-Whitney U - T e s t : 
U = 155, ζ = 0 . 0 3 2 , Ρ = 0 . 4 9 ) . 

Changes i n body w e i g h t (± g ) o v e r one month d i d not d i f f e r s i g n i f i c a n t l y be tween 
an imal s w i t h c o l l a r s and those w i t h o u t i n a d u l t ma le s (Mann-Whitney U - T e s t : U = 105, 
Ρ > 0 . 0 5 ) , i n j u v e n i l e m a l e s (U = 56 , Ρ > 0 . 0 5 ) and i n j u v e n i l e f e m a l e s (U = 58 , 
Ρ > 0 . 0 5 ) . 
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F i g . 2 . The a c t i v i t y shown above ground by 16 w a t e r v o l e s 
b e f o r e and a f t e r the a t t a c h m e n t o f the r a d i o c o l l a r 
r e c o r d e d t h r o u g h o u t by d i r e c t o b s e r v a t i o n . (TR) 
T r a p p i n g ( w i t h i n 4 h ) and a t t a c h m e n t o f c o l l a r . 

SOCIAL STATUS 

F o r t h e a n a l y s i s o f the impact o f the r a d i o c o l l a r on s o c i a l s t a t u s I s e l e c t e d 7 
p a i r s o f a d u l t f e m a l e s i n w h i c h the members were o f e q u a l s o c i a l s t a t u s and not 
w e a r i n g a r a d i o c o l l a r . A f t e r a t t a c h m e n t o f a r a d i o c o l l a r t o one member o f the 
p a i r I observed whether o r not e q u a l i t y was m a i n t a i n e d i n a l l p a i r s . I h a v e s e l e c t e d 
p a i r s o f f e m a l e s w i t h e q u a l s t a t u s s i n c e i t must be e x p e c t e d t h a t o b s e r v a b l e changes 
due to the impac t o f the c o l l a r would be more d i f f i c u l t to d e t e c t i n f e m a l e s o f 
g r e a t l y d i f f e r e n t s o c i a l s t a t u s . W i t h i n a l l 7 p a i r s e q u a l i t y was m a i n t a i n e d a f t e r 
the a t t a c h m e n t o f t h e c o l l a r t o one i n d i v i d u a l . The same r e s u l t s were o b t a i n e d f o r 
a d u l t males and j u v e n i l e f e m a l e s . A c o r r e s p o n d i n g a n a l y s i s was i m p o s s i b l e f o r 
j u v e n i l e ma le s b e c a u s e t h e y were never s een t o b e i n v o l v e d i n a g o n i s t i c i n t e r a c t i o n s . 

DISCUSSION 
None of the parameters measured g a v e i n d i c a t i o n s o f l o n g t e r m d e b i l i t a t i n g e f f e c t s 
o f the r a d i o c o l l a r on t h e a n i m a l c a r r y i n g i t . A l t h o u g h the a c t i v i t y shown above 
ground was s i g n i f i c a n t l y reduced f o r the f i r s t 24 h a f t e r the a t t a c h m e n t o f the 
c o l l a r , the a c t i v i t y l e v e l s were normal w i t h i n 48 h . T h i s i n d i c a t e s t h a t no l o n g -
term a d j u s t m e n t was needed f o r normal a c t i v i t y to p r o c e e d . R e p r o d u c t i v e s u c c e s s , 
range and t e r r i t o r y s i z e , body w e i g h t and s o c i a l s t a t u s were u n a f f e c t e d by t h i s 
t e c h n i q u e . These f a v o r a b l e r e s u l t s , i n compar i son to Hamley and F a l l s * ( 1 9 7 5 ) , may 
be due t o t h e s m a l l r e l a t i v e s i z e o f the r a d i o c o l l a r . The o n l y a b e r r a n t b e h a v i o r I 
n o t i c e d was t h e p u s h i n g o f t h e c o l l a r around the neck so t h a t t h e r a d i o l a y on the 
b a c k o f t h e n e c k . 
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THE APPLICATION OF RADIO TRACKING 
MEASUREMENT OF D I S P E R S I O N AND D I S P E R S A L 

To r e v e a l range s i z e and l o c a t i o n i n t h o s e i n d i v i d u a l s w h i c h m a i n t a i n e d a s t a b l e 
month ly range I used d i s c o n t i n u o u s r a d i o t r a c k i n g , w i t h e q u a l t r a c k i n g t i m e s s p e n t 
i n each 10 m i n t e r v a l o f waterway , u n t i l the i n c r e a s e o f r a n g e s i z e w i t h i n c r e a s i n g 
t r a c k i n g t ime had l e v e l l e d o f f (Odum and K u e n z l e r , 1 9 5 5 ) . R a d i o l o c a t i o n s were 
p l o t t e d on l a r g e s c a l e maps . 

D i s p e r s i n g j u v e n i l e f e m a l e s swam 3-4 t imes as much as r e s i d e n t ones and moved, 
u s u a l l y w i t h o u t i n t e r r u p t i o n , u n t i l they e n t e r e d m a r g i n a l u n o c c u p i e d h a b i t a t . I 
f o l l o w e d d i s p e r s i n g j u v e n i l e f e m a l e s c o n t i n u o u s l y by r a d i o t r a c k i n g from a canoe a t 
a d i s t a n c e o f about 100 m. P r e d a t o r y a t t a c k s by h e r o n s , Ardea cinerea^ b a r n o w l s , 
Tyto alhUy and p i k e , Esox luoiuSy were o b s e r v e d f r e q u e n t l y w h i l e f o l l o w i n g t h e s e 
f e m a l e s and about 50 p e r c e n t o f a l l d i s p e r s i n g f e m a l e s were p r e y e d u p o n . The m a x i 
mum d i s t a n c e moved by t h e s e f e m a l e s up t o the p o i n t o f p r e d a t o r c o n t a c t was 1257 m, 
c a l c u l a t e d from t h e c e n t e r o f the p r e v i o u s home r a n g e . R e s i d e n t j u v e n i l e f e m a l e s , 
w e a r i n g t h e same r a d i o c o l l a r s as d i s p e r s i n g o n e s , had 86x l e s s chance o f b e i n g 
preyed upon . I n c o n t r a s t , d i s p e r s i n g j u v e n i l e males moved s l o w l y , s p e n d i n g days 
w i t h d i f f e r e n t m o t h e r / d a u g h t e r groups and t h e r a d i o t r a c k i n g o f t h e i r movement was 
b a s i c a l l y as f o r r e s i d e n t s . 

I r e q u i r e d , on a v e r a g e , 62 .4 h o f r a d i o t r a c k i n g per month t o r e v e a l 87 r a n g e s . 
Dur ing t h e s t u d y I r a d i o t r a c k e d 217 i n d i v i d u a l s e a c h f o r a t l e a s t 2 m o n t h s , i n c l u d 
i n g 87 j u v e n i l e s f o r a t l e a s t 7 m o n t h s , and 40 a d u l t s f o r a t l e a s t 12 m o n t h s . 

NEAREST NEIGHBOR DISTANCES 

I n a d u l t m a l e s , whose r a n g e s o v e r l a p p e d c o m p l e t e l y , I employed n e a r e s t n e i g h b o r 
t e c h n i q u e s t o a n a l y z e s p a c i n g . The t e c h n i q u e r e q u i r e d t h a t a l l a d u l t m a l e s were 
r a d i o t a g g e d and t h a t r a d i o l o c a t i o n s were t a k e n w i t h i n the s h o r t e s t p o s s i b l e t ime 
span (on a v e r a g e 6 min between n e a r e s t n e i g h b o r s ) . The o b s e r v e d d i s t r i b u t i o n o f 
n e a r e s t n e i g h b o r d i s t a n c e s was compared t o e x p e c t e d d i s t r i b u t i o n s c a l c u l a t e d from 
computer s i m u l a t i o n s . The s t a t i s t i c a l c o m p a r i s o n between o b s e r v e d and e x p e c t e d 
n e a r e s t n e i g h b o r d i s t a n c e s showed t h a t f o r t h e g r e a t e s t p a r t o f each month , a d u l t 
males s p a c e d t h e m s e l v e s ou t w i t h i n t h e i r o v e r l a p p i n g r a n g e s . F i e l d e x p e r i m e n t s were 
used t o de termine the mechanism o f t h i s s p a c i n g . 

EXPERIMENTAL APPROACHES 

One o f t h e s e e x p e r i m e n t s , f o r e x a m p l e , i n v o l v e d the a l t e r a t i o n o f s c e n t f i e l d s a l o n g 
t h e run sys tem o f a d u l t males and the measurement o f r e s p o n s e s o f the males to t h e 
a l t e r e d s c e n t f i e l d s . Such complex f i e l d e x p e r i m e n t s were o n l y f e a s i b l e when the 
t e s t i n d i v i d u a l and a l l i t s n e i g h b o r s were r a d i o t a g g e d . The t e c h n i c a l problems 
i n v o l v e d i n g u a r a n t e e i n g s t a n d a r d i z e d f i e l d e x p e r i m e n t s o f the above k i n d a r e immense: 
the t ime t h a t s c e n t f i e l d s were e x p o s e d t o the a i r b e f o r e b e i n g c o n t a c t e d by t h e 
t e s t i n d i v i d u a l had t o be the same between e x p e r i m e n t s and the t e s t an imal had to 
be the f i r s t t o e n t e r the e x p e r i m e n t a l s i t e . With the h e l p o f r a d i o t r a c k i n g I 
c o u l d m o n i t o r l o c a t i o n and movements o f the t e s t a n i m a l and i t s n e i g h b o r s p r i o r to 
the e x p e r i m e n t . T h u s , r a d i o t r a c k i n g c a n p e r m i t f i e l d workers t o c o n d u c t e x p e r i m e n t s 
comparable i n c o m p l e x i t y t o l a b o r a t o r y a p p r o a c h e s . 

Aokncwledgements - I am g r e a t l y i n d e b t e d t o the l a t e Gordon A s h w e l l who d e s i g n e d 
the t r a n s m i t t e r c i r c u i t . D r . I a n J . P a t t e r s o n c a r r i e d out the computer s i m u l a t i o n s . 
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read the m a n u s c r i p t and p r o v i d e d i n v a l u a b l e c r i t i c i s m , M r . R . E l l i o t t and M r . C , 
Hancock are g r a t e f u l l y acknowledged f o r c o r r e c t i n g the E n g l i s h i n p a r t s o f the manu
s c r i p t . The s t u d y was s u p p o r t e d by g r a n t s from the D r . C . D u l s b e r g S t i f t u n g , 
D e u t s c h e r Akademischer A u s t a u s c h d i e n s t , and t h e M a i n z e r Akademie f ü r W i s s e n s c h a f t e n 
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Abstract — The e f f e c t o f an i n t r a p e r i t o n e a l t r a n s m i t t e r i m p l a n t 
on the r a t e s of g r o w t h , r e p r o d u c t i o n and s u r v i v a l o f Peromyscus 
leucopus was s t u d i e d . Growth was measured i n weaned j u v e n i l e s 
f o r 21 days f o l l o w i n g i m p l a n t a t i o n . Observed growth r a t e s 
b a s e d on a v e r a g e d a i l y w e i g h t g a i n (g) p e r 24 hours were 0 . 3 2 
and 0 .31 f o r i m p l a n t e d and c o n t r o l mice r e s p e c t i v e l y . R e p r o 
d u c t i v e per formance o f f e m a l e s i n a w i l d p o p u l a t i o n was b a s e d 
on t h e i r o b s e r v e d b r e e d i n g c o n d i t i o n d u r i n g c e n s u s i n g and the 
number and s i z e o f l i t t e r s found i n n e s t b o x e s . Of the i m p l a n t e d 
f e m a l e s 37 p e r c e n t produced l i t t e r s compared to 33 p e r c e n t f o r 
c o n t r o l s . L i t t e r s i z e a v e r a g e d 4 . 3 and 5 . 0 r e s p e c t i v e l y f o r 
i m p l a n t e d and c o n t r o l m i c e . N e i t h e r o f t h e s e d i f f e r e n c e s was 
s i g n i f i c a n t . S u r v i v a l r a t e s were de termined f o r j u v e n i l e s , 
s u b - a d u l t s , and a d u l t s i n a w i l d p o p u l a t i o n . No s i g n i f i c a n t 
d i f f e r e n c e s were found i n month ly d i s a p p e a r a n c e or o v e r w i n t e r i n g 
s u r v i v a l between i m p l a n t e d and c o n t r o l m i c e f o r any age or 
s e x c a t e g o r y . T h i s s t u d y f a i l e d t o r e v e a l any d e l e t e r i o u s 
e f f e c t s caused by i n t r a p e r i t o n e a l i m p l a n t a t i o n and i t was c o n 
c l u d e d t h a t i m p l a n t e d m i c e behaved n o r m a l l y . 

INTRODUCTION 
B i o t e l e m e t r y t e c h n o l o g y and a p p l i c a t i o n have i n c r e a s e d s i g n i f i c a n t l y d u r i n g the p a s t 
d e c a d e . D e s p i t e w i d e s p r e a d u s e o f t e l e m e t r y t o s t u d y a v a r i e t y o f w i l d a n i m a l s under 
n a t u r a l c o n d i t i o n s i t remains u n c e r t a i n as t o whether r a d i o t a g g e d a n i m a l s behave 
n o r m a l l y . I t has been g e n e r a l l y assumed t h a t p l a c e m e n t o f a t r a n s m i t t e r i n or on 
the an imal does not c a u s e s i g n i f i c a n t b e h a v i o r a l or p h y s i o l o g i c a l change (Rawson and 
H a r t l i n e , 1964; M a r t e n , 1972; C o r n e r and P e a r s o n , 1972 ) . T e s t e r (1971) found no p u b 
l i s h e d r e p o r t s o f a d v e r s e b e h a v i o r a l e f f e c t s i n mammals b u t warned t h a t b o t h s h o r t 
and l o n g term e f f e c t s s h o u l d be a n t i c i p a t e d . Reduced a c t i v i t y i n r a d i o t a g g e d v o l e s 
{Microbus pennsylvanicus) was r e p o r t e d by Hamley and F a l l s (1975) whereas M a d i s o n (1978) , 

*The use o f t r a d e , f i r m , or c o r p o r a t i o n names i n t h i s p u b l i c a t i o n i s f o r the c o n v e n i 
ence and i n f o r m a t i o n o f t h e r e a d e r . Such use does not c o n s t i t u t e an o f f i c i a l e n d o r s e 
ment or a p p r o v a l by t h e U . S . Department o f A g r i c u l t u r e or the F o r e s t S e r v i c e o f any 
p r o d u c t or s e r v i c e to t h e e x c l u s i o n o f o t h e r s t h a t may be s u i t a b l e . 
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working w i t h the same s p e c i e s , found no a d v e r s e e f f e c t s . There i s l i t t l e q u a n t i t a t i v e 
d a t a a v a i l a b l e to suppor t the premise t h a t r a d i o t a g g e d a n i m a l s behave n o r m a l l y . 

The u t i l i z a t i o n o f the w h i t e - f o o t e d mouse, Peromyscus leucopus (an i m p o r t a n t p r e d a 
t o r of f o r e s t i n s e c t s ) , i n an i n t e g r a t e d p e s t management program f o r gypsy moth, 
Lymantria dispar L . , prompted the development o f an i n t r a p e r i t o n e a l t r a n s m i t t e r to 
q u a n t i f y mouse m o r t a l i t y (Nee ly and C a m p b e l l , 1973 ) . D e t e r m i n a t i o n o f t h e i r r a d i o 
t r a n s m i t t e r ' s f e a s i b i l i t y f o r use i n Peromyscus made i t i m p e r a t i v e to examine i t s 
e f f e c t s on the b e h a v i o r and p h y s i o l o g y o f t h e a n i m a l . I t was h y p o t h e s i z e d t h a t 
i m p l a n t e d P, leucopus can be s a i d t o behave n o r m a l l y i f t h e i r growth r a t e s , r e p r o d u c 
t i v e p e r f o r m a n c e , and s u r v i v a l r a t e s do not d i f f e r s i g n i f i c a n t l y from P . leucopus 
w i t h o u t i m p l a n t . The r e s u l t s o f a s t u d y t o t e s t t h i s h y p o t h e s i s are p r e s e n t e d i n 
t h i s p a p e r . 

MATERIALS AND METHODS 
STUDY AREA 

The s t u d y area c o n s i s t e d o f 2 .8 h a o f mixed dec iduous -hardwood f o r e s t on the L a k e 
S a l t o n s t a l l R e s e r v o i r w a t e r s h e d l o c a t e d i n B r a n f o r d , C o n n e c t i c u t . 

TRAPPING OF ANIMALS 

L i v e t r a p p i n g w i t h Sherman® t r a p s was used t o m o n i t o r r e p r o d u c t i v e s u c c e s s and s u r 
v i v a l ( i . e . d i s a p p e a r a n c e from p o p u l a t i o n w h i c h i n c l u d e d m o r t a l i t y and e m i g r a t i o n ) . 
A 9 X 14 t r a p p i n g g r i d was e s t a b l i s h e d w i t h one t r a p ( 7 . 5 x 7 .5 x 30 cm) p l a c e d a t 
each s t a t i o n . Trap s t a t i o n s were a t 15 m i n t e r v a l s . T r a p p i n g was c o n d u c t e d d u r i n g 
a 16-day p e r i o d i n J u l y , 1975 and 5-day p e r i o d s i n A u g u s t through November, 1975 and 
March and A p r i l , 1976. T r a p p i n g was n o t a t t e m p t e d d u r i n g the w i n t e r months b e c a u s e 
o f the h i g h r i s k o f m o r t a l i t y t o m i c e c a u g h t i n l i v e t r a p s a t t h a t t i m e . I n a d d i 
t i o n to t r a p p i n g , m i c e were o b s e r v e d semimonthly i n n e s t boxes l o c a t e d on the s t u d y 
a r e a . An imal s were numbered by s p e c i f i c toe removal when f i r s t c a p t u r e d and t h a t 
number a l o n g w i t h t h e f o l l o w i n g d a t a were r e c o r d e d : s e x , a g e , p l a c e o f c a p t u r e , 
g e n e r a l c o n d i t i o n , and r e p r o d u c t i v e c o n d i t i o n (males : t e s t e s s c r o t a l or n o n - s c r o t a l ; 
f e m a l e s : t e a t s not v i s i b l e or v i s i b l e — e n l a r g e d from s u c k l i n g y o u n g , l a c t a t i n g or 
g r a v i d ) . Only t h o s e i n advanced s t a g e s o f p r e g n a n c y c o u l d be d e t e r m i n e d . M i c e were 
c a t e g o r i z e d by age c l a s s u s i n g the f o l l o w i n g c r i t e r i a : p r e d o m i n a n t l y g r a y : j u v e n i l e ; 
g r a y d o r s a l band and brown l a t e r a l b a n d s : s u b - a d u l t ; p r e d o m i n a n t l y brown: a d u l t . 

The s t u d y a r e a was d i v i d e d i n t o q u a d r a n t s to p r o v i d e a more even d i s t r i b u t i o n o f t e s t 
and c o n t r o l a n i m a l s . Each a n i m a l was l i s t e d by s e x and age w i t h i n t h e q u a d r a n t i n 
which i t s a c t i v i t y was c e n t e r e d . The c e n t e r o f a c t i v i t y was d e t e r m i n e d a f t e r day 5 
o f t h e J u l y t r a p p i n g p e r i o d u s i n g the e x c l u s i v e boundary s t r i p method d e s c r i b e d by 
S t i c k e l (1954) . A n i m a l s i n e a c h q u a d r a n t and w i t h i n e a c h c a t e g o r y were s e l e c t e d a t 
random to r e c e i v e i n t r a p e r i t o n e a l i m p l a n t s . Those not i m p l a n t e d s e r v e d as c o n t r o l s . 

I m p l a n t a t i o n o f t r a n s m i t t e r c a p s u l e s began on day 7 o f the J u l y t r a p p i n g p e r i o d . 
C a p s u l e s were s i m i l a r t o the t r a n s m i t t e r p a c k a g e d e v e l o p e d by N e e l y and Campbe l l 
(1973) w i t h one major m o d i f i c a t i o n : the c a p s u l e s were c o a t e d w i t h a p a r a f f i n - p o l y -
v i n y l compound i n s t e a d o f s i l i c o n e r u b b e r . The t o t a l i m p l a n t p a c k a g e measured l e s s 
than 16 mm and we ighed an a v e r a g e o f 0 .84 ± 0 .004 g . 

S e l e c t e d a n i m a l s were c a p t u r e d and taken i n the t r a p to the f i e l d l a b o r a t o r y where 
s u r g e r y was p e r f o r m e d . An imal s were r e l e a s e d a t t h e i r p o i n t o f c a p t u r e as soon as 
t h e l a s t an imal had r e c o v e r e d from s u r g e r y . No m i c e were i n c a p t i v i t y l o n g t h a n 
4 h o u r s . I m p l a n t a t i o n c o n t i n u e d through day 16 o f the J u l y t r a p p i n g p e r i o d and e a c h 
t r a p p i n g p e r i o d t h r o u g h November, 1975. 
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Growth was measured i n 15 j u v e n i l e P . leucopus born i n c a p t i v i t y from w i l d p a r e n t s . 
Four l i t t e r s were d i v i d e d ( i m p l a n t : c o n t r o l ) as f o l l o w s : ( 2 9 , 1<5:29, I d ) , ( 1 9 , I d : 2 9 ) , 
( 1 9 , I d : 1(5), and ( I d : 1 9 ) . A l l an ima l s were weaned a t t ime o f s u r g e r y and the age o f 
the a n i m a l s ranged from 23 t o 25 d a y s . T h e i r w e i g h t s were measured d a i l y ( n e a r e s t 
0 .01 g) f o r 21 d a y s . An imal s were i n d i v i d u a l l y caged and m a i n t a i n e d i n a f i e l d 
l a b o r a t o r y . C o n d i t i o n s i n the f i e l d l a b o r a t o r y c l o s e l y a p p r o x i m a t e d d a y l e n g t h and 
ambient t emperature ( ca 22°C n i g h t , 26^0 d a y ) . Water consumpt ion (measured to t h e 
n e a r e s t ml) and f o o d consumpt ion (commerc ia l l a b o r a t o r y chow f o r m i c e ) measured t o 
the n e a r e s t 0 .01 g were r e c o r d e d d a i l y . 

SURGICAL PROCEDURE 

M e t h o x y f l u r a n e i n h a l a t i o n a n e s t h e t i c was used by i n t r o d u c i n g a p p r o x i m a t e l y 2 cm^ 
on a c o t t o n swab i n s i d e a w i r e c o n t a i n e r w i t h i n a t i g h t wooden b o x , m e a s u r i n g 
7 .5 X 13.5 X 21.5 cm. The l i d o f t h e box was equ ipped w i t h a window f o r o b s e r v a t i o n . 
The mouse was p l a c e d i n the box and o b s e r v e d u n t i l i t was a n e s t h e t i z e d and was then 
removed and p l a c e d on i t s back on a s t e r i l e d r a p e . A s m a l l cone f i t t e d w i t h a c o t t o n 
p l u g was p l a c e d over the mouse ' s head and a d d i t i o n a l m e t h o x y f l u r a n e was i n t r o d u c e d 
on the c o t t o n as n e c e s s a r y . S t e r i l e i n s t r u m e n t s and s t e r i l e r u b b e r g l o v e s were u s e d . 
The s u r g e r y was c l e a n b u t n o t s t e r i l e ; h a i r was n o t c l i p p e d and d r a p e s were n o t u s e d . 
The abdominal m i d l i n e o f the mouse was s c r u b b e d w i t h a s o l u t i o n o f Z e p h i r a n ® c h l o r i d e , 
g l y c e r i n e , and a l c o h o l . A m i d l i n e i n c i s i o n about 2 cm l o n g was made w i t h a N o . 12 
s u r g i c a l b l a d e and t h e open ing i n t h e s k i n was e l o n g a t e d w i t h s c i s s o r s , A m i d l i n e 
m u s c u l a t u r e and p e r i t o n e u m s t a b i n c i s i o n was e n l a r g e d w i t h m o s q u i t o f o r c e p s . The 
e n c a p s u l a t e d t r a n s m i t t e r was p l a c e d i n an a n t i s e p t i c s o l u t i o n ( Z e p h i r a n c h l o r i d e ) 
and t h e n r i n s e d i n s t e r i l e w a t e r b e f o r e b e i n g i n s e r t e d . 

One s u t u r e was r e q u i r e d t o c l o s e t h e p e r i t o n e u m and m u s c l e and a second t o c l o s e the 
s k i n i n c i s i o n . The s u t u r e m a t e r i a l was N o , 0000 chromic o p t h a l m i c s u r g i c a l g u t w i t h 
a swedged-on n e e d l e . The l e n g t h o f t ime r e q u i r e d f o r a n e s t h e s i a , s u r g e r y , and 
r e c o v e r y was r e c o r d e d f o r each a n i m a l . 

RESULTS 
Nine j u v e n i l e ( a v e r a g e w e i g h t 8 ,95 g ± 0 , 5 2 g ) and 57 w i l d t r a p p e d P . leucopus ( r e p r e 
s e n t i n g a l l age c l a s s e s ) were i m p l a n t e d . A n e s t h e s i a t ime ( t ime from f i r s t e x p o s u r e 
to a n e s t h e t i c i n the box u n t i l the a n i m a l l o s t c o n s c i o u s n e s s a t w h i c h t ime i t was 
removed) a v e r a g e d 2 . 0 ± 0 .4 min f o r j u v e n i l e s and 4 ,8 ± 0 . 2 min f o r the w i l d m i c e . 
A n e s t h e s i a t ime v a r i e d w i t h t h e s t r e n g t h o f a n e s t h e s i a r e m a i n i n g i n the b o x . Depth 
o f a n e s t h e s i a was de termined by r e s p i r a t i o n r a t e . S u r g e r y t ime ( t ime r e q u i r e d f o r 
s u r g i c a l i m p l a n t a t i o n p r o c e d u r e ) a v e r a g e d 12.9 ± 0 . 8 min f o r j u v e n i l e s and 9 . 8 ± 
0 . 3 min f o r the w i l d m i c e . R e c o v e r y from a n e s t h e s i a was r a p i d and w i t h o u t any a p p a r 
e n t p o s t - o p e r a t i v e e f f e c t s e x c e p t i n two c a s e s ment ioned b e l o w . I m p l a n t e d j u v e n i l e s 
r e q u i r e d an a v e r a g e o f 18.7 ± 9 . 4 min t o r e g a i n s u f f i c i e n t u s e o f t h e i r l i m b s so as 
to move about i n the r e c o v e r y chamber. However , one a n i m a l r e q u i r e d 71 m i n . R e c o v e r y 
t ime f o r mice i n the w i l d p o p u l a t i o n a v e r a g e d 1 3 . 3 ± 0 .9 m i n . One a n i m a l succumbed 
to an a p p a r e n t o v e r d o s e o f a n e s t h e s i a . Overdose by m e t h o x y f l u r a n e i s u n u s u a l i f 
s u f f i c i e n t oxygen i s p r o v i d e d ( B a r r y , 1972) . No o b v i o u s c o m p l i c a t i o n s such as p a r a l y 
s i s were o b s e r v e d ; however , one j u v e n i l e male removed i t s s u t u r e s and disemboweled 
i t s e l f the f i r s t n i g h t f o l l o w i n g s u r g e r y . 

FOOD AND WATER CONSUMPTION 

Over a 21-day p e r i o d e i g h t i m p l a n t e d j u v e n i l e P . leucopus on a d i e t o f P u r i n a L a b o r a 
t o r y Chow® consumed a d a i l y a v e r a g e o f 0 .21 g g""̂  body w e i g h t ( w e i g h t o f c a p s u l e 
i n c l u d e d ) as compared t o a d a i l y consumpt ion of 0 . 2 2 g g~^ body w e i g h t f o r the 
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c o n t r o l an ima l s ( F i g . 1 ) . The d i f f e r e n c e i n food consumpt ion was not s i g n i f i c a n t 
(P > 0 . 0 5 ) . D a i l y w a t e r consumpt ion was s i g n i f i c a n t l y d i f f e r e n t (P < 0 .05 ) between 
i m p l a n t s and c o n t r o l s , b e i n g 0 .44 and 0 .51 ml g"^ body w e i g h t r e s p e c t i v e l y . C a p s u l e 
w e i g h t i s i n c l u d e d i n body w e i g h t . 
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F i g . 1. A v e r a g e d a i l y consumpt ion o f w a t e r (ml g~^ body w e i g h t ) 
and food (g g~^ body w e i g h t ) f o r e i g h t i m p l a n t e d and 
seven c o n t r o l j u v e n i l e P . leucopus. 

SOMATIC GROWTH 

A n a l y s e s o f v a r i a n c e (ANOVA) were used to e v a l u a t e the e f f e c t s o f i m p l a n t a t i o n 
( a c c o u n t i n g f o r d i f f e r e n c e s between l i t t e r s ) on b o t h s h o r t term and l o n g term changes 
i n body w e i g h t . Body w e i g h t i s p r o b a b l y the b e s t s i n g l e c r i t e r i o n o f growth o f the 
whole organ i sm ( L a y n e , 1968 ) . No l o n g term d i f f e r e n c e s i n body w e i g h t 21 days a f t e r 
s u r g e r y were a t t r i b u t a b l e to i m p l a n t a t i o n (P > 0 , 0 5 ) . The c o m p a r a t i v e growth c u r v e s 
( F i g . 2) a r e n e a r l y i d e n t i c a l . I m p l a n t e d m i c e showed an a v e r a g e d a i l y w e i g h t g a i n 
o f 0 .32 g compared t o 0 .31 g f o r c o n t r o l s . However, a s i g n i f i c a n t l y g r e a t e r v a r i a 
t i o n i n w e i g h t (P < 0 .01 ) was found between i n d i v i d u a l s from d i f f e r e n t l i t t e r s as 
compared t o d i f f e r e n c e s between s i b l i n g s . The s t a n d a r d d e v i a t i o n between i n d i v i d u a l s 
i n the same l i t t e r was ± 0 .76 b u t ± 2 .33 f o r m i c e from d i f f e r e n t l i t t e r s . 

S i g n i f i c a n t (P < 0 .01 ) s h o r t term e f f e c t s (24 h o u r s a f t e r s u r g e r y ) on w e i g h t change 
were a t t r i b u t a b l e to i m p l a n t a t i o n . There was no e v i d e n c e o f d i s s i m i l a r i t y between 
l i t t e r s i n s h o r t term w e i g h t c h a n g e . E i g h t i m p l a n t e d j u v e n i l e s l o s t an a v e r a g e o f 
0 .32 ± 0 .13 g d u r i n g the 24 h p e r i o d f o l l o w i n g s u r g e r y , w h i l e c o n t r o l mice g a i n e d an 
a v e r a g e of 0 .56 ± 0 .09 g d u r i n g the same t ime p e r i o d . I m p l a n t e d m i c e r e q u i r e d 2 . 0 
± 0 . 3 days f o r t h e i r r e a l body w e i g h t ( c a p s u l e w e i g h t not i n c l u d e d ) t o exceed t h e i r 
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F i g . 2 . Growth c u r v e s f o r i m p l a n t e d and c o n t r o l j u v e n i l e 
P . leucopus b a s e d i n a v e r a g e d a i l y w e i g h t change i n 
g . 

w e i g h t r e c o r d e d p r i o r to s u r g e r y . I n i t i a l mean w e i g h t was 9 . 0 ± 0 . 5 g f o r b o t h 
groups o f m i c e . 

REPRODUCTION 

Comparison o f r e p r o d u c t i v e s u c c e s s ( F i g . 3) be tween i m p l a n t e d and c o n t r o l P . leucopus 
r e v e a l e d no s i g n i f i c a n t d i f f e r e n c e s . R e p r o d u c t i v e s u c c e s s was d e f i n e d as p a r t u r i t i o n 
h a v i n g t a k e n p l a c e . On the b a s i s o f o b s e r v e d r e p r o d u c t i v e c o n d i t i o n i n d i c e s ( d e s 
c r i b e d i n Methods) t a k e n d u r i n g e a c h t r a p p i n g p e r i o d , and b e g i n n i n g one month a f t e r 
t r e a t m e n t f o r e a c h a n i m a l , f e m a l e s were a s s i g n e d t o t h r e e c a t e g o r i e s : (a) d e f i n i t e l y 
r e p r o d u c e d , (b) p r o b a b l y r e p r o d u c e d , and (c ) d i d n o t r e p r o d u c e . Twenty-one i m p l a n t e d 
f emales were o b s e r v e d ; o f t h o s e , e i g h t (38 p e r c e n t ) d e f i n i t e l y r e p r o d u c e d ; t h r e e 
(14 p e r c e n t ) p r o b a b l y r e p r o d u c e d ; and 10 (48 p e r c e n t ) d i d n o t r e p r o d u c e . Comparable 
r e p r o d u c t i v e p e r c e n t a g e s f o r 24 c o n t r o l f e m a l e mice were e i g h t (33 p e r c e n t ) , t h r e e 
(13 p e r c e n t ) , and 15 (54 p e r c e n t ) , r e s p e c t i v e l y . O n l y s i x l i t t e r s were a c t u a l l y 
observed ( n e s t b o x e s ) d u r i n g the s t u d y . L i t t e r s i z e a v e r a g e d 4 . 3 ( t h r e e l i t t e r s ) 
and 5 . 0 ( t h r e e l i t t e r s ) f o r i m p l a n t e d and c o n t r o l mice r e s p e c t i v e l y . 

SURVIVAL 

One hundred t w e n t y - t h r e e w i l d P . leucopus were l i v e t r a p p e d (57 r e c e i v e d t r a n s m i t t e r 
i m p l a n t s and 66 remained as c o n t r o l s ) . Age d i s t r i b u t i o n f o r i m p l a n t e d m i c e was : 
12 j u v e n i l e s , 12 s u b - a d u l t s , and 33 a d u l t s ; f o r c o n t r o l s : 2 3 , 14, and 34 r e s p e c t i v e l y . 
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F i g , 3 . P r o p o r t i o n o f r e p r o d u c t i v e f emale P . leuoopus (bar 
g r a p h s ) i n r e l a t i o n t o t h e number o f f e m a l e s i n the 
i m p l a n t and c o n t r o l p o p u l a t i o n ( l i n e g r a p h ) , 

S u r v i v o r s h i p c u r v e s by s e x f o r i m p l a n t e d and c o n t r o l are shown i n F i g , 4 , D i s a p p e a r 
ance from the p o p u l a t i o n i n c l u d e d m o r t a l i t y and e m i g r a t i o n . D i f f e r e n c e s i n s u r v i v a l 
due t o i m p l a n t i n g f o r e i t h e r s e x were n o t s i g n i f i c a n t (P > 0 . 0 5 , t - t e s t ) . N e i t h e r 
were any s i g n i f i c a n t d i f f e r e n c e s (P > 0 . 0 5 , χ^) found between any age c l a s s e s . The 
d i f f e r e n c e i n s u r v i v a l shown i n F i g . 4 between males i n the second month was due 
l a r g e l y t o the t r a n s i e n t s t h a t were c a u g h t d u r i n g the ex tended J u l y t r a p p i n g p e r i o d . 
D e s p i t e t h i s , i m p l a n t e d a n i m a l s tended t o be l e s s t r a n s i t o r y . A n a l y s i s o f the 
M a r c h , 1976 census i n d i c a t e d a w i n t e r s u r v i v a l r a t e o f 19 p e r c e n t o f the p r e v i o u s 
f a l l i m p l a n t e d p o p u l a t i o n and a 12 p e r c e n t s u r v i v a l r a t e f o r c o n t r o l s . T h i s d i f f e r 
ence was not s i g n i f i c a n t (P > 0 . 0 5 , χ ^ ) . 

DISCUSSION 
The o b j e c t i v e o f t h i s s t u d y was to de termine whether i n t r a p e r i t o n e a l l y i m p l a n t e d 
P . leuoopus behaved n o r m a l l y . T e s t e r (1971) warned t h a t b o t h s h o r t and l o n g term 
e f f e c t s s h o u l d be a n t i c i p a t e d . I t was assumed t h a t any abnormal b e h a v i o r due t o 
i m p l a n t a t i o n would be r e f l e c t e d i n one or more o f t h e f o l l o w i n g p a r a m e t e r s : growth 
r a t e o f j u v e n i l e s , r e p r o d u c t i v e per formance i n the w i l d , and s u r v i v a l i n the w i l d . 
T h i s s tudy f a i l e d t o r e v e a l any d e l e t e r i o u s e f f e c t s due t o i m p l a n t a t i o n and c o n c l u d e d 
t h a t i m p l a n t e d mice behaved n o r m a l l y . D e s p i t e t h i s c o n c l u s i o n i t s h o u l d n o t be 
assumed t h a t P . leuoopus c a r r y i n g a d i f f e r e n t t r a n s m i t t e r p a c k a g e or any o t h e r s p e c i e s 
c a r r y i n g an i n t r a p e r i t o n e a l t r a n s m i t t e r w i l l behave n o r m a l l y . 

T h i s s t u d y has p r o v i d e d fundamenta l i n f o r m a t i o n u s e f u l i n b i o t e l e m e t r y s t u d i e s on 
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F i g . 4 . S u r v i v o r s h i p c u r v e s f o r i m p l a n t e d and c o n t r o l ma le 
and f emale P . leucopus b a s e d on d i s a p p e a r a n c e a f t e r 
f i r s t c a p t u r e . 

an imal b e h a v i o r i n the w i l d . I t i s n o t a b l e t h a t i m p l a n t e d j u v e n i l e s w e i g h i n g 6 to 9 g 
grew a t a normal r a t e and t h a t i m p l a n t e d m i c e i n a w i l d p o p u l a t i o n wou ld n o t be h a n d i 
capped i n r e l a t i o n t o s u r v i v a l , e s p e c i a l l y d u r i n g the w i n t e r . Any l o s s or impairment 
of a g i l i t y or motor c o o r d i n a t i o n would have c e r t a i n l y r e d u c e d s u r v i v a l i n t h i s h e a v i l y 
preyed upon s p e c i e s . 

The s h o r t term e f f e c t i n w e i g h t l o s s i n i m p l a n t e d j u v e n i l e s was a t t r i b u t e d t o a 
r e d u c t i o n i n food i n t a k e . The a n i m a l s d i d not r e t u r n to a normal f o o d consumpt ion 
r a t e u n t i l the t h i r d day a f t e r s u r g e r y . C o n v e r s e l y , t h e r e was no r e d u c t i o n i n w a t e r 
consumpt ion d u r i n g t h i s t i m e . The l ong term d i f f e r e n c e i n w a t e r consumpt ion may be 
q u e s t i o n e d b e c a u s e w a t e r b o t t l e s w i t h g l a s s s i p p e r tubes were u s e d . M i c e o f t e n *play* 
w i t h t h e s e b o t t l e s c a u s i n g them t o l e a k . T h e r e f o r e , measurement o f w a t e r consumed 
was l e s s p r e c i s e t h a n measurement o f food c o n s u m p t i o n . 

There i s f u r t h e r d i f f i c u l t y i n assuming t h a t c e r t a i n d i f f e r e n c e s t h a t were not shown 
to be s t a t i s t i c a l l y s i g n i f i c a n t (P < 0 . 0 5 ) were t h e r e f o r e n o t b i o l o g i c a l l y s i g n i f i 
c a n t . F o r example , Wecker (1962) found t h a t Peromyscus p a r a s i t i z e d by Cuterebra s p . 
were l e s s l i k e l y t o e m i g r a t e than n o n - p a r a s i t i z e d Peromyscus when o n l y one l a r v a was 
p r e s e n t b u t n o t s u b j e c t t o h i g h e r m o r t a l i t y r a t e s . I t i s p o s s i b l e the h i g h e r s u r 
v i v a l r a t e o f i m p l a n t e d mice (19 t o 12 p e r c e n t ) c o u l d r e f l e c t a s i m i l a r phenomenon 
even though i t was n o t s t a t i s t i c a l l y s i g n i f i c a n t . 

The l o n g term d i f f e r e n c e i n growth r a t e between l i t t e r s emphas i ze s t h e i m p o r t a n c e o f 
d i v i d i n g s i b l i n g s be tween t e s t groups i n o r d e r t o m i n i m i z e b i a s . F u t u r e s t u d i e s a r e 
n e c e s s a r y to p r o v i d e c o m p a r a t i v e d a t a r e l a t i v e to t r a n s m i t t e r c o l l a r s and s u b c u t a n e o u s 
i m p l a n t s . Some consequences o f t h e s e t e c h n i q u e s have b e e n r e p o r t e d (Smith and Whi tney , 
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1977) . Hamley and F a l l s (1975) c a u t i o n e d r e s e a r c h e r s a g a i n s t c o n t i n u i n g to r e p o r t 
c a s u a l l y t h a t the r a d i o t a g g e d a n i m a l was b e h a v i n g n o r m a l l y . The w i d e s p r e a d use o f 
b i o t e l e m e t r y has p e r m i t t e d the c o l l e c t i o n o f a v a r i e t y o f d a t a w h i c h p r e v i o u s l y was 
u n o b t a i n a b l e . However, i t i s the ' u n i q u e n e s s ' o f t h i s t e c h n i q u e t h a t makes t e s t i n g 
of a d v e r s e e f f e c t s on b e h a v i o r d i f f i c u l t b e c a u s e c o n t r o l groups i n the w i l d are not 
e a s i l y f o l l o w e d . A v a r i e t y o f mammalian s p e c i e s have the p o t e n t i a l f o r e v a l u a t i n g 
v a r i o u s t e l e m e t r y s y s t e m s . T h i s can p r o v i d e a more thorough u n d e r s t a n d i n g o f s t r e s s 
f a c t o r s imposed by t e l e m e t r y and t h e i r i n f l u e n c e upon b e h a v i o r . 
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Abstract — G r i d t r a p p i n g has been used to d e t e r m i n e s m a l l mammal 
home range f o r a lmos t 50 y e a r s . I n the absence o f a more p r e 
c i s e s t a n d a r d a g a i n s t w h i c h to c a l i b r a t e , a t l e a s t n i n e t r a p 
d a t a i n t e r p r e t a t i o n methods h a v e b e e n d e v e l o p e d , e a c h y i e l d i n g 
d i f f e r e n t v a l u e s . Home r a n g e s g e n e r a t e d from t h e s e methods were 
compared t o t h o s e c a l c u l a t e d u s i n g much more a c c u r a t e r a d i o 
t e l e m e t r y , t o d e t e r m i n e the formers* r e l a t i v e p r e c i s i o n s . The 
S t a n d a r d C i r c l e and K o e p p l * s 70 p e r c e n t E l l i p s e g e n e r a t e d home 
ranges c l o s e s t t o t h o s e d e t e r m i n e d w i t h r a d i o t e l e m e t r y . Assump
t i o n s c o n c e r n i n g the a c c u r a c y o f p e r i p h e r a l s u c c e s s f u l t r a p s i n 
d e f i n i n g b o u n d a r i e s o f home r a n g e s were t e s t e d , as were t h o s e 
c o n c e r n i n g s p a t i a l u t i l i z a t i o n near u n s u c c e s s f u l t r a p s w i t h i n 
home r a n g e . 

INTRODUCTION 
The home range o f the e a s t e r n chipmunk (Tamias striatus L . ) has been d e s c r i b e d by a 
number of a u t h o r s i n c l u d i n g A l l e n (1938) ; B o l e (1939) ; B u r t (1940) ; B l a i r (1941, 1942); 
Smi th (1942); M a n v i l l e (1949) and Y e r g e r ( 1 9 5 3 ) . I n a l l o f t h e s e s t u d i e s , g r i d 
t r a p p i n g and one o f s e v e r a l methods o f d a t a i n t e r p r e t a t i o n have been employed to 
de termine home r a n g e . There i s however , no g e n e r a l agreement on w h i c h method o f e s t i 
m a t i n g home r a n g e from t r a p d a t a i s most p r e c i s e . S i n c e s e v e r a l have been i n common 
u s e , c o m p a r a b i l i t y among p u b l i s h e d home range s t u d i e s has been tenuous (Möhr, 1943, 
1947; H a y n e , 1949, 1950; Y e r g e r , 1953; S t i c k e l , 1954; Van W i n k l e , 1975; K o e p p l , S l a d e 
and Hof fman, 1975) . A l s o i t h a s l ong been s u s p e c t e d t h a t home range as de termined 
by g r i d t r a p p i n g may d i f f e r from t r u e home r a n g e ( C h i t t y , 1937; C h i t t y and Dempson, 
1949; D i c e , 1938; B u r t , 1940; M a n v i l l e , 1949; H a y n e , 1949, 1950, S t i c k e l , 1954, 1968; 
J u s t i c e , 1961; Brooks and Banks , 1975) , b u t t h i s h a s n e v e r been a d e q u a t e l y t e s t e d or 
q u a n t i f i e d (Ambrose, 1969) . 

R a d i o t r a c k i n g w i t h d i r e c t i o n a l an tennas p r o v i d e s a means o f g a t h e r i n g l o c a t i o n a l 
d a t a on f r e e r a n g i n g an imal s w h i c h occupy l a r g e a r e a s . T h i s t e c h n i q u e i s no t s u b j e c t 
to the b i a s e s and u n c e r t a i n t i e s or g r i d t r a p p i n g and h a s been s u c c e s s f u l l y a p p l i e d to 
the s t u d y o f home range s i n c e the e a r l y 1960¿ ( M a r s h a l l , G u l l i o n and Schwab, 1962; 
Cochran and L o r d , 1963; V e r t s , 1963; E l l i s , 1964; S t o r m , 1965; T e s t e r and S i n i f f , 
1965; C r a i g h e a d , 1972) . U n f o r t u n a t e l y , d i f f i c u l t i e s w i t h t r a n s m i t t e r w e i g h t , s h o r t 
b r o a d c a s t r a n g e , and u n r e l i a b l e b a t t e r y l i f e hampered e a r l y a t t e m p t s a t m i n i a t u r i z i n g 
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equipment f o r use w i t h r o d e n t - s i z e d a n i m a l s (Rawson and H a r t l i n e , 1964; B e a l , 1967; 
K o l z , Corner and T e i t s e n , 1972; C o r n e r and P e a r s o n , 1972) , I t was not u n t i l the 
r e c e n t development o f p o w e r f u l l i g h t w e i g h t t r a n s m i t t e r p a c k a g e s (Banks , Brooks and 
S c h n e l l , 1975; Mineau and M a d i s o n , 1977; M a d i s o n , 1977, 1978) t h a t r a d i o t r a c k i n g 
w i t h d i r e c t i o n a l an tennas became p r a c t i c a l f o r the s t u d y o f s m a l l , h i g h l y m o b i l e 
f o r e s t r o d e n t s such as ch ipmunks . 

The p r e s e n t s t u d y employed two t e c h n i q u e s : the c o n v e n t i o n a l g r i d t r a p p i n g approach 
p a t t e r n e d a f t e r Burt (1940) and M a n v i l l e ( 1949) , and r a d i o t r a c k i n g u s i n g equipment 
s i m i l a r to t h a t o f Banks et al, ( 1975 ) , The aim o f the i n v e s t i g a t i o n was to use 
t e l e m e t r y as a b a s i s on which t o e v a l u a t e the a c c u r a c y o f g r i d t r a p p i n g . 

MATERIALS AND METHODS 
STUDY AREA 

The s t u d y s i t e was 3 .6 ha o f f o r e s t e d s l o p e w i t h s o u t h e r n a s p e c t , i n the Lake L a u r e n 
t i a n C o n s e r v a t i o n A r e a , S u d b u r y , O n t a r i o , Canada (47° 10' N , 82° 0 0 ' W) , 

F I E L D METHOD 

F i e l d work was u n d e r t a k e n between 26 May and 2 September , 1976. As many as 20 c h i p 
munks were r a d i o t r a c k e d h o u r l y d u r i n g the day t h r o u g h o u t t h i s p e r i o d . A ' c o n v e n 
t i o n a l ' t r a p p i n g g r i d was o p e r a t e d w i t h i n range o f the r a d i o towers f o r 3 -day t r a p 
p i n g p e r i o d s s e p a r a t e d by 3 -day i n t e r v a l s d u r i n g w h i c h a l l t r a p s had b e e n removed 
from the g r i d . Thus , t r a p p i n g and n o n - t r a p p i n g t r e a t m e n t s were a l t e r n a t e d , w h i l e 
r a d i o s u r v e i l l a n c e was c o n t i n u e d d a i l y . No t r a p p i n g or r a d i o t r a c k i n g was done on 
r a i n y d a y s . 

Grid Trapping 

One hundred and e i g h t y - s e v e n Sherman l i v e t r a p s (7 .5 χ 7 ,5 x 30 cm) were l a i d out i n 
e l e v e n rows and s e v e n t e e n c o l u m n s , I n t e r t r a p s p a c i n g was 15 m, r e s u l t i n g i n a g r i d 
a r e a o f 3 .6 h a . 

Traps were b a i t e d w i t h peanut b u t t e r and s u n f l o w e r s e e d s , and were checked t h r e e 
t imes a d a y . C a p t u r e d a n i m a l s were examined t o d e t e r m i n e t h e i r s e x , g e n e r a l h e a l t h , 
and r e p r o d u c t i v e c o n d i t i o n . Chipmunks were earmarked u s i n g a Number 1 l e a t h e r punch , 
a c c o r d i n g t o the sys t em d e v i s e d by B u r t ( 1 9 4 0 ) . R a d i o c o l l a r s were a t t a c h e d , c h e c k e d , 
or changed a t these t i m e s . 

Radio Tracking 

T r a c k i n g o f r a d i o t a g g e d a n i m a l s was a c c o m p l i s h e d by t r i a n g u l a t i o n from two towers 
t h a t were l o c a t e d 220 m a p a r t , and about 30 m beyond the n o r t h e r n c o r n e r s o f the t r a p 
g r i d ( F i g . 1 ) . Two s i m u l t a n e o u s l y t a k e n b e a r i n g s , one from e a c h tower , were r e q u i r e d 
t o r a d i o l o c a t e a chipmunk. O p e r a t o r s s y n c h r o n i z e d t h e i r a c t i v i t i e s by w a l k i e - t a l k i e 
c o n t a c t , o r by p r e a r r a n g e d s c h e d u l i n g . 

B e a r i n g s were taken n i n e t i m e s per day on r a d i o t a g g e d a n i m a l s and on a ' r e f e r e n c e ' 
t r a n s m i t t e r , the l a t t e r t o ensure t h a t t h e d i r e c t i o n a l an tennas and compass r o s e t t e 
p o i n t e r s were a l i g n e d . T e l e m e t r y equipment was m a n u f a c t u r e d by AVM I n s t r u m e n t C o . , 
Champaign , I l l i n o i s , U . S . A . 

A FORTRAN program i n t i t l e d ' C H I P ' was c r e a t e d t o c o n v e r t t e l e m e t r y b e a r i n g s t o 
computer drawn maps of chipmunk l o c a t i o n s . The program a l s o c a l c u l a t e d t h e c e n t e r 
of a c t i v i t y f o r each an imal (Hayne , 1949) , the d i s t a n c e o f each r a d i o l o c a t i o n from 
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SCALE : lcm = 24m 

F i g . 1. L a y o u t o f t h e s t u d y s i t e . The r e c t a n g l e c o n s i s t i n g 
o f h o r i z o n t a l and v e r t i c a l l i n e s r e p r e s e n t s 11 rows 
and 17 columns o f t r a p s w h i c h comprised t h e t r a p 
g r i d . L o c a t i o n s o f r a d i o t o w e r s , T l and T 2 , a r e 
marked by t h e symbol á. A r e f e r e n c e t r a n s m i t t e r was 
p l a c e d a t t r e e · f o r a l i g n m e n t and mapping p u r p o s e s 
(see t e x t ) . 

the c e n t e r o f a c t i v i t y , d i s t a n c e s between c o n s e c u t i v e l o c a t i o n s , the ' S t a n d a r d C i r c l e ' 
( H a r r i s o n , 1958) , an e l l i p t i c a l model o f p r o b a b i l i s t i c home r a n g e (Koeppl et al,^ 
1975) , and e r r o r s i n e s t i m a t i o n . 

Minimum home range v a l u e s ( D a l k e , 1942; Möhr, 1943) f o r r a d i o t r a c k i n g d a t a were 
d e r i v e d u s i n g the program ' P O L Y ' , d e s i g n e d by D r . M . Herman o f the Department o f 
M a t h e m a t i c s , L a u r e n t i a n U n i v e r s i t y . Both programs are a v a i l a b l e from the a u t h o r s 
a t c o s t p r i c e s . 

RESULTS AND DISCUSSION 
A COMPARISON OF METHODS FOR CALCULATING HOME RANGE S I Z E 

A number o f d i f f e r e n t methods h a v e been used t o c a l c u l a t e home r a n g e s i z e from t r a p 
d a t a . C o n v e n t i o n a l methods are based on t h e summing o f a r e a s around c a p t u r e s i t e s 
a c c o r d i n g t o s p e c i f i c s e t s o f r u l e s . The most w i d e l y used o f t h e s e a r e : 

Minimum Home Range Method 

The most p e r i p h e r a l c a p t u r e p o i n t s are j o i n e d by s t r a i g h t l i n e s . Home range i s 
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c o n s i d e r e d t o be the a r e a c o n t a i n e d w i t h i n the p o l y g o n thus formed ( D a l k e , 1942; 
Möhr, 1943, 1947) . 

Inclusive Boundocpy Strip 

Home range i s de termined i n the same way as i n 'Minimum Home R a n g e ' , w i t h the a d d i 
t i o n o f a p e r i p h e r a l 'boundary s t r i p ' e q u a l i n w i d t h to h a l f the i n t e r t r a p d i s t a n c e 
( B l a i r , 1940; S t i c k e l , 1946, 1954 ) . 

Exclusive Boundary Strip 

T h i s i s s i m i l a r t o ' I n c l u s i v e Boundary S t r i p ' e x c e p t t h a t a r e a s around u n s u c c e s s f u l 
t r a p s are e x c l u d e d u n l e s s t h e y f a l l i n d i r e c t l i n e between s u c c e s s f u l t r a p s ( S t i c k e l , 
1946, 1954) . 

Added Squares 

Each t r a p i s assumed to r e p r e s e n t the c e n t e r o f a square w i t h s i d e s e q u a l t o the 
i n t e r t r a p d i s t a n c e . Home range i s c a l c u l a t e d by summing the a r e a s o f s q u a r e s around 
s u c c e s s f u l t r a p s and t h o s e u n s u c c e s s f u l t r a p s t h a t j o i n d i s j u n c t c a p t u r e p o i n t s 
( M a n v i l l e , 1949) . 

Observed Range Length Circle and Ellipse 

H a l f the d i s t a n c e between the most w i d e l y s e p a r a t e d c a p t u r e p o i n t s i s used as the 
r a d i u s o f a c i r c u l a r or e l l i p t i c a l home r a n g e r e p r e s e n t a t i o n , d e p e n d i n g on the s c a t t e r 
o f t r a p d a t a ( S t i c k e l , 1946, 1954) . 

Adjusted Range Length Circle and Ellipse 

H a l f the i n t e r t r a p d i s t a n c e i s added to the r a d i u s d e s c r i b e d f o r ' O b s e r v e d Range 
L e n g t h ' , and a c i r c u l a r or e l l i p t i c a l home r a n g e r e p r e s e n t a t i o n i s c a l c u l a t e d 
( S t i c k e l , 1946, 1954) . 

Assumpt ions and r e l a t i v e m e r i t s o f t h e s e methods h a v e been rev iewed by Hayne (1949) 
and S t i c k e l ( 1954) . 

There have a l s o been a number o f a t t e m p t s a t d e s c r i b i n g home range i n terms o f p r o b 
a b i l i t y r i n g s or e l l i p s e s s u r r o u n d i n g the g e o m e t r i c mean o f c a p t u r e s . These h a v e 
been summarized by Keoppl et al. (1975) and Van Winkle ( 1 9 7 5 ) . 

Two p r o b a l i s t i c models c o n s i d e r e d i n t h i s s t u d y a r e : 

The Standard Circle 

T h i s model d e f i n e s a ' s t a n d a r d d i a m e t e r ' as t w i c e t h e square r o o t o f t h e mean square 
o f a l l d i s t a n c e s between c a p t u r e p o i n t s , and the c e n t e r o f a c t i v i t y . A c i r c l e b a s e d 
on t h i s d i a m e t e r i s c a l l e d t h e ' S t a n d a r d C i r c l e ' and c o n t a i n s 68 .26 p e r c e n t o f a l l 
c a p t u r e s ( H a r r i s o n , 1958; Doebe l and M c G i n n e s , 1974 ) . 

Koeppl's Model 

T h i s model shapes p r o b a b i l i t y e l l i p s e s o f v a r i o u s c o n f i d e n c e i n t e r v a l s to b e s t f i t 
the d a t a . M a j o r and minor axes p a s s t h r o u g h the c e n t e r o f a c t i v i t y ( g e o m e t r i c mean) 
a t an a n g l e de termined by the s c a t t e r o f p o i n t s . Then the d a t a are r o t a t e d u n t i l 
the m a j o r and minor axes p a r a l l e l the X , Y a x e s . I n t h i s p o s i t i o n , t h e s t a n d a r d 
d e v i a t i o n s o f a l l X ' s and Y ' s become the r a d i i o f a r o t a t e d ' S t a n d a r d E l l i p s e ' . 
T h i s e l l i p s e i s then a d j u s t e d f o r sample s i z e and d e s i r e d c o n f i d e n c e i n t e r v a l 
(Koeppl et al.^ 1975) . 
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Each of the above methods o f c a l c u l a t i o n r e s u l t s i n a u n i q u e home r a n g e e s t i m a t e . 
F i g u r e 2 i l l u s t r a t e s how d i f f e r e n t l y t h e s e methods would i n t e r p r e t the same t h r e e 
h y p o t h e t i c a l c a p t u r e p o i n t s . T a b l e 1 p r e s e n t s home range e s t i m a t e s f o r chipmunks 
c a p t u r e d f i v e or more t imes i n the p r e s e n t s t u d y , as d e t e r m i n e d u s i n g the above 
n i n e methods o f c a l c u l a t i o n . A v e r a g e home range e s t i m a t e s v a r i e d f rom 3,925 m^ to 
28,882 m^ (a s e v e n - f o l d d i f f e r e n c e ) u s i n g c o n v e n t i o n a l a n a l y s e s , and from 3 ,925 m^ 
t o 89,919 m^ (a t w e n t y - t w o f o l d d i f f e r e n c e ) i f K o e p p l * s 95 p e r c e n t p r o b a b i l i s t i c 
e l l i p s e i s c o n s i d e r e d . C l e a r l y t h e r e f o r e , c o m p a r a b i l i t y among s t u d i e s i n w h i c h 
d i f f e r e n t home range c a l c u l a t i o n methods have been u s e d , i s t e n u o u s . 

• Fl 
• • 

• • 

i TRAP SITES 

• CAPTURE SITES 

F i g . 2 . An i l l u s t r a t i o n o f n i n e d i f f e r e n t i n t e r p r e t a t i o n s o f 
home r a n g e , b a s e d on the same t h r e e c a p t u r e p o i n t s . * 
(a ) Minimum Home R a n g e ; (b) I n c l u s i v e Boundary S t r i p ; 
( c ) E x c l u s i v e Boundary S t r i p ; (d) Added S q u a r e s ; 
(e) Observed Range L e n g t h C i r c l e ; ( f ) A d j u s t e d Range 
L e n g t h C i r c l e ; (g ) S t a n d a r d C i r c l e ; (h) S t a n d a r d E l l i p s e ; 
( i ) K o e p p l ' s 70 p e r c e n t E l l i p s e . 

COMPARISONS BETWEEN TRAP AND RADIO DETERMINED HOME 
RANGE ESTIMATES 

I n the p r e s e n t c o n t e x t , we r e f e r to Trap Determined Home Range (an e s t i m a t e b a s e d 
on t r a p d a t a ) . R a d i o Home Range (an e s t i m a t e b a s e d on t e l e m e t r y d a t a ) and A c t u a l 
Home Range w h i c h i s i n f a c t t h e a r e a o c c u p i e d by an a n i m a l . U n t i l r e c e n t l y , i t 
has not been p o s s i b l e t o d e t e r m i n e w h i c h method o f t r a p d a t a c a l c u l a t i o n y i e l d s 
v a l u e s c l o s e s t t o ' A c t u a l Home R a n g e * . 

*Thi s f i g u r e i s p a t t e r n e d a f t e r t h e work o f S t i c k e l ( 1 9 5 4 ) , who i l l u s t r a t e d the 
I n c l u s i v e and E x c l u s i v e Boundary S t r i p Methods i n a s i m i l a r f a s h i o n . 
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At the p r e s e n t s t a t e of the a r t , A c t u a l Home Range i s most c l o s e l y approx imated by 
' R a d i o Home R a n g e ' b e c a u s e r a d i o t r a c k i n g u s i n g l i g h t w e i g h t t r a n s m i t t e r s 5 p e r 
c e n t o f body w e i g h t ) does not appear t o i n t e r f e r e w i t h movements o f s t u d y a n i m a l s 
e x c e p t d u r i n g a b r i e f p e r i o d o f a d j u s t m e n t a f t e r c o l l a r i n g (Brander and C o c h r a n , 
1971; Brooks and Banks , 1971; L i n d s e y et a l . , 1973; Hamley and F a l l s , 1975; C r a n f o r d , 
1976; M a d i s o n , 1978) and when t r a n s m i t t e r b a t t e r i e s are c h a n g e d . A l s o , r a d i o t r a c k i n g 
p e r m i t s f r e q u e n t l o c a t i o n o f a n i m a l s an5nvhere w i t h i n the home r a n g e s whereas t r a p 
b a s e d l o c a t i o n p o i n t s are r e s t r i c t e d to t r a p s i t e s and h i s t o r i c a l l y , c a p t u r e f r e 
quency h a s been l i m i t e d t o one or s e v e r a l per d a y . On t h e s e p r e m i s e s , a compar i son 
h a s been made between t r a p r e v e a l e d home r a n g e s de termined u s i n g e i g h t methods o f 
c a l c u l a t i o n , and r a d i o e s t i m a t e d home r a n g e s u s i n g the Minimum Method ( D a l k e , 1942; 
Möhr, 1943, 1947) on p e r i p h e r a l r a d i o l o c a t i o n s . O n l y t h o s e t h r e e a n i m a l s whose 
s p a t i a l a c t i v i t i e s were r e s t r i c t e d to the a r e a o f the t r a p g r i d and w h i c h were w e l l 
sampled by r a d i o l o c a t i o n s , were i n c l u d e d . 

Table 2 g i v e s i n d i v i d u a l r a d i o and f r a p de termined home r a n g e s . T r a p p i n g e s t i m a t e s 
w i t h i n rows are b a s e d on i d e n t i c a l d a t a : t h e r e f o r e the d i f f e r e n c e s o b s e r v e d are 
e n t i r e l y due t o the method o f c a l c u l a t i o n . 

Based on the premise t h a t Minimum R a d i o E s t i m a t e s most p r e c i s e l y approx imated A c t u a l 
Home R a n g e , t r a p p i n g e s t i m a t e s compared as f o l l o w s : 

1. The S t a n d a r d C i r c l e (11 p e r c e n t too s m a l l ) , 
2 . I n c l u s i v e Boundary S t r i p (22 p e r c e n t too s m a l l ) , 
3 . Minimum, and E x c l u s i v e Boundary S t r i p (58 p e r c e n t too s m a l l ) , 
4 . Added S q u a r e s (62 p e r c e n t t o o s m a l l ) , 
5 . Observed Range L e n g t h C i r c l e (75 p e r c e n t too l a r g e ) , 
6 . A d j u s t e d Range L e n g t h C i r c l e (113 p e r c e n t too l a r g e ) , 
7 . K o e p p l ' s 95 p e r c e n t P r o b a b i l i s t i c E l l i p s e (266 p e r c e n t too l a r g e ) . 

T h u s , the S t a n d a r d C i r c l e gave the ' b e s t ' t r a p b a s e d e s t i m a t e o f Minimum R a d i o Home 
R a n g e . 

Our r e s u l t s d i f f e r e d from t h o s e o f S t i c k e l ( 1 9 5 4 ) . T h i s i s no t s u r p r i s i n g s i n c e 
her t e s t i n g p r o c e d u r e s were e n t i r e l y t h r e o e t i c a l and b a s e d on u n l i k e l y a s s u m p t i o n s 
about home r a n g e shape and the s u c c e s s o f t r a p s . 

A number o f a s s u m p t i o n s have been made by workers u s i n g t r a p p i n g methods and s e v e r a l 
o f t h e s e l e n t t h e m s e l v e s to b e i n g s c r u t i n i z e d u s i n g the p r e s e n t s t u d y . The assump
t i o n t h a t a l l t r a p s w i t h i n a home r a n g e w i l l be s u c c e s s f u l i s f a l s e . Of t h e 20 
home r a n g e s c o m p l e t e l y and p a r t l y sampled by the t r a p g r i d , a l l c o n t a i n e d u n s u c c e s s 
f u l t r a p s . T h i s may have r e f l e c t e d d i f f e r e n t i a l u t i l i z a t i o n o f home r a n g e or s i m p l y 
t h a t some t r a p s were i n l e s s a t t r a c t i v e l o c a t i o n s . The a s s u m p t i o n t h a t e x p e r i m e n t a l 
a n i m a l s do n o t t r a v e l beyond p e r i p h e r a l u n s u c c e s s f u l t r a p s i s a l s o f a l s e . I f an imals 
can evade i n t e r v e n i n g t r a p s , t h e n i t seems r e a s o n a b l e t h a t they c o u l d a l s o range 
some d i s t a n c e p a s t p e r i p h e r a l c a p t u r e s i t e s w i t h o u t b e i n g d e t e c t e d by g r i d t r a p p i n g . 
I n d e e d , on s e v e r a l o c c a s i o n s s t u d y a n i m a l s were v i s u a l l y i d e n t i f i e d o u t s i d e t h e i r 
t r a p de termined home r a n g e s . Super imposed r a d i o t r a c k i n g and g r i d t r a p p i n g maps 
( F i g . 3) a l s o i n d i c a t e d chipmunk movement beyond c a p t u r e p o i n t s . 

There were i n each c a s e s e v e r a l c a p t u r e s o u t s i d e the r a d i o r e v e a l e d home r a n g e . 
A p p a r e n t l y , t h e s e o c c u r r e d w h i l e the o p e r a t o r s were s e r v i c i n g the g r i d ; t h e s e move
ments would u n d o u b t a b l y have been d e t e c t e d i f r a d i o t r a c k i n g had been c o n d u c t e d d u r 
i n g t h e s e p e r i o d s . T h i s r a i s e s the p o s s i b i l i t y t h a t a n i m a l s were ' c h a s e d ' o f f t h e i r 
home r a n g e by human p r e s e n c e , e n c o u n t e r e d t r a p s , and were c a p t u r e d , thus b i a s i n g 
t r a p p i n g r e s u l t s . 

The o b s e r v a t i o n t h a t chipmunks ranged beyond p e r i p h e r a l u n s u c c e s s f u l t r a p s may 
e x p l a i n t h e r e l a t i v e e f f i c i e n c i e s o f some o f the t r a p b a s e d methods o f e s t i m a t i n g 
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NORTH EDGE OF TRAPPING GRID, 
C D Ε F G Η I J Κ 

CHIPMUNK E33 

CHIPMUNK E24 

CHIPMUNK E6 

F i g . 3 . R a d i o and t r a p de termined home r a n g e s o f t h r e e e a s t e r n 
ch ipmunks . L e t t e r e d columns and numbered rows r e p r e 
s e n t the t r a p g r i d . L i n e s j o i n i n g p e r i p h e r a l t r a p 
c a p t u r e s e n c l o s e Minimum Trap d e t e r m i n e d Home R a n g e s . 
L i n e s j o i n i n g p e r i p h e r a l r a d i o l o c a t i o n s e n c l o s e M i n i 
mum R a d i o Home R a n g e s . · r a d i o l o c a t i o n , β t r a p c a p t u r e , 
1 burrow, 2 t r a p de termined c e n t e r o f a c t i v i t y , 3 
r a d i o d e t e r m i n e d c e n t e r o f a c t i v i t y . 
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home range s i z e . Minimum, Added Squares and Boundary S t r i p methods e i t h e r d e a l 
d i r e c t l y w i t h c a p t u r e p o i n t s or g r a n t an e x t r a marg in o f h a l f the i n t e r t r a p d i s t a n c e . 
By u n d e r e s t i m a t i n g t r a v e l s beyond s u c c e s s f u l t r a p s , they y i e l d e d c o n s e r v a t i v e e s t i 
m a t e s . Observed and A d j u s t e d Range L e n g t h C i r c l e s employ o n l y the two most w i d e l y 
s e p a r a t e d c a p t u r e s and assume t h e s e t o r e p r e s e n t the d i a m e t e r o f a c i r c l e . Y e t the 
s c a t t e r o f c a p t u r e p o i n t s was not c i r c u l a r . As a r e s u l t , t h e s e methods o v e r e s t i 
mated home range s i z e . The S t a n d a r d C i r c l e a l s o i n t e r p r e t s home range i n a c i r c u 
l a r way . However, i t c e n t e r s i t s e l f around the g e o m e t r i c mean o f a l l t h e d a t a , and 
e n c l o s e s (68 .26 p e r c e n t of the c a p t u r e p o i n t s ) ( H a r r i s o n , 1958) . I t s p a r t i c u l a r p r o 
p e r t i e s combined f o r t u i t o u s l y to p r o v i d e the ' b e s t * t r a p based e s t i m a t e among t h o s e 
methods examined , d e s p i t e the f a c t t h a t i t i n c o r p o r a t e d no d a t a on movements beyond 
s u c c e s s f u l t r a p s . K o e p p l ' s P r o b a b i l i t y E l l i p s e approx imated A c t u a l Home Range 
p o o r l y b e c a u s e the 95 p e r c e n t c o n f i d e n c e e l l i p s e was much too l a r g e when b a s e d on 
the low c a p t u r e numbers a v a i l a b l e from a l i v e t r a p p i n g s t u d y . 

A Modified Version of Koeppl's Probabilistic Ellipse 

K o e p p l ' s Model i s used to g e n e r a t e p r o b a b i l i s t i c e l l i p s e s r e p r e s e n t i n g home r a n g e 
i n c o n f i d e n c e i n t e r v a l s o f 99 , 95 , 90 , 75 and 50 p e r c e n t . Koeppl et al, (1975) 
f a v o r e d the 95 p e r c e n t e l l i p s e , p o s s i b l y b e c a u s e t h i s l e v e l o f s i g n i f i c a n c e i s com
monly used i n s t a t i s t i c a l t r e a t m e n t s , b u t s i n c e i t over e s t i m a t e d A c t u a l Home Range 
by 266 p e r c e n t , the e f f i c a c y of o t h e r p r o b a b i l i t y l e v e l s were t e s t e d . The 70 p e r c e n t 
e l l i p s e was i n c l o s e agreement w i t h Minimum R a d i o Home Range (Tab le 3 ) . A t 105 
p e r c e n t o f the l a t t e r v a l u e , i t g e n e r a t e d the b e s t t r a p b a s e d p r o b a b i l i s t i c a p p r o x i 
m a t i o n o f home r a n g e . 

I t i s not s u r p r i s i n g t h a t K o e p p l ' s Model can be adpated to e s t i m a t e home range w e l l 
from t r a p p i n g d a t a . Each p r o b a b i l i t y e l l i p s e c e n t e r s , s h a p e s , and o r i e n t s i t s e l f 
to t h e s c a t t e r o f p o i n t s . I t i s o n l y a q u e s t i o n o f which s i z e o f e l l i p s e b e s t 
encompasses the d a t a and i n c l u d e s e x t r a t r a v e l s beyond p e r i p h e r a l s u c c e s s f u l t r a p s , 

CONCLUSIONS 
1. G r i d t r a p p i n g r e v e a l s Trap Determined Home R a n g e , as d i s t i n g u i s h e d from A c t u a l 
Home Range b e c a u s e : ( i ) a n i m a l s range through a r e a s where they are n o t d e t e c t e d by 
t r a p s and ( i i ) the p r e s e n c e o f workers on the t r a p g r i d i n f l u e n c e s an imal movement. 

2 . T h e r e s u l t s o f t h i s s t u d y i n d i c a t e t h a t Trap Determined Home Range can be used 
to approx imate A c t u a l Home Range most p r e c i s e l y u s i n g the S t a n d a r d C i r c l e and 
K o e p p l ' s 70 p e r c e n t E l l i p s e (89 and 105 p e r c e n t of Minimum R a d i o Home R a n g e , 
r e s p e c t i v e l y ) . 

3 . F u r t h e r s t u d i e s are r e q u i r e d t o de termine the g e n e r a l a p p l i c a b i l i t y o f these 
f i n d i n g s . 
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Abstract — P r e v i o u s l y used methods t o a n a l y z e r a d i o t r a c k i n g 
d a t a have n o t g e n e r a l l y t a k e n a d v a n t a g e o f a l l t h e i n f o r m a t i o n 
a s s o c i a t e d w i t h l o c a t i o n f i x e s . Most e a r l y a n a l y s e s were p r e 
o c c u p i e d w i t h s i z e and shape o f home r a n g e . A n a l y s i s s t r a t e g i e s 
w i t h o p t i o n s de termined by s t u d y o b j e c t i v e s , t y p e o f d a t a and 
s p e c i e s - s p e c i f i c v a r i a b l e s a r e d e s c r i b e d . D e s c r i p t i o n s can 
i n c l u d e c a r t o g r a p h i c a l , g r a p h i c and t a b u l a r d e p i c t i o n s o f d i s 
t r i b u t i o n s f o r s p a t i a l , h a b i t a t , and a c t i v i t y t y p e u t i l i z a t i o n , 
d i r e c t i o n and o r i e n t a t i o n as w e l l a s i n t e r a c t i o n p o t e n t i a l 
m e a s u r e s . A sample s e t o f d a t a from a red f o x r a d i o t r a c k i n g 
s t u d y was used to d e m o n s t r a t e methods o f a n a l y s i s . A n a l y s i s 
was per formed i n t e r a c t i v e l y , w h i c h p e r m i t t e d the r e s e a r c h e r 
to i n t e r r o g a t e t h e d a t a b a s e w i t h few i n h e r e n t a s s u m p t i o n s . 
Computer a l g o r i t h m s f o r m e a s u r i n g a r e a and d e p i c t i n g b o r d e r s o f 
home r a n g e s were compared f o r c o n s i s t e n c y , s e n s i t i v i t y and 
r i c h n e s s f o r b i o l o g i c a l i m p l i c a t i o n s . Two methods e m p l o y i n g 
c e l l f r e q u e n c y c o u n t s were found t o be u s e f u l f o r i n v e s t i g a t i n g 
the i n t e r n a l anatomy o f home r a n g e s . Emphas is i s p l a c e d on 
d e s c r i b i n g approaches t o a n s w e r i n g q u e s t i o n s on how a n i m a l s 
use t h e i r home a r e a s r a t h e r t h a n the computer program p a c k a g e 
d e v e l o p e d . A r e v i e w o f home r a n g e a n a l y s i s and l i t e r a t u r e i s 
a l s o i n c l u d e d . 

INTRODUCTION 
R a d i o t r a n s m i t t e r s have been used t o t r a c k a n i m a l s f o r o v e r 20 y e a r s and t h e i r p o t e n 
t i a l f o r home range s t u d i e s was d e s c r i b e d e a r l y (Adams, 1 9 6 5 ) . R e c e n t l y , a g r e a t 
many s t u d i e s have employed r a d i o t r a c k i n g to l e a r n more about t h e b i o l o g y o f w i l d l i f e 
s p e c i e s , b u t a r e v i e w o f the l i t e r a t u r e i n d i c a t e s e a r l y p r o m i s e s o f a p p l i c a t i o n have 
n o t been f u l l y r e a l i z e d . Many s t u d i e s e m p l o y i n g t e l e m e t r y s t i l l p r e s e n t d a t a on 
movements o n l y i n terms o f s i z e or shape o f home r a n g e s . F r e q u e n t l y , a n a l y s e s o n l y 
i n v o l v e d e t e r m i n a t i o n o f t h e a r e a o c c u p i e d by the minimum a r e a method (Möhr, 1947) 
w i t h l i m i t e d use o f o t h e r i n f o r m a t i o n i n h e r e n t i n the d a t a . T h u s , i t appears t h e r e 
h a s not been a c o n c o m i t a n t e v o l u t i o n o f methods o f a n a l y s i s w i t h methods o f d a t a 
a c q u i s i t i o n . 

A p o s s i b l e c a u s e o f f a i l u r e c o u l d be l i n k e d t o the ways i n w h i c h a n a l y s e s o f home 
range d a t a have e v o l v e d o v e r t h e p a s t 40 y e a r s . Much o f t h e o r i g i n a l d a t a was o b t a i n e d 
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OBJECTIVES OF MOVEMENT STUDIES 
Telemetry now p r o v i d e s the t o o l to i n v e s t i g a t e comple te s o c i o - e c o l o g i c a l r e l a t i o n 
s h i p s . Movement d a t a can be supplemented w i t h t e l e m e t r y o f p h y s i o l o g i c a l measures 
s u c h as body t e m p e r a t u r e , h e a r t and r e s p i r a t i o n r a t e s . The o b j e c t i v e o f most move
ment s t u d i e s i s to measure f e a t u r e s o f an a n i m a l ' s a c t i v i t y and r e l a t e them t o 
e n v i r o n m e n t a l f a c t o r s . Pr imary among t h e s e f e a t u r e s are s p a t i a l c h a r a c t e r i s t i c s o f 
movements s u c h as s h a p e , s i z e , o r i e n t a t i o n and d i s p e r s i o n , r e s u l t i n g i n measures o f 
e n v i r o n m e n t a l u s e . S t u d i e s c o n s i d e r i n g f r e q u e n c y o f use p e r m i t d e t e r m i n a t i o n o f 
i n t e n s i v e use a r e a s , p r e f e r r e d a r e a s and t r a v e l r o u t e s . They a l s o p r o v i d e b a s e d a t a 
f o r e n e r g e t i c r e q u i r e m e n t s as w e l l a s i n t e r - and i n t r a - s p e c i f i c r e l a t i o n s h i p s i n c l u d 
i n g p o t e n t i a l i n t e r a c t i o n . 

To meet t h e s e o b j e c t i v e s a s t r a t e g y f o r a n a l y z i n g movement d a t a s h o u l d : ( i ) p e r m i t 
i n v e s t i g a t i o n o f a c t i v i t y w i t h r e s p e c t to t empora l and s p a t i a l d i s t r i b u t i o n s o f f i x e s ; 
( i i ) make e x p l i c i t the a s s u m p t i o n s o f a g i v e n m e t h o d o l o g y ; ( i i i ) u se a minimum o f 
a s s u m p t i o n s , and ( i v ) d e a l w i t h d i s c o n t i n u o u s d a t a . 

from t r a p - c a p t u r e s t u d i e s . G e n e r a l l y , a n a l y s e s have been d i r e c t e d a t d e t e r m i n i n g 
p e r i m e t e r s , e n c l o s i n g a r e a s or d e t e r m i n i n g p r o b a b i l i s t i c models o f the d a t a d i s t r i 
b u t i o n . I n most c a s e s f a r l e s s c o n s i d e r a t i o n was g i v e n to the i n t e r n a l anatomy of 
home range and s i g n i f i c a n c e o f movements of a n i m a l s . S a n d e r s o n (1966) r e c o g n i z e d 
the need t o e x p l o r e the r e a s o n s f o r a n i m a l s ' movements and Adams and D a v i s (1967) 
c o n c l u d e d t h a t r a d i o t r a c k i n g c o u l d permi t such i n v e s t i g a t i o n s . 

A l t h o u g h a r a d i o t r a c k i n g approach i s o f t e n f a r s u p e r i o r t e c h n i c a l l y , n u m e r i c a l l y 
and b i o l o g i c a l l y t o t r a p - c a p t u r e methods i t has caused new problems ( S i n i f f and 
T e s t e r , 1965) . I n many c a s e s , a g r e a t q u a n t i t y o f d a t a i s amassed and manual m a n i 
p u l a t i o n d u r i n g a n a l y s i s i s no l o n g e r f e a s i b l e . C o n t i n u o u s d a t a from f i x e d tower 
a u t o m a t i c t r a c k i n g sys tems r e q u i r e s the use o f computers ( S i n i f f and T e s t e r , 1965; 
Deat et al.^ 1980, t h i s v o l u m e ) . A p r a c t i c a l s o l u t i o n w h i c h a l s o m i n i m i z e s r e s o l u 
t i o n problems o f such sys tems has been to a c c e p t d i s c o n t i n u o u s t r a c k i n g , employ s m a l l 
m o b i l e r e c e i v e r s , and c a l c u l a t e and code f i x e s by h a n d . O f t e n o t h e r c o n s t r a i n t s 
s u c h as t i m e , f i n a n c e s , s t a f f or s t u d y o b j e c t i v e s a l s o r e s u l t i n d i s c o n t i n u o u s 
d a t a . I n s u c h s i t u a t i o n s , problems s i m i l a r to t r a p - c a p t u r e s t u d i e s may o c c u r s i n c e 
t h e d a t a s e t i s a sample w h i c h may be b i a s e d as a r e s u l t o f a c q u i s i t i o n m e t h o d s , 
e s p e c i a l l y i n wide r a n g i n g , e l u s i v e s p e c i e s w h i c h are d i f f i c u l t t o t r a c k (Mech, 
1974 ) . I n c o m p r e h e n s i v e , l o n g t e r m s t u d i e s , i n c r e a s e d c a r e i n d a t a c o l l e c t i o n , 
r e c o r d i n g and h a n d l i n g i s n e c e s s a r y to e n s u r e c o n s i s t e n t a c c u r a c y . 

I n a d d i t i o n t o t h e s e p r o b l e m s , i n v e s t i g a t i o n s o f movements and r a n g e s from t e l e m e t r y 
d a t a s t i l l p r e s e n t the two major problems i n h e r e n t i n l i v e - t r a p p i n g d a t a : ( i ) what 
assumpt ions about the d a t a d i s t r i b u t i o n i s the r e s e a r c h e r w i l l i n g to make i n o r d e r 
t o i n t e r p r e t an imal b e h a v i o r ; ( i i ) how i s the sample d e s i g n (or l a c k o f one) r e l a t e d 
to those a s s u m p t i o n s . F o r e x a m p l e , r e c e n t a t t e m p t s to bound d i s t r i b u t i o n s o f f i x e s 
w i t h c o n f i d e n c e l i m i t s based on s t a n d a r d e l l i p s e s assume t h a t the f i x e s a r e d i s t r i 
buted i n a b i v a r i a t e normal f a s h i o n and are independent ( J e n n r i c h and T u r n e r , 1969; 
M a z u r k i e w i c z , 1971; K o e p p l , S l a d e and Hof fmann , 1 9 7 5 ) . I n i t i a l l y , r e s e a r c h e r s may 
be u n w i l l i n g t o make s u c h a s s u m p t i o n s a l t h o u g h they r e c o g n i z e the u t i l i t y o f p r o b 
a b i l i s t i c s t a t e m e n t s (Van W i n k l e , 1975) . F u r t h e r m o r e , the use o f d i s c o n t i n u o u s 
d a t a may r e s u l t i n a poor r e l a t i o n s h i p between a sample d e s i g n and a s s u m p t i o n s 
i n h e r e n t i n a n a l y s i s m e t h o d s . 

T h i s paper i s an a t t e m p t to p r o v i d e u s e f u l means o f u t i l i z i n g d i s c o n t i n u o u s r a d i o 
t r a c k i n g d a t a to e x p l o r e w i d e r i m p l i c a t i o n s o f home range u s e . S i n c e our approach 
e v o l v e d from p r e v i o u s home range a n a l y s e s , an e x p e r i m e n t a l d a t a s e t was t e s t e d i n 
r e l a t i o n to p r e v i o u s c o n c e p t s . From t h i s , the i m p l i c a t i o n s o f a n i m a l movement d a t a 
were f u r t h e r s t u d i e d w h i c h r e s u l t e d i n a g e n e r a l s t r a t e g y f o r i n v e s t i g a t i n g the 
d a t a i n an i n t e r a c t i v e f a s h i o n . 
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AN ANALYSIS STRATEGY 
DATA PROCESSING 

Experimental Data Set 

A s u b s e t was chosen from a l a r g e d a t a c o l l e c t i o n i n v o l v i n g red f o x e s (Vulpes vulpes) 
and t h r e e o t h e r s p e c i e s , r a d i o t r a c k e d over a 4 - y e a r p e r i o d i n s o u t h e r n O n t a r i o , 
C a n a d a . These d a t a were c o l l e c t e d t o d e s c r i b e movements , a c t i v i t y , home r a n g e s and 
i n t e r a c t i o n o f t h e s e s p e c i e s as p a r t o f a w i l d l i f e r a b i e s r e s e a r c h p r o g r a m . From 
a sample o f 84 d i f f e r e n t f o x e s , 12 were chosen w h i c h were g e n e t i c a l l y r e l a t e d (3 
g e n e r a t i o n s ) . C o n s i d e r a t i o n was g i v e n t o r e p r e s e n t i n g v a r i a t i o n i n : s e a s o n ( s p r i n g , 
summer, f a l l , w i n t e r ) , y e a r (1975, 1976, 1977 ) , s e x (7 f e m a l e s : 5 m a l e s ) , age (pup , 
y e a r l i n g , a d u l t ) , f a m i l y , b e h a v i o r (a s r e s i d e n t s , t r a n s i e n t s ) , h a b i t a t t y p e , number 
o f f i x e s / f o x (27-701) and l e n g t h o f t ime m o n i t o r e d ( l e s s t h a n 3 months — o v e r 3 y e a r s ) . 
The d a t a were d i s c o n t i n u o u s f o r r e a s o n s d e s c r i b e d e a r l i e r . The t e l e m e t r y s y s t e m 
e v o l v e d from one d e s c r i b e d by C o c h r a n and L o r d (1963) to t h a t r e f i n e d by L o t i m e r 
(1979) . 

A c c e s s i n the s t u d y a r e a p e r m i t t e d l o c a t i n g a l l r a d i o t a g g e d f o x e s a t any t ime i n 
the s t u d y a r e a . A b i l i t y t o g e t w i t h i n s t a n d a r d d i s t a n c e s ( 0 . 1 5 - 0 . 4 5 km) from f o x e s 
p e r m i t t e d c o n s i s t e n t a c c u r a c y i n the r a d i o f i x e s t o t h e l e v e l o f 100 m square g r i d 
c e l l s . These were coded t o a 9 - d i g i t number d e s c r i b i n g the X , Y c o o r d i n a t e s as p e r 
the U n i v e r s a l T r a n s v e r s e M e r c a t o r g r i d . O t h e r i n f o r m a t i o n c o l l e c t e d c o n c u r r e n t l y 
i n c l u d e d f o x number, d a t e , h o u r , s e x , age and f a m i l y as w e l l as a c t i v i t y s t a t u s . 
A c t i v i t y s t a t u s was coded s t a t i o n a r y / a c t i v e , as de termined from t h e v a r i a t i o n i n 
s i g n a l i n t e n s i t y o f s u c c e s s i v e p u l s e s , and d a y / n i g h t e x t e n d e d from s u n r i s e / s u n s e t . 
T a b l e 1 shows d a t a o r g a n i z a t i o n as s t o r e d on computer f i l e s . I n c l u d e d are o t h e r 
u s e f u l v a r i a b l e s (*) w h i c h were c a l c u l a t e d from raw f i e l d d a t a d u r i n g d a t a b a s e 
e n c o d i n g . 

System Components 

The s o f t w a r e t h a t p e r m i t t e d the a n a l y s i s d i s c u s s e d above c o n s i s t s o f two m a j o r com
p o n e n t s . The f i r s t component, a s e t o f d a t a b a s e b u i l d i n g a l g o r i t h m s , i n c l u d e d : 
( i ) a CRUNCH p a c k a g e t o e x t e n d the raw d a t a by a d d i n g s e a s o n s , c o n v e r t i n g a l p h a n u m e r i c 
d a t e s to numeric d a t e s and c a l c u l a t i n g d i s t a n c e s , t imes and r a t e s between s u c c e s s i v e 
f i x e s , and ( i i ) a CODING p a c k a g e t o c o n v e r t raw d a t a to b i n a r y form f o r use w i t h 
the query l a n g u a g e d e s c r i b e d b e l o w . 

The second s o f t w a r e component, the s e t o f d a t a a n a l y s i s p r o c e d u r e s , i n c l u d e d : ( i ) a 
t e x t e d i t o r ; ( i i ) a query l a n g u a g e , and ( i i i ) a p a c k a g e o f a r e a d e t e r m i n a t i o n a l g o 
r i t h m s (HOME). The e d i t o r o p e r a t e d v i a a CRT s c r e e n d i s p l a y and g a v e t h e r e s e a r c h e r 
an e a s y means o f e d i t i n g , u p d a t i n g , r e t r i e v i n g , s o r t i n g , t r a n s f e r r i n g and s e a r c h i n g 
f i l e s . Both t h e query l a n g u a g e and the HOME p a c k a g e were m a n i p u l a t e d t h r o u g h the 
e d i t o r . 

The query l a n g u a g e was d e s i g n e d t o a l l o w the r e s e a r c h e r t o r e q u e s t c r o s s t a b u l a t i o n s 
and p r e p a r e s u b s e t s o f the d a t a s e t u s i n g E n g l i s h - l i k e s t a t e m e n t s . F o r e x a m p l e , 
the query i n T a b l e 2 g i v e s d i s t a n c e s be tween s u c c e s s i v e f i x e s d u r i n g f o u r s e a s o n s 
f o r an a d u l t f emale f o x . I n c r e a s e d movement i n the f a l l (column d) i s r e a d i l y 
a p p a r e n t . I n p r a c t i c e , t h e query l a n g u a g e has p r o v e n to be an e x c e l l e n t means o f 
e x p l o r i n g a d a t a s e t and s e t t i n g up o t h e r a n a l y s e s . F i n a l l y , HOME was used i n t e r 
a c t i v e l y to s e l e c t p a r t s o f a d a t a f i l e and the a p p r o p r i a t e a n a l y s i s t e c h n i q u e s . 

The s o f t w a r e components were d e s i g n e d f o r an i n e x p e n s i v e m i n i - c o m p u t e r , the D i g i t a l 
PDP11V03 w i t h two f l o p p y d r i v e s , a L e k t r o m e d i a s c r e e n , a D i a b l o p r i n t e r and a s m a l l 
T e k t r o n i x f l a t b e d p l o t t e r . The m a j o r a d v a n t a g e s o f t h i s c o n f i g u r a t i o n were : ( i ) the 
machine was d e d i c a t e d t o a s i n g l e u s e r p e r m i t t i n g the r e l i a b l e , f a s t r e s p o n s e n e c e s s a r y 
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3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

T a b l e 1. 
D a t a o r g a n i z a t i o n as s t o r e d on f l o p p y d i s c f i l e s (* i n d i c a t e s 

v a r i a b l e s c a l c u l a t e d from f i e l d d a t a ) 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
05 F Ρ 1 JY 15 75 1020 1657.431 5948 49041 7 3 0 0 0 1 05 F Ρ 2 JY 15 75 2135 1657.899 5943 49040 7 3 673 50 5 2 05 F Ρ 3 JY 16 75 1140 1658.486 5940 49037 7 3 845 42 3 3 05 F Ρ 2 JY 16 75 2147 1658.908 5941 49042 7 3 607 50 5 4 05 F Ρ 2 JY 16 75 2215 1658.927 5945 49040 7 3 27 44 98 5 05 F Ρ 3 JY 17 75 1054 1659.454 5944 49042 7 3 758 22 2 6 05 F Ρ 2 JY 17 75 2145 1659.906 5949 49037 7 3 650 70 7 7 05 F Ρ 2 JY 18 75 540 1660.236 5951 49043 7 3 475 63 8 8 05 F Ρ 1 JY 18 75 600 1660.250 5946 49040 7 3 20 58 173 9 05 F Ρ 3 JY 18 75 840 1660.361 5945 49043 7 3 159 31 12 10 

1 SPECIES 
2 NUMBER 
3 FAMILY 
4 SEX 
5 AGE 
6 STATUS 
7 MONTH 
8 DAY 
9 YEAR 
10 HOUR 
11 *BASEDAY 
12 FIXX 
13 FIXY 
14 *M0NTH2 
15 *SEASON 
16 *SPAN 
17 *DIST 
18 *RATE 
19 *SEQUENC 

F=fox,C=coyote,R=raccoon,S=s kunk 
animal identifying number 
family number 
m= male or f= female 
p= pup , y= yearling , a=adult 
l=active day,2=active n i g h t , 3 = s t a t i o n a r y d a y , 
4=stationary night, o= unknown 
month of year, alphabetic 
day of the month 
75,76 or 77 
hour of day 
days since Jan.l 1971 
X co-ordinate (UTM system) 
Y co-ordinate (UTM system) 
numeric month 
winter=l, spring=2,summer=3,fall=4 
time between successive fixes (minutes) 
distance between successive fixes (tens of km) 
speed between successive fixes (tens of km) 
sequential number of record 

f o r easy i n t e r a c t i v e comput ing ; ( i i ) t h e s e c o n d a r y s t o r a g e medium: f l o p p y d i s c s w h i c h 
h o l d 250 k b y t e s , were cheap (US $5.00) and compact ( s i z e o f 45 rpm r e c o r d ) ; ( i i i ) t h e 
c o m b i n a t i o n o f a s c r e e n , p l o t t e r and i n c r e m e n t a l p r i n t e r p e r m i t t e d a v a r i e t y o f 
g r a p h i c s o u t p u t , and ( i v ) t h e o p e r a t i n g c o s t was low. The s y s t e m was d e v e l o p e d by 
t h e Department o f G e o g r a p h y , Q u e e n ' s U n i v e r s i t y , O n t a r i o (Moore and T i n l i n e , 1978· 
S t e v e n s , T i n l i n e and Moore , 1979). ' 

SPATIAL INVESTIGATIONS 
AREA DETERMINATIONS 

Literature Review 

Methods used p r e v i o u s l y t o measure home r a n g e s can be b r o a d l y c l a s s i f i e d a s : ( i ) m i n i 
mum a r e a methods ( D a l k e , 1942; Möhr , 1947); ( i i ) c e n t e r of a c t i v i t y methods (Hayne , 
1949), and ( i i i ) g r i d c e l l methods ( S i n i f f and T e s t e r , 1965). 

The f i r s t and s i m p l e s t o f t h e s e methods a r o s e from t h e a n a l y s e s o f t r a p - c a p t u r e d a t a 
and i s t h e most commonly used measure o f a r e a i n t h e l i t e r a t u r e . A b a s i c a s s u m p t i o n 
i s t h a t t h e observed an imal w i l l r e v e a l the b o u n d a r i e s o f i t s home r a n g e . T h u s , a 
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T a b l e 2 . 
A query and o u t p u t showing d i s t r i b u t i o n o f d i s t a n c e s be tween 
s u c c e s s i v e f i x e s f o r an a d u l t f emale f o x (F02) d u r i n g 4 s e a s o n s 

i n 1977 

NUMBER=2 and YEAR=77 

391 

Winter 1 Spring = 2 

1 

Summer 

2 

= 3 

3 

Fal l = 4 

4 sums 

DIST = 0 to 49 8 18 13 8 47 

DIST = 50 to 99 8 5 4 16 33 

DIST = 100 to 149 5 7 7 10 29 

DIST = 150 to 199 3 1 3 10 17 

DIST = 200 to 249 4 0 3 9 16 

DIST = 250 to 299 0 2 6 7 15 

DIST = 300 to 349 0 0 1 6 7 

DIST = 350 to 399 0 0 0 7 7 

DIST = 400 to 449 0 0 0 4 4 

DIST = 450 to 499 0 0 0 1 1 

DIST = 500 to 549 0 0 1 2 3 

DIST = 550 to 599 0 0 0 0 0 

DIST = 600 0 0 0 0 0 

sums 28 33 38 80 179 

Comment: in t h i s query the dis tance between success ive movements for 
fox number two i s examined by season for 1977. Note that a l l 
d is tances are in XXX E-2 format. Hence 600 means 6.00 km and 
50 means 0,50 km. 

Count every d i s t from 0 to 600 group 50 
by every season 
by number =2 and year=77 
inc luding marginals 

l i n e c o n n e c t i n g t h e ou termos t p o i n t s o f c a p t u r e w i l l form a c o n v e x p o l y g o n . S t i c k e l 
(1954) used concave f i g u r e s b u t t h a t p r o c e d u r e was n o t d e f i n e d u n t i l J e n n r i c h and 
Turner (1969) . The convex p o l y g o n may n o t r e p r e s e n t the minimum a r e a o f a home range 
as commonly assumed, s i n c e i t may i n c l u d e l a r g e unused a r e a s . I t d o e s , however , 
r e p r e s e n t the minimum p e r i m e t e r o f a home r a n g e . 

S i n c e l a r g e h o l e s may e x i s t w i t h i n the p o l y g o n , the f i g u r e r e p r e s e n t s an a r e a o v e r 
which t h e an imal may roam b u t t h e r e i s l i t t l e g u a r a n t e e , e x c e p t i n the c a s e o f c o n 
t i n u o u s t r a c k i n g , t h a t t h e a n i m a l d i d not move beyond t h e s e sample boundary p o i n t s 
( B r a n t , 1962) . A t t e m p t s t o c o r r e c t the empty a r e a prob lem i n c l u d e d r e s t r i c t i n g the 
l e n g t h o f t h e l i n e j o i n i n g boundary p o i n t s s u c h as Harvey and B a r b o u r ' s (1965) m o d i 
f i e d minimum a r e a method o r e x c l u d i n g a r e a s by e x p e r i e n c e such as A b i e ' s (1969) 
a t y p i c a l h a b i t a t e l i m i n a t i o n method . E f f o r t s t o c o r r e c t t h e boundary problem i n c l u d e d 
a v a r i e t y o f methods w h i c h add a boundary s t r i p ( B u r t , 1943; B l a i r , 1 9 4 0 ) . W h i l e 
t h e s e v a r i a t i o n s meet t h e o b j e c t i v e s o f some r e s e a r c h e r s , t h e r e s u l t s from d i f f e r e n t 
methods are n o t c o m p a r a b l e . F u r t h e r m o r e , no a s s e s s m e n t o f the r e l a t i v e u s e o f p o r 
t i o n s o f t h e bounded a r e a s i s g i v e n . 
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The second g e n e r a l method a l s o e v o l v e d from the a n a l y s e s o f t r a p - c a p t u r e d a t a and 
assumed t h a t the s e t o f o b s e r v a t i o n s c o u l d be used t o r e v e a l a c e n t e r o f a c t i v i t y 
and t h a t home range b o u n d a r i e s c o u l d be e x p r e s s e d i n terms o f a r e l a t i o n s h i p w i t h 
d i s t a n c e from t h i s c e n t e r . Methods employed t o d a t e i n c l u d e t h e g e o g r a p h i c c e n t e r 
(Hayne , 1949) and the f r e q u e n c y d i s t r i b u t i o n o f d i s t a n c e s to d e f i n e p r o b a b i l i t i e s ^ 
o f c a p t u r e from the c e n t e r f o r c i r c u l a r home r a n g e ( C a l h o u n , 1 9 5 5 ) . I n most a p p l i 
c a t i o n s the r e s u l t i s not a d i s c r e t e l y bounded home range b u t a s t a t i s t i c a l c o n c e p t 
d e f i n i n g a c t i v i t y r a d i i l e a d i n g t o c o n c e n t r i c boundary zones ( D i c e and C l a r k , 1953; 
C a l h o u n and C a s b y , 1958 ) . N o n c i r c u l a r home r a n g e s l e d t o t h e u s e o f e l l i p s e s ( F i t c h , 
1947; M a z u r k i e w i c z , 1971) and l a t e r , e l l i p t i c a l boundary zones were u s e d (Koeppl 
et al.y 1975; J e n n r i c h and T u r n e r , 1969) . 

A t h i r d g e n e r a l s t r a t e g y was s u g g e s t e d by S i n i f f and T e s t e r (1965) as a means o f 
d e a l i n g w i t h f i x e s o b t a i n e d from c o n t i n u o u s t r a c k i n g d a t a . G i v e n s u c h i n f o r m a t i o n , 
i t would be p o s s i b l e t o i n f e r a r e a d i r e c t l y by a s s i g n i n g each f i x to a s m a l l g r i d 
c e l l on a g r i d d e d map o f t h e s t u d y a r e a . T h i s meant t h a t home r a n g e a r e a c o u l d be 
c a l c u l a t e d by c o u n t i n g used c e l l s . F u r t h e r m o r e , " . . . b o u n d a r y , c e n t e r s o f i n t e n s i v e 
u s e , i s l a n d s o f d i s u s e , and t h e l i k e " (Adams, 1965) c o u l d be d e t e r m i n e d . 

S i n c e most s t u d i e s d e a l w i t h d i s c o n t i n u o u s d a t a , i m p o r t a n t c o n s i d e r a t i o n s become: 
( i ) d e t e r m i n i n g the p o i n t (asymptote ) a t w h i c h i n c r e a s i n g sample s i z e g i v e s l i t t l e 
or no new knowledge about home range s i z e ( S t i c k e l , 1954; Odum and K u e n z l e r , 1955; 
M e t z g a r and S h e l d o n , 1974) , and ( i i ) i n f e r r i n g as much as p o s s i b l e about home r a n g e 
use w i t h a l i m i t e d d a t a s e t . A s o l u t i o n i s t o j o i n empty g r i d c e l l s w i t h used c e l l s 
(Maxson, 1978) b u t the r e s u l t s are n e c e s s a r i l y a f u n c t i o n o f the b i o l o g i c a l s i g n i f i 
c a n c e o f the j o i n i n g r u l e s . F u r t h e r m o r e , the problem o f range e x p a n s i o n or range 
s h i f t s has o f t e n been i g n o r e d ( C o o p e r , 1 9 7 8 a ) . D e s p i t e t h e s e d i f f i c u l t i e s , g r i d 
c e l l methods have p o t e n t i a l to i n v e s t i g a t e i n t e r n a l a s p e c t s and s i z e o f home r a n g e s 
i n c l u d i n g r e l a t i o n s h i p s w i t h o t h e r e c o l o g i c a l v a r i a b l e s ( C o o p e r , 1978b) . 

Methods 

Three a l g o r i t h m s were d e v i s e d t o r e p r e s e n t the t h r e e g e n e r a l methods o f d e t e r m i n i n g 
home range d e s c r i b e d above . The computer a l g o r i t h m d e v e l o p e d f o r the minimum a r e a 
method (MAM) began by c h o o s i n g the most n o r t h e r l y f i x , t h e n r o t a t i n g a p e r i m e t e r 
l i n e c l o c k w i s e u n t i l i t i n t e r s e c t e d a n o t h e r f i x . T h i s new p o i n t was taken as the 
n e x t p e r i m e t e r p o i n t and the p r o c e d u r e r e p e a t e d u n t i l the o r i g i n a l s t a r t i n g p o i n t 
was r e a c h e d . The r e s u l t was a un ique convex p o l y g o n e n c l o s i n g the ou termos t d a t a 
p o i n t s I t s h o u l d be n o t e d t h a t a t t e m p t s were made to m o d i f y the a l g o r i t h m t o use 
the r e s t r i c t i o n s on the l e n g t h o f the l i n e j o i n i n g p e r i m e t e r p o i n t s as s u g g e s t e d by 
Harvey and Barbour (1965) but t h e s e m o d i f i c a t i o n s o n l y produce u n i q u e p o l y g o n s i n 
s p e c i a l c i r c u m s t a n c e s . The a r e a o f t h e r e s u l t i n g p o l y g o n ( F i g . l a ) was c a l c u l a t e d 
u s i n g S i m p s o n ' s R u l e . 

The second a l g o r i t h m , the s o r t e d p o l y g o n method ( S P ) , assumed t h a t a c e n t e r o f a c t i 
v i t y can be d e s c r i b e d as t h e mean X c o o r d i n a t e and mean Y c o o r d i n a t e o f t h e s e t o f 
f i x e s . Once t h i s c e n t e r was d e t e r m i n e d , the d i r e c t i o n (az imuth) o f each f i x was 
c a l c u l a t e d r e l a t i v e t o t h i s c e n t e r . Az imuths were then s o r t e d from s m a l l e s t t o 
l a r g e s t and the p o i n t s were j o i n e d i n t h i s o r d e r . The a r e a o f the r e s u l t i n g p o l y g o n 
( F i g . l b ) was c a l c u l a t e d u s i n g S i m p s o n ' s R u l e . 

The f i n a l a l g o r i t h m depends on the a s s i g n m e n t o f f i x e s t o g r i d c e l l s on a map o f 
t h e s t u d y a r e a . The s i z e o f the c e l l s was chosen t o r e f l e c t the e r r o r i n h e r e n t i n 
c a l c u l a t i n g each f i x . F o r t h e d a t a s e t d e s c r i b e d i n t h i s p a p e r , e a c h g r i d c e l l 
measured 100 χ 100 m. 

The o b j e c t i v e o f t h i s a l g o r i t h m was t o a l l o w c e l l s w i t h f i x e s (marked c e l l s ) t o 
i n f l u e n c e c e l l s around and between f i x e s . T h i s was done i n two w a y s . I n the 
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F i g . 1. A r e a d e t e r m i n a t i o n methods f o r a f emale f o x p u p . 

' i n f l u e n c e c e l l ' ( I C ) p r o c e d u r e , the g r i d c e l l s i m m e d i a t e l y s u r r o u n d i n g marked c e l l s were 
r e c o r d e d as ' u s e d ' c e l l s . A count o f used c e l l s t h e n became a measure o f home range 
a r e a . A v a r i e t y o f d e f i n i t i o n s of c o n t i g u i t y a l l o w e d the a r e a o f i n f l u e n c e t o be 
a l t e r e d by t h e r e s e a r c h e r as o p t i o n s . F o r i n s t a n c e , the d e f i n i t i o n ' q u e e n ' s c a s e , 
o p e r a t o r (0Ρ)=1' i m p l i e d t h a t the 8 c e l l s s u r r o u n d i n g a marked c e l l were r e c o r d e d 
as used c e l l s . I n t h i s s t u d y , t h e d e f i n i t i o n ' q u e e n ' s c a s e , o p e r a t o r (0Ρ)=0' 
( F i g . l a ) was a l s o used t o c o n f i n e a t t e n t i o n t o t h e marked c e l l s o n l y . O t h e r o p t i o n s 

may u s e : ( i ) the r o o k ' s or b i s h o p ' s c a s e t o examine d i r e c t i o n a l b i a s e s ; ( i i ) l a r g e r 
o p e r a t o r s i z e s (where number o f c e l l s i n f l u e n c e d e q u a l s { (2 χ o p e r a t o r s i z e ) + 1}^) . 
An o p t i o n used i n t h i s s t u d y was t o a l l o w o n l y f i x e s w i t h ' a c t i v e ' s t a t u s t o i n f l u 
ence an a r e a l a r g e r than the marked c e l l . 

To make f u r t h e r use o f the d a t a s e t a ' l i n k e d c e l l ' (LC) method was employed . 
Where s u c c e s s i v e f i x e s were c l o s e l y r e l a t e d i n t ime and f a r enough a p a r t f o r the 
an imal t o be moving i n a s t r a i g h t l i n e , c e l l s a l o n g the p r o b a b l e t r a v e l p a t h were 
r e c o r d e d as used c e l l s . F u r t h e r m o r e , a t the end o f s u c h a t r a v e l p a t h , f i x e s coded 
w i t h an a c t i v e s t a t u s were a l l o w e d to i n f l u e n c e an a r e a as d e f i n e d by ' q u e e n ' s c a s e , 
o p e r a t o r (0Ρ)=1'. An i n v e s t i g a t i o n o f t r a v e l r a t e s f o r t h i s d a t a s e t s u g g e s t e d t h a t 
r a t e s g r e a t e r than 0.1 km h"-̂  between s u b s e q u e n t f i x e s p r o v i d e d a u s e f u l j o i n i n g 
r u l e . U s i n g t h i s r e s t r i c t i o n , l e s s t h a n 20 p e r c e n t o f a l l f i x e s were j o i n e d . R e s u l t s 
are g i v e n f o r b o t h LC w i t h r a t e R = 0.1 km h~^ and r a t e R = 0. The l a t t e r d e f i n i t i o n 
j o i n s a l l f i x e s i n c h r o n o l o g i c a l o r d e r ( F i g . l b ) . 
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These methods were s u p p o r t e d by e i t h e r p l o t t e r or p r i n t e r g r a p h i c s as shown i n 
F i g . 1. I n a d d i t i o n , two o t h e r p l o t t i n g a l g o r i t h m s a l l o w e d e i t h e r p o i n t p l o t s o f 
the f i x e s or p l o t s o f c h r o n o l o g i c a l l y l i n k e d f i x e s ( C L F ) . C L F ' s p r o v e d t o be v e r y 
u s e f u l i n s e p a r a t i n g p e r i o d s of s t a b l e range from p e r i o d s o f range e x p a n s i o n and 
d i s p e r s a l ( F i g . 2 ) . 

Final home 
0 c t . 2 9 / 7 5 - J a n . 2 8 / 7 7 
F I X ( 1 0 6 - 2 9 5 ) 

Explore 
Oct.21-29 
F I X (97-106 

. Explore Aug. 2!-Oct. 2 0 
/ F I X ( 4 8 - 9 6 ) 

Home July 16-Aug.21 /75 
Fix (1 -48) 

I km 

F i g . 2 . C h r o n o l o g i c a l l y l i n k e d f i x e s o f a male f o x showing pup 
r a n g e , e x p l o r a t i o n , d i s p e r s a l and f i n a l r e s i d e n c y . 
F i x e s b e f o r e O c t . 29 were e x c l u d e d f o r the a n a l y s i s 
o f f i n a l home r a n g e ( F 0 4 ) . 

RESULTS AND DISCUSSION 
T a b l e 3 l i s t s home range a r e a s c a l c u l a t e d by s i x d i f f e r e n t methods , two r e p r e s e n t i n g 
o p e r a t o r s i z e o p t i o n s f o r I C and two r e p r e s e n t i n g r a t e o f t r a v e l o p t i o n s f o r L C . A l l 
f o x p e r i o d s on t h i s t a b l e r e p r e s e n t p e r i o d s o f r e l a t i v e l y s t a b l e range as de termined 
from CLF p l o t s . 

A b s o l u t e e s t i m a t e s o f home range v a r y g r e a t l y among m e t h o d s . However , the r e l a t i v e 
v a l u e s o f the e s t i m a t e s are c l o s e l y c o r r e l a t e d (Table 4 ) . S p e c i f i c a l l y , t h e f o u r 
I C / L C methods are h i g h l y c o r r e l a t e d w i t h e a c h o t h e r , SP and MAM formed a n o t h e r l e s s 
marked g r o u p i n g . P a i r w i s e r e g r e s s i o n a n a l y s e s between the f o u r I C / L C methods s u g g e s t 
t h a t any one o f t h e s e methods c o u l d be used t o p r o v i d e c o n s i s t e n t e s t i m a t e s o f the 
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T a b l e 3 . 
Comparison o f 6 a r e a d e t e r m i n a t i o n methods f o r 18 f o x p e r i o d s 

Animal 
i d e n t i f i c a t i o n 

T r a c k i n g 
p e r i o d 

A r e a (km^) 

I C L C 

0P=0 0P=1 R=0 R = 0 . 1 0 SP MAM 

F02^ F^ • p3 15.07.75 - 16.11.75 106 0.82 2.49 2.24 0.91 0.95 4.08 
F03 F Ρ 15.07.75 - 01.09.75 62 0.41 1.60 1.07 0.58 0.90 3.08 
F04 Μ Ρ 16.07.75 - 21.08.75 48 0.36 1.22 0.87 0.44 0.50 1.15 
F05 F ρ 17.07.75 - 01.09.75 59 0.45 1.27 0.75 0.50 0.40 1.39 
Fl 5 F ρ 16.07.76 - 23.08.76 27 0.17 0.56 0.39 0.17 0.46 0.58 
F29 F ρ 22.07,76 - 07.10.76 53 0.34 1.06 0.70 0.35 0.33 0.94 
F30 F ρ-γ 24.07.76 - 27.07.77 171 0.81 2.47 2.15 1.31 1.00 4.29 
F31 Μ ρ-γ 24.07.76 - 09.02.77 131 0.86 2.92 3.67 2.33 2.51 9.60 
F34 Μ ρ 29.07.76 - 30.10.76 55 0.43 1.67 1.66 1.07 1.00 3.25 
F36 Μ ρ 29.07.76 - 16.09.76 40 0.32 1.21 1.05 0.49 1.45 2.73 
F37 F ρ 30.07.76 - 18.11.76 87 0.60 1.93 2.23 1.06 1.87 4.11 
F03 F γ 22.12.76 - 09.08.77 203 1.05 3.86 3.49 2.63 1.47 6.53 
F05 F γ 31.12.75 - 17.07.76 144 0.97 3.95 4.68 3.23 5.83 18.67 
F02 F γ 05.01.76 - 18.05.76 300 1.72 6.76 6.34 5.67 4.50 11.93 
F02 F γ 18.05.76 - 10.09.76 71 0.51 2.36 3.12 2.01 3.23 4.35 
F02 F Α 05.01.77 - 31.12.77 179 1.39 4.85 7.41 5.87 4.44 8.63 
F02 F Α 02.01.78 - 31.03.78 70 0.41 1.79 2.18 1.07 3.68 6.09 
FOl Μ Α 15.07.75 - 01.08.75 64 0.53 2.44 2.65 2.48 2.42 5.42 

^ F = f o x , w i t h i d e n t i f y i n g number 
^ F = f e m a l e , M=male 
^P=pup, Y = y e a r l i n g , A = a d u l t 

T a b l e 4 . 
C o r r e l a t i o n s among a r e a d e t e r m i n a t i o n methods 

I C L C SP MAM 

0P=0 0P=1 R=0 R = 0 . 1 

1 2 3 4 5 6 

1 1.00 0 .977 0 .914 0 .911 0 .639 0 .712 

2 - 1.00 0 .934 0 .945 0 .735 0 . 7 7 0 

3 - - 1.00 0 .979 0 .830 0 .780 

4 - - - 1.00 0 .786 0 .731 

5 - - - - 1.00 0 .887 

6 - - - - - 1.00 
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o t h e r I C / L C m e t h o d s . S i n c e t h i s i s no t the c a s e f o r the r e l a t i o n s h i p between SP and 
MAM, i t appears t h a t , s u b j e c t t o f u r t h e r t e s t i n g , we have i d e n t i f i e d t h r e e r e a s o n a b l y 
d i s t i n c t i v e methods o f measur ing home r a n g e . 

C h o o s i n g the method t o e s t i m a t e a b s o l u t e v a l u e s o f home range i s more d i f f i c u l t 
s i n c e t h e r e are no s t a n d a r d s o f a c c u r a c y . As T a b l e 3 i l l u s t r a t e s , m i d d l e range e s t i 
mates are p r o v i d e d by I C (0P=1) , LC (R=0) and S P . By d e f i n i t i o n , I C (0P=0) and MAM 
g i v e low and h i g h r a n g e s r e s p e c t i v e l y , a l t h o u g h L C w i t h a h i g h r a t e v a l u e can p r o 
v i d e a r b i t r a r i l y low e s t i m a t e s b u t the l o g i c a l lower l i m i t i s s e t by I C ( 0 P = 0 ) . I t 
i s a count o f a l l f i x e s and i s some p r o p o r t i o n o f the a c t u a l movement a r e a d e t e r 
mined by s a m p l i n g e f f o r t . 

The problem o f c h o o s i n g methods i s compounded by the f a c t t h a t a r e a l measures are 
a f u n c t i o n o f sample s i z e ( F i g . 3 ) . Beyond some c e i l i n g l e v e l i n c r e a s e d s a m p l i n g 
may not p r o v i d e new a r e a l i n f o r m a t i o n i f r a n g e e x p a n s i o n , c o n t r a c t i o n or d i s p e r s a l 
do not o c c u r . To de termine t h i s l e v e l , a r e a l measures were c a l c u l a t e d f o r a l l 
a n i m a l s i n Tab le 3 f o r sample s i z e s i n c r e a s i n g i n s t e p s as shown i n F i g . 4 . Note 
t h a t a r e a l e s t i m a t e s s t a b i l i z e d a f t e r 20 r e c o r d s so t h a t the a r e a l v a l u e s i n T a b l e 3 
f o r F04 s h o u l d be i n d i c a t i v e o f i t s home r a n g e as a p u p . E x p l o r a t i o n and d i s p e r s a l 
are shown by a sudden i n c r e a s e i n a r e a , e s p e c i a l l y f o r MAM a t 50 r e c o r d s . T h i s 
e x p a n s i o n i s a l s o i n d i c a t e d i n the CLF p l o t s f o r the same f o x ( F i g . 2 ) . A l l a r e a l 
e s t i m a t e s i n Tab le 3 had s u f f i c i e n t r e c o r d s to l e v e l o f f i n t h i s way . I n each 
i n s t a n c e , MAM was found to be the most s e n s i t i v e to range e x p a n s i o n w h i l e SP and 
I C were b e t t e r i n d i c a t o r s o f the c e i l i n g l e v e l f o r a p a r t i c u l a r p e r i o d . I n e v e r y 
c a s e , MAM e s t i m a t e s i n c l u d e d l a r g e empty a r e a s . O n l y SP a r e a s can d e c r e a s e w i t h 
l a r g e r s a m p l e s . 

U n t i l more e x t e n s i v e compar i son work i s done , s e v e r a l methods s h o u l d be used ( M e t z g a r , 
1972) . A c o m b i n a t i o n o f I C ( 0 P = 0 , 1 ) , SP and MAM f o r i n c r e a s i n g sample s i z e s would 
r e v e a l a range o f a r e a l e s t i m a t e s and i n d i c a t e whether t h e s e e s t i m a t e s approached 
t h e i r c e i l i n g v a l u e s . Work i s c u r r e n t l y i n p r o g r e s s t o i d e n t i f y the minimum s a m p l i n g 
e f f o r t r e q u i r e d t o e s t i m a t e t h e s e c e i l i n g v a l u e s under a v a r i e t y o f c i r c u m s t a n c e s . 
T h i s e f f o r t s h o u l d p r o v e u s e f u l even i f c o n t i n u o u s s a m p l i n g i s u s e d , as c o n t i n u o u s 
r e c o r d i n g c r e a t e s d a t a s t o r a g e p r o b l e m s . 

Subsequent s e c t i o n s demons tra te t h a t I C / L C methods a l s o p r o v i d e u s e f u l i n f o r m a t i o n 
on the i n t e r n a l anatomy o f the home r a n g e . F u t u r e t e c h n o l o g i c a l changes p e r m i t t i n g 
i n e x p e n s i v e c o n t i n u o u s t r a c k i n g ( l a r g e sample s i z e s ) w i l l f u r t h e r i n c r e a s e t h e i r 
u s e f u l n e s s . However, even w i t h c o n t i n u o u s t r a c k i n g , the problem o f i n f e r r i n g a r e a 
from p o i n t s or l i n e s r e m a i n s . A t one l e v e l , the problem i s s o l v e d by s c a l i n g g r i d 
c e l l s and t r a v e l c o r r i d o r s to the l e v e l o f a c c u r a c y o f the f i x e s . U l t i m a t e l y , how
e v e r , the r e s e a r c h e r w i l l have t o s e t the s c a l e i n b o t h t ime and space on the b a s i s 
o f i t s b i o l o g i c a l s i g n i f i c a n c e . 

U T I L I Z A T I O N DISTRIBUTION 

Knowledge o f the f r e q u e n c y o f movements i n d i f f e r e n t p o r t i o n s o f an i n d i v i d u a l ' s 
range i s i m p o r t a n t i n a s s e s s i n g e n v i r o n m e n t a l i n f l u e n c e s . Both I C and L C r e a d i l y 
p r o v i d e such a n a l y s i s w i t h t h e i r v a r i o u s o p t i o n s ( F i g . 5 ) . F o r i n d i v i d u a l s , p a i r s , 
or l a r g e groups o f r a d i o t r a c k e d a n i m a l s , used c e l l s can be p l o t t e d ( F i g . 6) t o 
d e p i c t e f f e c t i v e l y space p a r t i t i o n i n g f o r chosen t ime i n t e r v a l s . An o p t i o n , t o d e t e r 
mine the r e l a t i v e i m p o r t a n c e o f a r e a s , i n v o l v e s g r a p h i n g d i s t a n c e from home s i t e , 
c e n t e r o f a c t i v i t y o r h i g h - c o u n t c e l l v e r s u s the d e n s i t y or number o f used c e l l s a t 
u n i t d i s t a n c e s ( F i g . 7 ) . Comparison o v e r t ime may i l l u s t r a t e s t a b i l i t y o r s h i f t s 
i n use o f a r e a s . The r e l a t i v e i m p o r t a n c e o f d i f f e r e n t d i r e c t i o n s i s v iewed by c h o o s 
i n g s e c t o r s or q u a d r a n t s as i n F i g . 8 . A l t e r n a t i v e l y , c o n t o u r i n g o f used c e l l s can 
be done through computer a l g o r i t h m s b u t r e q u i r e s c o n t o u r i n g ( j o i n i n g ) r u l e s . 
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F i g . 4. R e l a t i o n s h i p between a r e a and sample s i z e f o r a 

male f o x pup (F04) u s i n g 4 m e t h o d s . 
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70 Days 

F i g . 5 . A compar i son o f t h e home r a n g e o f a f e m a l e f o x u s i n g 
L C (R=0 and R=0 .1 km h"^) and I C (0P=0 and 0 P = 1 ) . 

HABITAT U T I L I Z A T I O N 

Through the use o f I C w i t h c a s e o p e r a t o r o p t i o n s , h i g h - c o u n t c e l l s (or c e l l c l u s t e r s ) 
can be i s o l a t e d f o r compar i sons w i t h f e a t u r e s s u c h as t o p o g r a p h y , h a b i t a t t y p e , 
prey d e n s i t y , o t h e r a t t r a c t a n t s e t c . a s suming knowledge o f the o c c u r r e n c e o f t h e s e 
f e a t u r e s t e m p o r a l l y and s p a t i a l l y . D i g i t i z i n g h a b i t a t u n i t s as p o l y g o n s ( G i l m e r , 
M i l l e r and C o w a r d i n , 1973) p r o v i d e s b a s e maps w h i c h a r e super imposed w i t h I C t o 
d e p i c t h a b i t a t use f r e q u e n c y . I n t e r a c t i v e q u e r y i n g a s s i s t s i n e v a l u a t i n g t empora l 
changes and s e x c l a s s , age c l a s s or s p e c i e s s p e c i f i c d i f f e r e n c e s . T h i s t w o - d i m e n s i o n a l 
d e p i c t i o n can be m o d i f i e d f o r a r b o r e a l s p e c i e s t o t h r e e d imens ions (Koeppl et al.y 
1977) . I f I C i s v iewed a s an X , Y m a t r i x on the ground p l a n e t h e Ζ d i m e n s i o n i s a 
s e t o f m a t r i c e s a t chosen u n i t s above the g r o u n d . I n s t e a d o f d e t e r m i n i n g a r e a s or 
f r e q u e n c i e s on the g r o u n d , v o l u m e t r i c measures can be r e l a t e d t o t h r e e - d i m e n s i o n a l 
h a b i t a t . S i m i l a r l y , t e r r e s t r i a l s p e c i e s ' movements can be r e l a t e d t o l a n d e l e v a 
t i o n , i . e . m e a s u r i n g use of a r e a as a f u n c t i o n o f l a n d form. 

D e s p i t e t h e f a c t t h a t i n s u f f i c i e n t i n f o r m a t i o n on h a b i t a t may be a v a i l a b l e , or 
a c c u r a c y o f f i x e s r e s u l t s i n c e l l s w h i c h are too l a r g e to measure u s e o f h a b i t a t , 
t h e v a l u e o f b e i n g a b l e t o group l a r g e b l o c k s o f c e l l s may s t i l l be i m p o r t a n t , as 
f o r example , i n a e r i a l s u r v e y a s se s sment or a i r c r a f t b a i t i n g s t r a t e g i e s . 

BEHAVIORAL ANALYSIS 
A C T I V I T Y TYPE DISTRIBUTION 

A s i m p l e o p t i o n i s t o m o d i f y I C t o r e c o r d a c t i v i t y type s u c h as a c t i v e or s t a t i o n a r y , 
day o r n i g h t (or o t h e r de termined t ime p e r i o d s ) and p l o t s u c h a c t i v i t y i n s t e a d o f 
used c e l l s . The d i s t r i b u t i o n o f a t y p e o f s t a t u s c a n then be i n v e s t i g a t e d i n r e l a t i o n 
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F i g . 6. Count o f a l l f i x e s i n c o r e s t u d y a r e a o b t a i n a b l e from 
I C (0P=0) or q u e r y . C i r c l e d numbers denote known 
f o x d e n s . 

t o h a b i t a t and d i s t a n c e from home s i t e , f o r e x a m p l e . A t t h i s p o i n t a s u i t a b l e a n a l y 
s i s may i n v o l v e compar i sons between s i b l i n g s , a d u l t s and t h e i r y o u n g , or s p e c i e s . 
T h i s method a l l o w s use o f p h y s i o l o g i c a l measures or s p e c i f i c a c t i v i t i e s ( h u n t i n g , 
grooming , f o r a g i n g ) to be c o r r e l a t e d w i t h l o c a t i o n a l d a t a as d i s c u s s e d by C o v i c h 
( 1976 ) . 

Such c o r r e l a t i o n s a r e f u r t h e r i n v e s t i g a t e d w i t h I C t h r o u g h the d i r e c t i o n and o r i e n 
t a t i o n d i s t r i b u t i o n . An o r i g i n o f c h o i c e such as home s i t e , h i g h e s t f r e q u e n c y c e l l 
or g e o g r a p h i c c e n t e r i s u s e d . Through c o n v e r s i o n o f e i t h e r h i g h - c o u n t c e l l s or the 
X , Y o f a p a r t i c u l a r c l u s t e r o f c e l l s t o p o l a r c o o r d i n a t e s , a v e c t o r c a n be drawn, 
the w i d t h b e i n g de termined by t h e r e l a t i v e f r e q u e n c y rank o f the c e l l . Comparisons 
among members o f f a m i l i e s or any o t h e r group chosen by d a y , s e a s o n , y e a r o r home 
s i t e are e a s i l y p l o t t e d w i t h t h e a i d o f i n t e r a c t i v e q u e r y i n g . L C i s used t o compare 
v e c t o r s w i t h p r o b a b l e t r a v e l c o r r i d o r s . 
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F i g . 7. R e l a t i o n s h i p between d e n s i t y o f used c e l l s and d i s t a n c e 
from the den f o r an a d u l t male f o x ( F O l ) and an a d u l t 
f e m a l e f o x ( F 3 0 ) . 

Interaotion Measures 

T h i s d e t e r m i n a t i o n d e r i v e s from the u t i l i z a t i o n d i s t r i b u t i o n u s i n g I C a n d / o r L C . 
Comparing l o c a t i o n s o f two i n d i v i d u a l s w i t h i n s p e c i f i e d t ime i n t e r v a l s , say 3 w e e k s , 
p r o v i d e s i n t e r a c t i o n p r o b a b i l i t y m e a s u r e s . A c t u a l i n t e r a c t i o n c a n be d e t e r m i n e d 
from m a t c h i n g t e m p o r a l l y p a i r e d o b s e r v a t i o n s , A m o d i f i c a t i o n employed d u r i n g our 
s t u d y o f f a m i l y i n t e r a c t i o n s o f f o x e s i n v o l v e d the s i m p l e c o n s t r u c t i o n o f a t a b l e 
comparing the mean d i s t a n c e between f a m i l y members d u r i n g d e s i g n a t e d t ime i n t e r v a l s 
and compared t h r o u g h o u t a s e a s o n . W i l d l i f e managers may w i s h t o t e s t h u n t e r v e r s u s 
game i n t e r a c t i o n p o t e n t i a l i n t h i s way w h e r e , f o r e x a m p l e , h u n t e r o c c u r r e n c e i s a 
p r o b a b i l i t y dependent on a c c e s s zone ( s i m i l a r l y , p r e y o c c u r r e n c e v e r s u s p r e d a t o r 
o c c u r r e n c e ) . I n f a c t , a l l o f the a r e a d e t e r m i n a t i o n methods can be used t o o b t a i n 
i n t e r a c t i o n measures w i t h the groups t o be compared d e t e r m i n e d by q u e r y i n g . 

CONCLUSIONS 
D u r i n g our t e l e m e t r y s t u d y s e v e r a l s p e c i e s were r a d i o t r a c k e d o v e r l o n g p e r i o d s . 
A l t h o u g h most o f the d a t a were d i s c o n t i n u o u s , o v e r 14 ,000 f i x e s were o b t a i n e d . 
R e c e n t l y , many o t h e r s t u d i e s h a v e been i n v o l v e d i n r a d i o t r a c k i n g a l a r g e number o f 
a n i m a l s , and l i k e c o n t i n u o u s t r a c k i n g s t u d i e s , have amassed a l a r g e amount o f d a t a . 
Such q u a n t i t i e s o f d a t a i n v a r i a b l y r e q u i r e computer a n a l y s i s . When a d a t a b a s e f i l e 
i s p r e p a r e d f o r the computer , a r e l a t i v e l y s m a l l amount o f a d d i t i o n a l e f f o r t c a n 
p r o v i d e a l a r g e number o f a n a l y s i s o p t i o n s . 

The b a s i s o f t h e s t r a t e g y d e v e l o p e d i n t h i s p a p e r i s t h a t the i n t e r a c t i v e use o f 
s e v e r a l methods w i t h v a r i o u s o p t i o n s p e r m i t an e x p l o r a t i o n o f d a t a c h a r a c t e r i s t i c s , 
a s sumpt ions and b i o l o g i c a l i m p l i c a t i o n s . R e s e a r c h e r s may w i s h t o u t i l i z e methods 
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F i g . 8. D i f f e r e n c e s i n use o f 4 q u a d r a n t s by an a d u l t v i x e n 
i n 1976 ( w h i t e ) and h e r y e a r l i n g d a u g h t e r i n 1977 
( b l a c k ) i n r e l a t i o n t o the same den used f o r p u p -
r e a r i n g . ( V e c t o r w i d t h i s p r o p o r t i o n a l t o p e r c e n t o f 
a l l f i x e s ; v e c t o r l e n g t h e q u a l s d i s t a n c e to f a r t h e s t 
f i x ; v e c t o r b e a r i n g i s the v e c t o r r e s o l u t i o n o f a l l 
f i x e s i n a q u a d r a n t ) . Deve loped from an L C map. 

d e s c r i b e d e a r l i e r i n the l i t e r a t u r e f o r c o m p a r a t i v e p u r p o s e s . A l t e r n a t i v e l y , most 
w i l l w i sh to d e v e l o p a n a l y s e s t o p r o v i d e i n f o r m a t i o n f o r the s p e c i f i c o b j e c t i v e s o f 
t h e i r s t u d y . R a t h e r t h a n t r y i n g t o d e v e l o p a u n i v e r s a l s t a t i s t i c , our approach has 
been t o d e v e l o p a fundamenta l p a c k a g e from w h i c h a g r e a t number o f d i v e r s e measures 
may be r e a d i l y c a l c u l a t e d . T h i s need f r e q u e n t l y d e v e l o p s d u r i n g e a r l y a n a l y s e s when 
the o b j e c t i v e s o f the s t u d y and the type o f d a t a are known b u t the c h a r a c t e r i s t i c s 
and s u i t a b i l i t y o f the d a t a s e t f o r a s p e c i f i c a n a l y s i s i s unknown. 

The d e s c r i p t i o n o f the computer s o f t w a r e , p a r t i c u l a r l y the query s y s t e m , h a s ^ e e n 
g e n e r a l s i n c e , t o some e x t e n t , i t i s hardware d e p e n d e n t . T h i s i s n o t f e l t t o be a 
major problem as hardware c o s t s r e p r e s e n t an i n c r e a s i n g l y s m a l l p r o p o r t i o n o f s o f t -
wave development c o s t s and s i n c e the s t r a t e g y m a x i m i z e s the i n t e r a c t i o n between t h e 
r e s e a r c h e r s * e x p e r i e n c e and the d a t a s e t , a n e g l e c t e d a s p e c t o f most a n a l y s e s s t r a t e 
g i e s . A s i m p l e example i s o b s e r v a t i o n o f the computer i n c r e m e n t a l l y p l o t t i n g c h r o n o 
l o g i c a l l y l i n k e d f i x e s de termined from r a d i o t r a c k i n g . T h i s e s s e n t i a l l y r e l i v e s 
b o t h t h e d a t a c o l l e c t i o n and movements o f the a n i m a l and i s e s p e c i a l l y i m p o r t a n t 
d u r i n g l o n g t e r m s t u d i e s . P o r t i o n s o f the g e n e r a l s t r a t e g y p a c k a g e d e s c r i b e d h e r e 
a r e b e i n g i n v e s t i g a t e d i n a more d e t a i l e d f a s h i o n and w i l l be r e p o r t e d l a t e r . 
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Abstract — U s i n g spec imen d a t a we compare c o n c l u s i o n s b a s e d 
on d i f f e r e n t t e c h n i q u e s f o r t r e a t i n g movement d a t a . We b e l i e v e 
t h a t g r i d methods are p a r t i c u l a r l y u s e f u l b u t s t r e s s t h a t t h e r e 
i s no s u b s t i t u t e f o r f i e l d o b s e r v a t i o n s . R a d i o t r a c k i n g used 
i n c o n j u n c t i o n w i t h f i e l d c r a f t can g r e a t l y i n c r e a s e t h e p o s s i 
b i l i t i e s o f w a t c h i n g a n i m a l s and so r e d u c e the need f o r r e l i a n c e 
on the models d i s c u s s e d i n t h i s p a p e r . We a l s o e x p l o r e 
methods o f a s s e s s i n g the e x t e n t o f o v e r l a p between r a n g e s and 
b o t h the dynamic i n t e r a c t i o n and p r o b a b i l i t y o f m e e t i n g o f two 
a n i m a l s . A p p l y i n g t h e s e t e c h n i q u e s t o f o x movement y i e l d s 
some i n f o r m a t i o n r e l e v a n t t o mode l s o f r a b i e s t r a n s m i s s i o n . 

INTRODUCTION 
By s t a l k i n g a r a d i o t a g g e d an imal a b i o l o g i s t can g r e a t l y i n c r e a s e h i s c h a n c e s of 
w a t c h i n g i t s b e h a v i o r and so d i s c o v e r i n g not o n l y where i t i s , b u t what i t i s d o i n g , 
and w i t h whom i t i s do ing i t . I n t h i s way a d e s c r i p t i o n o f the a n i m a l ' s movements 
and o b s e r v a t i o n s on i t s b e h a v i o r c a n complement e a c h o t h e r i n t h e i n t e r p r e t a t i o n o f 
the s p e c i e s ' s o c i a l sys tem (Macdona ld , 1978) . I n some c a s e s even the most s k i l l f u l 
f i e l d c r a f t used i n c o n j u n c t i o n w i t h r a d i o t r a c k i n g i s l i k e l y t o be rewarded by o n l y 
r a r e s i g h t i n g s . I n s u c h c a s e s i n f o r m a t i o n on the a n i m a l ' s p o s i t i o n i s g a t h e r e d w i t h 
l i t t l e knowledge o f i t s b e h a v i o r . How can t h i s i n f o r m a t i o n be i n t e r p r e t e d ? 

C o n s i d e r a b l e e f f o r t h a s been d e v o t e d t o the a n a l y s i s o f l o c a t i o n d a t a from l i v e t r a p 
p i n g (Hayne, 1949; Brown, 1962; M a z u r k i e w i c z , 1971; R a n d o l p h , 1977) and r a d i o t r a c k i n g 
( T e s t e r and S i n i f f , 1965; S t o r m , 1965; S i n i f f and J e s s o n , 1969; Dunn and G i p s o n , 1977) . 
Sanderson (1966) p o i n t e d out the i n a d e q u a c y o f t h e i n t e r p r e t a t i v e t e c h n i q u e s i n t h i s 
f i e l d , e s p e c i a l l y i n terms o f the c o n c e p t o f home range proposed by B u r t (1943) . We 
hope to a d v i s e the wou ld -be r a d i o t r a c k e r on how he can a n a l y z e h i s r e s u l t s and to 
warn t h a t the more m a t h e m a t i c a l l y c o m p l i c a t e d models do not n e c e s s a r i l y g i v e g r e a t e r 
b i o l o g i c a l i n s i g h t . 

The f i r s t d i f f i c u l t y a r i s e s where t h e r e i s doubt about the r e l a t i o n s h i p between the 
a n i m a l ' s r e a l use o f space and the d i s t r i b u t i o n o f f r a g m e n t a r y ' g l i m p s e s ' o f t h i s 
usage p r o v i d e d by s p o r a d i c r a d i o f i x e s , s i g h t i n g s or t r a p p i n g s . F o r those s t u d y i n g 
s o c i a l sys tems t h i s i s n o t a t r i v i a l prob lem; a s l i g h t d i f f e r e n c e i n the p o s i t i o n o f 
home range b o u n d a r i e s o f n e i g h b o r i n g a n i m a l s may have c o n s i d e r a b l e i m p l i c a t i o n s f o r 
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t h e i n t e r p r e t a t i o n o f t h e i r s o c i a l o r g a n i z a t i o n . T h i s i s i l l u s t r a t e d by the work 
o f Owings et al. (1977) who p r e s e n t d a t a on the l o c a t i o n s o f the ground s q u i r r e l , 
Spermophilus heechei. These a u t h o r s drew b o u n d a r i e s around s i g h t i n g s o f i n d i v i d u a l 
s q u i r r e l s ( e q u i v a l e n t to r a d i o ' f i x e s * i n t h i s c o n t e x t ) and then measured the degree 
o f o v e r l a p between the n e i g h b o r i n g r a n g e s . P a r t o f t h e i r d a t a i s redrawn i n F i g . 1 
from which they c o n c l u d e t h a t the home range o f male ' A ' o v e r l a p s t h o s e o f f emales 

and * E * . The home range o f s q u i r r e l *E* i s drawn by the ' c o n v e x po lygon* method 
(Möhr, 1947; Southwood, 1966, p . 262; see a l s o Odum and K u e n z l e r , 1 9 5 5 ) . A d i f f e r e n t 
p r o t o c o l has been used f o r drawing the b o u n d a r i e s o f s q u i r r e l r a n g e s *A* and * C * ; 
S t i c k e l (1954) and Southwood (1966) d e s c r i b e g r a p h i c a l methods of t r e a t i n g r a d i o 
f i x e s w i t h o u t the r e s t r i c t i o n o f c o n v e x i t y , and J e n n r i c h and Turner (1969) quote 
the *map m a k e r ' s ' f o r m u l a f o r comput ing the a r e a o f such p o l y g o n s . 

0 20 ί,Ο 60 80 100 0 20 to 60 80 100 

-f— 

/ 
/ 
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\ 
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F i g . 1. I n d i v i d u a l s i g h t i n g s o f t h r e e ground s q u i r r e l s ( A m a l e , 
C f e m a l e , Ε f e m a l e ) showing e s t i m a t e s o f t h e i r r a n g e 
s i z e and c o n f i g u r a t i o n b a s e d on the o b s e r v a t i o n s o f 
Owings et al. (1977) and u s i n g p o l y g o n a l shapes and 
c o n t r a s t e d w i t h 6 2 . 3 and 9 5 . 0 p e r c e n t p r o b a b i l i t y 
e l l i p s e s . 



Evaluation of Home Range Size and Configuration 407 

V a r i o u s models o f the p r o b a b i l i t y o f r e c a p t u r e o r l o c a t i o n i n g i v e n a r e a s or a n n u l i 
have been p r o p o s e d . The debate o v e r w h i c h are most a p p r o p r i a t e has r e v o l v e d around 
the l e g i t i m a c y o f assuming e i t h e r c i r c u l a r home r a n g e s or the b i v a r i a t e n o r m a l i t y of 
a n i m a l s ' movements ( see r e v i e w s by J e n n r i c h and T u r n e r , 1969; v a n W i n c k l e , 1 9 7 5 ) . 
Both t h e s e r e v i e w s f a v o r the c o v a r i a n c e t e c h n i q u e proposed by J e n n r i c h and Turner 
(1969) and M a z u r k i e w i c z (1969) w h i c h e n a b l e s e l l i p s e s i n c l u d i n g f i x e d p r o p o r t i o n s 
of the v a r i a n c e i n the X , Y c o o r d i n a t e s o f the l o c a t i o n s t o be drawn. T h i s t e c h n i q u e 
assumes a b i v a r i a t e normal d i s t r i b u t i o n , and i s f u l l y e x p l a i n e d i n M a z u r k i e w i c z 
(1971, p . 5 7 ) , A r e a n a l y s i s o f the s q u i r r e l l o c a t i o n s u s i n g t h i s c o v a r i a n c e t e c h 
n ique i s a l s o p r e s e n t e d i n F i g . 1 . T a b l e 1 shows t h a t w h i l e Owings et al, (1977) 
c a l c u l a t e d t h a t about 60 .1 p e r c e n t o f the home range o f s q u i r r e l ' E ' was o v e r l a p p e d 
by t h a t o f ' A ' , 95 p e r c e n t p r o b a b i l i t y e l l i p s e s f o r ' E ' i s o n l y o v e r l a p p e d by t h a t of 
' A ' by 17.1 p e r c e n t . F u r t h e r m o r e , t h e 6 2 . 3 p e r c e n t e l l i p s e s show t h a t o n l y 0 . 1 
p e r c e n t o f ' E ' i s o v e r l a p p e d by ' A ' i n a ' c o r e a r e a ' . U s i n g t h i s method one m i g h t 
c o n c l u d e t h a t male ' A ' and f e m a l e Έ ' r a t h e r s t r i c t l y a v o i d e d e a c h o t h e r , as opposed 
t o l a r g e l y c o h a b i t i n g . W i t h o u t o b s e r v a t i o n s on what the a n i m a l s were d o i n g a t t h e i r 
wayward l o c a t i o n s , i t would have been i m p o s s i b l e to know w h i c h c o n c l u s i o n to draw and 
i n t h i s r e s p e c t the s i g h t i n g s r e p o r t e d i n t h i s s t u d y are c o n s i d e r a b l y more u s e f u l 
than an e q u i v a l e n t number o f r a d i o f i x e s . The c o v a r i a n c e e l l i p s e s a l s o p r o v i d e p a r a 
meters ( a r e a o f e l l i p s e ) , i t s o r i e n t a t i o n ( r a d i a n s ) and t h e l e n g t h o f i t s s e m i - m a j o r 
and semi -minor axes ( e . g . T a b l e 2) w h i c h can be used f o r s t a t i s t i c a l compar i son 
( M a z u r k i e w i c z , 1971) . These i n t e r e s t i n g d a t a h i g h l i g h t two q u e s t i o n s , ( i ) how can 
home range s i z e be a s s e s s e d , and ( i i ) t o what e x t e n t can movements o f two a n i m a l s be 
a n a l y z e d t o i l l u m i n a t e the r e l a t i o n s h i p be tween them? 

T a b l e 1. 
E s t i m a t e s o f the o v e r l a p between the home r a n g e s o f t h r e e 
ground s q u i r r e l s , showing the p e r c e n t a g e o f home r a n g e (X) 

w h i c h i s o v e r l a p p e d by the o t h e r home r a n g e (Y) 

Owings et al. Convex p o l y g o n 

Y X Y X 

A C Ε A C Ε 

A - 97 .7 6 0 . 1 A - 9 7 . 3 6 9 . 0 

C 39 .2 - 24 .8 C 51 .4 35 .8 

Ε 85 .9 88 .4 ~ Ε 9 4 . 7 9 4 . 7 

6 2 . 3 p e r c e n t e l l i p s e 95 p e r c e n t e l l i p s e 

Y X Y X 

A C Ε A C Ε 

A - 9 6 . 4 0 .1 A - 98 .7 17.1 

C 5 0 . 3 - 0 . 2 C 5 0 . 8 10.7 

Ε 0 . 3 1.29 - Ε 5 6 . 2 68 .5 

The s i z e and shape o f home r a n g e s and hence the form o f s p a t i a l r e l a t i o n s h i p s w i t h i n 
a community are o f t e n a s t a r t i n g p o i n t f o r the a n a l y s i s o f a s o c i a l s y s t e m . Where 
l o c a t i o n d a t a are n o t supplemented a d e q u a t e l y w i t h d i r e c t o b s e r v a t i o n s , b i o l o g i s t s 
o f t e n r e l y on m a t h e m a t i c a l models t o g e n e r a t e e s t i m a t e s o f home r a n g e s i z e and c o n 
f i g u r a t i o n . I n comparing some models we hope t o show ways i n w h i c h t h e y can a s s i s t 
and ways i n which no m a t h e m a t i c s , however s o p h i s t i c a t e d , can remedy i n a d e q u a t e o b s e r 
v a t i o n . 
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S q u i r r e l η Owings et al. Convex 62.3% 95% s e m i - s e m i - θ 
m^ p o l y g o n h a h a major minor r a d i a n s 

ha m m 

A 158 0 .36 0 .38 0 .07 0.21 29 .2 23 .2 - 0 . 1 1 

C 119 0 .15 0 . 2 0 0 .037 0.11 24 .3 14 .4 - 1 . 1 6 

Ε 81 0 .52 0 . 5 2 0 .23 0 . 7 0 54 .3 4 1 . 0 0 .79 

SOME M O DELS 
The f o l l o w i n g models can be a p p l i e d to b u r s t s o f movement d a t a d e r i v e d from r a d i o 
t r a c k i n g , i n the form: 

where = {x^^ y^) i s the l o c a t i o n o f the ith. o b s e r v a t i o n o f the a n i m a l w i t h r e f e r 
ence t o a f i x e d x¿ y c o o r d i n a t e s y s t e m . 

CONVEX POLYGON 

The home range i s d e f i n e d as the s m a l l e s t convex p o l y g o n e n c l o s i n g all the p o i n t s 
Z'¿ , Z ^ . (A p o l y g o n Ε i s convex i f the s t r a i g h t l i n e between any p a i r 

o f p o i n t s i n s i d e Ε l i e s t o t a l l y w i t h i n E . ) 

BIVARIATE NORMAL AND CIRCULAR NORMAL MODELS 

The home range i s e s t i m a t e d as t h e a r e a f a l l i n g w i t h i n an e l l i p s e the axes o f wh ich 
have a l e n g t h p r o p o r t i o n a l to a s p e c i f i e d p e r c e n t a g e o f the v a r i a n c e o f the χ and y 
c o o r d i n a t e s i n the sample Z ^ j Z2 . . . »2y | / and assuming t h a t t h e s e l o c a t i o n s are an 
independent sample from a b i v a r i a t e normal d i s t r i b u t i o n . The means o f the χ and y 
c o o r d i n a t e s o f the f i x e s a r e denoted by μι and μΐ2> the v a r i a n c e s by σχ^ and and 
the c o v a r i a n c e by 012- The c i r c u l a r normal model ( C a l h o u n and C a s b y , 1958) imposes 
the u n r e a l i s t i c r e s t r i c t i o n s t h a t 012 = 0 and = 0 2 ^ . 

The c o m p u t a t i o n of the d imens ions o f t h e s e e l l i p s e s i s e x p l a i n e d i n Appendix 1. The 
s i z e s o f the e l l i p s e s are de termined by the ' i n c l u s i o n p r o b a b i l i t y ' P{r) ^ which 
depends on the v a l u e s o f wh ich r e l a t e s t o the square o f the l e n g t h o f the e l l i p s e s 
major and minor axes and a r b i t r a r i l y s e t s the p r o p o r t i o n o f f i x e s t o be i n c l u d e d 
w i t h i n the c a l c u l a t e d e l l i p s e . The c h o i c e o f a v a l u e f o r and hence t h e ' i n c l u 
s i o n p r o b a b i l i t y ' r e s t s w i t h the r e s e a r c h e r : somebody i n t e r e s t e d i n c o r e areas o f 
home ranges might w i s h t o use = 2 , P ( P ) = 0 . 6 2 , i n o r d e r t o d i s c o v e r the s m a l l e s t 
e l l i p s e t h a t i n c l u d e s the m a j o r i t y (about 62 p e r c e n t ) o f the o b s e r v a t i o n s . J e n n r i c h 
and Turner (1969) d e f i n e a home r a n g e , i n t h i s c o n t e x t , as the a r e a o f t h e s m a l l e s t 
s u b r e g i o n ( s e t by r^) wh ich a c c o u n t s f o r a s p e c i f i e d p r o p o r t i o n o f the t o t a l u t i l i 
z a t i o n (Koeppe l et αΙ,_, 1977; c o n s i d e r the s p e c i a l c a s e o f a n i m a l s u s i n g the t h i r d 
d i m e n s i o n ) . M a z u r k i e w i c z (1969) s e l e c t s a v a l u e o f = 6, ( P ( r ) = 0 . 9 5 ) , w h i l e 
C a l h o u n and Casby (1958) used = 9 (P(r) = 0 . 9 9 ) . We use = 2 and = 6 t h r o u g h 
out t h i s p a p e r . 

I t i s h e l p f u l t o remember t h a t one s t a n d a r d d e v i a t i o n embraces 68 p e r c e n t o f the 
d i s t r i b u t i o n about a mean o f a normal d i s t r i b u t i o n and thus the 6 2 . 3 p e r c e n t p r o b 
a b i l i t y e l l i p s e i s n o t d i s s i m i l a r t o one s t a n d a r d d e v i a t i o n about t h e g e o m e t r i c 

T a b l e 2 , 
V a r i o u s home range p a r a m e t e r s f o r the ground s q u i r r e l s ( F i g . 1) 
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c e n t e r of t h e f i x e s . The b o u n d a r i e s o f t h e s e e l l i p s e s do not n e c e s s a r i l y have any 
b i o l o g i c a l mean ing , and do n o t shed more t h a n a s t a t i s t i c a l l i g h t on what s h o u l d , or 
s h o u l d n o t q u a l i f y as p a r t o f t h e i n d i v i d u a l ' s home r a n g e , as d e f i n e d on the b a s i s 
o f i t s ' r o u t i n e ' movements ( J e w e l l , 1966 ) . 

BIVARIATE ORNSTEIN-UHLENBECK D I F F U S I O N MODEL 

I n t h i s model t h e u t i l i z a t i o n o f space by t h e an imal i s s t i l l assumed t o be b i v a r i a t e 
n o r m a l , b u t r e c o g n i t i o n i s made o f the c o r r e l a t i o n between the s u c c e s s i v e f i x e s a l o n g 
the a n i m a l ' s r o u t e (which i s assumed to be a c o n t i n u o u s p a t h ) . The model assumes 
t h a t the c o n f i g u r a t i o n o f the home r a n g e i s s t a b l e i n the l o n g t e r m , and t h a t the 
a n i m a l ' s r o u t e i s M a r k o v i a n , i . e . a movement a t t ime t depends o n l y on the a n i m a l ' s 
p o s i t i o n a t t ime t and not on the h i s t o r y o f i t s p a t h b e f o r e t ime t. I t can be 
shown t h a t the O r n s t e i n - U h l e n b e c k (0-U) D i f f u s i o n model i s the o n l y model w h i c h 
s a t i s f i e s t h e s e a s s u m p t i o n s . The c r i t i c a l d i f f e r e n c e be tween t h i s model (proposed 
by Dunn, 1977a; Dunn and G i p s o n , 1977) and the J e n n r i c h and Turner (1969) model i s 
the a s sumpt ion o f c o n t i n u o u s p a t h s . T h u s , two s u c c e s s i v e f i x e s a r e l i k e l y to be 
c l o s e t o g e t h e r i f the s a m p l i n g i n t e r v a l i s s h o r t . The p o t e n t i a l b i a s i n h e r e n t i n 
computing e l l i p s e s from d i s t r i b u t i o n s d e r i v e d from r e l a t i v e l y s h o r t s e r i e s o f d a t a 
(with o b v i o u s dependence between s u c c e s s i v e f i x e s ) i s compensated f o r i n the 0-U 

model b u t not w i t h J e n n r i c h and T u r n e r ' s a s s u m p t i o n o f i n d e p e n d e n t f i x e s . The 
e x t e n t o f t h i s compensa t ion ( e . g . i n s i z e and o r i e n t a t i o n o f p r o b a b i l i t y e l l i p s e s ) 
depends on the p a t t e r n o f the a n i m a l ' s movements w i t h i n i t s presumed s t a b l e home 
range d u r i n g the s a m p l i n g p e r i o d ( e . g . the p a t t e r n of day range u s e i n the c o n t e x t 
o f t o t a l home range u s e ) . I t i s a consequence o f the model t h a t the a n i m a l ' s move
ments have a c e n t r a l i z i n g tendency ( i . e . i t i s i n c l i n e d t o r e t u r n towards t h e c e n t e r 
o f i t s s t a b l e home r a n g e ) . Thus the m a g n i t u d e and o r i e n t a t i o n o f the c e n t r a l i z i n g 
tendency c a l c u l a t e d from the p a r t i c u l a r sample d a t a i s i m p l i c i t l y used t o a d j u s t 
the s i z e and o r i e n t a t i o n o f the Dunn and G i p s o n p r o b a b i l i t y e l l i p s e s w i t h r e s p e c t 
to t h o s e o f J e n n r i c h and T u r n e r . 

As w i t h the J e n n r i c h and Turner m o d e l s , we cannot c a l c u l a t e the t r u e v a l u e s o f the 
means, v a r i a n c e s and c o v a r i a n c e w h i c h g o v e r n the c e n t e r , s h a p e , and s i z e o f the home 
range or the parameter m e a s u r i n g i t s c e n t r a l i z i n g t e n d e n c y , b u t i f the a s s u m p t i o n s 
o f the 0 -U model a r e v a l i d then t h i s model c a n be used t o p r o d u c e e s t i m a t e s from 
the d i s t r i b u t i o n s o f f i x e s and t h e s e e s t i m a t e s are used to draw the e l l i p s e s . 

GRID METHODS 

R a t h e r than drawing a s i n g l e c o n t o u r around the boundary o f a home r a n g e , t h e 
a n i m a l ' s movements are p l o t t e d i n terms o f t h e f r e q u e n c y o f l o c a t i o n s i n each of a 
number o f s q u a r e s or p o l y g o n s (Adams and D a v i s , 1 9 6 7 ) . S i n i f f and T e s t e r (1965) 
used t h i s t e c h n i q u e to d e s c r i b e f o x movements g a t h e r e d c o n t i n u o u s l y from an automated 
s t a t i o n and i t i s w i d e l y used by p r i m a t o l o g i s t s ( e . g . G l u t t o n - B r o c k , 1 9 7 4 ) . 

THE ' F I E L D - W O R K E R ' S ESTIMATE' 

I n the f o l l o w i n g s e c t i o n s we c o n t r a s t the f e a t u r e s o f each o f t h e s e methods w i t h 
the measurement o f home range s i z e and c o n f i g u r a t i o n drawn by hand on the b a s i s o f 
d i r e c t o b s e r v a t i o n , i n t e r p r e t a t i o n o f f i e l d s i g n and r a d i o t r a c k i n g . 

COMPARISON O F MODELS 
Each o f the above home range mode l s h a s been a p p l i e d t o two s a m p l e s , one o f 174 
r a d i o f i x e s on a f emale red f o x f o l l o w e d i n a suburban h a b i t a t and the second — f i x e s 



410 D. W, Macdonald, F. G . Ball and Ν, G . Hough 

on a male f o x f o l l o w e d over m o o r l a n d . These d a t a are d i s p l a y e d i n F i g . 2 t o g e t h e r 
w i t h v a r i o u s e s t i m a t e s o f home r a n g e s i z e and c o n f i g u r a t i o n . (For o t h e r c o m p a r i s o n s , 
see Möhr and Stumpf , 1966; T r e v o r - D e u t s c h and H a c k e t t , 1980, t h i s v o l u m e ) . The 
models have the f o l l o w i n g c h a r a c t e r i s t i c s : 

j & T = o - M 
62 3 =19 
95 0 =57 

kooo 

2a 
4000 

2b 

J&T^ 0-U 
623% 950% 

j a T 352 7 
0-U 430 0 

1058-2 
1290-1 

F i g . 2 . E s t i m a t e s o f home r a n g e s ( s c a l e i n m e t e r s ) o f two f o x e s 
r a d i o t r a c k e d by n i g h t i n d i f f e r e n t h a b i t a t s , (a ) A 
v i x e n r a d i o t r a c k e d i n the suburbs o f O x f o r d i n the 
v i c i n i t y o f a w e l l p r o v i s i o n e d f e e d i n g s i t e , (b) A 
dog f o x r a d i o t r a c k e d on the moors o f Cumbria f e e d i n g 
m a i n l y on r a b b i t s and b i r d s . Convex p o l y g o n s , 6 2 . 3 and 
95 p e r c e n t p r o b a b i l i t y e l l i p s e s as c a l c u l a t e d by b o t h 
the s i m p l e b i v a r i a t e normal ( J and T) and the 0-U p r o 
c e s s e s are shown. The i n s e t graph p r e s e n t s the s e r i a l 
c o r r e l a t i o n between s u c c e s s i v e Xy y c o o r d i n a t e s o f t h e 
v i x e n ' s p o s i t i o n s ( a r e a s i n h e c t a r e s ) . 

CONVEX POLYGON 

( i ) T h i s method i s v e r y s e n s i t i v e t o movements on the p e r i p h e r y o f the a n i m a l ' s home 
r a n g e , i r r e s p e c t i v e o f the f r e q u e n c y w i t h w h i c h t h a t a r e a i s v i s i t e d . I n d i v i d u a l s 
o f most s p e c i e s o c c a s i o n a l l y t r a v e l to ' u n u s u a l ' p l a c e s , p e r h a p s on an e x c u r s i o n 
from t h e i r normal range ( e . g . N i e w o l d , 1 9 7 4 ) . The e f f e c t o f i n c l u d i n g p e r i p h e r a l 
l o c a t i o n s i n a convex p o l y g o n on i n t e r p r e t a t i o n o f s o c i a l b e h a v i o r i s i l l u s t r a t e d 
i n F i g . 1. 

( i i ) The a r e a o f the home range i n c r e a s e s w i t h sample s i z e u s i n g t h i s method and 
under the as sumpt ions o f t h e b i v a r i a t e normal 0-U p r o c e s s , w i l l t e n d t o i n f i n i t y 
as sample s i z e tends t o i n f i n i t y . 

( i i i ) L a r g e a r e a s o f l a n d w h i c h are never v i s i t e d can be i n c l u d e d w i t h i n the p o l y g o n 
i f an a n i m a l ' s range i s an i r r e g u l a r s h a p e , p e r h a p s d e l i n e a t e d by t o p o g r a p h i c a l 
f e a t u r e s . 
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F i g . 3 . Frequency d i s t r i b u t i o n o f the Xy y c o o r d i n a t e s (meters ) 
o f the f o x e s i n F i g . 2 and the normal d i s t r i b u t i o n w h i c h 
would u n d e r l i e such a mean and v a r i a n c e . T e s t i n g the 
o b s e r v e d and p r e d i c t e d d i s t r i b u t i o n w i t h a t e s t r e v e a l e d 
t h a t w h i l e the suburban f o x l o o s e l y a p p r o x i m a t e d a normal 
d i s t r i b u t i o n ( o r d i n a t e Ρ < 0 . 8 , a b s c i s s a Ρ < 0 .02) t h e 
moor land f o x d i d not ( o r d i n a t e and a b s c i s s a Ρ < 0 . 0 0 1 ) . 

CIRCULAR NORMAL AND BIVARIATE NORMAL 

( i ) A c i r c u l a r normal e s t i m a t e o f home range w i l l u s u a l l y embrace a l a r g e r a r e a 
t h a n a b i v a r i a t e one . T h i s i s e l a b o r a t e d i n Appendix 2 u s i n g a s p h e r i c i t y t e s t 
(Anderson , 1958, p . 259) o f t h e c i r c u l a r normal v e r s u s b i v a r i a t e normal m o d e l s . 

( i i ) The a s s u m p t i o n o f b i v a r i a t e n o r m a l i t y i s u n l i k e l y to be r e a l i s t i c s i n c e the 
r e s o u r c e s g o v e r n i n g the p a t t e r n o f a n i m a l movement are i n many c a s e s not n o r m a l l y 
d i s t r i b u t e d i n s p a c e . F o r example m a t e s , f o o d s u p p l i e s , and enemies a r e a l l l i k e l y 
t o be clumped i n d i s t r i b u t i o n . T h i s model does not a l l o w f o r h e t e r o g e n e o u s u s e 
o f space e i t h e r b e c a u s e o f r e s o u r c e a v a i l a b i l i t y or s o c i a l f a c t o r s . T h i s c o n s t r a i n t 
has been emphas ized by M e t z g a r (1972, 1973) and F i g . 3 shows t h a t f o x movement d a t a 
may depar t from n o r m a l i t y . A sample of 36 such a n a l y s e s per formed on the Xy y 
c o o r d i n a t e s o f movement d a t a g a t h e r e d from 18 r e s i d e n t r e d f o x e s i n f o u r d i f f e r e n t 
h a b i t a t s showed t h a t 21/36 d e p a r t e d from a normal d i s t r i b u t i o n a t g r e a t e r t h a n 
Ρ < 0 . 0 1 . 

MOORLAND 
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( i i i ) I n s p i t e of i t s u n r e a l i s t i c a s sumpt ions J e n n r i c h and Turner (1969) , van Winkle 
(1975) , and Koeppe l et at, (1975) f a v o r t h i s t e c h n i q u e which they c o n s i d e r to be 
s t a t i s t i c a l l y r o b u s t . 

( i v ) The b i v a r i a t e normal p r o b a b i l i t y e l l i p s e s reduce the d i s p r o p o r t i o n a t e w e i g h t i n g 
bestowed on wayward p o i n t s by t h e convex p o l y g o n . 

(v) The b i v a r i a t e normal e s t i m a t e o f home range may a l s o i n c l u d e a r e a s o f l a n d w h i c h 
are never v i s i t e d , as i n ( i i i ) o f the convex p o l y g o n and a l l o t h e r p a r a m e t r i c methods , 

ORSTEIN-UHLENBECK D I F F U S I O N PROCESS 

( i ) The t i n y d i f f e r e n c e ( 0 . 2 ha) between the b i v a r i a t e normal and 0 - U e s t i m a t e s o f 
the home range (hence o n l y one s e t o f e l l i p s e s drawn) on F i g . 2a s u g g e s t s t h a t the 
a s sumpt ion of independence a l o n g sample p a t h s made i n the b i v a r i a t e normal model does 
n o t n e c e s s a r i l y s e r i o u s l y i n v a l i d a t e i t s e s t i m a t e s o f mean v e c t o r s and c o v a r i a n c e 
p r o v i d e d t h a t the sample s i z e i s q u i t e l a r g e . However , a p r e c i s e r u l e f o r a n s w e r i n g 
the q u e s t i o n of how l a r g e the sample must be f o r b i v a r i a t e normal e s t i m a t e s t o be 
v a l i d i s not known. The d i s a d v a n t a g e t o the b i o l o g i s t o f the 0-U p r o c e s s i s i t s 
c o m p l e x i t y , a l t h o u g h a copy o f t h i s and o t h e r r e l a t e d computer programs c a n be 
o b t a i n e d from D r . J . Dunn ( D e p t . M a t h e m a t i c s , U n i v . A r k a n s a s , F a y e t t e v i l l e , A r k a n s a s ) , 
Dunn et al, (1978, p p . 150-160) have p u b l i s h e d o t h e r a s p e c t s o f a n a l y s e s o f the 
d a t a i n F i g . 2a . F o r example , by c a l c u l a t i n g the s e r i a l c o r r e l a t i o n between s u c c e s 
s i v e f i x e s f o r t h a t v i x e n they showed t h a t a s a m p l i n g f r e q u e n c y o f 30 min i n v o l v e s 
o n l y a low c o r r e l a t i o n between s u c c e s s i v e l o c a t i o n s ( F i g . 2 i n s e t ) . 

( i i ) The t e c h n i q u e has the a d v a n t a g e t h a t i t can be used to f o r e c a s t the l o c a t i o n o f 
t h e a n i m a l . I t can a l s o be used t o c a l c u l a t e the o p t i m a l s a m p l i n g i n t e r v a l w h i l e 
r a d i o t r a c k i n g (Dunn, 1977b) . 

( i i i ) I f an a n i m a l ' s movements d u r i n g a sample p e r i o d h a v e a g e n u i n e c e n t r a l i z i n g 
tendency towards t h e m i d d l e o f i t s l o n g t e r m s t a b l e home r a n g e , t h e n Dunn and G i p s o n ' s 
(1977) model can use t h i s to improve the e s t i m a t e o f home range s i z e and o r i e n t a t i o n . 

However, i f the a n i m a l ' s movements b e a r a d i f f e r e n t r e l a t i o n s h i p t o the c e n t e r o f i t s 
l ong term home r a n g e , t h e n the 0-U model w i l l i n t r o d u c e e r r o r s w h i c h may d e p a r t e v e n 
f a r t h e r from r e a l i t y than J e n n r i c h and T u r n e r ' s (1969) m o d e l . I n d e e d , w i t h a few 
e x c e p t i o n s such as r e p e a t e d l y r e t u r n i n g t o a n e s t a r e a t o f e e d y o u n g , w h i c h anyway 
may not be l o c a t e d c e n t r a l l y w i t h i n a home r a n g e , the a s s u m p t i o n o f a t endency to 
move towards the c e n t e r o f a home range has no o b v i o u s b i o l o g i c a l b a s i s . Where no 
c e n t r a l i z i n g tendency e x i s t s , the 0 - U p r o c e s s w i l l i n v e n t o n e . Thus the f o x whose 
movements are shown i n F i g . 2b o f t e n s l e p t i n the west o f h i s range by day and then 
t r a v e l l e d a l o n g p r e d o m i n a n t l y e a s t e r l y r o u t e s f o r most o f the n i g h t , b e f o r e r e t u r n i n g 
home a t a f a s t pace a t dawn. The mean v e c t o r o f h i s movements thus p o i n t e d s t r o n g l y 
to t h e e a s t and t h i s caused the 0-U model to e s t i m a t e a c e n t e r o f a c t i v i t y w h i c h 
was w e l l o u t s i d e the a r e a t h a t the f o x e v e r v i s i t e d . 

( i v ) The p r e s e n t e s t i m a t i o n p r o c e d u r e s r e q u i r e t h a t sample f i x e s must be t a k e n a t 
f i x e d i n t e r v a l s . However , D r . Dunn ( p e r s o n a l communicat ion) i s d e v e l o p i n g an e s t i 
m a t i o n r o u t i n e w h i c h r e l a x e s t h e r e q u i r e m e n t o f f i x e d s a m p l i n g i n t e r v a l s . 

GRID METHODS 

( i ) Home range s i z e can be computed by a d d i n g the a r e a o f a l l s q u a r e s c o n t a i n i n g 
f i x e s ; however t h i s g i v e s no measure o f t h e d i s t r i b u t i o n o f t h e s e f i x e s , and i s 
i n f l u e n c e d by the s i z e o f g r i d square c h o s e n . 

( i i ) Empty s q u a r e s w i t h i n the home range may r e s u l t from s a m p l i n g s t r a t e g y or from 
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b i o l o g i c a l l y r e l e v a n t f a c t o r s . V o i g t and T i n l i n e (1980, t h i s volume) d e s c r i b e 
sys tems t h a t a l l o w used squares to w e i g h t t h e i r n e i g h b o r s and f o r l i n k i n g s q u a r e s 
through which an an imal must l o g i c a l l y have t r a v e l l e d between two s i g h t i n g s , even 
i f i t was n o t f o l l o w e d w h i l e d o i n g s o . 

( i i i ) The s i z e o f the g r i d squares s h o u l d be no s m a l l e r t h a n the l i m i t a t i o n s i n 
a c c u r a c y o f the t r a c k i n g s y s t e m , w h i c h may be i n s u f f i c i e n t to r e s o l v e movements i n 
terms o f d e t a i l e d h a b i t a t t y p e s (see C o o p e r , 1 9 7 8 ) . 

( i v ) F o r compar i son o f the p a t t e r n o f use o f home r a n g e s u s i n g f r e q u e n c y v a l u e s i n 
d i f f e r e n t c e l l s we use c e l l s i z e s d e s c r i b e d by proportions o f t o t a l r a n g e s i z e ( i n 
F i g . 4, s q u a r e s o f 550 m^) s i n c e compar i sons c a n o t h e r w i s e o n l y be made between 
r a n g e s o f i d e n t i c a l s i z e s as the number o f c e l l s i n f l u e n c e s t h e f r e q u e n c y d i s t r i b u 
t i o n o f movement d a t a . Two t y p e s o f compar i son may be made between t h e s e g r i d d e d 
r e p r e s e n t a t i o n s o f home range u s e : (1) the a r e a u s e d , and (2) the p a t t e r n o f range 
u s e . Measures o f v a r i a b i l i t y ( e . g . s t a n d a r d d e v i a t i o n , v a r i a n c e ) and o f d i v e r s i t y 
( e . g . Shannon-Weiner i n d e x , as used t o compute s p e c i e s d i v e r s i t y ) , a l l o w s t a t i s t i c a l 
comparisons between d i f f e r e n t p a t t e r n s o f range u s e , b u t a r e i n f l u e n c e d by t h e num
b e r o f sample c e l l s and by t h e t o t a l number o f o b s e r v a t i o n s , b u t t h e c o e f f i c i e n t o f 
v a r i a t i o n ( s t a n d a r d d e v i a t i o n d i v i d e d by the mean) i s u n a f f e c t e d by sample s i z e . 

F i g . 4. The f r e q u e n c y w i t h w h i c h a f o x ( F i g . 2a) was found i n 
each g r i d square w i t h i n h e r r a n g e . 

(v) Rasmussen and Rasmussen (1979) have p o i n t e d out t h a t measures o f the i n t e n s i t y o f 
home range use by t h e above methods f a i l to d i s t i n g u i s h be tween r a n g e s where the 
f r e q u e n c y o f c e l l use has t h e same d i s t r i b u t i o n b u t where the p a t t e r n o f use d i f f e r s , 
e . g . where h e a v i l y used s q u a r e s are clumped t o g e t h e r r a t h e r t h a n r e g u l a r l y s p a c e d . 
The Rasmussens ' i n d e x o f range use (RU) overcomes t h i s by summing the number o f 
f i x e s i n a p a i r o f c e l l s and d i v i d i n g t h i s by the d i s t a n c e between them to g i v e a 
v a l u e (d) w h i c h i s s i m i l a r l y computed f o r e a c h o f the N(N - 1)11 p a i r s o f c e l l s : 

Ρ 

Σ {d^ - d)^/R 

RU = 

where d{^ i s the summed t o t a l o f f i x e s i n the ith p a i r o f c e l l s , d i v i d e d by the d i s 
tance between t h e i r c e n t e r s and Ρ = Ν(Ν - l ) / 2 . RU t a k e s g r e a t e r v a l u e s when i n t e n 
s i v e l y used c e l l s ( i d e a l l y h e x a g o n s , t o e q u a l i z e d i s t a n c e s be tween n e i g h b o r i n g c e l l 
c e n t e r s ) are clumped t o g e t h e r . 
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INTERACTION AND OVERLAP 
The second problem posed i n the i n t r o d u c t i o n concerned the a n a l y s i s o f i n t e r a c t i o n s 
between the movements o f two a n i m a l s . 

STATIC INTERACTION 

The s p a t i a l o v e r l a p , or s t a t i c i n t e r a c t i o n , o f one an imal on a n o t h e r i s d e f i n e d as 
the p r o p o r t i o n o f the l a t t e r ' s home range w h i c h i s o v e r l a p p e d by t h e f o r m e r ' s home 
r a n g e . More p r e c i s e l y , if Ai and A2 r e p r e s e n t the a r e a s o f the home r a n g e s o f 
a n i m a l s 1 and 2 and A the a r e a of o v e r l a p , then the s t a t i c i n t e r a c t i o n (5) i s : 

5 i 2 = and S21 = ^ 

where S12 i s t h e s t a t i c i n t e r a c t i o n o f an imal 2 on an imal 1 e t c . S t a t i c i n t e r a c t i o n 
i s no t r e f l e x i v e ( i . e . ?̂  -^21) e x c e p t i n the improbable e v e n t o f the two home 
ranges h a v i n g e q u a l a r e a . 

The problems o f i n t e r p r e t i n g o v e r l a p s between home range c o n f i g u r a t i o n s d e r i v e d by 
d i f f e r e n t methods i s i l l u s t r a t e d by a s t u d y o f the r e d f o x ' s s o c i a l s y s t e m on B o a r ' s 
H i l l , O x f o r d , U . K . R a d i o t r a c k i n g was used t o p r e d i c t the f o x e s ' p o s i t i o n s and so 
t o f a c i l i t a t e o b s e r v a t i o n s which l e d t o the c o n c l u s i o n t h a t many r e s i d e n t f o x e s i n 
t h a t h a b i t a t l i v e d i n group t e r r i t o r i e s , where 4-5 a d u l t members o f a s o c i a l group 
shared a common range w h i c h o v e r l a p p e d v e r y l i t t l e , or not a t a l l , w i t h s i m i l a r 
n e i g h b o r i n g group t e r r i t o r i e s ( M a c d o n a l d , 1977) . The b i v a r i a t e normal model o f home 
range ( J e n n r i c h and T u r n e r , 1969) was found to g i v e a u s e f u l c o m p a r a t i v e i n d e x o f 
range s i z e f o r t h e s e f o x e s , b u t would have l e d to h o p e l e s s m i s i n t e r p r e t a t i o n o f 
t h e i r s o c i a l b i o l o g y i f a p p l i e d i n i s o l a t i o n . T e r r i t o r i a l b o u n d a r i e s o f t e n f o l l o w e d 
t o p o g r a p h i c a l f e a t u r e s l i k e roads and d i t c h e s and so were n e a t l y t e s s e l a t e d i n a way 
which home range models c o u l d n o t accommodate . The a v e r a g e s i z e o f 5 group t e r r i 
t o r i e s on the b a s i s o f a l l t y p e s o f o b s e r v a t i o n was 41 .44 h a ( S . D . 20 .6 ha) w h i l e 
the e l l i p t i c a l e s t i m a t e s were 70.45 ± 30 .72 ha and 20.79 ± 11.84 f o r the 95 p e r c e n t 
and 62 .3 p e r c e n t e l l i p s e s r e s p e c t i v e l y . The convex p o l y g o n e s t i m a t e s were 70 .5 ± 
56 .7 h a . 

T a b l e 3 shows the e x t e n t o f o v e r l a p s ( s t a t i c i n t e r a c t i o n ) between and w i t h i n the 
members o f two s o c i a l groups u s i n g the b i v a r i a t e normal c o n f i d e n c e e l l i p s e s . D i f f e r 
e n c e s i n the p a t t e r n o f h a b i t a t use by e a c h f o x i n f l u e n c e d t h e c o n f i g u r a t i o n and 
o r i e n t a t i o n o f each e l l i p s e ( o r , i n d i f f e r e n t w a y s , e a c h minimum p o l y g o n ) to d i s g u i s e 
the r e a l s p a t i a l r e l a t i o n s h i p be tween the f o x e s . I n f a c t , t h e 95 p e r c e n t c o n f i d e n c e 
e l l i p s e s s u g g e s t t h a t on a v e r a g e group I o v e r l a p p e d o v e r 50 p e r c e n t o f group I I 
r a n g e s . Even i f movements are d i s t r i b u t e d n o r m a l l y t h e s e d i s t o r t i o n s would s t i l l 
o c c u r as d i f f e r e n t group members u t i l i z e t h e i r common home range d i f f e r e n t l y and 
hence have d i f f e r e n t v a r i a n c e s on t h e i r y c o o r d i n a t e s . S m a l l sample s i z e would 
a l s o a l t e r e l l i p s e s i z e . 

AN INDEX OF S T A T I C INTERACTION 

Computed areas o f o v e r l a p b a s e d on p r o b a b i l i t y e l l i p s e s may have u s e f u l a p p l i c a t i o n s 
i n some models concerned w i t h p r o b a b i l i t i e s o f o v e r l a p and r e l a t i v e chances o f 
e n c o u n t e r , b u t they s h o u l d be i n t e r p r e t e d w i t h t h e c a u t i o n ( c f . T a b l e 3 ) . F i g u r e 5 
shows n i g h t t ime r a d i o f i x e s o f f o u r a d u l t f o x e s over 19 n i g h t s d u r i n g J a n u a r y , 1979 
on B o a r ' s H i l l , O x f o r d . The o v e r l a p between the two n e i g h b o r i n g r a n g e s was g e n e r 
a l l y thought t o be s m a l l on t h e b a s i s o f our f i e l d w o r k a l t h o u g h s e v e r a l p r o b a b l e 
e x c u r s i o n s were r e c o r d e d , and y e t the o v e r l a p o f e l l i p s e s S i ( f e m a l e ) and B l ( f e m a l e ) 
w i t h RW ( f e m a l e ) and SN (male) i s c o n s i d e r a b l e ( F i g . 5 i n s e t ) . 
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T a b l e 3 . 
The p e r c e n t a g e o f o v e r l a p between e s t i m a t e d r a n g e s o f e i g h t 
f o x e s b e l o n g i n g t o two s o c i a l groups whose two group ranges 

were b e l i e v e d to o v e r l a p v e r y l i t t l e i n r e a l i t y 

415 

6 2 . 3 p e r c e n t 

Y X 

Group A Group Β 

SN TP FT HU RO DF J O WT 
male female female f emale male f emale f emale f emale 

SN male - 83 .1 51 .4 3 9 . 0 3 . 3 0 . 0 1 .3 7 . 2 

TP female 6 8 . 0 - 6 0 . 0 43 .5 11.6 0 .4 11 .3 1 1 . 0 

FT female 5 4 . 3 77 .5 - 8 1 . 2 3 . 3 0 . 0 9 .6 28 .2 

HU female 32 .5 44 .5 6 4 . 3 - 9.9 0 . 0 7 .5 23 .6 

RO male 1.9 8 . 3 6 . 0 7 .0 - 8 6 . 3 100 .0 8 5 . 8 

DF female 0 . 0 0 . 2 0 . 0 0 . 0 5 2 . 5 - 74.1 6 2 . 3 

J O female 0 .5 5 . 2 3 .4 3 .4 64 .5 78 .5 - 77.6 

WT female 2 .4 9 . 3 9 .1 9 .7 5 0 . 0 6 0 . 0 7 0 . 1 -
9 5 . 0 p e r c e n t 

SN male - 9 4 . 0 71 .1 62 .5 44 .6 4 2 . 2 53 .1 6 6 . 0 

TP female 77 .0 - 67 .5 6 2 . 3 5 0 . 4 5 0 . 8 6 1 . 1 76 .4 

FT female 75 .1 8 7 . 3 - 9 2 . 0 46 .9 42 .7 51 .9 6 0 . 4 

HU female 5 2 . 3 63 .8 72.9 - 4 0 . 2 3 6 . 3 4 4 . 0 54 .6 

RO male 26 .3 36 .4 26 .6 28 .3 - 91 .8 100 .0 93 .1 

DF female 15 .1 22 .3 14 .4 15 .5 5 6 . 0 - 80 .7 73 .5 

J O female 20.7 29 .1 19.1 20 .4 6 7 . 0 87 .8 - 8 3 . 8 

WT female 22 .6 32.1 19.6 22 .4 5 4 . 2 70 .6 7 3 . 0 -

I n order t o compute s t a t i c i n t e r a c t i o n , g i v e n any two e l l i p s e s , new c o o r d i n a t e axes 
can be d e f i n e d so t h a t one e l l i p s e i s i n s t a n d a r d form w i t h c e n t e r a t the o r i g i n and 
major and minor axes a l o n g the c o o r d i n a t e a x e s . A n u m e r i c a l a l g o r i t h m i s t h e n used 
to de termine the p o i n t s o f i n t e r s e c t i o n (0 , 2 , or 4 ) . I f the e l l i p s e s do i n t e r s e c t , 
the a r e a o f i n t e r s e c t i o n i s c a l c u l a t e d by u s i n g s t a n d a r d i n t e g r a t i o n t h e o r y t o e v a l 
u a t e the a r e a s be low e a c h o f t h e (2 or 4) s e c t i o n s o f e l l i p t i c a l a r c . D e t a i l s o f 
the method and o f a computer program may be o b t a i n e d from the second a u t h o r . 

D Y N A M I C INTERACTION 
By dynamic i n t e r a c t i o n we mean the way i n w h i c h movements o f two a n i m a l s a r e r e l a t e d , 
e . g . through a t t r a c t i o n or a v o i d a n c e . T h i s i s n o t n e c e s s a r i l y e q u i v a l e n t to t h e i r 
tendency t o p h y s i c a l l y e n c o u n t e r e a c h o t h e r , as d e s c r i b e d b e l o w . To i l l u s t r a t e the 
problem c o n s i d e r the home r a n g e s o f two a n i m a l s , 1 and 2 , o f w h i c h b o t h are c i r c u l a r , 
c e n t e r e d on the o r i g i n and w i t h e q u a l r a d i i . H e n c e , s t a t i c i n t e r a c t i o n i s t o t a l . 
They s h a r e the same home range b u t do t h e i r movements i n f l u e n c e e a c h o t h e r ? F i g u r e 6 
shows t h e s i m u l a t e d m a r g i n a l d i s t r i b u t i o n s o f t h e d i s t a n c e s between the two a n i m a l s 
( i . e . the d i s t a n c e between them a t any one t i m e ) , depend ing on w h e t h e r ρ i s h i g h , low 
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>-
CO 

3.0 4.0 5.0 6.0 

d = separation between the two foxes 

F i g . 6 . The m a r g i n a l d i s t r i b u t i o n o f the s e p a r a t i o n be tween 
two s i m u l a t e d f o x e s whose movements were c o r r e l a t e d i n 
d i f f e r e n t w a y s . The i n s e t shows the p a t h s o f two 
s i m u l a t e d f o x e s whose movements were n e g a t i v e l y c o r r e 
l a t e d a t ρ = - 0 . 3 , numbers r e f e r r i n g t o the 1 s t , 2nd, 
n t h move o f each f o x . 

or n e u t r a l , ρ i s the c o r r e l a t i o n between t h e c o o r d i n a t e s Χγ and X 2 (and e q u a l l y 
y I and y 2) o f t h e two a n i m a l s . 

I t can be shown t h a t d{t), i . e . the d i s t a n c e be tween t h e two a n i m a l s a t t ime t , has 
a m a r g i n a l d i s t r i b u t i o n w i t h d e n s i t y 

f{d) = 2\te-^'^^ where λ = H i - P) · 

Graphs o f f(d) f o r ρ = - 0 . 9 5 , 0 and +0 .95 are g i v e n i n F i g . 6 . As can be s een the 
graphs are v e r y peaked f o r h i g h p o s i t i v e v a l u e s of ρ and r e l a t i v e l y f l a t f o r l a r g e 
n e g a t i v e v a l u e s o f ρ . I t i s no tewor thy t h a t the d i f f e r e n c e be tween n e u t r a l i t y and 
a t t r a c t i o n i s more o b v i o u s than t h a t between n e u t r a l i t y and a v o i d a n c e , s i n c e t h e r e 
are so many p l a c e s t o a v o i d a n o t h e r a n i m a l and o n l y one t o meet h i m . Hence a v o i d a n c e 
by two a n i m a l s o f each o t h e r i s h a r d e r t o d e t e c t i n p r a c t i c e ( see i n s e t F i g . 6, 
where ρ = - 0 . 3 ) . The a n i m a l s are a v o i d i n g e a c h o t h e r , b u t t h i s would n o t be o b v i o u s 
a t f i r s t s i g h t , so a t e s t i s n e e d e d . 

By s i m p l i f y i n g the 0-U m o d e l , i n d r o p p i n g t h e a s s u m p t i o n o f dependent f i x e s b u t 
s t i l l k e e p i n g the p o s s i b i l i t y of dynamic i n t e r a c t i o n between the two a n i m a l s , we p r o 
v i d e i n Appendix 3 a t e s t o f whether the a n i m a l s behave n e u t r a l l y t o e a c h o t h e r or 
o t h e r w i s e . C o p i e s o f the program f o r t h i s t e s t are a v a i l a b l e from F . B a l l . J . Dunn 

2 
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( i n p r e s s ) has a more s o p h i s t i c a t e d , b u t m a t h e m a t i c a l l y complex t e s t , wh ich u s e s h i s 
0-U model r a t h e r than an e x t e n s i o n o f the B i v a r i a t e Normal m o d e l , f o r t e s t i n g dynamic 
i n t e r a c t i o n . 

INTERACTION BETWEEN FOXES 

The e x t e n t to wh ich f o x e s i n t e r a c t i n t h e i r movements i s o f i n t e r e s t b o t h t o t h o s e 
concerned w i t h i n t e r p r e t a t i o n o f t h e i r s o c i a l sys tem and to t h o s e m o d e l l i n g and c o n 
t r o l l i n g the s p r e a d o f r a b i e s (Macdona ld , 1980) . Few r e a l d a t a have been p u b l i s h e d 
which enab le a m o d e l l e r t o a s s e s s t h e l i k e l y f r e q u e n c y o f i n t e r a c t i o n between f o x e s . 
F i g u r e 5 shows f i x e s o f f o u r f o x e s i n two n e i g h b o r i n g g r o u p s . F o r SN (male) and RW 
( female ) the W s t a t i s t i c f o r t e s t i n g dynamic i n t e r a c t i o n between them i s c a l c u l a t e d 
as i n Appendix 3 ; and e q u a l s 1 .146 . Now, W i s d i s t r i b u t e d as F on 4 and 90 d e g r e e s 
of freedom ( ^ ¿ ^ , 9 0 ) ^̂ ^̂  the 5 p e r c e n t l e v e l o f ^ 4 , 9 0 d i s t r i b u t i o n i s 2 . 5 . Hence 
s i n c e 1.146 < 2 .5 we cannot r e j e c t the h y p o t h e s i s Hq t h a t t h e r e i s no dynamic i n t e r 
a c t i o n . 

We can i l l u s t r a t e t h a t t h e r e i s l i t t l e dynamic i n t e r a c t i o n by l o o k i n g a t the c o r r e 
l a t i o n m a t r i x between the two f o x e s ' c o o r d i n a t e s 

Ρ Ρ XX xy 

ρ Ρ 
which a r e , ρ 

0 .175 - 0 . 0 2 8 

0 .041 0 .154 

where , f o r i n s t a n c e p ^ = c o r r e l a t i o n between the χ c o o r d i n a t e o f f o x RW and the 
y c o o r d i n a t e o f f o x S N \ A l l t h e s e c o r r e l a t i o n s are s m a l l as e x p e c t e d . 

F o r the two f emales S i and B l , iv̂  = 1 .256 , and from the d i s t r i b u t i o n we a g a i n cannot 
r e j e c t the n u l l h y p o t h e s i s t h a t t h e r e i s no dynamic i n t e r a c t i o n . 

The c o r r e l a t i o n m a t r i x ρ as d e f i n e d b e f o r e i s 

Ρ = 
- 0 . 0 7 5 0 .189 

- 0 . 2 1 1 0.219 

the c o r r e l a t i o n s a g a i n b e i n g s m a l l . 

I n r e a l i t y t h e s e f o x e s c o u l d a v o i d e a c h o t h e r i n much more s u b t l e ways t h a n we have 
t e s t e d f o r , b u t t h i s model c o u l d r e a d i l y be adapted t o t e s t f o r d i f f e r e n t p a t t e r n s 
of a v o i d a n c e , or a t t r a c t i o n . However , t h e s e are l i k e l y t o be beyond the r e s o l u t i o n 
o f most r a d i o t r a c k i n g s t u d i e s ( e s p e c i a l l y where d a t a are g a t h e r e d d i s c o n t i n u o u s l y ) 
and w i l l on ly be s o l u b l e by d i r e c t o b s e r v a t i o n . 

The chance o f two a n i m a l s m e e t i n g depends on the d i s t a n c e o v e r w h i c h they c a n d e t e c t 
each o t h e r , and how each of them r e a c t s t o t h e d e t e c t i o n of t h e o t h e r . I t i s i m p o r 
t a n t f o r models o f r a b i e s t r a n s m i s s i o n t o know how f r e q u e n t l y f o x e s come i n t o c o n 
t a c t . By c a l c u l a t i n g the p a r a m e t e r s o f p r o b a b i l i t y e l l i p s e s o f two f o x e s and w o r k i n g 
out the u n d e r l y i n g d i s t r i b u t i o n s f o r e a c h e l l i p s e ( t a k i n g a c c o u n t o f the c o v a r i a n c e 
o f t h e i r movements) i t i s t h e n p o s s i b l e t o c a l c u l a t e the p r o b a b i l i t i e s t h a t t h e two 
an imals w i l l be w i t h i n a g i v e n d i s t a n c e o f each o t h e r (see Dunn, 1979 ) . .The d a t a on 
F i g . 5 have been t r e a t e d i n t h i s way t o g e n e r a t e the p r o b a b i l i t y c u r v e s i n F i g . 7, 
wh ich show the chances o f RW female and SN male b e i n g w i t h i n g i v e n d i s t a n c e s o f each 
o t h e r , and s i m i l a r l y f o r Bl f emale and S i female ( b e a r i n g i n mind t h a t the a c c u r a c y 
of r a d i o f i x e s i n t h i s h a b i t a t i s p r o b a b l y w i t h i n ±30 m ) . 

The c u r v e s on F i g . 7 show t h a t , f o r i n s t a n c e , B l ( f e m a l e ) and S i ( f e m a l e ) p a s s w i t h i n 
10 m o f each o t h e r w i t h a p r o b a b i l i t y o f 7.58 x 10"^, so t h a t w i t h i n the 10 h darkness 
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RW SN Si Bl 

RW - 0.02 0.0 0.0 

SN 0.06 - 0.0 0.0 

SI 0.04 0.0 - 0.02 

Bl 0.0 0.0 0.0Í -

50 m R W . / S N 

100 200 300 400 500 

METRES BETWEEN FOXES 

600 

F i g . 7 . The p r o b a b i l i t y o f t h e f o x e s whose movements were 
d e p i c t e d i n F i g . 5 m e e t i n g e a c h o t h e r . L i n e s show 
p r o b a b i l i t i e s b a s e d on the J e n n r i c h and T u r n e r (1969) 
e l l i p s e s . Symbols show p r o b a b i l i t i e s b a s e d on t h e 
raw d a t a : RW f e m a l e / S N male (A), S i f e m a l e / B l f e m a l e 
( · ) , SN m a l e / S i f emale ( Δ ) . 

o f a w i n t e r ' s n i g h t t h e y would be t h a t c l o s e f o r an a v e r a g e o f 0 . 4 5 m i n . Depending 
g r e a t l y on t h e h a b i t a t , f o x e s can s ense e a c h o t h e r a t l e a s t 30-50 m a p a r t and c o n 
s i d e r i n g a s e p a r a t i o n o f 30 m ( a p p r o x i m a t e l y t h e r e s o l u t i o n o f the o r i g i n a l t r a c k i n g 
d a t a ) the p r o b a b i l i t y i n c r e a s e s t o 6 .79 x 10"^ o r j u s t o v e r 4 min 10 h"^. Of c o u r s e , 
the way each o f two f o x e s w i l l r e a c t when they s ense e a c h o t h e r depends on many c i r 
cumstances ( e . g . s e a s o n , s t a t u s , p r o x i m i t y o f food and , presumably a l s o , whether 
one of them i s r a b i d ) , as w i l l the d u r a t i o n o f e a c h m e e t i n g . 

F i g u r e 7 a l s o p r e s e n t s p r o b a b i l i t i e s o f s e p a r a t i o n o f RW ( f e m a l e ) / S N ( m a l e ) . S i 
( f e m a l e ) / b l ( f e m a l e ) and , by c o n t r a s t , SN ( m a l e ) / S i ( f e m a l e ) b a s e d e m p i r i c a l l y on 
t h e d a t a . These p r o b a b i l t i e s , f o r d i s t a n c e s o f 20m and 50 m, are g i v e n on the i n s e t 
t a b l e . I n f a c t , t h e s e s u g g e s t s l i g h t l y h i g h e r p r o b a b i l i t i e s o f m e e t i n g f o r f o x e s 
w i t h i n a group than do t h e c a l c u l a t e d c u r v e s ; the p r o b a b i l i t y o f RW ( f e m a l e ) / S N (male) 
b e i n g w i t h i n 10 m i s 2 x l O ' ^ , (12 m i n / 1 0 h) and f o r S i ( f e m a l e ) / B l ( f e m a l e ) i s 
1.9"^. I n the absence o f adequate d i r e c t o b s e r v a t i o n s , t h i s t e c h n i q u e p r o v i d e s a 
s t a r t i n g p o i n t f o r g e n e r a t i n g c o n t a c t p r o b a b i l i t i e s f o r models o f r a b i e s t r a n s m i s s i o n . 

CONCLUSIONS 
Where they can be s u p p o r t e d w i t h adequate o b s e r v a t i o n s we a d v o c a t e drawing home 
range b o u n d a r i e s by hand and m e a s u r i n g t h e i r a r e a s s i m p l y w i t h a p l a n i m e t e r . Only 
i n t h i s way can i n t e r p r e t a t i o n s o f s p a t i a l r e l a t i o n s h i p s be as f i n e l y tuned as are 
an imal s o c i e t i e s i n r e a l i t y . Of c o u r s e t h i s l e a v e s more room f o r ' w i s h f u l t h i n k i n g ' 
by t h e b i o l o g i s t , b u t any u n d e s i r a b l e c o n s e q u e n c e s o f t h i s can be c o u n t e r e d by 
r e p o r t i n g i n s l i g h t l y more d e t a i l t h e c r i t e r i a u s e d f o r drawing g i v e n b o u n d a r i e s . 
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APPENDIX 1 
ESTIMATION OF PARAMETERS AND CALCULATION OF PROBABILITY 
E L L I P S E S FOR BIVARIATE AND CIRCULAR NORMAL MODELS 

Assume t h a t we have a s e r i e s o f r a d i o f i x e s , Ζγ^ Z^^ Zj^, where Zi = {x^^ y^) 
i s the l o c a t i o n o f t h e a n i m a l a t the t t h f i x w i t h r e f e r e n c e to a f i x e d Xy y c o o r d i n 
a t e s y s t e m . I n b o t h models the mean l o c a t i o n s on the χ and y c o o r d i n a t e axes i s 
e s t i m a t e d by the sample means χ and y r e s p e c t i v e l y . E s t i m a t e s o f the v a r i a n c e s , 
s\ ands2'^, and t h e c o v a r i a n c e , S I 2 j o f t h e Xy i/ c o o r d i n a t e s are c a l c u l a t e d as f o l l o w s : 

Ν ^ _ 
q\ = (Σ {Xy, - x)'^M{N - 2) and = (Σ (z/^ - y)'^)I{N - 2) 

n = l n = l 

Ν 
Sl2 = (Σ {xn - x){yn - - 2) , 

n = l 

From t h e s e v a l u e s the a n g l e (Θ) between the major a x i s o f the p r o b a b i l i t y e l l i p s e 
and the χ a x i s o f the g r i d , i s g i v e n b y : 

Tan 2Θ = ls\2,Ks\ - s | ) . 

The whole c o o r d i n a t e sys tem can be t r a n s l a t e d so t h a t the o r i g i n becomes the c e n t e r 
o f a c t i v i t y , and t h e n r o t a t e d c l o c k w i s e t h r o u g h an a n g l e θ a b o u t the new o r i g i n so 
t h a t the c o v a r i a n c e between t h e a n i m a l ' s l o c a t i o n s on t h e new c o o r d i n a t e s y s t e m 
becomes z e r o . 

I f t h e new c o o r d i n a t e s measured from the c e n t e r o f t h e e l l i p s e are u and Vy t h e n e s t i 
mates o f the v a r i a n c e s i n t h i s s y s t e m w i l l b e : 

s ¿ = + Si2 tane and s'^^ s \ - Sii tane w i t h s^^ = 0 . 

The l e n g t h s o f the s e m i - m a j o r (A/) and semi -minor (m) axes o f the p r o b a b i l i t y e l l i p s e 
a r e : Μ - r Sj^ and m = r s^ where t h e v a l u e o f r d e t e r m i n e s the p r o b a b i l i t y l e v e l o f 
t h e e l l i p s e and thus t h e p r o b a b i l i t y o f the a n i m a l b e i n g found i n an e l l i p t i c a l e s t i 
mate o f home r a n g e , i . e . the ' i n c l u s i o n p r o b a b i l i t y ' g i v e n b y : P ( r ) = 1 - e~^ / 2 (see 
M a z u r k i e w i c z , 1971, p . 58 , and J e n n r i c h and T u r n e r , 1969, p . 232, where t h e same 
f u n c t i o n i s c a l l e d p ) . 

The c o r r e s p o n d i n g c o n f i d e n c e e l l i p s e i s g i v e n b y : (u^/s^) + (v^/s^) = r^ e n c l o s i n g 
an a r e a o f nr^Sj^s^ square u n i t s . 
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I n the c i r c u l a r normal model we e s t i m a t e the commoil v a r i a n c e , σ^, b y : 

0^ ^ (N ' 2 ) ( s 2 + sl)/(2(N - D ) . 

The e s t i m a t e o f home r a n g e , w i t h i n c l u s i o n p r o b a b i l i t y 1 - a , i s t h e n a c i r c l e c e n t e r 
(Xy g) and r a d i u s / { 2 l n ( l / a ) } σ . 

APPENDIX 2 

A TEST FOR V A L I D I T Y OF THE CIRCULAR NORMAL MODEL 

C a l c u l a t e the m a t r i x 

'12 

'12 

S l ^ x s 2 ^ - s i 2 ^ ( t h e ' d e t e r m i n a n t ' ) and tr{s) Si^ + S 2 ^ as b e f o r e . W r i t e \s \ 
( the ' t r a c e ' ) . C a l c u l a t e W = | s | / { Í t r ( s ) } ^ , We r e j e c t the c i r c u l a r normal model o f 
W < β2 / (Í1 / -1) ^here 100(1 - 3) i s the s i g n i f i c a n c e l e v e l o f t h e t e s t . I t i s p o s s i b l e 
to r e l a t e t h i s t e s t and i n p a r t i c u l a r the s t a t i s t i c W to the two e s t i m a t e d a r e a s of 
home range AQ and A^ c a l c u l a t e d r e s p e c t i v e l y by the c i r c u l a r and b i v a r i a t e normal 
models from t h e e x p r e s s i o n W = (N ~ 1)AQ/ ((N - 2)Ai) we g e t an i n t u i t i v e i n t e r p r e t a t i o n 
of the t e s t i n t h a t t h e c i r c u l a r normal model i s r e j e c t e d i f the r a t i o o f home range 
a r e a s Α^/Αγ i s above a f i x e d v a l u e ; i n e v i t a b l y A^IA^ > N-2/N - 1. 

APPENDIX 3 
A h y p o t h e s i s t e s t f o r the p r e s e n c e o f dynamic i n t e r a c t i o n , i . e . whe ther the a n i m a l s 
behave i n d e p e n d e n t l y o f each o t h e r or n o t , assuming an e x t e n s i o n o f t h e b i v a r i a t e 
normal home range m o d e l . ( T h i s i s a p a r t i c u l a r c a s e o f a t e s t g i v e n i n A n d e r s o n , 
1958, p . 230 et seq,) 

We assume t h a t we have s e r i e s o f d a t a Z^^ ^ 2 ^ . . . , 2 ^ where Z^ = (Z^i^ Z^2^ 
^ij ^ ^^ij^ yij^ c o o r d i n a t e s o f the j t h a n i m a l a t the t t h d a t a p o i n t . As i i 
the b i v a r i a t e normal model we assume t h a t Z^^ Z 2 j . . . Zj\j i s an i n d e p e n d e n t sample 
from a m u l t i v a r i a t e normal d i s t r i b u t i o n , N(]i,h) where 

Hi 

U2 _ 

ΉI 

H2 
1, 2 

i s the mean l o c a t i o n v e c t o r o f the -z t̂h a n i m a l , and 

A l i Al2 

Λ21 Λ22 

where i s a 2 χ 2 c o v a r i a n c e m a t r i x between a n i m a l s ϊ and j * . Any dynamic i n t e r 
a c t i o n i s c o n t a i n e d i n the o f f d i a g o n a l s u b - m a t r i x Λ12 = ^21"^ o f Λ , Hence we w i s h 
to t e s t ^0·* ^12 = ^21-^ = 0 i . e . independence be tween the two a n i m a l s v e r s u s H^i 
A12 Φ 0 i . e . some dynamic i n t e r a c t i o n . 
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We d e f i n e a 4 x 4 m a t r i x A by 

^ - - Τ 
A = Σ (Zn- - 2) 

where 
Ν 
Σ Ζ. η · 

η η=ι 

We p a r t i t i o n A i n t o f o u r 2 x 2 m a t r i c e s as f o l l o w s 

"̂ 11 ^12 
A = 

^ 2 2 ^ 2 2 ^ 

I f we d e f i n e Κ and W by 

„ \A} 
M11ÍM22I 

1 - /F Ν - ¿ i 

/ν 2 

t h e n we r e j e c t t h e h y p o t h e s i s H q , t h a t t h e r e i s no dynamic i n t e r a c t i o n , i f 

where 100 α p e r c e n t i s t h e s i z e o f t h e t e s t . (N - ^) i s t h e 100(1 - a) 
p e r c e n t l e v e l o f the F d i s t r i b u t i o n w i t h degrees o f freedom v j = 4, V 2 = 2(N - 4 ) . 

A d m i t t e d l y t h i s t e s t i s b a s e d on t h e u n r e a l i s t i c a s s u m p t i o n o f the d a t a p o i n t s Zq^ 
Ziy . . . . Zj^ b e i n g independent b u t t h i s i s u n l i k e l y to be c r i t i c a l u n l e s s e i t h e r the 
sample s i z e o r the sample i n t e r v a l i s s m a l l . 
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Abstract — T e l e m e t r y s t u d i e s on f r e e r a n g i n g a n i m a l s q u i c k l y 
g e n e r a t e l a r g e q u a n t i t i e s o f l o c a t i o n d a t a w h i c h are o f t e n 
d i f f i c u l t t o a n a l y z e . A computer b a s e d d a t a f i l e management 
s y s t e m , b a s e d on a m o d i f i c a t i o n o f the S t a t i s t i c a l P a c k a g e f o r 
the S o c i a l S c i e n c e s , was d e v e l o p e d f o r a c q u i s i t i o n , u p d a t e and 
a n a l y s e s o f s u c h d a t a . F i e l d d a t a a r e r e c o r d e d d i r e c t l y on 
a m i n i a t u r e remote d a t a t e r m i n a l , e l i m i n a t i n g need f o r f i e l d 
d a t a forms and v e r i f i c a t i o n . L o c a t i o n c o o r d i n a t e s are s u b s e 
q u e n t l y p l o t t e d by a computer program i n t e r f a c e d w i t h t h e 
T e c t r o n i x remote t e r m i n a l . Time e l a p s e d from d a t a a c q u i s i t i o n 
t o update a n d / o r a n a l y s e s i s l e s s than 24 h . 

INTRODUCTION 
I n r a d i o t e l e m e t r y s t u d i e s on f r e e r a n g i n g a n i m a l s , c o n s i d e r a b l e t h o u g h t and p l a n n i n g 
are u s u a l l y expended i n development o f m o n i t o r i n g s y s t e m s ; however , such s t u d i e s , 
by t h e i r n a t u r e , q u i c k l y g e n e r a t e l a r g e amounts o f l o c a t i o n o r p h y s i o l o g i c a l d a t a . 
L i t t l e work has been done i n r e g a r d to m a n i p u l a t i o n o f t h e s e d a t a . Upon c o m p l e t i o n 
of a s t u d y , t h e r e s e a r c h e r i s o f t e n f a c e d w i t h a n a l y s e s o f a v i r t u a l l y unmanageable 
d a t a s e t . T h i s p a p e r b r i e f l y d i s c u s s e s a s i m p l e , e f f i c i e n t and i n e x p e n s i v e d a t a 
f i l e management and mapping s y s t e m , d e v e l o p e d by r e s e a r c h e r s a t S t e p h e n F . A u s t i n 
S t a t e U n i v e r s i t y , w h i c h a l l o w s f o r w e e k l y or e v e n d a i l y u p d a t i n g o f t e l e m e t r y d a t a . 
Our sy s t em d i f f e r s from c o m p u t e r - i n t e r f a c e d c o n t i n u o u s r a d i o t r a c k i n g s y s t e m s i n 
t h a t c o s t i s h e l d t o a minimum. Many r e s e a r c h e r s cannot a f f o r d t o use s u c h e x p e n 
s i v e p r o c e d u r e s . 

COLLECTION OF DATA 
The S t a t i s t i c a l P a c k a g e f o r the S o c i a l S c i e n c e s ( N i e et a l . , 1975) was m o d i f i e d f o r 
use i n t e l e m e t r y s t u d i e s . P r i o r t o i n i t i a t i o n o f f i e l d r e s e a r c h , a command f i l e i s 
e s t a b l i s h e d t o p r o c e s s the d a t a s e t i n t o u s a b l e f o r m . V a r i a b l e f o r m a t s and names, 
as w e l l a s , coded v a l u e s are e s t a b l i s h e d a priori. An example o f such a command 
f i l e we are now u s i n g f o r w h i t e - t a i l e d d e e r {Odocoileus virginianus) r e s e a r c h 
f o l l o w s : 

425 
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RUil NAME 
F I L E NAME 
VARIABLE L S I T 

INPUT FORMAT 

Ν OF CASES 
INPUT MEDIUM 
VAR LABELS 

VALUE LABELS 

M I S S I N G VALUES 
READ INPUT DATA 
FREQUENCIES 
SAVE F I L E 
F I N I S H 

I N I T I A L RUN OF DEER TELEMETRY DATA 
C : D E E R , DEER TELEMETRY COMMAIÍD F I L E 
DTYPE, DATE, NUMBER, S E X , S T A l , S T A 2 , S I G N A L 
B l , B 2 , T l , T 2 , X C O , Y C O , R A I N , S N O W , T E M P , 
HUM,WINDD,WINDV,MOON,CLOUD 
F I X E D ( F 2 . 0 , F 5 . 0 , F 2 . 0 , F 1 . 0 , 2 F 3 . 0 , F 1 . 0 , 
2 F 3 . 0 , 2 F 4 . 0 , 2 F 5 . 0 , 2 F 1 . 0 , F 3 . 1 , F 3 . 1 , F 1 . 0 , 
F 3 . 0 , F l . 0 , F 2 . 0 , 7 X ) 
UNKNOX^ 
D C / D : D E E R 
DTYPE, DATA T Y P E / 
DATE, YEAR AND J U L I A N DATE/ 
NUMBER, DEER NUMBER/ 
S E X , SEX OF ANIMAL/ 
S T A l , NUMBER OF STATION ONE/ 
S T A 2 , NUMBER OF STATION TWO/ 
S I G N A L , SIGNAL STRENGTH/ 
B l , BEARING ONE/ 
B 2 , BEARING TWO/ 
T l , Tli-ffi ONE/ 
T 2 , TIME TWO/ 
X C O , X - A X I S COORDINATE/ 
Y C O , Y - A X I S COORDINATE/ 
R A I N , HAS THERE BEEN R A I N ? / 
SNOW, HAS THERE BEEN SNOW?/ 
TEMP, TEMPERATURE I N DEGREES C E L C I U S / 
HUM, RELATIVE HUMIDITY/ 
WINDD, WIND D I R E C T I O N / 
WINDV, WIND V E L O C I T Y / 
MOON, MOON PHASE/ 
CLOUD, PERCENT CLOUD COVER/ 
DTYPE (1) TELEMETRY DATA/ 
SEX (1) MALE (2) FEMALE (3) UNKNOWN/ 
SIGNAL (1) STRONG (2) MODERATE (3) WEAK 
(4) VERY WEAK (5) V A R I A B L E / 
RAIN TO SNOW (1) Y E S (2) N O / 
WINDD (1) SOUTH (2) NORTH (3) WEST 
(4) EAST (5) SOUTHWEST (6) SOUTHEAST 
(7) NORTHWEST (8) NORTHEAST/ 

MOON (1) FULL (0) NO MOON (2) THREE-QUARTERS 
(3) HALF (4) QUARTER (5) NEW/ 
TEMP TO WINDV ( 0 ) / 

GENERAL=NUMBER 
D C / P : D E E R 

T h i s command f i l e i d e n t i f i e s a l l v a r i a b l e s , r e t r i e v e s t h e d a t a from d i s c s t o r a g e and 
combines v a r i a b l e names and v a l u e codes w i t h the d a t a , s t o r i n g the new f i l e on d i s c . 
Three s t a n d a r d i z e d s u f f i x e s a r e used f o r e a s e i n i d e n t i f i c a t i o n o f f i l e s : C d e n o t e s 
a command f i l e , Ό a d a t a f i l e and F an SPSS f i l e . D a t a can a l s o be s t o r e d f o r backup 
i n c a r d form. D i s c s t o r a g e i s most e c o n o m i c a l f o r our d a t a f i l e s . 

A n i m a l s are l o c a t e d u s i n g s t a n d a r d s i n g l e or d o u b l e Y a g i a n t e n n a s , n u l l - p e a k b o x 
a n d / o r h a n d - h e l d double Y a g i . B e a r i n g s ( d e g r e e s from t r u e n o r t h ) and X - Y c o o r d i n a t e s 
(from a computer g e n e r a t e d g r i d map) are o b t a i n e d a t two or more f i x e d s t a t i o n s . 
L o c a t i o n d a t a are r e c o r d e d by two m e t h o d s . F i r s t , a s t a n d a r d i z e d , coded d a t a form 
i s comple ted a t t h e t ime o f each l o c a t i o n . S e c o n d , d a t a can be r e c o r d e d on a m i n i a 
t u r e f i e l d d a t a t e r m i n a l w i t h 8 Κ memory c a p a c i t y . On c o m p l e t i o n o f each t r a c k i n g 
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p e r i o d ( u s u a l l y 24 h ) , d a t a are communicated t o t h e computer v i a a t e l e p h o n e and 
a c o u s t i c c o u p l e r . Coded d a t a forms s e r v e as a backup d a t a s e t and f o r v e r i f i c a t i o n 
o f d a t a f i l e s . 

DATA FILE M A N A G E M E N T 
D a t a f i l e s are updated on a week ly or d a i l y b a s i s . P r i o r t o a n a l y s e s , d a t a a r e 
double v e r i f i e d a g a i n s t the coded d a t a f o r m s . S P S S command f i l e s are used t o e x t r a c t 
d a t a s u b s e t s . S u b s e t s t r u c t u r e s i g n i f i c a n t l y r e d u c e s comput ing c o s t s . F o r e x a m p l e , 
d a t a p e r t a i n i n g o n l y t o a s i n g l e a n i m a l or a p a r t i c u l a r d a t a or h a b i t a t a r e s e l e c t e d 
from t h e o v e r a l l d a t a s e t . T h i s can be a c c o m p l i s h e d w i t h a few s i m p l e S P S S commands. 

COMPUTER PROGRAM SHADE 

The g e n e r a l u t i l i t y o f computer g r a p h i c s i s w e l l r e c o g n i z e d , b u t f r e q u e n t l y i n v o l v e s 
e x p e n s i v e g r a p h i c s t e r m i n a l s . Shaded maps w h i c h u t i l i z e o v e r p r i n t i n g t o produce 
v i s u a l d e n s i t y e f f e c t s , however , a r e r e l a t i v e l y e a s y t o p r o d u c e a t s t a n d a r d t e r m i n a l s 
or l i n e p r i n t e r s and r e p r e s e n t an i n t e r m e d i a t e t e c h n o l o g y a v a i l a b l e t o t h e l a r g e 
m a j o r i t y o f u s e r s . The program p r e s e n t e d h e r e , SHADE* i s u sed t o p r o d u c e shaded 
p r o b a b i l i t y d i s t r i b u t i o n s about r a d i o t e l e m e t r y f i x e s on i n d i v i d u a l d e e r , a g a i n s t 
a background o f v a r i o u s map f e a t u r e s ( r o a d s , s t r e a m s , e t c . ) , b u t i s f l e x i b l e enough 
t o p r o v i d e a v a r i e t y o f mapping o p t i o n s i n c l u d i n g maps o r u n i f o r m l y shaded q u a d r a t s 
where s h a d i n g d e n s i t y r e p r e s e n t s p o p u l a t i o n q u a d r a t d e n s i t y . 

G e n e r a l c h a r a c t e r i s t i c s o f the program i n c l u d e : 

1. S e l e c t i o n o f mapping s y m b o l s . 
2 . S p e c i f i c a t i o n o f map r a n g e s . 
3 . C h o i c e o f two map s i z e s . 
4 . C h o i c e o f o u t p u t d e v i c e . 
5 . C h o i c e o f a l o g a r i t h m i c d e c a y model or s q u a r e q u a d r a t model i n d e t e r m i n i n g 

s h a d i n g about an X , Y - c o o r d i n a t e . 
6 . S c a l i n g o f the s h a d i n g t o p r o v i d e w e i g h t i n g r e l a t i v e t o the o b s e r v e d p o p u l a t i o n 

d e n s i t y o r e q u a l w e i g h t i n g o f a l l p o p u l a t i o n d e n s i t i e s . 

DATA PREPARATION 

SHADE u t i l i z e s two u s e r s u p p l i e d d a t a s e t s g e n e r a t e d by S P S S command f i l e s , one 
c o n t a i n i n g background mapping i n f o r m a t i o n , w h i l e t h e o t h e r p r o v i d e s i n d i v i d u a l popu
l a t i o n f i x e s ( i . e . an X , Y - c o o r d i n a t e and p o p u l a t i o n d e n s i t y e s t i m a t e ) . The format 
f o r the two d a t a s e t s i s i d e n t i c a l : 

D e n s i t y Symbol 
F 8 . 3 F 8 . 3 F 5 . 0 A l 

Each d a t a r e c o r d c o n s i s t s o f the X , Y - c o o r d i n a t e s o f a map f e a t u r e or a n i m a l l o c a 
t i o n , a d e n s i t y e s t i m a t e ( zero f o r map f e a t u r e s ) and a map s y m b o l . 

Mapping f e a t u r e s are k e p t s e p a r a t e from p o p u l a t i o n r a d i o f i x d a t a s i n c e i t i s f r e 
q u e n t l y d e s i r a b l e to u s e a c o n s i s t e n t b a c k g r o u n d map w h i l e s e l e c t i n g v a r i o u s p o p u 
l a t i o n d a t a s e t s f o r mapping . With p o p u l a t i o n d a t a s t o r e d i n S P S S f i l e s , o u t p u t o f 

*SHADE was deve loped i n i t i a l l y t o p r o v i d e p r o b a b i l i t y d e n s i t y d i s t r i b u t i o n s f o r 
s o u t h e r n p i n e b e e t l e s d i s p e r s i n g from i n f e s t a t i o n s and was funded by the Expanded 
S o u t h e r n P i n e B e e t l e R e s e a r c h and A p p l i c a t i o n s P r o g r a m . 
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s e l e c t e d r a d i o f i x d a t a i s e a s i l y o b t a i n e d through a c o m b i n a t i o n o f OUTPUT MEDIUM, 
* S E L E C T I F and WRITE CASES commands. Thus p o p u l a t i o n d a t a can be changed w i t h o u t 
a l t e r i n g the background map d a t a . 

COMMANDS 

SHADE i s s e t up as a l oad module on the Honeywe l l C P - V computer a t S t e p h e n F . A u s t i n 
S t a t e U n i v e r s i t y and may be a c c e s s e d t h r o u g h remote t i m e - s h a r i n g t e r m i n a l s as an 
i n t e r a c t i v e r o u t i n e , or i n a b a t c h p r o c e s s i n g mode u s i n g a p r e p a r e d command f i l e 
or c a r d d e c k . 

SHADE r e c o g n i z e s 12 commands, c o n s i s t i n g o f a command word f o l l o w e d by a b l a n k and 
a s t r i n g o f f o r m a t - f r e e parameter s p e c i f i c a t i o n s s e p a r a t e d by commas. T a b l e 1 p r o 
v i d e s a b r i e f d e s c r i p t i o n o f the commands and t h e i r p a r a m e t e r s . Two commands, MODE 
and SCALE w i l l be d i s c u s s e d i n d e t a i l b e l o w . 

T a b l e 1. 
Commands r e c o g n i z e d by SHADE, i n c l u d i n g p a r a m e t e r s s u p p l i e d 
by the u s e r . B r a c k e t s e n c l o s e o p t i o n a l i n p u t . P a r e n t h e s e s 

e n c l o s e a l t e r n a t e i n p u t 

Command P a r a m e t e r s Comment 

TITLE C h a r a c t e r S t r i n g (-72) L a b e l s o u t p u t maps 

LABEL C h a r a c t e r S t r i n g (-72) L a b e l s X - a x i s 

MODE A , B , (C) See t e x t f o r e x p l a n a t i o n 

S I Z E Map s i z e : L = 100 c h a r , wide 
S = 50 c h a r , w ide 

SCALE Ν Ν = Minimum r e c o g n i z a b l e d e n s i t y . 
See t e x t f o r e x p l a n a t i o n 

M I N - X 
MAX-X 
M I N - Y 
MAX-Y 

X l 
X2 
Ϊ 1 

S e t s X and Y a x i s r a n g e ; X2 < X i , Y2 < Y l 

SHOW P r o v i d e s l i s t o f c u r r e n t parameter v a l u e s 

PRINT T r i g g e r s p r i n t o u t and s p e c i f i e s d e v i c e : 
Τ = T e r m i n a l ; L = L i n e P r i n t e r 

BYE T e r m i n a t e s mapping s e s s i o n 

MODE 

The MODE command i s f o l l o w e d by t h r e e p a r a m e t e r s . A , Β and C , which d e t e r m i n e the 
r e l a t i o n s h i p between t h e s h a d i n g v a l u e o f a map l o c a t i o n {SHADE), and i t s d i s t a n c e 
from an X , Y - c o o r d i n a t e o f an an imal f i x . S p e c i f y i n g A and Β s e t s the p a r a m e t e r s 
o f the l o g a r i t h m i c decay model d e s c r i b i n g d i s p e r s a l about the f i x . The model used 
i s : 

SHADE = A + Β I n X , (1) 

where X i s the d i s t a n c e from the f i x l o c a t i o n t o t h e l i m i t s o f l o c a t i o n a c c u r a c y i n 
map u n i t s . 
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SCALE 

The SCALE command i s f o l l o w e d by a numeric parameter w h i c h d e t e r m i n e s the e f f e c t o f 
f i x d e n s i t y on s h a d i n g . The d e f a u l t v a l u e i s 1 . 0 , w h i c h p r o v i d e s s h a d i n g i n d i r e c t 
p r o p o r t i o n t o r e l a t i v e d e n s i t y , w h i l e s e t t i n g the s c a l e parameter e q u a l to the m a x i 
mum d e n s i t y c a u s e s a l l f i x e s t o r e c e i v e e q u a l w e i g h t i n g r e g a r d l e s s o f d e n s i t y (wi th 
the e x c e p t i o n o f a d e n s i t y o f 0 , wh ich r e c e i v e s no s h a d i n g . . . a w e i g h t i n g f a c t o r 
of 0 ) . The w e i g h t i n g f a c t o r , W, i s computed from d e n s i t y ( N ) , maximum d e n s i t y (N^) 
and the s c a l e f a c t o r (SC) as f o l l o w s : 

W = (N /N ) ( S C ) , (2) 
m 

and i s m u l t i p l i e d by t h e s h a d i n g v a l u e computed from e q u a t i o n 1. I f W e x c e e d s 1 . 0 , 
i t i s a d j u s t e d t o a v a l u e o f 1 . 0 . T h e r e f o r e , W r a n g e s from 0 . 0 t o 1 . 0 , w i t h v a l u e s 
o f Ν g r e a t e r than S C b e i n g w e i g h t e d a c c o r d i n g t o t h e i r r a t i o to Njjj. S C i s termed 
the minimum r e c o g n i z a b l e d e n s i t y , w i t h a l l v a l u e s o f Ν g r e a t e r t h a n 0 and l e s s than 
or e q u a l to S C b e i n g c o n s i d e r e d e q u a l (a v a l u e o f Ν = 0 p r o d u c e s a p o i n t w i t h no 
s h a d i n g ) . 

MIN-X, M A X - X , MIN-Y, ΜΑΧ-Υ 

The f o u r minimum and maximum range commands are used to l i m i t the X and Y a x e s o f 
the map p r o d u c e d . S i n c e the p h y s i c a l s i z e o f t h e map remains c o n s t a n t , t h i s ' b l o w s -
u p ' s p e c i f i e d a r e a s f o r d e t a i l e d e x a m i n a t i o n . I f the Y - a x i s i s t r u n c a t e d to m a i n 
t a i n t h e 54 l i n e l i m i t , an a p p r o p r i a t e message i s i n c l u d e d i n the o u t p u t . The m a x i 
mum Y - a x i s range i s e f f e c t i v e l y 90 p e r c e n t of the s p e c i f i e d X - a x i s r a n g e . Two 
examples a r e p r o v i d e d be low: 

I . ?MAX-X 5 . 0 . . . T h i s s e r i e s o f commands w i l l produce an X - a x i s range o f 5 map 
?MAX-Y 7.25 u n i t s ( 0 . 0 - 5 . 0 ) and Y - a x i s range o f 4 .5 map u n i t s ( 1 . 0 - 5 . 5 ) -
? M I N - X 0 54 l i n e s . 
?MIN-Y 1 

I I . ?MAX-X 12.25 . . . T h i s s e r i e s o f commands w i l l p r o v i d e an X - a x i s range o f 
?MAX-Y 81 .32 10.53 map u n i t s ( 1 . 7 2 to 12 .25) and a Y - a x i s range o f 6 .32 
? M I N - X 1.72 map u n i t s ( 7 5 . 0 0 - 8 1 . 3 2 ) - 36 l i n e s 
?MIN-Y 75 .00 

(Note : The MODE command r e a d j u s t s the X and Y range by the a d d i t i o n o f the c r i t i c a l 
d i s t a n c e t o each end t o a l l o w comple te mapping o f the shaded a r e a about the maximum 
and minimum f i x e s . I f s p e c i f i c r a n g e l i m i t s are r e q u i r e d , s p e c i f y them after e n t e r 
i n g the MODE command.) 

I f Β = 0 , a t h i r d parameter must be s p e c i f i e d , f i x a c c u r a c y , C , w h i c h d e t e r m i n e s 
the l i m i t s about the f i x w i t h i n w h i c h s h a d i n g w i l l o c c u r . I f Β 9¿ 0 , t h e f i x a c c u r 
acy i s c a l c u l a t e d from A and Β as the X - a x i s i n t e r c e p t . When Β = 0 and C i s s p e c i 
f i e d ( i n map u n i t s ) , a square q u a d r a t o f d imens ion 2C c e n t e r e d on the X , Y - c o o r d i n a t e 
o f the f i x i s shaded u n i f o r m l y w i t h the shade v a l u e d e t e r m i n e d from the f i x d e n s i t y 
and c u r r e n t s c a l e f a c t o r . Two examples are p r o v i d e d be low ( t h e computer prompts 
w i t h a ' ? ' ) : 

I . ?MODE 1 . 0 , - 1 . 5 . . . T h i s p r o d u c e s a f i x a c c u r a c y o f 1.94 map u n i t s ; s h a d i n g 
i s maximum a t the f i x and d e c l i n e s i n r e l a t i o n t o the 
n a t u r a l l o g o f the d i s t a n c e from the f i x . 

I I . ?MODE 1 . 0 , 0 . 0 , 0 . 2 5 . . . T h i s p r o d u c e s a shaded q u a d r a t 0 . 5 0 map u n i t s on a s i d e 
c e n t e r e d on the f i x . 
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SAMPLE RUNS 

F i g u r e s l a - d p r o v i d e examples o f maps produced w i t h SHADE. Mapping d a t a and p o p u l a 
t i o n f i x e s are from a s t u d y o f w h i t e - t a i l e d deer i n E a s t T e x a s , E a c h f i x r e p r e s e n t s 
the l o c a t i o n o f a s i n g l e deer through r a d i o t e l e m e t r y , and e a c h map r e p r e s e n t s a t ime 
s e r i e s on t h a t deer through a s eason ( the codes 1-4 r e p r e s e n t s p r i n g t h r o u g h w i n t e r ) . 

1 .500 
+ + ^ + 4- + + 

,?.500 3 .900 -I.JOO 4 .700 

i . 5 0 0 3 .900 4.,?00 A. ?Q0 5 .100 5 .500 5 .100 5.500 

F i g . 1. (a) S p r i n g home range f o r a w h i t e - t a i l e d deer showing 
c e n t e r o f a c t i v i t y (shaded a r e a ) . The b l a c k l i n e r e p r e 
s e n t s a road s y s t e m w i t h i n the s t u d y a r e a , (b) Summer 
home r a n g e , (c ) F a l l home range shows a s h i f t as demon
s t r a t e d by the d a r k e r o v e r s c o r i n g f o r m u l t i p l e f i x e s , 
(d) W i n t e r home r a n g e s h i f t e d a g a i n . 
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Abstract — P o l i o m y e l i t i s , p e r i p h e r a l v a s c u l a r d i s e a s e , ' s t r o k e s ' 
and s e r i o u s t r a u m a t i c i n j u r y a l l c o n t r i b u t e t o t h e r e l a t i v e l y 
l a r g e p o p u l a t i o n o f p h y s i c a l l y h a n d i c a p p e d members o f our s o c i e t y . 
I n an a t t e m p t to r e s t o r e f u n c t i o n , a t l e a s t i n p a r t , the r e h a b i l i 
t a t i o n p h y s i c i a n or s u r g e o n i s c a l l e d upon t o p r e s c r i b e o r t h o t i c 
or p r o s t h e t i c d e v i c e s and t o m o d i f y them from t ime to t ime i n 
response t o p a t i e n t p e r f o r m a n c e . Asses sment can be u n d e r t a k e n 
(a) by q u e s t i o n i n g the p a t i e n t about h i s m o b i l i t y a t home and work 
and (b) by i n s p e c t i o n o f g a i t i n the s e v e r e l y l i m i t e d c o n f i n e s 
and a t y p i c a l env ironment o f the o u t p a t i e n t c l i n i c . Both a p p r o a c h e s 
a r e n o t o r i o u s l y f a l l i b l e . I n a p i l o t a t t e m p t to i n t r o d u c e a d e g r e e 
o f o b j e c t i v i t y a group o f lower l imb amputees were f i t t e d w i t h 
m i n i a t u r e FM r a d i o t r a n s m i t t e r s t o t e l e m e t e r p h y s i c a l a c t i v i t y and 
p h y s i o l o g i c a l c o s t p a r a m e t e r s o v e r the immediate e n v i r o n s o f a 
c i t y c e n t e r campus . I n the end the r e s u l t s were e x t r e m e l y d i s 
a p p o i n t i n g , main problems w e r e , i n t e r f e r e n c e , s i g n a l l o s s , l i m i t e d 
r a n g e e t c . The added r e q u i r e m e n t o f a c q u i s i t i o n o f 3 c h a n n e l s 
o f d a t a over 24 h p e r i o d s i n u n r e s t r i c t e d p a t i e n t s t r a v e l l i n g up 
t o 30 m i l e s d i s t a n c e to t h e i r home l e d to the e x a m i n a t i o n o f a 
m i n i a t u r e a n a l o g tape r e c o r d e r s y s t e m c a r r i e d by the p a t i e n t . 
The e f f e c t s o f the move were so f a r - r e a c h i n g as to a l t e r the 
e n t i r e p h i l o s o p h i c a l a p p r o a c h t o the i n v e s t i g a t i o n . Perhaps the 
o n l y r e a l l i m i t a t i o n i s the n o n - a v a l l a b i l i t y o f d a t a i n r e a l - t i m e . 

U s i n g m o d i f i e d ' M e d i l o g ' r e c o r d e r s w i t h an i n t e g r a l c r y s t a l c l o c k 
s i g n a l on one c h a n n e l , 24 h r e c o r d s o f E C G , trunk a c c e l e r a t i o n 
and body p o s t u r e s a r e o b t a i n e d . On r e p l a y through p u r p o s e - b u i l t 
a n a l y z e r s a d r a m a t i c p i c t u r e o f the ' l i f e - s t y l e ' o f the p a t i e n t 
emerges w i t h t empora l r e l a t i o n s o f changes i n p o s t u r e e t c . a l o n g 
w i t h q u a n t i t a t i v e measures o f m o b i l i t y and , o f c o u r s e , p h y s i o l o g i c a l 
c o s t . Once the t r a n s d u c e r s are f i t t e d , the c a b l e s taped down and 
t h e r e c o r d e r s e c u r e d t o a b r o a d w a i s t - b a n d worn n e x t to the s k i n , 
the p a t i e n t i s d r e s s e d and a b l e then to u n d e r t a k e a l l h i s normal 
d a i l y and o v e r n i g h t a c t i v i t i e s , immers ion o n l y e x c e p t e d . C u r r e n t 
e x p e r i e n c e s u g g e s t s t h a t o n l y v e r y r a r e l y does the p a t i e n t f e e l 
r e s t r i c t e d t o any d e g r e e . A c q u i s i t i o n o f h i g h - q u a l i t y d a t a i n the 
d o m i c i l i a r y or w o r k i n g env ironment c a n b r i n g a new and v a l u a b l e 
d i m e n s i o n t o the problems f a c e d by the h a n d i c a p p e d i n the r e a l - l i f e 
s i t u a t i o n . 
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INTRODUCTION 
S o c i e t y now r e c o g n i z e s the term ' h a n d i c a p p e d ' i n a g e n e r a l and n o n - s p e c i f i c way. 
I n c l i n i c a l c i r c l e s and i n t h e s o c i a l s e r v i c e s t h e r e are o c c a s i o n s when some a s s e s s 
ment o f t h e degree o f h a n d i c a p i s e s s e n t i a l f o r l e g a l or c l i n i c a l r e a s o n s . R e c e n t 
l e g i s l a t i o n f o r i n s t a n c e h a s p r o v i d e d m o b i l i t y a l l o w a n c e s f o r p e o p l e who a r e c o n 
s i d e r e d to have a s e v e r e p h y s i c a l impairment r e d u c i n g t h e i r o p p o r t u n i t i e s o f normal 
employment or s o c i a l l i f e i n t h e i r community. I n a l l t h e s e i n s t a n c e s the c r i t e r i a 
a p p l i e d are q u i t e s u b j e c t i v e and se ldom amenable to i m p a r t i a l measurement . 

I t i s o b v i o u s l y d e s i r a b l e t h a t r e l i a b l e methods be d e v e l o p e d w h i c h g i v e a r e a s o n a b l e 
p i c t u r e o f the a b i l i t i e s o f an i n d i v i d u a l p a t i e n t . E s s e n t i a l l y t h e r e are two f a c 
t o r s w h i c h must be i d e n t i f i e d . F i r s t l y , t h e a c t u a l m o b i l i t y a c h i e v e d by t h e p a t i e n t 
and s e c o n d l y , the p h y s i o l o g i c a l c o s t r e q u i r e d t o produce t h a t d e g r e e o f m o b i l i t y . 
M o b i l i t y may be reduced i f the p a t i e n t i s ' l a z y ' w h i l e on the o t h e r hand i t may be 
i n c r e a s e d i f the s u b j e c t i s de t ermined t o p r o v e h i s s u i t a b i l i t y f o r a p a r t i c u l a r 
p o s t . M o t i v a t i o n i s u n d o u b t e d l y a most i m p o r t a n t f a c t o r i n the d e g r e e o f p h y s i c a l 
independence a c h i e v e d by the s u b j e c t . Any s y s t e m t h e r e f o r e w h i c h a t t e m p t s to d e f i n e 
the p h y s i c a l a c t i v i t y o f the p a t i e n t i n q u a n t i t a t i v e terms must a l s o t a k e a c c o u n t 
o f the e f f o r t r e q u i r e d by t h e p a t i e n t t o a c h i e v e t h a t r e s u l t . 

A second f a c t o r which must be borne i n mind i s the need to e x t e n d any a s s e s s m e n t 
from the s t r i c t l y a r t i f i c i a l env ironment o f a h o s p i t a l , c l i n i c , day c e n t e r or s u r 
g e r y to the normal env ironment i n which the p a t i e n t l i v e s i . e . h i s d o m i c i l i a r y or 
emplo3mient e n v i r o n m e n t . I n a d d i t i o n , i f h i s p e r f o r m a n c e has to be a d e q u a t e l y measured 
then t h e sample must be a l a r g e one and r e p r e s e n t a t i v e o f the d i f f e r e n t a s p e c t s o f 
h i s d a i l y l i v i n g p a t t e r n w h i c h are i m p o r t a n t to h i m . We have thus d e v e l o p e d a c o n 
c e p t o f ' l i f e s t y l e ' i n which q u a n t i t a t i v e measurement must take p l a c e o v e r a p e r i o d 
o f a t l e a s t 24 h i n a t 3 φ i c a l day i n w h i c h a l l normal a c t i v i t i e s are u n d e r t a k e n w h i l e 
u n o b t r u s i v e and n o n - i n v a s i v e a s se s sment t e c h n i q u e s are a c t i o n . 

When f i r s t a t t r a c t e d to t h i s p r o b l e m , i t was t h o u g h t t h a t a r a d i o t e l e m e t r y method 
might w e l l be s u i t a b l e f o r t r a n s m i t t i n g i n f o r m a t i o n from a p p r o p r i a t e t r a n s d u c e r s 
towards a r e c o r d i n g s y s t e m . I t r a p i d l y became c l e a r , however , t h a t our p a t i e n t s 
were l i v i n g w i t h i n an a r e a w h i c h ex tended t o 50 km from our l a b o r a t o r y and t h a t the 
volume o f i n f o r m a t i o n l i k e l y t o be t r a n s m i t t e d and s t o r e d was v e r y s u b s t a n t i a l i n d e e d . 
I n i t i a l t r i a l s w i t h i n the l a b o r a t o r y b r o u g h t to l i g h t a l a r g e number o f t e c h n i c a l 
problems r e l a t e d to i n t e r f e r e n c e , the f u g i t i v e n a t u r e o f s i g n a l s i n a s t e e l r e i n 
f o r c e d c o n c r e t e b u i l d i n g w i t h many e l e c t r i c a l s e r v i c e s , and we were f o r c e d t o c o n 
s i d e r whether immediate a c c e s s t o the d a t a i n r e a l - t i m e was e s s e n t i a l . Our c o n c l u 
s i o n was t h a t i n t h i s s i t u a t i o n t h e r e was l i t t l e m e r i t i n immediate a c c e s s once the 
s y s t e m had been a d e q u a t e l y s e t up and c a l i b r a t e d and s i g n a l a c q u i s i t i o n v e r i f i e d . 
We t h e r e f o r e turned t o a d a t a s t o r a g e sys t em u t i l i z i n g m i n i a t u r e a n a l o g t a p e r e c o r d e r s . 

We have s i n c e d e v e l o p e d a L o n g t e r m , A m b u l a t o r y , P h y s i o l o g i c a l , S u r v e i l l a n c e Equipment 
(LAPSE) w h i c h i n e s s e n c e i s a v a r i e t y o f b i o m e d i c a l t r a n s d u c e r s f e d through s i g n a l 
c o n d i t i o n i n g u n i t s i n t o a m i n i a t u r e a n a l o g t a p e r e c o r d e r . The r e c o r d e r h a s a 24 h 
endurance and i n p r a c t i c e an ECG s i g n a l , a t runk a c c e l e r a t i o n s i g n a l , a p o s t u r e s i g n a l 
from p o s i t i o n s e n s o r s and an i n t e r n a l c l o c k s i g n a l w i t h a b a s i c f r e q u e n c y o f 60 H z , 
can a l l be r e c o r d e d f o r a 24 h p e r i o d on t o a h i g h q u a l i t y C120 s t a n d a r d tape c a s s e t t e . 

The tape c a s s e t t e i s r e p l a y e d and t h e s i g n a l s demodulated b e f o r e b e i n g p a s s e d to 
s p e c i a l purpose a n a l y z e r s w h i c h , among o t h e r t h i n g s , i d e n t i f y (a) b e a t - t o - b e a t i n t e r 
v a l from s u c c e s s i v e R wave d e t e c t i o n on the ECG and (b) s u c c e s s i v e s t e p i n t e r v a l s 
by d e t e c t i o n o f c h a r a c t e r i s t i c o s c i l l a t i o n s on the t runk a c c e l e r a t i o n s i g n a l . 
Both i n t e r v a l s are measured a g a i n s t the r e c o r d e d c l o c k s i g n a l on t a p e , making t h e 
e n t i r e o p e r a t i o n independent o f e r r o r i n t r o d u c e d through v a r i a t i o n i n c a p s t a n s p e e d , 
f r i c t i o n , t a p e s t r e t c h , l o s s o f b a t t e r y power e t c . The a v a i l a b i l i t y o f a p o s t u r e 
i n d i c a t i o n p e r m i t s t h e a n a l y s i s t o be per formed on p o r t i o n s o f the d a t a r e l a t e d 
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M E T H O D 
For the purpose o f t h i s communica t ion , the LAPSE s y s t e m employed u t i l i z e d t h r e e c h e s t 
l e a d s y i e l d i n g an ECG s i g n a l ( r e f e r e n c e , manubrium; n e g a t i v e , x i p h i s t e r n u m , p o s i t i v e , 
m i d - a c i l l a r y l i n e , l e v e l o f t h e n e g a t i v e e l e c t r o d e ) . A Pye E l e c t r o d y n a m i c s a c c e l e r o -
meter (BLA 2) was mounted on the m i d - s t e r n u m between r e f e r e n c e and n e g a t i v e e l e c t r o d e s . 
The t r a n s d u c e r s were a p p l i e d to c a r e f u l l y p r e p a r e d s k i n s i t e s and t h e c a b l e s taped 
to t h e body s u r f a c e t o reduce d i s t u r b a n c e a r t i f a c t s d u r i n g d a i l y a c t i v i t i e s . T r a n s 
d u c e r s were c o n n e c t e d t o a m o d i f i e d M e d i l o g m i n i a t u r e a n a l o g tape r e c o r d e r ( O x f o r d 
M e d i c a l Sys tems L t d . ) w h i c h was worn i n a s o f t l e a t h e r pouch a t t a c h e d t o a webbing 
b e l t around the w a i s t . The e n t i r e a s sembly was worn n e x t t o t h e s k i n so t h e r e i s 
no need f o r the p a t i e n t t o d i s t u r b the r e c o r d e r when c h a n g i n g c l o t h e s e t c . 

P a r t o f the c a l i b r a t i o n p r o c e d u r e f o r the s y s t e m r e q u i r e s t h a t a m b u l a t o r y p a t i e n t s 
walk on a f i g u r e - o f - e i g h t w a l k p a t h i n our l a b o r a t o r y . The t ime to c o v e r 200 m i s 
r e c o r d e d a l o n g w i t h t h e number o f s t e p s t a k e n , thus p r o v i d i n g i n f o r m a t i o n on ' s t e p 
l e n g t h ' and ' s t e p i n t e r v a l ' f o r t h e p a r t i c u l a r cadence e m p l o y e d . 

Normal w a l k i n g i s such a d e e p - r o o t e d a c t i v i t y t h a t most s u b j e c t s , when asked to wa lk 
a t t h e i r own speed (and when i t i s p o i n t e d out t o them t h a t they are n o t i n a h u r r y 
nor are they l o i t e r i n g ) tend t o adopt a ' p r e f e r r e d g a i t ' w h i c h i s e x t r e m e l y r e p r o 
d u c i b l e . T h i s i s t r u e not o n l y o f normal i n d i v i d u a l s b u t o f p a t i e n t s w i t h p h y s i c a l 
h a n d i c a p s i n c l u d i n g amputees , p o l i o m y e l i t i s p a t i e n t s and t h o s e w i t h o r t h o t i c b r a c e s 
e t c . I n our e x p e r i e n c e any d e p a r t u r e from t h i s g e n e r a l r u l e i s u s u a l l y due to a 
f a i l u r e i n the i n v e s t i g a t o r t o d i s t r a c t the s u b j e c t from h i s o r h e r u s u a l env i ronment 
d u r i n g the course o f t h e t e s t so t h a t auronomic c o n d i t i o n s may p r e v a i l . 

The f i g u r e - o f - e i g h t w a l k p a t h i s employed a s , i n our v i e w , w a l k i n g i n a c i r c l e i s 
not r e p r e s e n t a t i v e o f normal l o c o m o t i o n . I n our labv^ratory the f i g u r e - o f - e i g h t 
c r o s s o v e r i s used between normal c i r c u i t s t o a l l o w the p a t i e n t s to e x p e r i e n c e t u r n s 
i n b o t h d i r e c t i o n s . 

I n the l a b o r a t o r y i t i s e a s y t o l i n e up the r e p l a y e d l o c o m o t i o n d a t a w i t h the i n d i 
v i d u a l c i r c u i t s a t d i f f e r e n t cadences and t h u s v a l i d a t e the ' s t e p l e n g t h ' v e r s u s 
' s t e p i n t e r v a l ' r e l a t i o n s h i p . We a l s o e s t a b l i s h t h e i r c o r r e l a t i o n w i t h t h e p a t i e n t s ' 
h e a r t r a t e a t t h a t t i m e . 

Once t h e p a t i e n t s are f i t t e d up w i t h the t r a n s d u c e r s and r e c o r d e r they are d r e s s e d 
and r e t u r n e d to t h e i r u s u a l e n v i r o n m e n t . They are i n s t r u c t e d t o c o n t i n u e w i t h t h e i r 
normal way o f l i f e i n a l l r e s p e c t s w i t h the e x c e p t i o n t h a t the equipment s h o u l d not 
be immersed i n w a t e r . A t the c o n c l u s i o n o f the i n v e s t i g a t i o n p e r i o d the p a t i e n t 
r e t u r n s f o r f u r t h e r c a l i b r a t i o n t e s t s i n t h e l a b o r a t o r y , i f r e q u i r e d , and t h e n the 
equipment i s c a r e f u l l y removed, the s k i n w a s h e d , d r i e d and d u s t e d w i t h t a l c . I t i s 
o n l y r a r e l y t h a t a m i l d erythema i s found and i t i s u n u s u a l f o r t h e s u b j e c t t o r e p o r t 
any a d v e r s e comments a f t e r a 24 h p e r i o d . 

The C120 tape c a s s e t t e i s r e p l a y e d and t h e a n a l y z e r s d e t e r m i n e h e a r t b e a t and s t e p 
i n t e r v a l s . Much o f t h e p r o c e s s i n g w i t h i n t h e a n a l y z e r s i s d i g i t a l b u t among o t h e r 
f e a t u r e s the s e r i e s o f i n t e r v a l s a r e n u m e r i c a l l y r e c i p r o c a t e d and d i g i t a l / a n a l o g 

s t r i c t l y to s i t t i n g , s t a n d i n g , l y i n g and a l s o p e r m i t s s t a t i s t i c a l o p e r a t i o n s r e l a t i n g 
speed of w a l k i n g t o i n s t a n t a n e o u s h e a r t r a t e e t c . 

The impact o f such a d e t a i l e d v i ew o f an i n d i v i d u a l p a t i e n t ' s ' l i f e s t y l e ' p r o v e d 
f a r r e a c h i n g and i t became n e c e s s a r y t o a l t e r t h e p h i l o s o p h y o f the approach t o 
m o b i l i t y i n v e s t i g a t i o n s o f the h a n d i c a p p e d p a t i e n t . The volume o f d a t a t o be s t o r e d 
i s s e l f - e v i d e n t and t h e o n l y p r a c t i c a l l i m i t a t i o n i n t h e sys tem i s t h a t t h e i n f o r m a 
t i o n i s not a v a i l a b l e i n r e a l - t i m e . 
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c o n v e r t e d to d e v e l o p v o l t a g e s w h i c h a r e used t o d r i v e a c o n v e n t i o n a l c h a r t r e c o r d e r 
so t h a t we have a n a l o g o u t p u t o f i n s t a n t a n e o u s h e a r t r a t e and s t e p r a t e . A l t e r n a 
t i v e l y the trunk a c c e l e r o m e t e r s i g n a l may be o u t p u t to i n d i c a t e the g e n e r a l l e v e l o f 
a c t i v i t y o f the i n d i v i d u a l and an i n d i c a t i o n o f p o s t u r e i s a l s o g i v e n . An example 
o f t h i s form of o u t p u t i s shown i n F i g . 1. 

fSTANWrniS 
HEART 
RATE 

CLOCK 
puses taoo l b ' W : ' W ' 0400 ' OBCO 

rim 

SITTING 
STANDING CR 

F i g . 1. A c t i v i t y and h e a r t r a t e o u t p u t . 

I n the p r e s e n t i n v e s t i g a t i o n we are c o n f i n i n g our a t t e n t i o n to the r e l a t i o n s h i p 
between physiological cost index and walking speed. The p h y s i o l o g i c a l c o s t i n d e x 
i s an a t t e m p t to c o r r e c t i n s t a n t n a e o u s h e a r t r a t e f o r f a c t o r s r e l a t e d to d i f f e r e n c e s 
i n s t r o k e volume between i n d i v i d u a l p a t i e n t s (a f u n c t i o n o f f i t n e s s ) . The I n d e x i s 
a measure o f per formance a c h i e v e d . The r e s t i n g h e a r t r a t e i s s u b t r a c t e d from the 
o b s e r v e d h e a r t r a t e , a v e r a g e d over the p e r i o d o f i n t e r e s t . The h e a r t r a t e d i f f e r e n c e 
i n b e a t s p e r minute i s d i v i d e d by the speed o f the s u b j e c t i n m min"^ thus the ' p h y 
s i o l o g i c a l c o s t i n d e x ' h a s the d imens ions o f ' a d d i t i o n a l h e a r t b e a t s m"-̂  t r a v e l l e d ' . 
The speed i s taken e i t h e r from w a l k p a t h d a t a or by comput ing from the o b s e r v e d s t e p 
i n t e r v a l u s i n g our knowledge o f t h e p a t i e n t s ' s t e p s i n t e r v a l v e r s u s s t e p l e n g t h 
r e l a t i o n s h i p s . 

RESULTS 
LAPSE s t u d i e s have been a p p l i e d t o a wide r a n g e o f normal i n d i v i d u a l s and some o f 
the r e s u l t s are shown i n F i g . 2 . Here we h a v e the p h y s i o l o g i c a l c o s t i n d e x p l o t t e d 
a g a i n s t speed f o r normal men and women i n an age range from 14 to 50 y e a r s . The 
d a t a shown c o n c e r n o n l y the p r e f e r r e d c a d e n c e , s e l f s e l e c t e d by the s u b j e c t , i n l e v e l 
w a l k i n g and does n o t demonstrate the range o f speeds a c h i e v a b l e by t h e s u b j e c t . I t 
has been p r e v i o u s l y shown t h a t the p r e f e r r e d cadence i s the o p t i m a l p h y s i o l o g i c a l 
c o s t p o i n t f o r the i n d i v i d u a l s u b j e c t and a t l e s s e r and h i g h e r c a d e n c e s p h y s i o l o g i c a l 
c o s t i n d i c e s r i s e . The f i g u r e has been drawn to i l l u s t r a t e the b o u n d a r i e s o f p h y s i o 
l o g i c a l c o s t i n d e x as b e i n g a t 0 . 5 n e t b e a t s m"-̂  w i t h a p r e f e r r e d speed range o f from 
60 to 85 m~^. F i g u r e 3 shows the r e s u l t s f o r a group o f i n d i v i d u a l s who are q u i t e 
s e v e r e l y h a n d i c a p p e d where p h y s i o l o g i c a l c o s t s are h i g h when w a l k i n g and the a c h i e v e d 
speed i s low. When t h e s e i n d i v i d u a l s are p l a c e d i n w h e e l c h a i r s t h e i r p e r f o r m a n c e 
improves d r a m a t i c a l l y and i t may take them i n t o the normal range o f p e r f o r m a n c e . The 
f i g u r e a l s o shows a number o f normal i n d i v i d u a l s u n d e r t a k i n g m o b i l i t y t e s t s i n w h e e l 
c h a i r s . 
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D I S C U S S I O N 
The t r a d i t i o n a l p h y s i o l o g i c a l v i ew o f c o s t i n the m e t a b o l i c s ense i s f i r m l y r e l a t e d 
t o t h e c o n c e p t o f oxygen uptake and the measurement o f r e s p i r a t i o n p a r a m e t e r s i n the 
ambulant s u b j e c t . I t i s o b v i o u s t h a t such an a p p r o a c h i s q u i t e u n s u i t e d f o r unob
t r u s i v e m o n i t o r i n g o f t h e h a n d i c a p p e d p o p u l a t i o n , f o r p e r i o d s o f up to 24 h . 

The c o r r e l a t i o n between h e a r t r a t e and oxygen uptake i s w e l l known and w e l l u n d e r 
s t o o d and undoubted ly i s a v e r y u s e f u l i n d e x o f m e t a b o l i c c o s t p a r t i c u l a r l y when 
a p p l i e d over ex tended p e r i o d s o f t i m e . 

A common q u e s t i o n r a i s e d i s the e f f e c t o f e m o t i o n a l f a c t o r s on h e a r t r a t e as a d i s 
t u r b i n g i n f l u e n c e on the r e l i a b i l i t y o f h e a r t r a t e per se as a measure o f e x t e r n a l 
work. I t seems c l e a r to us t h a t f a c e d w i t h r e a l - l i f e s i t u a t i o n s i n a r e a l - l i f e 
w o r l d we are n o t o v e r l y concerned w i t h the way i n w h i c h an i n c r e a s e i n p h y s i o l o g i c a l 
c o s t i s p r o d u c e d , our i n t e r e s t i s s o l e l y i n the f a c t t h a t the i n c r e a s e d c o s t o c c u r s . 
Thus any t a c h y c a r d i a , however i t i s b r o u g h t a b o u t , i s a genu ine a d d i t i o n a l l o a d to 
the p a t i e n t and s h o u l d be taken i n t o a c c o u n t . 

I n the r e c o r d from a normal i n d i v i d u a l ( F i g . 1) we can see an example o f t h i s p r o b l e m . 
The s u b j e c t , a TV commentator , undertook the t e s t d u r i n g a normal w o r k i n g d a y . From 
the r e c o r d i t i s o b v i o u s t h a t by f a r the g r e a t e s t p a r t o f h e r day was s p e n t s i t t i n g 
w i t h o n l y s m a l l e p i s o d e s o f s t a n d i n g o r w a l k i n g . She d i d i n f a c t f e e l she had e x p e r i 
enced a p h y s i c a l l y t r y i n g day as she was r u s h i n g about between f i l m l o c a t i o n s , 
t e l e v i s i o n s t u d i o s e t c . I n the e v e n t her p h y s i c a l a c t i v i t y was i n t e r s p e r s e d w i t h 
many p e r i o d s of d r i v i n g , p o s s i b l y a l s o s t r e s s f u l . T o t a l w a l k i n g t ime proved t o be 
as l i t t l e as 37 m i n , a f a c t which s u r p r i s e d her c o n s i d e r a b l y . 

A t about 9 p . m . (2100 h) the l a d y was embarking upon a f a i r l y momentous d i n n e r e n g a g e 
ment which i n v o l v e d m a t t e r s o f p e r s o n a l i m p o r t . The h e a r t r a t e rises i n the absence 
o f p h y s i c a l a c t i v i t y as demons tra ted by the t runk a c c e l e r a t i o n s i g n a l and r e a c h e s a 
peak around 10.30 p . m . Presumably the f a l l i n h e a r t r a t e t h e r e a f e r i s an i n d i c a t i o n 
o f the s u c c e s s o f the i n t e r v i e w . 

A l l i n a l l a v e r y r e a s o n a b l e v i ew o f t h i s s u b j e c t e m e r g e s . Here i s someone who spends 
most of the work ing day w i t h a h e a r t r a t e above 100 b e a t s min~^ i r r e s p e c t i v e o f t h e 
l e v e l o f p h y s i c a l a c t i v i t y . The h e a r t r a t e p a t t e r n when the s u b j e c t r e t i r e s to bed 
s h o r t l y a f t e r m i d n i g h t shows a s low s t e a d y f a l l w h i c h i s atypical. N o r m a l l y s u b j e c t s 
would have a more d r a m a t i c f a l l i n i t i a l l y and a l o n g p e r i o d o f a s t e a d y h e a r t r a t e 
a v e r a g i n g 50 to 60 b e a t s min~^ t h r o u g h o u t the n i g h t . O b v i o u s l y much more d e t a i l e d 
e x a m i n a t i o n o f t h e s e p h y s i o l o g i c a l r e l a t i o n s h i p s i s p o s s i b l e . 

The concept o f p h y s i o l o g i c a l c o s t i s a f a i r l y complex one and the o n l y j u s t i f i c a t i o n 
f o r any p a r t i c u l a r i n d e x i s whether o r n o t i t adds t o our u n d e r s t a n d i n g o f the p r o b 
lems f a c i n g the p a t i e n t . The mechanism f o r d e t e r m i n i n g p h y s i o l o g i c a l c o s t i n d e x h a s 
been d e s c r i b e d above and F i g . 2 shows the r e l a t i o n s h i p of p h y s i o l o g i c a l c o s t i n d e x 
to w a l k i n g speed on the l e v e l a t the p r e f e r r e d cadence o f i n d i v i d u a l s u b j e c t s . There 
i s a l a r g e o v e r l a p between male and female s u b j e c t s b u t the l i m i t s o f 0 .5 n e t b e a t s m~^ 
on the one hand and 60 m min"-^ w a l k i n g speed on the o t h e r have been s e t q u i t e e m p i r i 
c a l l y i n r e l a t i o n to the p o p u l a t i o n o b s e r v e d . T h i s d a t a s h o u l d be compared w i t h t h a t 
shown i n F i g . 3 where one o f the p o s s i b l e a p p l i c a t i o n s o f t h i s approach to d o m i c i l i a r y 
or ambula tory a s se s sment i s i l l u s t r a t e d . I n t h i s i n s t a n c e we are c o n s i d e r i n g the 
r o l e of t h e w h e e l c h a i r as an e f f e c t i v e mechanism i n r e h a b i l i t a t i o n . A number o f 
p a t i e n t s were t e s t e d i n t h e i r own w h e e l c h a i r s and a l s o when w e a r i n g l o n g l e g b r a c e s 
and w a l k i n g w i t h the a i d o f s t i c k s . I n a d d i t i o n a group of normal i n d i v i d u a l s were 
e n c o u r a g e d to under take a s e r i e s o f t e s t s i n borrowed w h e e l c h a i r s . 

The i m p l i c a t i o n s are o b v i o u s . P a t i e n t s who are n o r m a l l y c o n f i n e d to c h a i r s are 
e x t r e m e l y h a n d i c a p p e d v / i thout them. P h y s i o l o g i c a l c o s t s are e x t r e m e l y h i g h and the 
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m o b i l i t y a c h i e v e d i s v e r y p o o r . When p l a c e d i n c h a i r s t h e i r per formance improves 
d r a m a t i c a l l y b u t i t i s f a i r t o say i t does n o t q u i t e come i n t o t h e normal r a n g e 
e x c e p t f o r one s u b j e c t . 

The normal s u b j e c t s do r a t h e r l e s s w e l l than one m i g h t have e x p e c t e d and the i n t e r 
p r e t a t i o n t o be p l a c e d on t h i s r e s u l t i s t h a t the p a t i e n t who a p p e a r s i n t h e normal 
p o p u l a t i o n range h a s d e v e l o p e d a q u i t e r emarkab le upper body f i t n e s s and s t r e n g t h i n 
the s h o u l d e r s and arms . 

The m e r i t o f t h e method i s n o t n e c e s s a r i l y i n d e m o n s t r a t i n g d i f f e r e n c e s between 
p a t i e n t s i n and out o f c h a i r s b u t i n p r o v i d i n g means whereby any f u r t h e r a l t e r a t i o n 
i n p r e s c r i p t i o n or i n the management o f the p a t i e n t can be m e a s u r e d . I t now remains 
f o r c l i n i c teams i n v a r i o u s a r e a s o f r e h a b i l i t a t i o n to c o n s i d e r how t h e y may b e s t 
employ a method o f d o m i c i l i a r y c o s t e v a l u a t i o n i n the r o u t i n e management o f t h e 
problems w i t h w h i c h they are u n d o u b t e d l y f a c e d . 
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Abstract — The e c o - e t h o l o g i c a l r e s e a r c h b a s e d on r a d i o t r a c k i n g 
of European w i l d mammals i n the C h i z e f o r e s t , f o c u s e s on s o c i a l 
s t r u c t u r e , the u t i l i z a t i o n o f s p a c e , and a c t i v i t y r h y t h m s . A 
f u l l y automated 1 0 - c h a n n e l sy s t em has been s p e c i a l l y a d a p t e d 
f o r the C h i z e f o r e s t . T r a n s m i t t e d s i g n a l s are r e c e i v e d by p a i r s 
o f Y a g i a n t e n n a s on top o f t h r e e 30 m p y l o n s l o c a t e d on h i g h 
l a n d i n the R e s e r v e . A f t e r i n i t i a l a m p l i f i c a t i o n , the s i g n a l s 
are f e d v i a c o a x i a l c a b l e s to the r e c e i v i n g u n i t i n the l a b o r a 
t o r y . Each antenna r o t a t e s t h r o u g h 360° e v e r y f o u r m i n u t e s , 
d u r i n g which i t p i c k s up s i g n a l s from a l l t e n t r a n s m i t t e r s . 
A f t e r r e c e p t i o n , the a n g u l a r p o s i t i o n s o f the a n i m a l s i n r e l a 
t i o n to m a g n e t i c N o r t h are d i s p l a y e d n u m e r i c a l l y and s i m u l 
t a n e o u s l y r e c o r d e d on m a g n e t i c t a p e . A t h e o r e t i c a l a n a l y s i s 
gave an e s t i m a t e o f o v e r a l l s y s t e m a c c u r a c y o f ± 1 ° , wh ich 
has been v e r i f i e d by an e x p e r i m e n t a l a n a l y s i s o f the i n f l u e n c e 
of d i f f e r e n t parameters ( v e g e t a t i o n , t o p o g r a p h y , t r a n s m i t t i n g 
d i r e c t i o n , e t c . ) . D a t a are p r o c e s s e d a f t e r s t o r a g e on a PDF 
11-40 computer by means of a s p e c i a l l y d e s i g n e d i n t e r f a c e . An 
i n i t i a l program makes i t p o s s i b l e to s t r u c t u r e the r e c o r d e d 
d a t a on the b a s i s o f one d a t a f i l e per c h a n n e l p e r d a y , i n c l u d 
i n g the computed a n g u l a r p o s i t i o n s and t i m e s , from w h i c h the 
p o s i t i o n of the an imal i s c a l c u l a t e d i n C a r t e s i a n c o o r d i n a t e s . 
S t r u c t u r e d d a t a f i l e s , i n t imes and c o o r d i n a t e s , are o b t a i n e d 
and s t o r e d i n the memory. These g e n e r a t e h o u r l y d i s p l a y s o f 
the a n i m a l ' s movements super imposed on an o u t l i n e o f the f o r e s t , 
from w h i c h b e h a v i o r a l c h a r a c t e r i s t i c s such as movement s p e e d , 
home r a n g e , t e r r i t o r y and rhythms o f a c t i v i t y / r e s t are computed. 
T h i s sys tem has e n a b l e d us t o o b t a i n o r i g i n a l r e s u l t s from 
b o a r , d e e r , f o x and b a d g e r s r e g a r d i n g t h e i r u t i l i z a t i o n o f 
s p a c e and i t s i m p l i c a t i o n f o r t h e i r s o c i a l r e l a t i o n s h i p s . 

INTRODUCTION 
A g r e a t number o f d i r e c t and i n d i r e c t t e c h n i q u e s have been d e v e l o p e d to s t u d y mam
m a l i a n movements and a c t i v i t y p a t t e r n s ( rev iewed by S a n d e r s o n , 1966 ) . These d i f f e r 
ent t e c h n i q u e s g i v e o n l y an a p p r o x i m a t i o n t o q u a n t i f i a b l e p a r a m e t e r s : home r a n g e , 
movements ( m i g r a t i o n , i m m i g r a t i o n , e m i g r a t i o n ) and t e r r i t o r y , b u t a new t e c h n i q u e , 
namely r a d i o t r a c k i n g p r o v i d e s a b e t t e r approach (Lemunyan et al,j 1959 ) . 
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The d e s c r i p t i o n (Cochran and L o r d , 1963) o f a m o b i l e r a d i o t r a c k i n g s y s t e m ( C o c h r a n 
et al,y 1965) opened new ways o f i n v e s t i g a t i o n . L o c a t i o n d a t a w h i c h were d i f f i c u l t 
t o o b t a i n on b i g mammals by any o t h e r t e c h n i q u e , became a v a i l a b l e . S i n c e t h e n , t h i s 
method has been w i d e l y used on a g r e a t number o f an imal s p e c i e s . The major s cope 
o f t h e s e s t u d i e s i s i n w i l d l i f e management, r e q u i r i n g a p r e c i s e knowledge o f home 
range and movements ( m i g r a t i o n s , e m i g r a t i o n s ) . These problems l e d us to d e v e l o p 
an a u t o m a t i c , f i x e d and c o n t i n u o u s r a d i o t r a c k i n g s y s t e m . 

STUDY AREA 
The C h i z e f o r e s t i s i n m i d - w e s t e r n F r a n c e (46° 10 N o r t h l a t i t u d e , 0 ° 30 E a s t l o n g i t u d e ) 
near the A t l a n t i c c o a s t ( F i g . 1 ) . The a v e r a g e e l e v a t i o n i s 60 m, r a n g i n g from 50 
to 90 m, and has a t e m p e r a t e , o c e a n i c c l i m a t e . I t s major f e a t u r e s a r e ; a v e r a g e 
maximum temperature — 20^0 i n summer; a v e r a g e minimum tempera ture — 2^0 i n w i n t e r ; 
annua l r a i n f a l l — 800 t o 900 mm i n 140-150 d a y s , most r a i n f a l l s d u r i n g O c t o b e r -
November ( l o c a l d a t a ) . The f o r e s t i s an E u r o p e a n - t e m p e r a t e - d e c i d u o u s biome type o f 
the p a l e a r t i c zone . The major t r e e s p e c i e s are r e p r e s e n t e d by oak (Querous sp,) 
and b e e c h (Fagus sylvatioa) w i t h c o n i f e r s {Finus maritima^ F, sylvestris) i n 
i s o l a t e d p l a n t a t i o n s . The Government F o r e s t o c c u p i e s 5000 h a o f w h i c h 2620 h a i s 
a f e n c e d N a t i o n a l R e s e r v e . The n a t u r a l f a u n a i s abundant and d i v e r s e : w i l d boar 
{Sus sorofa L . ) , roe deer {Capreolus capreolus L . ) , f o x {Vulpes vulpes L . ) , b a d g e r 
{Meies meles L . ) and o t h e r m u s t e l i d s . I n t h i s R e s e r v e the CNRS ( C e n t r e N a t i o n a l de 
l a R e c h e r c h e S c i e n t i f i q u e ) e s t a b l i s h e d the CEBAS ( C e n t r e d ' E t u d e s B i o l o g i q u e s des 
Animaux S a u v a g e s ) i n 1968 t o s p e c i a l i z e i n e c o l o g i c a l , e t h o l o g i c a l and p h y s i o l o g i c a l 
s t u d i e s o f w i l d mammals i n t h e i r n a t u r a l e n v i r o n m e n t . 

DESCRIPTION OF THE RADIO TRACKING SYSTEM 
The r a d i o t r a c k i n g sys tem i s modeled on t h e one d e s c r i b e d by C o c h r a n et al, (1965) 
and adapted f o r the Chize f o r e s t . The p r i n c i p l e i s o f l o c a l i z a t i o n by r a d i o t r i a n g u 
l a t i o n , and d i f f e r e n t s t e p s i n the s y s t e m are p r e s e n t e d i n F i g . 2 and are d e s c r i b e d 
b e l o w . 
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F i g . 2 . B l o c k d iagram of the s y s t e m . 

A c r y s t a l c o n t r o l l e d t r a n s m i t t e r (ATNE*) t r a n s m i t s modula ted p u l s e s i n the 72 MHz 
f r e q u e n c y r a n g e . The t r a n s m i t t i n g a n t e n n a i s a l o o p . S i g n a l s a r e r e c e i v e d by 
three p a i r e d Y a g i a n t e n n a s (Marques , 1972) w h i c h r o t a t e . A n t e n n a s are p l a c e d on 
the top o f t h r e e 30 m towers l o c a t e d on h i g h p o i n t s w i t h i n t h e R e s e r v e (see map. 
F i g . 1 ) . A f t e r an i n i t i a l a m p l i f i c a t i o n s t a g e , t h e s i g n a l s a r e c o n d u c t e d by c o a x i a l 
c a b l e s to an a u t o m a t i c r e c e i v i n g sys tem i n t h e l a b o r a t o r y . The a n t e n n a r o t a t e s a t 
a c o n s t a n t speed o f 360° per 4 m i n . D u r i n g a s i n g l e r e v o l u t i o n , one a n t e n n a tower 
can r e c e i v e s i g n a l s from 10 t r a n s m i t t e r s . T h i r t y r e c e i v e r s (3 x 10) c o l l e c t the 
d a t a . A n g u l a r l o c a t i o n s , measured w i t h r e f e r e n c e t o m a g n e t i c n o r t h are s i m u l t a n 
e o u s l y d i s p l a y e d on e a c h r e c e i v e r . T h i s p e r m i t s immediate l o c a l i z a t i o n o f each 
t r a c k e d a n i m a l . They are a l s o tape r e c o r d e d (TEAC D a t a - p a c k r e c o r d e r ) , such t h a t , 
e v e r y f o u r m i n u t e s d a t e , t ime and t h e t h r e e a n g l e s measured by the t h r e e towers are 
recorded f o r each a n i m a l . 

Two p r o c e s s i n g r o u t i n e s a r e a v a i l a b l e . D a t a p r o c e s s i n g by an a n a l o g computer (ATNE* 
p r o t o t y p e ) a l l o w s t h e p o s i t i o n o f each a n i m a l t o be r e c o n s t r u c t e d i n xy c o o r d i n a t e s 
w i t h a p l o t t e r ( H e w l e t t P a c k a r d HP 7040 A) on a 1/25000 map o f the f o r e s t . F o r each 
animal t h i s p r o v i d e s rough d a i l y * t r a c k o g r a m s ' . A f t e r s t o r a g e i n computer memory, 
the o t h e r r o u t i n e a l l o w s p r o c e s s i n g on a D i g i t a l D e c l a b 11-40 Computer . 

TRANSMITTERS 
The f i r s t e x p e r i m e n t s w i t h r a d i o t r a c k i n g i n the C h i z é f o r e s t i n v o l v e d roe deer 
whose s i z e and morphology made i t a good t e s t - s p e c i e s f o r r a d i o c o l l a r d e s i g n . The 
b e h a v i o r o f o t h e r an imal s p e c i e s i n the f o r e s t r e q u i r e d the t r a n s m i t t e r t o be more 
r o b u s t . 

* A p p l i c a t i o n s T e c h n i q u e s N o u v e l l e s en E l e c t r o n i q u e , ORSAY ( F r a n c e ) . 
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The f i r s t p r o t o t y p e t r a n s m i t t e r was e n c a p s u l a t e d w i t h epoxy r e s i n . A f l e x i b l e p l a s 
t i c c o l l a r p r o t e c t i n g a loop a n t e n n a was used t o a t t a c h the t r a n s m i t t e r s t o t h e 
a n i m a l s ' n e c k s . However, t h i s method , m o d e l l e d on an AVM I n s t r u m e n t C o . d e s i g n , 
was soon r e j e c t e d . Because the a n i m a l s are f r e q u e n t l y t r a p p e d a g a i n , we needed a 
method o f a t t a c h m e n t w h i c h would a l l o w us t o r e c o v e r the t r a n s m i t t e r undamaged and 
t o r e p l a c e the b a t t e r y q u i c k l y . F o r t h e s e r e a s o n s we m a n u f a c t u r e d an aluminum 
b l o c k t o house the t r a n s m i t t e r and b a t t e r y ( M a l l o r y type RM IH f o r the roe d e e r , 
badger and f o x , t y p e RM 12R f o r w i l d b o a r ) . So t h a t the v a r i o u s e l e m e n t s d i d not 
move w i t h i n the c a s e they were p o t t e d w i t h s i l i c o n e rubber and a c o v e r was f i x e d by 
screws and t h e n made w a t e r p r o o f by s i l i c o n e ( F i g . 6 ) . The use o f l i t h i u m b a t t e r i e s 
p r o v i d e d an i n c r e a s e d t r a n s m i t t e r l i f e t i m e . R e c e n t l y , we have r e p l a c e d the aluminum 
w i t h l i g h t w e i g h t p l a s t i c ( E r t a l o n 6 S A ) . 

THEORETICAL ANALYSIS OF THE SYSTEM 
T r a n s m i t t e r s are l o c a t e d by t h r e e a n g u l a r m e a s u r e s , from t h r e e r e c e i v i n g towers 
d e l i m i t i n g a t r i a n g l e w i t h i n the R e s e r v e . E v e r y d i r e c t i o n i s measured w i t h a t h e o 
r e t i c a l a c c u r a c y ε = ± 1 d e g r e e . F o r one a n t e n n a r e v o l u t i o n w i t h an a n i m a l i n a 
f i x e d l o c a t i o n , the s y s t e m g i v e s t h r e e d o t s c o r r e s p o n d i n g to the t h r e e p o s s i b l e 
p a i r s ( θ ι 02 Θ 3 ) . An a r e a , r e p r e s e n t i n g the s m a l l e s t s u r f a c e i n w h i c h one can be 
s u r e t o f i n d the a n i m a l , i s d e l i m i t e d from t h e s e t h r e e t r i a n g u l a t i o n s . The most 
p r o b a b l e l o c a t i o n i s the g e o m e t r i c c e n t e r o f the p o l y g o n d e l i m i t e d b y : θ] ± ε , 
0 2 - ε , 03 ± ε . E a c h one o f the t h r e e p o s s i b l e p a i r s , h a s an a r e a w h i c h i n d i c a t e s 
where the an imal i s . T h i s a r e a , wh ich l o o k s l i k e a p a r a l l e l o g r a m , h a s two p r o p e r t i e s : 
the f u r t h e r the t r a n s m i t t e r from the two t o w e r s , the l a r g e r the a r e a and t h e f u r t h e r 
the a n g l e o f two d i r e c t i o n s from 9 0 ° , t h e l e s s l i k e l y the l o c a l i z a t i o n a l o n g the 
l a r g e s t d i a g o n a l . I n p r a c t i c e , f o r e v e r y p o i n t i n the f o r e s t , one can s e l e c t two 
t r i a n g u l a t i o n s such t h a t a t h i r d does n o t improve the a c c u r a c y o f the a n i m a l ' s 
l o c a t i o n . 

The d i r e c t i o n s are chosen on the b a s i s o f two c r i t e r i a : (a) s m a l l e s t d i s t a n c e to 
t h e towers and (b) a n g l e o f t h e two d i r e c t i o n s c l o s e s t t o 9 0 ° . T h i s r a i s e s t h e p r o b 
lem o f the a n g l e a t w h i c h we s h o u l d s t o p u s i n g the b e a r i n g s o f the two n e a r e s t towers 
and s t a r t u s i n g a tower f u r t h e r o f f b u t w i t h an a n g l e c l o s e r to 9 0 ° t o one o f the 
f i r s t two towers ( F i g . 3 ) . I n t h i s c a s e the two n e a r e s t towers are and T<^. 
The dot A n e a r i n g t h e l i m i t T2 ( Θ 2 Θ3) w i l l remain the b e s t p a i r as l o n g a s : 

AB < AD 

b u t AB = AC X TAN ^ 
2 

and AC AE = Z i X TAN Z ° 

so AB ^ li TAN X TAN ^ 

i n the same way: AD - I2 >^ TAN Z ° χ TAN 
2 ^'l . ^2 

the c o n d i t i o n AB < AD e q u i v a l e n t t o : x TAN -^^ < I2 ^ TAN — 

and i s r e a l i z e d f o r : αχ < 1 3 0 ° , 

The l i m i t of v a l i d i t y o f t h e p a i r ( Θ 2 Θ3) i s e x t e n d e d t o the g e o m e t r i c l o c u s where 
T2 and ^3 are s een from an a n g l e o f 1 3 0 ° . L i k e n i n g t r i a n g l e T2 to an e q u i l a t e r a l 
t r i a n g l e , the upper l i m i t o f t h e a n g l e α w i l l be 130° f o r the t h r e e p a i r s ( θ ι 02 0 3 ) . 
T a k i n g i n t o a c c o u n t the f o r e s t ' s d i m e n s i o n s , no lower l i m i t o f the a n g l e w i l l be 
d e t e r m i n e d . 

These c o n s i d e r a t i o n s l e d us t o d i v i d e t h e f o r e s t i n t o ' b e s t p a i r ' zones ( F i g . 4 ) . 
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F i g . 3 . C h o i c e o f t h e ' b e s t - p a i r ' (see t e x t ) . 

A n g u l a r b o u n d a r i e s are f i x e d t o e a c h zone to a l l o w d i r e c t s o r t i n g o f t h e r e c o r d e d 
d a t a θι Θ2 Θ3 . I t i s p o s s i b l e t o d e l i m i t a c u r v i l i n e a r t r i a n g l e i n the m i d d l e o f 
the ΤI Τ2 Τ 2 t r i a n g l e , i n w h i c h an a n i m a l ' s l o c a t i o n would be a c c u r a t e by t a k i n g 
i n t o a c c o u n t t h e t h r e e p a i r s (θχ θ2 Θ 3 ) ; b u t s i n c e t h i s a r e a would be s m a l l the 
d e l i n e a t i o n o f t h e c e r t a i n t y p o l y g o n and the c a l c u l a t i o n o f the g e o m e t r i c c e n t e r 
are c o m p l i c a t e d , we c h o s e i n s t e a d to s e l e c t one o f t h e t h r e e p a i r s i n s i d e the t r i a n g l e . 

To t h i s s t a t i c a c c u r a c y problem one must add t h e dynamic o n e . The t h r e e r e c e i v e r 
antennas t u r n 360° w i t h i n 4 min and f a c e N o r t h a t the same t i m e . S o , e v e n i f e v e r y 
b e a r i n g i s c o r r e c t , s i n c e i t may t a k e 4 min be tween t h e p o i n t i n g o f two r e c e i v e r 
a n t e n n a s , an e r r o r i n t h e l o c a l i z a t i o n o f a moving a n i m a l may o c c u r . The f a s t e r t h e 
animal and the l a r g e r the l a p s e between two t r i a n g u l a t i o n s , t h e g r e a t e r t h e e r r o r . 
Because o f t h i s l a p s e , a l i n e a r movement w i l l be r e c o r d e d as an e l l i p s e o f w h i c h t h e 
major a x i s w i l l be i n the d i r e c t i o n o f movement w h i l e i t s minor a x i s w i l l be p r o p o r 
t i o n a l to t h e a n i m a l ' s speed and t o t h e l a p s e be tween t h e two t r i a n g u l a t i o n s . C o n 
s e q u e n t l y , d u r i n g an a n i m a l ' s movements, one must choose the p a i r θ^, 0 j j t h a t w i l l 
g i v e b o t h good s t a t i c a c c u r a c y and good dynamic a c c u r a c y ( g i v e n by t h e s m a l l e s t 
d i f f e r e n c e - θ^·) . 

F i g u r e 5 shows f o r e s t zones w h e r e , f o r e v e r y p a i r (θ^^ θ ^ ) , t h e two b e a r i n g s 
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zone A[ Ιθ^,θ^ 

^one α I ©1,03 

F i g . 4 . T h e o r e t i c a l r e p r e s e n t a t i o n o f ' b e s t - p a i r * z o n e s . 
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F i g . 5 . Zones o f t ime d i s p l a c i n g f o r e a c h p a i r o f a n g l e s . 
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and 8 j are r e c o r d e d w i t h a t ime i n t e r v a l l e s s t h a n one m i n u t e . There i s a c e n t r a l 
zone c o v e r i n g a g r e a t p a r t o f t r i a n g l e T-^ Τ2 w h e r e , w h a t e v e r the p a i r (θ^, Qj), 
it a lways t a k e s more than one minute between the p o i n t i n g o f and 0 j . 

S u p e r p o s i t i o n o f t h e s e two t h e o r e t i c a l s t u d i e s ( s t a t i c and dynamic) shows t h a t t h e r e 
are t h r e e k i n d s o f z o n e s : (a ) good s t a t i c and dynamic a c c u r a c y ; (b) good dynamic 
a c c u r a c y (B^ and b e a r i n g s s e p a r a t e d b y l e s s than one m i n u t e ) b u t w i t h s t a t i c 
a c c u r a c y l e s s than t h a t d e f i n e d by t h e c h o i c e o f the * b e s t - p a i r * and ( c ) o t h e r zones 
w i t h more t h a n one minute between 0-¿ and Qj b e a r i n g s . I t i s p o s s i b l e to change the 
r e c e i v e r a n t e n n a s y n c h r o n y t o s h i f t t h e s e zones and p o s s i b l y t o o b t a i n a b e t t e r 
r e c o r d i n g o f an imal movements i n a s e l e c t e d s e c t o r . 

A b e a r i n g i s r e c o r d e d by the r e c e i v i n g s y s t e m o n l y i f i t can i n t e g r a t e about 20 
t r a n s m i t t i n g ' b l e e p s * c o r r e s p o n d i n g t o 20 s o f r e c e p t i o n . The d o u b l e Y a g i a n t e n n a s 
are r a t h e r d i r e c t i o n a l so t h e sys tem cannot i n t e g r a t e enough s i g n a l i f t h e a n i m a l 
moves q u i c k l y i n the o p p o s i t e d i r e c t i o n t o t h e r e c e i v i n g a n t e n n a . I n p r a c t i c e b e a r 
i n g r a t e d e c r e a s e s as the a n i m a l ' s speed i n c r e a s e s . 

E X P E R I M E N T A L ANALYSIS OF THE SYSTEM 
To t e s t sy s t em per formance and the i n f l u e n c e o f v a r i o u s p a r a m e t e r s , we have performed 
s y s t e m a t i c t e s t s i n the f o r e s t . To t e s t t h e t h e o r e t i c a l p r e c i s i o n o f s y s t e m b e a r i n g s , 
a badger t r a n s m i t t e r ( a n t e n n a l e n g t h = 33 cm) was p l a c e d i n a f i x e d l o c a t i o n w i t h i n 
t h e c e n t r a l zone o f the t r i a n g l e d e l i m i t e d by t h e t o w e r s . T e s t i n g the s y s t e m p r e c i 
s i o n s t a t i s t i c a l l y over t e n months , r e v e a l e d an a c c u r a c y o f ± 1 d e g r e e . 

To t e s t the e f f e c t s o f o t h e r p a r a m e t e r s we v a r i e d e a c h o f the f o l l o w i n g , one a t a 
t i m e : (1) T r a n s m i t t i n g d i r e c t i o n : c i r c u l a r a n t e n n a s h a v e a maximum t r a n s m i t t i n g d i r 
e c t i o n which i s i n the antenna p l a n . I n t h e f e n c e d a r e a , t h e r e i s no u n n e c e s s a r y 
dependence on t h e t r a n s m i t t i n g d i r e c t i o n , a s l o n g as t h e a n t e n n a p l a n e remains v e r t i 
c a l ; i f t h i s p l a n e i s h o r i z o n t a l , the a c c u r a c y d e c r e a s e s . (2) T r a n s m i t t e r - r e c e i v e r 
d i s t a n c e : t h i s parameter i s o f l i t t l e i m p o r t a n c e . (3) T r a n s m i t t e r - g r o u n d d i s t a n c e : 
t h i s parameter h a s l i t t l e e f f e c t f o r h e i g h t s be tween 0 and 75 cm. (4) Topography: 
the f o r e s t r e l i e f l i e s between 50 and 90 m above s e a l e v e l . The b e a r i n g r a t e 
d e c r e a s e s i f t h e t r a n s m i t t e r i s n o t i n a d i r e c t l i n e w i t h r e c e i v i n g a n t e n n a s . 
(5) V e g e t a t i o n : i t appears from t h e s e t e s t s t h a t r e s u l t s are b e t t e r i n w i n t e r t h a n 
summer (dense c o v e r ) . (6) F e n c e : a t h r e e meter w i r e n e t t i n g f e n c e e n c l o s e s the 
f o r e s t . When t h e t r a n s m i t t e r c o l l a r i s c l o s e t o t h e f e n c e , no d i r e c t i o n i s r e c o r d e d 
i f the maximum t r a n s m i t t i n g d i r e c t i o n i s p a r a l l e l t o the f e n c e , b u t i f i t i s p e r p e n 
d i c u l a r to t h e f e n c e , b e a r i n g s e x i s t b u t are i n a c c u r a t e . As i t i s p l a c e d f u r t h e r 
from the f e n c e , a c c u r a c y and b e a r i n g r a t e g e t b e t t e r and beyond 10 m, no i n f l u e n c e was 
o b s e r v e d . 

Parameters d e s c r i b e d a s u n i m p o r t a n t , may, i n p a r t i c u l a r c i r c u m s t a n c e s c a u s e p r o b l e m s , 
p a r t i c u l a r l y i n c o m b i n a t i o n . I n r e a l c o n d i t i o n s , l o c a l and s t a n d i n g p a t t e r n s ( t o p o 
g r a p h y , d i s t a n c e t o the t o w e r s , f e n c e e f f e c t ) or l o c a l and t r a n s i t o r y p a t t e r n s 
( u n f a v o r a b l e c l i m a t i c c o n d i t i o n s , dense c o v e r , o b s t a c l e s ) l e a d to bad s i g n a l r e c e p t i o n . 

We conducted o t h e r e x p e r i m e n t s to i n v e s t i g a t e the e f f e c t o f an a n i m a l ' s movements . 
An o p e r a t o r wa lked a l o n g a road w i t h a t r a n s m i t t e r c o l l a r around h i s arm. He t r a v e l e d 
a t about 4 km h"^ (speed a r b i t r a r i l y chosen) and n o t e d where he was e v e r y 4 min i n 
s t e p w i t h the a n t e n n a b e a r i n g s . R e c o r d s were t h e n compared w i t h the j o u r n e y . 

The f i r s t t h i n g to n o t e i s t h a t b e a r i n g r a t e d e c r e a s e d by about 30 p e r c e n t d u r i n g 
movement. A c c u r a c y d e c r e a s e d t o o ; a r e c t i l i n e a r j o u r n e y t h e r e and b a c k was r e c o n 
s t r u c t e d as an e l l i p s e , and the minor a x i s i s l a r g e r as t ime between t h e two b e a r i n g s 
taken i n t o a c c o u n t i s l a r g e r . On t h e o t h e r h a n d , as soon a s the o p e r a t o r s t o p p e d f o r 
long enough t o p e r m i t a b e a r i n g i n a f i x e d l o c a t i o n , a c c u r a c y was r e g a i n e d . 
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Sys tem a c c u r a c y may be g i v e n a t ± 1 d e g r e e f o r f i x e d l o c a t i o n r e c o r d s . T r a v e l a t 
low speed may be r e c o n s t r u c t e d r e a s o n a b l y w e l l , i n s p i t e o f some m i s s i n g r e c o r d s ; 
b u t t h e f a s t e r the an imal moves , the l e s s e a s i l y d e f i n e d the j o u r n e y . S h o r t t r a v e l s 
(< 4 min) from a p a r t i c u l a r l o c a t i o n and e n d i n g a t the same p l a c e , may go u n r e c o r d e d . 

AUTOMATIC DATA PROCESSING ( F i g . 6) 

The d a t a i s r e c o r d e d on a c a s s e t t e a t the r a t e o f one message e v e r y 4 m i n . E v e r y 
message b e g i n s w i t h a ' c l o c k ' word f o l l o w e d by 30 ' r e c e i v e r w o r d s ' ( a l l 36 b i t words 
composed are shown i n F i g . 7 a ) . P r o c e s s i n g i s done on a D i g i t a l D e c l a b 11-40 (16 k , 
16 b i t w o r d s ) . An i n t e r f a c e b u i l t a t CEBAS makes i t p o s s i b l e t o d i f f e r e n t i a t e the 
u s e f u l s i g n a l from the ' c l o c k ' word and t o t r a n s f o r m each r e c o r d e d word i n t o two 
16 b i t words which are s e n t t o a s t a n d a r d s e r i a l i n t e r f a c e ( D i g i t a l DR-11 L ) ( F i g . 7 b ) . 

c a s s e t t e s 3 d a y s of 
d a t a 

36 b i t s w o r d s 

» - • C h a n n e l 1 : C H E 2 2 0 -
V c h a n n e l 2 : S A N 1 0 0 

• c h a n n e l 3 : 

rchanne l10 :< 

^ A F F C A N 

channe l 
assigniei 
t a b l e 

inl(^tj)M. 

C E B A S 
in t e r f a c e 

( 3 M. T R A C E B 
f o r e s t 
f i le 

MSPEED 

^ p a i r s of 16 b i t s w o r d s 

D R 1 1 - L 
i n t e r f a c e 

L Ε C 

S T F I C H 

M a s s 
lephory 

1 f i l e / casse t te 

T R A K X Y I f i le in Η , Θ , Ο Α , / 
channel /dav. 1 

T R A C E H 
channel 

1 fi lelin Η , Χ Υ / 

T R A C E Z 

T E R 2 D 

R Y T H M 

T E R 3 D 

S O C T E R 

CHEKUP TIMING 

F i g . 6 . D i f f e r e n t s t e p s o f a u t o m a t i c d a t a p r o c e s s i n g . 

The program ' L E C ' w r i t t e n i n assembly l a n g u a g e t r a n s f e r s d a t a c o n t a i n e d on c a s s e t t e 
to computer memory. A F o r t r a n program ' A F F C A N ' f i l l s a c h a n n e l a s s i g n m e n t t a b l e w h i c h 
h o l d s the name ( t h r e e l e t t e r s ) and the number ( t h r e e f i g u r e s ) o f t h e a n i m a l o c c u p y 
i n g t h e channe l f o r each o f t h e 10 c h a n n e l s . These s i x c h a r a c t e r s w i l l form p a r t o f 
t h e t i t l e o f t h e f i l e s c r e a t e d b y t h e f i l e - s t r u c t u r e program ' S T F I C H * . T h i s program 
e s t a b l i s h e s f i l e s f o r each c h a n n e l and d a y , c o n t a i n i n g the t ime and the t h r e e measured 
a n g l e s θι θ2 Θ3 . Because o f t h e n e c e s s i t y o f f r e q u e n t a d d r e s s i n g w i t h i n e a c h word 
( t r a n s c o d i n g , s w a p p i n g , e t c . ) t h i s program h a s been w r i t t e n i n A s s e m b l y - l a n g u a g e f o r 
b e t t e r computer e f f i c i e n c y . 
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F i g . 7 . D a t a c o n f i g u r a t i o n . 

CALCULATIONS 

I n t h e s e c t i o n on t h e o r e t i c a l a n a l y s i s o f the s y s t e m , we saw t h a t i t was p o s s i b l e 
to d i s t i n g u i s h * b e s t - p a i r * zones i n t h e f o r e s t . The TRAKXY p r o g r a m , w r i t t e n i n 
FORTRAN c a l c u l a t e s t h e p o s i t i o n o f an a n i m a l , e i t h e r by making c a l c u l a t i o n s w i t h a 
g i v e n p a i r o f a n g l e s ( f o r example t o e l i m i n a t e r e c o r d s o f an i n a c c u r a t e tower) or 
by r u n n i n g an a u t o m a t i c s o r t i n g o f t h e z o n e s , as f o l l o w s : i f t h r e e a n g u l a r r e c o r d s 
e x i s t , the program f i n d s t h e zone where the a n i m a l i s and c a l c u l a t e s X , Y c o o r d i n a t e s 
from t h e p a i r (θχ Θ 2 ) , (θ2 Θ 3 ) , or (θχ Θ 3 ) , w h i c h t h e o r e t i c a l l y g i v e s t h e b e s t s t a t i c 
a c c u r a c y i n t h a t zone; i f o n l y two a n g l e s have been r e c o r d e d , c a l c u l a t i o n s a r e made 
w i t h t h i s p a i r . These f i l e s ( s t r u c t u r e d i n X , Y ) o b t a i n e d a t a r a t e o f one p e r 
an imal and d a y , are used f o r a l l l a t e r c o m p u t i n g . 

DISPLAY PROGRAMS 

An a c q u i s i t i o n program o f t h e f o r e s t c o o r d i n a t e s ( f e n c e and r o a d s ) and a drawing 
program o f the map make i t p o s s i b l e t o s t o r e on a d i s c u n i t a f o r e s t p i c t u r e f i l e 
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which w i l l be super imposed over the a n i m a l ' s movement t r a c k i n g . A d i s p l a y o f the 
a n i m a l ' s t r a v e l s can be o b t a i n e d on the d i s p l a y s c r e e n by the program TRACEB ( F i g . 8 ) , 
M o r e o v e r , t h i s program can s u p p r e s s , i f n e c e s s a r y , a l l p o i n t s c o r r e s p o n d i n g to a 
speed , g i v e n by the o p e r a t o r and c o n s i d e r e d as i m p o s s i b l e ( f o r i n s t a n c e , r e c o r d s 
o b t a i n e d from secondary a n t e n n a l o b e s , or a m i s t a k e n r e c o r d ) . The same program 
a l s o g e n e r a t e s a d i s p l a y on a d i g i t a l p l o t t e r , w i t h d i f f e r e n t c o l o r s f o r n i g h t and 
d a y . The o p e r a t o r can t h e n examine i n d i v i d u a l a r e a s by use o f the program TRACEH. 
One can choose a new o r i g i n o f c o o r d i n a t e s , s c a l e , t ime i n t e r v a l be tween the p l o t t i n g 
o f two p o i n t s ( w i t h a maximum o f 3 s ) and hours a t the b e g i n n i n g and end o f h a n d l i n g 
w i t h an i n s c r i p t i o n on the s c r e e n o f the h o u r , e v e r y h o u r . M o r e o v e r , t h i s program 
i s i n t e r a c t i v e and w a i t s f o r q u e s t i o n s on the l i g h t - p e n ; u s i n g i t one can o b t a i n the 
e x a c t t ime o f any p o i n t on t h e t e l e t y p e . TRACEZ d i s p l a y s an e x t e n d e d movement w i t h 
s u p e r p o s i t i o n o f the f o r e s t zone where the an imal i s . 

5 0 0 M 

F i g . 8 . T r a v e l drawn by t h e program TRACEB. 

EXPLOITING PROGRAMS 

The program MSPEED computes the l e n g t h and mean speed o f the a n i m a l ' s t r a v e l be tween 
any two h o u r s . T h i s program c r e a t e s a new f i l e w h i c h r e p r e s e n t s the smoothed t r a v e l 
wh ich may be d i s p l a y e d on the s c r e e n w i t h the programs TRACEB or TRACEH. 

The program RYTHM computes t imes o f e n t r y t h a t e x i s t i n s i d e a c i r c l e o f a g i v e n 
r a d i u s , around any p o i n t o f t r a v e l , i f i n a c t i v i t y l a s t s f o r more t h a n a s p e c i f i e d 
t i m e . T h i s a l l o w s a r a t h e r good r e p r e s e n t a t i o n o f a c t i v i t y rhythms and d e t e r m i n a 
t i o n o f r e s t i n g p l a c e s and a c t i v i t y z o n e s . The programs SOCTER and SEQTER d i v i d e 
the a n i m a l ' s t e r r i t o r y i n t o a m a t r i x and compute , f o r t h e whole t r a c k i n g p e r i o d or 
f o r some i n t e r e s t i n g s e q u e n c e s , the number o f t imes the an imal was i n each a r e a u n i t . 
The f i l e s o b t a i n e d c a n be examined v i s u a l l y by program TER2D t o h a v e a 2 - d i m e n s i o n a l 
ground p l a n r e p r e s e n t a t i o n o f t e r r i t o r y o c c u p a t i o n or by program TER3D i n a 3 -
d i m e n s i o n a l drawing t h a t g i v e s a good i d e a o f o c c u p a t i o n d e n s i t y ( F i g , 9 ) . I f s u p e r 
imposed w i t h a v e g e t a t i o n map, one can i n t e r p r e t o c c u p a t i o n i n terms o f food z o n e s , 
r e s t i n g zones and so o n . Next we s t u d y d i f f e r e n t a c t i v i t y s e q u e n c e s . A p r o c e s s t h a t 
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F i g . 9 . Three d i m e n s i o n a l t e r r i t o r y o c c u p a t i o n . 

has been deve loped f o r w i l d b o a r . The r e s e a r c h e r , w i t h t h e a i d o f drawings and the 
program RHTHM d e l i m i t s s e q u e n c e s : r e s t i n g , a c t i v i t y z o n e s , s t a n d i n g zones (which are 
zones of l i t t l e a c t i v i t y and s h o r t d u r a t i o n ) and movements . The program CHEKUP sums 
up the d u r a t i o n o f each k i n d of a c t i v i t y , the a c t i v i t y a r e a , the t r a v e l l e n g t h and 
l o c o m o t i o n speed; i t e d i t s a l l t h e s e d a t a , s t o r e s them and draws an ' i n t e g r a t e d 
t r a c k o g r a m ' . The f i l e c r e a t e d w i l l then be p r o c e s s e d by a s t a t i s t i c a l method f o r 
t ime s e r i e s d a t a . A n o t h e r approach to t h i s problem has been d e v e l o p e d f o r f o x e s 
and b a d g e r s : TIMING i s an e n t i r e l y a u t o m a t i c program which computes s equences of 
r e s t and a c t i v i t y from d a t a f i l e s and from s e v e r a l c r i t e r i a w h i c h d e f i n e r e s t 
and a c t i v i t y and w h i c h d i c t a t e what i s t o be done w i t h m i s s i n g or u n r e l i a b l e d a t a 
( F i g . 1 0 ) . T h i s program i s r a t h e r s o p h i s t i c a t e d b e c a u s e (a) o f t h e d i f f i c u l t y o f 
i d e n t i f y i n g a l l k i n d s o f a c t i v i t y , (b) the g r e a t number o f d a t a p a t t e r n s and (c ) the 
s e q u e n t i a l a s p e c t o f the p r o c e s s i n g . T h i s program e d i t s the d i f f e r e n t s equences o f 
a c t i v i t y w i t h s i m i l a r c h a r a c t e r i s t i c s and s t o r e s them i n a s i n g l e f i l e f o r t h e whole 
t r a c k p e r i o d o f t h e a n i m a l . T h i s f i l e may t h e n be p r o c e s s e d by s t a t i s t i c a l methods 
f o r t ime s e r i e s d a t a . 

CONCLUSION 
A f t e r the d e s c r i p t i o n and the a n a l y s i s o f t h e w o r k i n g o f the r a d i o t r a c k i n g sys t em 
o f t h e C h i z é f o r e s t , i t i s n e c e s s a r y t o c r i t i c i z e the c h a r a c t e r i s t i c s o f i t s p a r t s : 
t r a n s m i s s i o n , r e c e p t i o n and r e c o r d i n g e x p l o i t a t i o n . 

T r a n s m i s s i o n : the f r e q u e n c y t h a t was s e l e c t e d (72 MHz) seems to be t h e b e s t f o r a 
f o r e s t a r e a such as the C h i z é f o r e s t . A l l t h e t r a n s m i t t e r s u s e d so f a r had a range 
o f b e t t e r than 4 km. A n o t h e r i m p o r t a n t c h a r a c t e r i s t i c i s t h e r e l i a b i l i t y o f the 
ATNE t r a n s m i t t e r s , e s p e c i a l l y t h e f r e q u e n c y s t a b i l i t y , and the p o s s i b i l i t y o f r e u s e 
a f t e r the c a p t u r e o f t h e a n i m a l . 

R e c e p t i o n i s c h a r a c t e r i z e d by i t s p r e c i s i o n . F o r an a n i m a l t h a t i s r e s t i n g or moving 
s l o w l y , the p r e c i s i o n o f t h e sys tems i s ± 1 d e g r e e . I t d e c r e a s e s when t h e speed o f 
movement r i s e s . 
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TIMING 
y DATA FILE /-

3 -
S O R T 

R.T 
[Search of f ixes inside the sequences def ined in DATA 1 D A T | 

F O R T R A N LANGUAGE 
15 pages 

Run time : 3 min 
I ^ D A T A I . DAT / file with sequences 

of data without missing data HD 

DMIN 

TMAX^ 

HF 
HD 
HF 

I7DATA2. DAT / f i les with sequences 

20 loops 

/ D A T A 3 D A T ^ 

Assignment of data existing be tween 

sequences just de f ined to a fix or an 

activity sequence 

Regrouping of sequences with contracting of holes 

^20 mm, assignment of time and distance being 

made regarding the order of sequences and 

distances t raveled 

of fix or act iv i ty, with coordinates 
of the center of each f i x : HD 

HF 
code for fix; 1 

ΧΦ 
Y 0 
1 

HD 
HF 

code for activity 2 

/ D A T A F I L E / 

4 loops 

51 5^DATA4 DAT / 

Assignment, if possible,of holes according to the 
order of the sequences , the distance between the 
two ex t reme points, the occurence of holes during 

day or night, and the duration 

VMAX 
Computation of distances traveled during activity 

sequences .with elimination of points corresponding 
to a speed considered as impossible 

4 loops 

I 
y DATA 5. DAT / type of file 

Storage in a file containing results of the all track 

per iod 

Edition 
R: radius of a fix 
T : minimum duration of a fix 
DMIN: minimum length of a t ravel 
TMAX; maximum duration of an hole to assign it to a fix or an activity sequence 
V M A X : maximum speed of the animal 

F i g . 10 . C h a r t o f t h e program T I M I N G . 

HD 
HF 
1 

X 0 
Υ Φ 
1 

HD 
HF 
2 

distance; D 
2 
2 

HD 
HF 

code for holes;Φ 

R e c o r d i n g - e x p l o i t a t i o n : t h e o r i g i n a l f e a t u r e s o f our sys tem a r e v e r s a t i l i t y and 
a u t o m a t i o n . I n d e e d , i t i s p o s s i b l e t o f o l l o w t e n a n i m a l s a t the same t ime and t o 
r e c o r d a u t o m a t i c a l l y , e v e r y 4 min t h e i r c o o r d i n a t e s f o r s e v e r a l m o n t h s . Then, t h e i r 
t r a c k s are d i s p l a y e d and a n a l y z e d by the computer . The l a r g e number o f r a d i o l o c a t i o n s 
a l l o w us s t a t i s t i c a l l y t o r e f i n e the p r e c i s i o n o f t h e sys tem d u r i n g the s e q u e n c e s o f 
r e s t i n g or s low movements o f the a n i m a l s . T h i s s o p h i s t i c a t e d r a d i o t r a c k i n g s y s t e m 
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g a t h e r s r a w - d a t a o f t h e same k i n d as t h o s e g i v e n by a m o b i l e r a d i o t r a c k i n g s y s t e m . 
I t p e r m i t s us t o d e t e r m i n e the home r a n g e , movements , and a c t i v i t y rhythm o f l a r g e 
mammals. However , t h e r e i s a r e s t r i c t i o n i n the range o f u t i l i z a t i o n o f our s y s t e m . 
So f a r , i t i s n o t adapted f o r p r e c i s e s t u d i e s (homing , l ocomotor a c t i v i t y ) on mammals 
w i t h home ranges o f 1 or 2 h a . The o r i g i n a l f e a t u r e o f our d a t a i s t h e i r c o n t i n u o u s 
c h a r a c t e r t h a t a l l o w s l o n g i t u d i n a l a n a l y s i s o f t h e b e h a v i o r o f f r e e r a n g i n g a n i m a l s . 
However, t h e two sys t ems ( f i x e d or m o b i l e ) , a r e n o t e x c l u s i v e , and may complement 
e a c h o t h e r . I n f a c t , the m o b i l e s y s t e m may c o n f i r m , by s h o r t term a n a l y s i s on s e v e r a l 
a n i m a l s , a p a r t i c u l a r b e h a v i o r p a t t e r n s u g g e s t e d d u r i n g a l o n g t e r m s t u d y on one 
a n i m a l . 
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Abstract — An a u t o m a t i c r a d i o t r a c k i n g and b i o t e l e m e t r y 
sys tem has been d e s i g n e d f o r moose . I n i t i a l t e s t s i n d i c a t e 
a t r a c k i n g a c c u r a c y o f ± 15 m i n a 4000 ha s p a c e u s i n g h y p e r 
b o l i c t r i a n g u l a t i o n . The s y s t e m c a n h a n d l e up to 60 a n i m a l s 
w i t h a sample of e a c h a n i m a l e v e r y 2 m i n . 

INTRODUCTION 
A t the Grimsö W i l d l i f e R e s e a r c h S t a t i o n i n c e n t r a l Sweden an a u t o m a t i c t e l e m e t r y 
sys tem f o r s i m u l t a n e o u s t r a c k i n g and t r a n s p o n d i n g o f p h y s i o l o g i c a l d a t a from moose 
h a s r e c e n t l y been s e t u p . The sys t em has b e e n d e v e l o p e d f o r the E n v i r o n m e n t a l P r o 
t e c t i o n Board by S e n s i t r o n AB i n c o o p e r a t i o n w i t h the s t a f f o f the s t a t i o n . The 
p r o j e c t i s funded by the 0 . E n g k v i s t f o u n d a t i o n . 

O B J E C T I V E 
The o b j e c t i v e s have been t o c o n s t r u c t a f l e x i b l e a u t o m a t i c s y s t e m w h i c h combines 
h i g h p r e c i s i o n and a c c u r a c y o f t r a c k i n g w i t h t r a n s m i s s i o n o f coded i n f o r m a t i o n . 
T h i s would be an i d e a l t o o l f o r p r o j e c t s w i t h a c o m b i n a t i o n o f e c o l o g i c a l and p h y s i o 
l o g i c a l problems as w e l l a s f o r s t u d i e s on b e h a v i o r a l i n t e r a c t i o n s w i t h i n p o p u l a t i o n s . 
Home range and h a b i t a t u t i l i z a t i o n s t u d i e s w i l l a c h i e v e more d e t a i l e d i n f o r m a t i o n 
w i t h l e s s man power than w i t h o r d i n a r y m e t h o d s . 

NEW A P P R O A C H 
P o s i t i o n i n g i s made by the h y p e r b o l i c p r i n c i p l e u s i n g the measurement o f t ime d e l a y 
from r e c e i v e d s i g n a l s , wh ich g i v e s h i g h a c c u r a c y o v e r l a r g e a r e a s . The t r a n s m i t t e r 
on t h e a n i m a l i s s e l e c t i v e l y a c t i v a t e d by remote c o n t r o l ( F i g . 1 ) . P h y s i o l o g i c a l 
i n f o r m a t i o n i s t r a n s m i t t e d from an i n t e r n a l t r a n s m i t t e r ( F i g . 2) t o the e x t e r n a l 
t ransponder ( F i g . 3) and r e l a y e d t o a c e n t r a l u n i t by a f r e q u e n c y s h i f t t e c h n i q u e 
s i m u l t a n e o u s l y a l o n g w i t h p o s i t i o n d a t a . The s y s t e m i s a u t o m a t i c . A m i c r o c o m p u t e r 
( F i g . 4) and a d i g i t a l t a p e r e c o r d e r h a n d l e t i m i n g o f i n d i v i d u a l s , d a t a r e d u c t i o n and 
s t o r i n g . The s t o r e d i n f o r m a t i o n can be d i s p l a y e d on a TV m o n i t o r f o r manual o b s e r 
v a t i o n . A l l s t o r e d d a t a are r e l a y e d t o a c e n t r a l computer by a t e r m i n a l . A t the 
c e n t r a l computer the d a t a can be t r e a t e d i n s e v e r a l ways by h e l p o f a l i b r a r y o f 
p r o g r a m s . 
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P u l s e - Receiver 
shaper 

Accumulator P u l s e - Transmitter 12V 
P u l s e - Transmitter 12V modulator 

Transmitter W o 

F i g . 1. B l o c k d iagram of r e p e a t e r s t a t i o n . 

F i g . 2 . B l o c k d iagram o f p h y s i o l o g i c a l t r a n s m i t t e r . 

UP TO DATE INFORMATION 

At the b e g i n n i n g of M a r c h , 1979 the f i r s t f r e e roaming moose was i n s t r u m e n t e d ( a f t e r 
i m m o b i l i z a t i o n from a h e l i c o p t e r ) . The moose w i l l be i n t e n s e l y s t u d i e d i n May d u r i n g 
a c r o s s - c o u n t r y run i n the a r e a w i t h about 2000 p e o p l e p a r t i c i p a t i n g . 

CAPACITY 
The p r o t o t y p e t r a n s m i t t e r sys tem a t Grimsö h a s been d e s i g n e d f o r moose , b u t the g o a l 
f o r the f u t u r e i s to i n c l u d e s m a l l e r a n i m a l s by m i n i a t u r i z a t i o n o f the r a d i o p a c k a g e . 
The system covers about 4000 ha w i t h a mean a c c u r a c y o f ± 15 m. By q u a l i t y s o r t i n g 
o f an abundance o f d a t a , a c c u r a c y can be i n c r e a s e d and the u s a b l e range e x t e n d e d . 
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Bat tery 
12V 

H F - T ransmi t te r 

O s e . 
P u l s e -
Mod. H F - P o w e r • 

' R 
Switch! 

>4 

4. Á • 

^ Rece iver of 
^ Act ivat ion 

^ Steering Act i v. I C M O S - \ 
Log i c Decode r i C lock 

^ P u l s e - ^ D a t a - D a t a - • nvs..r> n ^ f o 
' g e n . ^ s c a n n e f ^ c o n v . < P h y s . Data . 

Rece i ve r 

F i g . 3 . B lock d i a g r a m o f t r a n s p o n d e r and HF t r a n s m i t t e r on a n i m a l . 

CENTRAL 
UNIT Receiver 

^ HRepeaten): 

Receiver 
^ (Repeater2) 

Receiver 

A c t i v a t i n g 
Transmi t te r 

Phys. Data 
Decoder 

• Activating 
Generator 

^ Base station * Switch 

• · ί Time Interval 
• 1 Weter 

> : Interface 
i Micro-
i computer 

TV 
4> 1^ Monitor 

Keyboard 

OT) 
Digital Tapel 
Recorder 

F i g . 4. B lock d i a g r a m o f b a s e s t a t i o n w i t h d a t a a c q u i s i t i o n 
s y s t e m . 
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The maximum c a p a c i t y o f the t e s t s y s t e m i s 60 a n i m a l s w i t h a sample r a t e per a n i m a l 
o f 1 e v e r y 2 min . T o g e t h e r w i t h a r a d i o f i x , h e a r t r a t e of the moose i s g i v e n . 
I n the f u t u r e t h e r e w i l l be a c a p a c i t y o f c o n v e y i n g t h r e e independent b i n a r y coded 
v a r i a b l e s s i m u l t a n e o u s l y a l o n g w i t h a r a d i o f i x . 
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Abstract — A s i m p l e r a d i o t r a c k i n g r e c o r d i n g s y s t e m was d e v e l o p e d 
to r e g i s t e r d i e l a c t i v i t y p a t t e r n s o f r e s i d e n t or s e m i - r e s i d e n t 
a n i m a l s such a s p h e a s a n t s , b a d g e r s , s t o a t s , and f o x e s . 

The sys tem c o n s i s t e d o f an o m n i d i r e c t i o n a l a n t e n n a , a r e c e i v e r , 
a t ape r e c o r d e r , and a t i m e r . The r e c e i v e r and t a p e r e c o r d e r 
were powered by d r y c e l l b a t t e r i e s . The c i r c u i t c o u l d be 
turned on by a t i m e r , a d j u s t a b l e from 1 min t o 12 h . N o r m a l l y 
r e c o r d i n g p e r i o d s o f 10-15 s e v e r y 5 min were u s e d . 

T h i s s y s t e m d e t e c t s s i g n a l s from a t r a n s m i t t e r i n s p i t e o f 
d i s t u r b i n g n o i s e . T h i s may o t h e r w i s e be d i f f i c u l t u s i n g 
c o n v e n t i o n a l r e c o r d e r s . N o r m a l l y one d i e l p e r i o d i s compressed 
t o one hour on the t a p e . 

When u s i n g compact c a s s e t t e s and r e c o r d i n g p e r i o d s as men
t i o n e d a b o v e , the c a s s e t t e has t o be changed e v e r y d a y . L a r g e 
tape r o l l s and a s l o w e r tape speed w i l l a l l o w l o n g e r p e r i o d s 
w i t h o u t s e r v i c e n e e d . 

A c t i v i t y d a t a are g i v e n f o r i n c u b a t i n g p h e a s a n t s , and r e s i d e n t 
b a d g e r s . 

INTRODUCTION 
M e a s u r i n g an a n i m a l ' s a c t i v i t y m a n u a l l y by r a d i o t r a c k i n g i s r e l a t i v e l y e a s y . S h o r t 
measurements w i t h l o n g e r i n t e r v a l s i n between w i l l o f t e n r e g i s t e r p e r i o d s o f a c t i 
v i t y and r e s t i n a s a t i s f a c t o r y way . However , l o n g p e r i o d s i n the f i e l d are n e c e s s a r y 
to o b t a i n t h e s e r e g i s t r a t i o n s . A u t o m a t i c r e c o r d i n g o f the s i g n a l s r e c e i v e d w i l l 
save much t i m e . C o n v e n t i o n a l t e c h n i q u e s i n v o l v i n g c h a r t r e c o r d e r s h a v e , however , 
s e v e r a l d i s a d v a n t a g e s : (1) i t may be d i f f i c u l t t o d i s t i n g u i s h s i g n a l s from n o i s e , 
(2) r e c o r d e r s o f t e n need a h i g h v o l t a g e , and (3) equipment i s e x p e n s i v e . I w i l l 
g i v e t h e d e t a i l s o f a s i m p l e and i n e x p e n s i v e s y s t e m s u i t a b l e f o r f i e l d w o r k . 

EQUIPMENT 
The s y s t e m i s d e p i c t e d i n F i g . 1. The s i g n a l s from 27 MHz r e c e i v e r a r e r e c o r d e d 
on a commerica l t a p e r e c o r d e r . Both r e c e i v e r and r e c o r d e r are c o n t r o l l e d by a t i m e r . 
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T I M E R 
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R E C E I V E R 

M A N U A L , L I S T E N I N G G R A P H M A N U A L , L I S T E N I N G G R A P H 

F i g . 1, Equipment and o p e r a t i o n o f the method . 

The s i g n a l s c a n be r e c o r d e d on a c h a r t r e c o r d e r c o n n e c t e d to e i t h e r t h e r e c e i v e r or 
tape r e c o r d e r . The c h a r t may be d i f f i c u l t t o i n t e r p r e t on a c c o u n t o f d i s t u r b i n g 
n o i s e ; when t h i s happens the s i g n a l can o f t e n be t r a c e d by a p e r s o n l i s t e n i n g t o 
the tape ( s i n c e the ear w i l l u s u a l l y d i s t i n g u i s h between s i g n a l and n o i s e ) . The 
s i g n a l p a t t e r n i s t h e n p l o t t e d by h a n d . 

An o m n i d i r e c t i o n a l a n t e n n a makes s i g n a l s t r e n g t h independent o f the d i r e c t i o n towards 
the t r a n s m i t t e r . Any r e c e i v e r i s s u i t a b l e i f s e n s i t i v e enough; a cheap w a l k i e -
t a l k i e , i f p r o v i d e d w i t h a b e a t f r e q u e n c y o s c i l l a t o r works w e l l . A s i m p l e (mono or 
s t e r e o ) c a s s e t t e r e c o r d e r can be u s e d . R e c o r d e r and r e c e i v e r a r e powered by d r y c e l l 
b a t t e r i e s . A s t e r e o r e c o r d e r i s a b l e t o r e c o r d a c t i v i t i e s o f two a n i m a l s , or two 
k i n d s o f a c t i v i t i e s o f a s i n g l e a n i m a l (a t w i n t r a n s m i t t e r w i t h two d i f f e r e n t 
c h a n n e l s i s r e q u i r e d ) , p r o v i d e d t h a t two r e c e i v e r s are u s e d , w h i c h a r e o p e r a t e d a t 
d i f f e r e n t f r e q u e n c i e s . A m u l t i c h a n n e l s y s t e m may be c o n s t r u c t e d where r e c o r d i n g s 
from s e v e r a l c h a n n e l s are r e g i s t e r e d i n s e q u e n c e . 

I c o n s t r u c t e d two d i f f e r e n t t y p e s o f t i m e r s . One type c o n s i s t e d o f a b a t t e r y c l o c k 
w i t h a T e f l o n d i s c f a s t e n e d t o t h e minute hand s h a f t ( t h u s the d i s c made one t u r n 
i n 1 h ; i f f a s t e n e d to the hour hand s h a f t , one t u r n would be made i n 12 h ) . 
R e c t a n g u l a r o p e n i n g s were c u t near the r im o f the d i s c , and o r i e n t e d w i t h t h e i r main 
axes p a r a l l e l t o the r a d i i o f t h e d i s c . A s i l v e r c o n t a c t was mounted i m m e d i a t e l y 
above the d i s c i n such a way t h a t i t s l i p p e d i n t o t h e o p e n i n g s and made c o n t a c t 
w i t h another s i l v e r c o n t a c t i m m e d i a t e l y be low the T e f l o n d i s c . Time o f c l o s u r e 
c o u l d be a d j u s t e d by c h a n g i n g the w i d t h o f the o p e n i n g s i n the T e f l o n d i s c or by 
moving the c o n t a c t s n e a r e r t o the c e n t e r o f t h e d i s c . 

The second type was m o d i f i e d by u s i n g c e r a m i c magnets i n s t e a d o f o p e n i n g s i n the 
r im of the d i s c , and m a g n e t i c s w i t c h e s mounted be low the r i m . One a d v a n t a g e o f 
m a g n e t i c s w i t c h e s i s t h a t they do not c o r r o d e . Two s w i t c h e s were s o l d e r e d t o g e t h e r 
i n such a way t h a t b o t h had t o be c l o s e d t o c l o s e t h e c i r c u i t . When t h e magnet 
p a s s e d over the s w i t c h e s the c i r c u i t was c l o s e d f o r a t ime due t o the d i s t a n c e 
between the s w i t c h e s . The number o f s w i t c h e s p l a c e d be low the d i s c d e t e r m i n e s t h e 
number o f c l o s u r e s o f the c i r c u i t . 

The t imer c l o s e s a r e l a y , w h i c h i n t u r n s t a r t s the r e c e i v e r and the r e c o r d e r . A 
sequence o f t ime l a p s e r e c o r d i n g s i s then r e g i s t e r e d . R e c o r d i n g 10 s e v e r y 5 m i n , 
a 60-min tape w i l l l a s t about 30 h . These r e c o r d i n g s may t h e n be t r a n s f e r r e d to a 
c h a r t r e c o r d e r . D o u b t f u l r e c o r d i n g s on the c h a r t may be checked by l i s t e n i n g t o 
t h e a c t u a l r e c o r d i n g on the t a p e . 

APPLICATIONS 
I have used t h i s method f o r s t u d y i n g t h e a c t i v i t y o f p h e a s a n t and b a d g e r , and o t h e r s 
i n The W i l d l i f e E c o l o g y Group a t L u n d , have used i t f o r s t o a t and f o x . 
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The i n c u b a t i o n rhythm o f p h e a s a n t hens was r e c o r d e d i n May and J u n e , 1976. The 
antenna was c o n s t r u c t e d o f c o a t e d copper w i r e p l a c e d i n a loop around t h e n e s t . 
T imer , r e c e i v e r and r e c o r d e r were p l a c e d 10 m from t h e n e s t . S e n s i t i v i t y was 
a d j u s t e d so as to g i v e a s i g n a l when the hen was i n the n e s t , b u t no s i g n a l when 
she was more t h a n 5 m away. F i g u r e 2 shows some r e c o r d s o f the a c t i v i t y o f t h r e e 
h e n s . The d i e l a c t i v i t y o f hen A i s shown. T i m e - o f f was spent f e e d i n g (two hours 
per d a y ) . The a c t i v i t y o f hen C was s i m i l a r t o t h a t o f hen A , b u t hen Β was more 
i r r e g u l a r . T h i s m i g h t be e x p l a i n e d by t h e f a c t t h a t h e r a c t i v i t y was r e c o r d e d i n 
May when the v e g e t a t i o n was p o o r l y d e v e l o p e d ( t h e o t h e r s were r e c o r d e d i n J u n e ) ; 
thus she may have been d i s t u r b e d more than the o t h e r s . 

oA June 

May 29 

3 0 

June 21 

0 6 

I I I I I I I 1 I I I I Γ 
0 0 12 18 24 

F i g . 2 . I n c u b a t i n g a c t i v i t y o f t h r e e p h e a s a n t hens r e c o r d e d 
a t 5 min i n t e r v a l s f o r 10 s . 

The a c t i v i t y o f a r e s i d e n t b a d g e r was r e c o r d e d i n March ( F i g . 3 ) . The s t r e n g t h o f 
the s i g n a l i n d i c a t e d whether the b a d g e r was be low or on the g r o u n d . The b a d g e r 
r e g u l a r l y became a c t i v e i n the e v e n i n g and l e f t the s e t t f o r about 6 hv A t m i d n i g h t 
16/17 M a r c h , however , the b a d g e r spent 2 .5 h i n t h e s e t t . I t n o r m a l l y r e t u r n e d 
some t ime between 2 and 4 a . m . , b u t sometimes l e f t the s e t t f o r one hour d u r i n g e a r l y 
m o r n i n g . 

CONCLUSION 
This method i s i n e x p e n s i v e , i t s a v e s t ime and e l e c t r i c a l power w h i c h makes i t s u i t 
a b l e f o r f i e l d c o n d i t i o n s , and i s a p p l i c a b l e t o many s t u d i e s concerned w i t h the 
a c t i v i t y o f m a i n l y r e s i d e n t a n i m a l s . The p o s s i b i l i t y o f u s i n g a m u l t i c h a n n e l d e v i c e 
makes i t s u i t a b l e f o r f o l l o w i n g a number o f i n d i v i d u a l s s i m u l t a n e o u s l y , thus f a c i l i 
t a t i n g s t u d i e s o f s t r o n g l y s e a s o n a l a c t i v i t i e s , where o t h e r w i s e a s i n g l e or a t most 
a few i n d i v i d u a l s c o u l d have been s t u d i e d . The p o s s i b i l i t y o f l i s t e n i n g t o the tape 
r e c o r d i n g s , thus e n s u r i n g t h a t i n t e r p r e t a t i o n o f the s i g n a l s i s c o r r e c t , f u r t h e r 
enhances the u s e f u l n e s s o f t h e method . 
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The badger is: i i U a t s e t t under ground 
liiiwiK a t s e t t o v e r ground 
wmmm SSlJ3^^ ίΤΟΧΆ Sett 

F i g . 3 . A c t i v i t y o f a b a d g e r r e c o r d e d f o r 10 s e v e r y 6 m i n . 
A c t i v i t i e s be low g r o u n d , on ground and o f f t h e n e s t 
are i n d i c a t e d . 
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Abstract — An u l t r a s o n i c t r a n s m i t t e r i n s i d e a cod i s t r a c k e d by 
m e a s u r i n g d i f f e r e n c e s i n the time o f a r r i v a l o f a c o u s t i c p u l s e s 
a t an a r r a y o f hydrophones s p a c e d s e v e r a l hundred m e t e r s a p a r t . 
Each hydrophone i s t u n e d , w i t h a bandwidth o f 5 K H z , to the 
t r a n s m i t t e r c e n t e r f r e q u e n c y o f 77 .5 KHz, and i s o m n i d i r e c t i o n a l 
i n the h o r i z o n t a l p l a n e . 

The r e c e i v e d s i g n a l s are p r o c e s s e d by a m u l t i c h a n n e l s u p e r 
h e t e r o d y n e r e c e i v e r w i t h a s i n g l e t u n a b l e l o c a l o s c i l l a t o r 
common to a l l c h a n n e l s . The demodulated r e c e i v e r o u t p u t s a r e 
f e d to comparators and the r e s u l t a n t l o g i c l e v e l p u l s e s to a 
m i n i c o m p u t e r . 

The i n t e r r u p t f a c i l i t y o f the computer t r i g g e r s o f f the p r o 
gram to de termine the t imes o f a r r i v a l o f the p u l s e s , w h i l e a 
p a r a l l e l i n p u t i d e n t i f i e s the h y d r o p h o n e s . The o r d e r o f a r r i v a l 
o f the p u l s e s and the t ime o f a r r i v a l d i f f e r e n c e s are d i s p l a y e d 
on a v i s u a l d i s p l a y u n i t ( V D U ) . The p o s i t i o n o f the f i s h , i n 
r e c t a n g u l a r c o o r d i n a t e s , i s computed u s i n g d a t a from 3 s e l e c t e d 
hydrophones and can be o b t a i n e d e v e r y 1.5 s on a f a s t p r i n t e r . 

J u v e n i l e cod have been t r a c k e d c o n t i n u o u s l y f o r up t o 11 d a y s . 
D a t a on the d i s t a n c e moved by the f i s h h a s been shown by p e r i o d o -
gram a n a l y s i s , f a s t F o u r i e r t r a n s f o r m and a u t o c o r r e l a t i o n to 
have a c l e a r d i u r n a l p e r i o d i c i t y . 

T e c h n i q u e s have been d e v e l o p e d f o r a n a l y z i n g t h e p a t t e r n o f use 
o f the f i s h ' s home r a n g e . 

INTRODUCTION 
The e c o l o g y and b e h a v i o r o f even the more common s p e c i e s o f mar ine f i s h are o n l y 
p o o r l y u n d e r s t o o d . These a n i m a l s , l i v i n g i n an env ironment w h i c h i s f o r e i g n to man, 
can o n l y be s t u d i e d i n d i r e c t l y , m a i n l y by s a m p l i n g c a t c h e s . D i r e c t o b s e r v a t i o n i s 
r a r e l y p o s s i b l e , s i n c e t h e v i s u a l range o f a d i v e r , or underwater t e l e v i s i o n , i s 
l i m i t e d to a few meters e s p e c i a l l y i n murky N o r t h A t l a n t i c w a t e r s . A c t i v e s o n a r 
equipment o p e r a t e s over g r e a t e r ranges b u t c a n n o t r e a d i l y r e s o l v e i n d i v i d u a l f i s h 
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c l o s e to the s e a b e d . To examine the d e t a i l e d movements o f s i n g l e f i s h , some form 
o f t r a c k i n g t e c h n i q u e must be used where t h e f i s h i s l a b e l l e d w i t h a t r a n s m i t t e r . 

The p o s i t i o n o f an underwater o b j e c t i s n o t e a s i l y de termined by means o f r a d i o 
t r a n s m i s s i o n a s e l e c t r o m a g n e t i c waves are h i g h l y a t t e n u a t e d by s a l t w a t e r . Sound 
waves have much more f a v o r a b l e p r o p a g a t i o n c h a r a c t e r i s t i c s . 

The l o c a t i o n of f i s h or o t h e r mar ine organ i sms l a b e l l e d w i t h s m a l l u l t r a s o n i c t r a n s 
m i t t e r s or t r a n s p o n d e r s i s now commonplace, a wide v a r i e t y o f t r a c k i n g sys tems b e i n g 
employed t o l o c a t e and r e c o r d the p o s i t i o n o f the underwater a c o u s t i c b e a c o n . P e r 
haps the s i m p l e s t and commonest i s the use o f one or more d i r e c t i o n a l s o n a r r e c e i v e r s 
t o l o c a t e the t r a n s m i t t e r from a s e r i e s o f b e a r i n g s . A more s o p h i s t i c a t e d s o n a r 
w h i c h b o t h t r a n s m i t s and r e c e i v e s can l o c a t e a t r a n s p o n d e r i n terms o f a b e a r i n g and 
range measurement . These methods a r e e x c e l l e n t f o r t r a c k i n g h i g h l y m o b i l e f i s h i n 
the open s e a , b u t good and r a p i d b e a r i n g s can o n l y be a c h i e v e d a t g r e a t expense 
w i t h h i g h l y s o p h i s t i c a t e d r e c e i v e r s . 

For f o l l o w i n g f i s h i n i n s h o r e o r e n c l o s e d w a t e r s , f i x e d i n s t a l l a t i o n s can p e r f o r m 
the t r a c k i n g . One such method, w i t h a l a r g e spaced hydrophone a r r a y l a i d on the 
s e a bed and connec ted t o a m i n i c o m p u t e r h a s been d e v e l o p e d by us and i s employed 
t o f o l l o w the movements o f young f i s h and i n v e r t e b r a t e s i n a S c o t t i s h s e a l o c h . 

OPERATING PRINCIPLE 
The sys tem o p e r a t e s on the h y p e r b o l i c n a v i g a t i o n p r i n c i p l e s i m i l a r t o t h a t used by 
r a d i o n a v i g a t i o n sys tems f o r s h i p s and a i r c r a f t . F o r underwater t r a c k i n g , sound 
p u l s e s a r e s e n t out by a t r a n s m i t t e r a t t a c h e d to the f i s h and t h e s e are d e t e c t e d 
by hydrophones l a i d on the s e a bed a t known l o c a t i o n s . E a c h p u l s e t r a n s m i t t e d 
from t h e f i s h p r o p a g a t e s through the w a t e r a t a known v e l o c i t y , t h e t ime o f a r r i v a l 
a t e a c h o f the hydrophones b e i n g dependent upon the d i s t a n c e be tween the f i s h and 
hydrophone . By measur ing the r e l a t i v e t i m e s o f a r r i v a l o f the p u l s e s t r a n s m i t t e d 
by t h e f i s h a t t h r e e hydrophones ( to, t j , ^ 2 ) , two i n d e p e n d e n t t ime i n t e r v a l s a r e 
o b t a i n e d ( t^-to, t^-t^) wh ich are s u f f i c i e n t to d e t e r m i n e the p o s i t i o n o f t h e t r a n s 
m i t t e r . The l o c u s o f p o i n t s c o r r e s p o n d i n g to any p a r t i c u l a r t ime i n t e r v a l i s a 
h y p e r b o l a w i t h the two hydrophones as i t s f o c i . The two i n d e p e n d e n t t ime d e l a y s 
d e f i n e two h y p e r b o l a e w h i c h i n t e r s e c t a t the p o s i t i o n o f the f i s h . 

DESCRIPTION OF THE SYSTEM 
TRANSMITTERS 

The u l t r a s o n i c t r a n s m i t t e r s were d e s i g n e d and c o n s t r u c t e d by t h e MAFF F i s h e r i e s 
L a b o r a t o r y , L o w e s t o f t . They are p i n g e r s , p r o d u c i n g a c o n t i n u o u s t r a i n o f p u l s e s o r 
p i n g s . Each p u l s e i s a tone b u r s t o f about 75 KHz o f 1.5 ms d u r a t i o n , w i t h an i n t e r 
v a l between p u l s e s o f 1.5 s . The peak a c o u s t i c power o u t p u t i s about 0 .75 W. The 
complete d e v i c e t o t a l l y e n c a p s u l a t e d , i n c l u d i n g b a t t e r i e s i s 14 .7 mm d i a . and 
58 mm l o n g , w e i g h i n g 20 g i n a i r and about 10 g i n w a t e r . 

The a c o u s t i c p u l s e i s produced by a s i n g l e , r i n g - s h a p e d p i e z o e l e c t r i c t r a n s d u c e r 
which i s c l o s e l y c o u p l e d t o the w a t e r . The t r a n s d u c e r i s d r i v e n e l e c t r i c a l l y t h r o u g h 
a m a t c h i n g t r a n s f o r m e r a t the f r e q u e n c y o f i t s l o w e s t m e c h a n i c a l r e s o n a n c e ( i . e . i n 
the c i r c u m f e r e n t i a l mode) t o produce the r e q u i r e d o u t p u t as e f f i c i e n t l y as p o s s i b l e . 

HYDROPHONES 

The t r a c k i n g hydrophones have a s t a c k e d a r r a y o f t r a n s d u c e r e l e m e n t s , e a c h e lement 
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b e i n g s i m i l a r to the s i n g l e e lement r i n g t r a n s d u c e r o f t h e t r a n s m i t t e r . The a r r a y 
i s a r r a n g e d t o be o m n i d i r e c t i o n a l i n the h o r i z o n t a l p l a n e and to have a beamwidth 
of 30° i n the v e r t i c a l p l a n e . T h i s means t h a t t h e hydrophones are most s e n s i t i v e 
l o o k i n g h o r i z o n t a l l y a l o n g the s e a bed and are r e l a t i v e l y i n s e n s i t i v e to s u r f a c e 
n o i s e and r e f l e c t i o n s . 

The t r a n s d u c e r s , o p e r a t i n g a t o r near r e s o n a n c e , can be r e g a r d e d as c u r r e n t g e n e r a 
t o r s w i t h a l a r g e p a r a l l e l c a p a c i t a n c e . The p r e a m p l i f i e r , w h i c h i s an i n t e g r a l p a r t 
o f the hydrophone , was t h e r e f o r e d e s i g n e d w i t h a low i n p u t impedance d i f f e r e n t i a l 
c u r r e n t a m p l i f i e r i n p u t s t a g e , wh ich e f f e c t i v e l y s h u n t s the p a r a l l e l c a p a c i t a n c e . 
T h i s i s c o u p l e d t o t h e main a m p l i f y i n g and d r i v i n g s t a g e s by a tuned t r a n s f o r m e r . 
The c e n t e r f r e q u e n c y i s s e t a t 77 .5 KHz w i t h a 3 dB bandwidth o f 5 K H z . 

CABLES 

The hydrophones are c o n n e c t e d to t h e shore equipment by i n d i v i d u a l c a b l e s e a c h w i t h 
a p a i r o f t w i s t e d c o n d u c t o r s and a c o n d u c t i n g s c r e e n , w i t h an o v e r a l l s h e a t h o f 
P o l y u r e t h a n e . The c a b l e s , w h i c h are r e s i s t a n t to a t t a c k by m a r i n e o r g a n i s m s and 
show no s i g n i f i c a n t s e a w a t e r l e a k a g e even a f t e r s e v e r a l months i m m e r s i o n , are p r o 
t e c t e d from a b r a s i o n i n the i n t e r t i d a l zone by p a s s i n g them t h r o u g h P o l y v i n y l 
c h l o r i d e (PVC) t u b i n g . The c h a r a c t e r i s t i c impedance o f the c a b l e i s 120 Ω a t 
75 K H z , and though t h e s i g n a l a t t e n u a t i o n o v e r a 600 m l e n g t h i s about 3 dB, the 
s i g n a l t o n o i s e r a t i o i s n o t s i g n i f i c a n t l y d e g r a d e d . 

HYDROPHONE TERMINATION UNIT AND MAIN A M P L I F I E R S 

The hydrophones are p l u g g e d i n t o a s e v e n c h a n n e l t e r m i n a t i o n u n i t w h i c h h o u s e s 
impedance m a t c h i n g and power s u p p l y d e c o u p l i n g c i r c u i t s . T h i s u n i t a l s o c o n t a i n s 
power s u p p l y and s i g n a l m o n i t o r i n g f a c i l i t i e s . The s i g n a l from e a c h hydrophone 
channe l i s then c o n n e c t e d t o a low n o i s e a m p l i f i e r o f v a r i a b l e g a i n and f i x e d p a s s -
band where most o f t h e a m p l i f i c a t i o n o f the s i g n a l s t a k e s p l a c e . 

RECEIVERS 

The h e a r t o f t h e r e c e i v i n g hardward i s a s e v e n c h a n n e l , a m p l i t u d e m o d u l a t e d , s u p e r 
h e t e r o d y n e r e c e i v e r w i t h a common l o c a l o s c i l l a t o r and d i g i t a l o u t p u t s . E a c h o f 
the s even i d e n t i c a l c h a n n e l s h a s a m i x e r s t a g e where the t r a n s m i t t e r s i g n a l , i n 
the 75 KHz r a n g e , i s combined w i t h t h e l o c a l l y g e n e r a t e d f r e q u e n c y o f about 530 KHz 
t o produce a f i x e d i n t e r m e d i a t e f r e q u e n c y ( I F ) o f 455 K H z . A narrow band f i l t e r of 
e i t h e r 750 Hz or 2 KHz can be s e l e c t e d t o p a s s o n l y t h e 455 KHz s i g n a l t o t h e I F 
a m p l i f i e r s . The d e t e c t e d t r a n s m i t t e r s i g n a l s are thus t r a n s f o r m e d to e q u i v a l e n t 
s i g n a l s a t the I F w i t h a l a r g e improvement i n s i g n a l t o n o i s e r a t i o . The s i g n a l i s 
then demodulated and o p e r a t e s a v o l t a g e comparator so t h a t s i g n a l s e x c e e d i n g the 
p r e s e t t h r e s h o l d v o l t a g e are c o n v e r t e d t o d i g i t a l ( l o g i c l e v e l ) p u l s e s . 

L o g i c c i r c u i t r y r e j e c t s v e r y s h o r t s p u r i o u s p u l s e s caused by n a t u r a l s e a n o i s e and 
a c c e p t s o n l y t h o s e o f a p r e s e n t minimum d u r a t i o n o f 0 . 5 ms . R e t r i g g e r i n g i s i n h i b i t e d 
f o r a f u r t h e r 15 ms a f t e r e a c h a c c e p t e d p u l s e so t h a t t h e c i r c u i t responds o n l y t o 
the l e a d i n g edge o f t h e d i r e c t p a t h p u l s e . O u t p u t p u l s e s f o r e a c h o f t h e s e v e n 
c h a n n e l s , c o r r e s p o n d i n g to the a c o u s t i c p u l s e s d e t e c t e d by the h y d r o p h o n e s , are 
then g e n e r a t e d and f e d t o the computer . 

THE COMPUTER 

The sys tem i n c l u d e s a C . A . I . A l p h a L S I 2 m i n i c o m p u t e r w i t h a f l o p p y d i s c s t o r a g e 
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u n i t , a D a t a R e c o r d i n g h i g h speed p r i n t e r and a Newbury L a b o r a t o r i e s v i s u a l d i s p l a y 
u n i t ( V D U ) . With t h e f i s h t r a c k i n g program r u n n i n g , the machine t i m e s t h e incoming 
s i g n a l s t o the n e a r e s t 0 , 1 ms and the VDU d i s p l a y s a c o n t i n u o u s l i s t o f p u l s e t i m i n g s 
a t the a c t i v e h y d r o p h o n e s . The program checks t h e d a t a f o r c o n s i s t e n c y , then com
p u t e s the p o s i t i o n o f t h e t r a n s m i t t e r r e l a t i v e t o the hydrophone p o s i t i o n s which 
have been p r e v i o u s l y de termined and s t o r e d i n the f l o p p y d i s c u n i t . A f t e r f u r t h e r 
c h e c k s , t h e r e s u l t o f the c o m p u t a t i o n i s t h e n s e n t t o the p r i n t e r w h i c h w r i t e s o u t 
the r e a l t ime t o g e t h e r w i t h X and Y c o o r d i n a t e s a t meters r e l a t i v e t o the chosen 
a x e s . F i g u r e 1 shows a s h c e m a t i c f l o w d iagram o f the f i s h t r a c k i n g p r o g r a m . 

THE SYSTEM IN PRACTICE 
The complete sys tem i s mounted i n a s i n g l e s t a n d a r d 19" r a c k c o n t a i n i n g the v a r i o u s 
s u b u n i t s . The f a s t p r i n t e r and VDU are p l a c e d on a bench c l o s e b y . I n a d d i t i o n , a 
m u l t i c h a n n e l o s c i l l o s c o p e i s used t o m o n i t o r the s y s t e m ' s o p e r a t i o n and a m u l t i t r a c k 
tape r e c o r d e r can be c o n n e c t e d t o r e c o r d the s i g n a l s . The equipment can r e a d i l y be 
t r a n s p o r t e d t o a new l o c a t i o n , or p l a c e d on b o a r d a s h i p , b u t i s n o r m a l l y housed i n 
a wooden h u t on the s e a s h o r e . Power i s s u p p l i e d from a p o r t a b l e g e n e r a t o r . 

E a c h hydrophone , mounted upon a s t e e l frame a p p r o x i m a t e l y 1 m h i g h , i s l a i d i n d i v i 
d u a l l y on the s e a bed from a s m a l l b o a t w o r k i n g from the s e a towards the s h o r e . The 
i n i t i a l p lacement i s a p p r o x i m a t e , the i n s t r u m e n t s b e i n g l a i d i n a t r i a n g u l a r p a t t e r n 
about 400 m a p a r t . The p o s i t i o n o f each r e l a t i v e to the o t h e r s i s s u b s e q u e n t l y 
de termined by p l a c i n g a p i n g e r a t e a c h one i n t u r n and m e a s u r i n g the t ime t a k e n f o r 
the s i g n a l to r e a c h the o t h e r h y d r o p h o n e s . A f t e r c h o o s i n g c o o r d i n a t e s a r b i t r a r i l y 
f o r one o f t h e h y d r o p h o n e s , the computer then c a l c u l a t e s the c o o r d i n a t e s o f a l l 
o t h e r hydrophones i n t h e range from t h e s e measurements . The s e t o f c o o r d i n a t e s , or 
range d a t a , i s then s t o r e d i n the c o m p u t e r ' s d i s c u n i t ready f o r t r a c k i n g . W i t h t h e 
t r a c k i n g program r u n n i n g , t h e c o o r d i n a t e s o f any t r a n s m i t t e r i n the r a n g e can be 
i n s t a n t l y d e t e r m i n e d . The p o s i t i o n o f the a r r a y r e l a t i v e to a c h a r t o f the a r e a can 
be de termined by p l a c i n g a p i n g e r a t two or more known p o s i t i o n s marked on t h e c h a r t . 

F i s h , which a r e c a u g h t by hook and l i n e a t s h a l l o w d e p t h s , a r e t a g g e d w i t h t r a n s 
m i t t e r s e i t h e r by i n s e r t i o n i n t o the s tomach or by a s u r g i c a l i m p l a n t a t i o n i n t o 
the abdominal c a v i t y . I n b o t h c a s e s the i n s e r t i o n i s per formed under MS222 a n e s 
t h e s i a . F i s h are h e l d o v e r n i g h t i n a cage on t h e s e a bed and are s u b s e q u e n t l y 
r e l e a s e d by t r i g g e r i n g a c a t c h on the c a g e door w i t h a 'messenger* w e i g h t . I f t h e 
f i s h moves o u t s i d e the range o f t h e a r r a y , a d d i t i o n a l hydrophones may be l a i d to 
e x t e n d c o v e r a g e . 

Depth s u r v e y s o f t h e a r e a w i t h i n the a r r a y are per formed from a b o a t f i t t e d w i t h a 
p i n g e r and e c h o s o u n d e r . I n s p e c t i o n o f p a r t s o f the a r e a a r e a l s o c a r r i e d out by a 
SCUBA d i v e r c a r r y i n g a p i n g e r . 

ANALYSIS OF THE DATA 
The f r e q u e n c y w i t h w h i c h t h e f i s h c o o r d i n a t e s are g i v e n c a n be s p e c i f i e d b e f o r e 
the t r a c k i n g r u n , the t ime o f each f i x b e i n g p r i n t e d s i m u l t a n e o u s l y . A computer 
program e x t r a c t s the f o l l o w i n g i n f o r m a t i o n f o r each p a i r o f s u c c e s s i v e f i x e s g e n 
e r a t e d d u r i n g t r a c k i n g , on t h e a s s u m p t i o n t h a t movement be tween t h e f i x e s h a s been 
i n a s t r a i g h t l i n e . 

— d i s t a n c e moved 
— mean speed 
— a n g l e o f movement r e l a t i v e t o the g r i d 
— change i n a n g l e between one d i r e c t i o n o f movement and the l a s t . 

The program a l s o a v e r a g e s the i n f o r m a t i o n f o r each hour o f the r u n . 
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I n g e n e r a l , t o reduce d a t a h a n d l i n g problems the time between s u c c e s s i v e f i x e s i s 
s t a n d a r d i z e d a t 5 m i n . Over t h i s t i m e , though t h e f i s h do n o t move i n a s t r a i g h t 
l i n e , the d i s t a n c e between s u c c e s s i v e f i x e s p r o v i d e s an i n d e x o f f i s h a c t i v i t y . 
F o r more d e t a i l e d t r a c k i n g the t ime i n t e r v a l i s r e d u c e d t o one m i n u t e , w i t h o c c a 
s i o n a l f i x e s a t even s h o r t e r i n t e r v a l s . Both t h e t empora l and s p a t i a l p a t t e r n s o f 
f i s h a c t i v i t y are e x a m i n e d . 

TEMPORAL PATTERNING 

The h o u r l y mean v a l u e f o r d i s t a n c e moved by the f i s h i n a 5 min p e r i o d i s t a k e n as 
an i n d e x o f a c t i v i t y w i t h i n t h a t h o u r , and a t ime s e r i e s o f h o u r l y a c t i v i t y v a l u e s 
i s produced f o r the whole r u n . 

The t ime s e r i e s i s s p l i t i n t o i t s component s i n e waves by means o f a F a s t F o u r i e r 
Transform p r o d u c i n g a power s p e c t r u m , an i l l u s t r a t i o n o f w h i c h i s g i v e n i n F i g . 2 a , 

0 05 0-10 0 15 0-20 
F r e q u e n c y 

{ cyc les per hour ) 

(b) 

0-25 0-30 

- 3 0 

- Ί 1 1 1 1 1 1 1 Γ -
3 5 7 9 11 13 15 17 19 

T i m e of day (G .MT) 

21 23 25 

(0 

11 
— r -

21 
—I 1 1 1— 

31 41 51 61 
Lag t ime (hours) 

— I — 
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—\ Γ -
81 91 

F i g . 2 . The a n a l y s i s o f an a c t i v i t y t ime s e r i e s , a) A F o u r i e r 
spec trum showing a marked peak a t 2 4 . 2 h p e r i o d 
l e n g t h , b ) A form e s t i m a t e o f the waveform assuming a 
24 h p e r i o d i c i t y . c ) An a u t o c o r r e l a t i o n showing peaks 
a t s u c c e s s i v e 24 h p e r i o d s . 

A p e r i o d o g r a m a n a l y s i s ( E n r i g h t , 1965) i s p e r f o r m e d , b a s e d on the p r i n c i p l e t h a t , i f 
a t ime s e r i e s i s grouped a t a p e r i o d l e n g t h n o t p r e s e n t i n the d a t a , t h e n the r e s u l t 
i n g a v e r a g e d waveform would approach zero a m p l i t u d e as the t ime s e r i e s a p p r o a c h e s 
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i n f i n i t e l e n g t h . E s t i m a t e s o f t h e p e r i o d l e n g t h s p r e s e n t i n t h e d a t a can thus be 
g a i n e d by p l o t t i n g i n d i c e s o f t h e ' i n t e n s i t y ' o f the waveform a g a i n s t c o r r e s p o n d i n g 
p e r i o d l e n g t h s . 

A ' f o r m e s t i m a t e ' o r a v e r a g e d waveform f o r any p e r i o d l e n g t h i s a n e c e s s a r y s t e p 
i n p r o d u c i n g the p e r i o d o g r a m , and h e l p s t h e a n a l y s i s o f a c t i v i t y p a t t e r n s , g i v i n g 
an i n d i c a t i o n o f the shape o f the waveform o f rhythms p r e s e n t . F o r example F i g . 2b 
shows a form e s t i m a t e o f a cod a c t i v i t y p a t t e r n based on a 24 h p e r i o d l e n g t h . A 
marked b i m o d a l i t y i s e v i d e n t . 

A u t o c o r r e l a t i o n , t h e t e c h n i q u e o f c o r r e l a t i n g a t ime s e r i e s a g a i n s t an i d e n t i c a l 
s e r i e s p r o g r e s s i v e l y l a g g e d f u r t h e r b e h i n d the f i r s t , g i v e s a s e r i e s o f a u t o c o v a r i -
a n c e s , peaks i n t h e s e v a l u e s o c c u r r i n g a t t ime l a g s c o r r e s p o n d i n g to p e r i o d l e n g t h s 
a p p e a r i n g i n the d a t a . F i g u r e 2c g i v e s a p l o t o f a u t o c o v a r i a n c e s , showing a marked 
24 h p e r i o d i c i t y . B i n k l e y (1976) h a s s u g g e s t e d t h a t a l l the above methods are e q u a l l y 
u s e f u l i n the i n v e s t i g a t i o n o f p e r i o d l e n g t h . Our t ime s e r i e s are s h o r t i n r e l a t i o n 
to the p e r i o d l e n g t h s ( e . g . a 10 day run showing 24 h p e r i o d i c i t y ) , so t h a t a few 
a t y p i c a l v a l u e s can g r e a t l y a f f e c t the f i n a l a n a l y s i s . Our d a t a i s a l s o v e r y n o i s y 
and a l l t h r e e methods o f a n a l y s i s are employed t o e s t a b l i s h the t empora l p a t t e r n 
of f i s h a c t i v i t y . 

SPATIAL PATTERNING 

F i v e m i n u t e f i x e s a r e p l o t t e d to d e t e r m i n e t h e s i z e o f the home r a n g e o c c u p i e d by 
t h e f i s h . Home r a n g e s h a v e been s u c c e s s f u l l y d e s c r i b e d by s t a t i s t i c a l d i s t r i b u t i o n s 
o f the s p r e a d o f p o i n t s ( e . g . Zachs and F a l l s , 1 9 7 8 ) , Our d a t a d i d n o t f i t any 
s i n g l e s t a t i s t i c a l d i s t r i b u t i o n (see F i g . 3 ) , and a more e m p i r i c a l approach was 
a d o p t e d . 

A computer i s used t o speed c a l c u l a t i o n . The f i x e d g r i d i s f i r s t s p l i t i n t o a r e a s 
o f a p p r o x i m a t e l y 4 x 4 m t o comply w i t h l i m i t a t i o n s o f computer s t o r a g e , t h e t o t a l 
number o f f i x e s o c c u r r i n g i n e a c h b o x over the t ime p e r i o d f o r w h i c h t h e home r a n g e 
i s b e i n g c a l c u l a t e d i s t h e n f o u n d . C o n t o u r s o f ' e q u a l f i x number' a r e t h e n drawn 
over the a r e a , and the a r e a between e a c h c o n t o u r c a l c u l a t e d . S t a r t i n g from a r e a s 
o f h i g h e s t ' f i x number ' , c o n t o u r s e n c l o s i n g a r e a s where a g i v e n p e r c e n t a g e o f t h e 
f i s h ' s t ime i s s p e n t can then be drawn to make t h i s model more c o m p a t i b l e w i t h more 
r e f i n e d s t a t i s t i c a l d e s c r i p t i o n s . 

From t h i s m o d e l , an i n d e x o f the s t a b i l i t y o f t h e home range o v e r t ime can be c a l c u 
l a t e d , as s u g g e s t e d b y Cooper ( 1 9 7 8 ) . The o v e r l a p p i n g a r e a f o r s u c c e s s i v e l y c a l c u 
l a t e d home ranges can be f o u n d , and t h e t o t a l number o f f i x e s w i t h i n t h a t a r e a 
summed. An i n d e x o f s t a b i l i t y (S ) can t h e n be d e f i n e d a s S = N o . o f f i x e s i n a r e a 
o f o v e r l a p / t o t a l n o . o f f i x e s i n b o t h home r a n g e s . T h i s method h a s an a d v a n t a g e 
o v e r C o o p e r ' s method (which c a l c u l a t e s a s t a b i l i t y i n d e x m e r e l y i n terms o f a r e a 
o v e r l a p ) b e c a u s e i t a l l o w s w e i g h t i n g f o r a r e a s w h i c h t h e a n i m a l u s e s i n t e n s i v e l y . 
I f such a r e a s were c o n t i n u a l l y b e i n g ' l o s t ' from the home r a n g e t h i s would s u g g e s t 
g r e a t e r i n s t a b i l i t y t h a n i f l i t t l e used p e r i p h e r a l a r e a s o f the same s i z e were l o s t . 

The minimum o b s e r v a t i o n t ime to p r o v i d e an a c c u r a t e p i c t u r e o f a s t a b l e home range 
can be e s t a b l i s h e d from t h e s t a b i l i t y i n d e x . The home range i s d e f i n e d by a low 
number o f s u c c e s s i v e f i x e s , and the s t a b i l i t y i n d e x be tween t h i s 'home r a n g e ' and 
t h a t d e s c r i b e d by the n e x t e q u a l number o f f i x e s i s c a l c u l a t e d . I f the number o f 
f i x e s to d e f i n e s u c c e s s i v e home r a n g e s i s p r o g r e s s i v e l y i n c r e a s e d , the s t a b i l i t y 
i n d e x w i l l a l s o i n c r e a s e b e f o r e s t a b i l i z i n g . The number o f f i x e s (and t h e r e f o r e 
o b s e r v a t i o n t i m e , i f t ime between f i x e s h a s b e e n s t a n d a r d i z e d ) a t w h i c h the s t a b i l i t y 
i n d e x i n c r e a s e s b y l e s s than a s t a n d a r d v a l u e ( e . g . 5 p e r c e n t ) c a n t h u s be d e f i n e d 
a s an i n d e x o f the t ime t a k e n f o r t h e a n i m a l t o c o v e r i t s whole home r a n g e . 
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F i g . 3 . S c a t t e r d iagrams o f the day and n i g h t home r a n g e s o f 
a j u v e n i l e cod on s u c c e s s i v e d a y s . 

THE BEHAVIOR OF JUVENILE COD IN LOCH TORRIDON 
The hydrophone a r r a y h a s been a p p l i e d to a s t u d y o f cod i n a S c o t t i s h s e a l o c h . 
Young cod s e t t l e i n t h i s a r e a i n t h e i r f i r s t y e a r and may s t a y t h e r e f o r up t o two 
y e a r s . D a t a from one f i s h . C h r i s t i a n , c a u g h t on the 22 A u g u s t , 1978, r e l e a s e d t h e 
n e x t day and t r a c k e d c o n t i n u o u s l y f o r 11 days i s g i v e n be low as an i l l u s t r a t i o n o f 
the b e h a v i o r o f the cod i n l a t e summer. 

F o u r i e r a n a l y s i s and a u t o c o r r e l a t i o n c a r r i e d out on the a c t i v i t y t ime s e r i e s b o t h 
showed pronounced c y c l i c a c t i v i t y w i t h a p e r i o d l e n g t h o f a p p r o x i m a t e l y 24 h ( F i g . 
2a and c ) . No o t h e r p e r i o d i c i t i e s o f importance were found i n the d a t a . The form 
e s t i m a t e o f the same d a t a ( F i g . 2b) g i v e s the a c t i v i t y w i t h i n the 24 h c y c l e and 
c l e a r l y shows g r e a t e r a c t i v i t y d u r i n g the d a y l i g h t hours w i t h v e r y low a c t i v i t y 
a t n i g h t . A s i m i l a r p a t t e r n i s e v i d e n t i f the a r e a s o f the home r a n g e by day and 
by n i g h t are compared (Tab le 1 ) . 

Home range a r e a , was c a l c u l a t e d by two d i f f e r e n t m e t h o d s . The f i r s t , p r o p o s e d by 
Koeppl et al. (1975) c a l c u l a t e s the a r e a on the b a s i s o f a s t a t i s t i c a l model assuming 
a b i v a r i a t e normal d i s t r i b u t i o n o f f i x e s . V a l u e s g i v e n i n p a r e n t h e s i s are t h o s e 
c a l c u l a t e d by a g r a p h i c a l method where extreme p o i n t s i n the r a n g e are j o i n e d by 
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s t r a i g h t l i n e s and the a r e a o f the r e s u l t i n g complex f i g u r e c a l c u l a t e d . The a r e a s 
c a l c u l a t e d by the s t a t i s t i c a l model g r e a t l y o v e r e s t i m a t e the a r e a s used by t h e c o d , 
an i n d i c a t i o n t h a t a b i v a r i a t e normal d i s t r i b u t i o n i s n o t a good d e s c r i p t i o n o f the 
s p r e a d o f a c t i v i t y . T h i s i s e s p e c i a l l y t r u e i n t h e n i g h t s o f 27 and 28 A u g u s t where 
a c t i v i t y was c e n t e r e d i n two a r e a s some 60 m a p a r t r e s u l t i n g i n v a s t l y i n f l a t e d 
e s t i m a t e s of home r a n g e a r e a . 

T a b l e 1 a l s o g i v e s the c o o r d i n a t e s o f the c e n t e r s o f a c t i v i t y (Hayne , 1949) w h i c h 
a r e v e r y c o n s i s t e n t over the p e r i o d o f s t u d y . From t h i s i t seems t h a t not o n l y do 
j u v e n i l e cod remain i n the same g e n e r a l a r e a o v e r f a i r l y l o n g p e r i o d s o f t ime b u t 
t h a t t h e i r d i s t r i b u t i o n o f a c t i v i t y around a c e n t r a l a r e a would a l s o appear to be 
m a i n t a i n e d . Movement p a t t e r n s o f i n d i v i d u a l s a t d i f f e r e n t t imes o f the y e a r and a t 
d i f f e r e n t s t a g e s o f t h e i r l i f e i n the l o c h are a t p r e s e n t under s t u d y . 
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Abstract — The v a l i d i t y o f many s t u d i e s u s i n g u l t r a s o n i c b i o 
t e l e m e t r y f o r d e t e r m i n i n g f i s h b e h a v i o r can be q u e s t i o n e d 
b e c a u s e o f the s m a l l number o f f i s h i n v o l v e d . The r e a s o n f o r 
t h i s s m a l l number i s o f t e n the f a c t t h a t the t a s k o f d e c o d i n g 
and a n a l y z i n g s e n s o r d a t a i s e x t r e m e l y t ime c o n s u m i n g . F o r t h i s 
r e a s o n , an o n - g o i n g o b j e c t i v e o f our work a t the U n i v e r s i t y o f 
New Brunswick h a s been t o d e v e l o p t e l e m e t r y sys t ems i n w h i c h 
s e n s o r d a t a i s produced i n a format p e r m i t t i n g immediate computer 
a n a l y s i s o f f i e l d d a t a . T h i s o b j e c t i v e has now been met and 
the methods used a r e d e s c r i b e d i n t h i s p a p e r . 

I n g e n e r a l , the d a t a g a t h e r i n g sys tem c o n s i s t s o f t h r e e compon
e n t s — an u l t r a s o n i c r e c e i v e r , a d e c o d e r and a d i g i t a l r e c o r d e r . 
The r e c e i v e r , on d e t e c t i n g a t r a n s m i t t e d p u l s e s h o u l d produce 
a l o g i c a l i n d i c a t i o n f o r p r o c e s s i n g by the d e c o d e r . T h i s t a s k 
i s c o m p l i c a t e d by h i g h l y v a r i a b l e n o i s e l e v e l s and e c h o e s w h i c h 
can be d e l a y e d even hundreds o f m i l l i s e c o n d s . R e c e i v i n g t e c h 
n i q u e s and d e t e c t i o n methods w h i c h work s a t i s f a c t o r i l y i n t h i s 
env ironment are d i s c u s s e d . The decoder a c c e p t s s i g n a l s from 
one or a number o f r e c e i v e r s , e x t r a c t s s e n s o r d a t a and p a s s e s 
i t ( u s u a l l y a l o n g w i t h a t ime o f day i n d i c a t i o n ) to the r e c o r d e r . 
To a c c o m p l i s h t h e s e t a s k s , w h i l e a c h i e v i n g a p a c k a g e s u i t a b l e 
f o r use on s m a l l b o a t s , m i c r o p r o c e s s o r - b a s e d l o g i c i s u s e d . The 
paper d i s c u s s e s s e v e r a l s p e c i a l purpose s y s t e m s w h i c h h a v e been 
used as w e l l as a subsequent s y s t e m w h i c h s h o u l d be a d a p t a b l e 
t o most a p p l i c a t i o n s . F i n a l l y , t h e paper d e s c r i b e s the c a s s e t t e 
r e c o r d i n g and p l a y b a c k sys tem w h i c h has been d e v e l o p e d . 

INTRODUCTION 
I n many s t u d i e s w h i c h u s e u l t r a s o n i c b i o t e l e m e t r y f o r d e t e r m i n i n g f i s h b e h a v i o r , the 
r e s u l t s are somewhat i n c o n c l u s i v e b e c a u s e o f t h e s m a l l number o f f i s h i n v o l v e d . The 
c o s t o f t r a n s m i t t e r s , b o a t t i m e , e t c . i s c e r t a i n l y a f a c t o r c o n t r i b u t i n g to t h e s e 
s m a l l samples b u t a more s e r i o u s l i m i t a t i o n i s e n c o u n t e r e d i n c a s e s i n w h i c h d a t a 
from s e n s o r s i s b e i n g t r a n s m i t t e d . Because o f the c h a r a c t e r i s t i c s o f t h e medium 
and the requ irement f o r s i m p l e t r a n s m i t t e r e l e c t r o n i c s , t r a n s m i s s i o n i s u s u a l l y 
p u l s e d w i t h d a t a encoded e i t h e r by p u l s e r e p e t i t i o n r a t e o r , i n the c a s e o f s e v e r a l 
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F i g . 1. E f f e c t o f m u l t i p a t h i n s h a l l o w w a t e r (water depth 20 m; 
range 100 m; t r a n s m i t t e d p u l s e w i d t h 16 ms; h o r i z o n t a l 
s c a l e 20 ms d iv"-^) . 

For most o f our work we have used a s u p e r h e t e r o d y n e type o f r e c e i v e r w h i c h i s now 
c o m m e r c i a l l y a v a i l a b l e ( C R - 4 0 , Communicat ion A s s o c i a t e s , H u n t i n g t o n , N . Y . ) and have 
p r o c e s s e d the o u t p u t o f an a u d i o d e t e c t o r to o b t a i n a l o g i c a l s i g n a l i n d i c a t i o n . 
The b a s i s o f t h i s p r o c e s s i n g i s t o say t h a t a s i g n a l or echo i s p r e s e n t i f the d e t e c 
t o r o u t p u t e x c e e d s some m u l t i p l e o f the a v e r a g e l e v e l f o r a t l e a s t a few m i l l i s e c o n d s 

s e n s o r s , by a p u l s e t r a i n c o n t a i n i n g s e v e r a l p u l s e i n t e r v a l s ( S t a s k o and P i n c o c k , 
1977) . U s u a l l y , d e c o d i n g o f t h i s i n f o r m a t i o n i s done e i t h e r m a n u a l l y i n the f i e l d 
or by subsequent i n t e r p r e t a t i o n o f r e c o r d e d ( e . g . s t r i p c h a r t s ) s i g n a l s . The former 
method makes f i e l d work v e r y t e d i o u s and, i n many c a s e s , l e a d s t o an i n a d e q u a t e sam
p l i n g f r e q u e n c y w h i l e the l a t t e r o f t e n l e a d s t o an a c c u m u l a t i o n o f ' d a t a ' whose 
i n t e r p r e t a t i o n i s so t ime consuming t h a t i t o f t e n l a g s the f i e l d work by months or 
y e a r s . A c o n t i n u i n g o b j e c t i v e o f our work a t the U n i v e r s i t y o f New B r u n s w i c k , 
Canada , has been the development o f t e l e m e t r y sys tems w h i c h overcome the problems 
d e s c r i b e d above and p e r m i t the t r u e p o t e n t i a l o f u l t r a s o n i c b i o t e l e m e t r y to be 
r e a l i z e d . I t i s the purpose o f t h i s paper t o g i v e an overview o f t h i s work and to 
p r e s e n t some of the systems aspects e n t e r i n g i n t o the d e s i g n o f an automated s y s t e m . 

I n c o n c e p t , the automated sys tem i s v e r y s t r a i g h t f o r w a r d c o n s i s t i n g o f a h y d r o p h o n e , 
r e c e i v e r , decoder and a d i g i t a l r e c o r d e r . The r e c e i v e r , on d e t e c t i n g a t r a n s m i t t e d 
p u l s e , s h o u l d produce a l o g i c a l i n d i c a t i o n f o r p r o c e s s i n g by the d e c o d e r . The 
decoder a c c e p t s s i g n a l s from one or a number o f r e c e i v e r s , e x t r a c t s s e n s o r d a t a and 
p a s s e s i t ( u s u a l l y a l o n g w i t h a t ime o f day i n d i c a t i o n ) to the r e c o r d e r . To p r o v i d e 
i n t e r a c t i o n i n the f i e l d , the decoder would have some s o r t o f d i s p l a y and would p o s 
s i b l y produce an a n a l o g r e c r e a t i o n o f the s e n s o r s i g n a l s u i t a b l e f o r s t r i p c h a r t 
r e c o r d i n g . I t s h o u l d be noted t h a t such c h a r t r e c o r d i n g s do not e l i m i n a t e the need 
f o r d i g i t a l r e c o r d i n g s i n c e i t i s u s u a l l y n e c e s s a r y to c o n v e r t t h i s i n f o r m a t i o n to 
c o m p u t e r - r e a d a b l e form f o r a n a l y s i s . T h i s t a s k i s e x t r e m e l y t ime consuming w h i l e 
the d i g i t a l l y r e c o r d e d d a t a i s d i r e c t l y r e a d a b l e by a c o m p u t e r . The f o l l o w i n g s e c 
t i o n s g i v e d e t a i l s on major sys tem components . 

RECEIVER 
Because of the h i g h l y v a r i a b l e n o i s e c o n d i t i o n s and s e v e r e m u l t i p a t h w h i c h e x i s t , 
the d e s i g n o f a s u i t a b l e r e c e i v e r i s the most c h a l l e n g i n g a s p e c t o f the e n t i r e s y s t e m . 
The s i g n a l s shown i n F i g s . 1 and 2 are i n s t r u c t i v e . As can be s e e n , the main e f f e c t 
of m u l t i p a t h i n s h a l l o w w a t e r ( F i g . 1) i s t o broaden the t r a n s m i t t e d p u l s e . I n o t h e r 
s i t u a t i o n s , such as i n r e l a t i v e l y deep w a t e r ( F i g . 2 ) , d i s t i n c t echoes can o c c u r 
even hundreds o f m i l l i s e c o n d s a f t e r r e c e p t i o n o f the p u l s e . T r a n s m i t t e r c o d i n g and 
s i g n a l d e t e c t i o n method must be chosen w i t h t h e s e p r o p a g a t i o n c o n d i t i o n s i n mind . 
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Transmission Transmission 

— 6 sec 

Echo Echo 

F i g . 2 . E f f e c t of m u l t i p a t h i n deeper w a t e r (water depth 500 m; 
range 1000 m; t r a n s m i t t e d p u l s e s e p a r a t i o n 0 .6 s ) . 

( t y p i c a l t r a n s m i t t e r p u l s e d u r a t i o n s are a t l e a s t 10 m s ) . Once t h i s i s done i t i s 
o n l y n e c e s s a r y to r e j e c t the e c h o e s . The t e c h n i q u e s used t o a c c o m p l i s h t h i s are 
o u t l i n e d b e l o w . 

For s i t u a t i o n s i n w h i c h m u l t i p a t h produces the e f f e c t s t y p i f i e d by F i g . 1, the r e j e c 
t i o n o f echoes i s s t r a i g h t f o r w a r d . A l l t h a t i s n e c e s s a r y i s a d i s a b l i n g o f the 
s i g n a l d e t e c t i o n l o g i c f o r an a p p r o p r i a t e p e r i o d ( t y p i c a l l y 150 ms) a f t e r each 
d e t e c t i o n . A t the end o f t h i s p e r i o d echoes w i l l have v a n i s h e d . Of c o u r s e , i n 
order f o r t h i s approach t o be s u c c e s s f u l , the minimum i n t e r v a l be tween t r a n s m i s s i o n s 
must be l o n g e r than the p e r i o d d u r i n g w h i c h the r e c e i v e r i s e f f e c t i v e l y d i s a b l e d . 
T h e r e f o r e , our t r a n s m i t t e r s are d e s i g n e d not t o t r a n s m i t p u l s e s l e s s t h a n 300 ms 
a p a r t . 

When the e f f e c t s t y p i f i e d by F i g . 2 e x i s t , the s i t u a t i o n i s somewhat more d i f f i c u l t . 
W h i l e i t i s p o s s i b l e t o use the same approach as o u t l i n e d a b o v e , t h e i n t e r v a l t h a t 
the r e c e i v e r would have to be d i s a b l e d would be much l o n g e r . T h i s would impose a 
requ irement on the minimum t r a n s m i t t e r p u l s e s p a c i n g which would be so l o n g t h a t , 
f o r many a p p l i c a t i o n s , t h e d a t a r a t e would be t o o low. I n a d d i t i o n , t h e l o n g s i l e n c e s 
between t r a n s m i t t e d p u l s e s would cause d i f f i c u l t i e s i n a p p l i c a t i o n s i n w h i c h t h e 
t r a n s m i t t e r must be t r a c k e d . T h e r e f o r e , t h e s e echoes are r e j e c t e d on t h e b a s i s o f 
t h e i r a m p l i t u d e which, b e c a u s e o f i n c r e a s e d p r o p a g a t i o n d i s t a n c e and r e f l e c t i o n l o s s , 
i s s m a l l e r than t h a t o f d i r e c t s i g n a l s . T h i s t e c h n i q u e has worked f a i r l y w e l l b u t 
i s not f o o l p r o o f . I n p a r t i c u l a r , f o r a r e a s i n w h i c h r e f l e c t i o n l o s s e s are s m a l l 
( e . g . rocky bot tom) and the range i s l a r g e , the a m p l i t u d e d i f f e r e n c e be tween s i g n a l 
and echo can be s m a l l and r e l i a b l e d e t e c t i o n can o n l y o c c u r by d e c r e a s i n g the r a n g e . 
A l s o , s a t u r a t i o n o f the r e c e i v e r ( such as i s e v i d e n c e d by the b r i g h t e n i n g a t the 
s i g n a l peaks o f F i g . 2) must be a v o i d e d or a m p l i t u d e i n f o r m a t i o n i s l o s t . Of 
c o u r s e , r e c e i v e r s which d e s t r o y a m p l i t u d e i n f o r m a t i o n ( f o r i n s t a n c e , t h o s e b a s e d 
on p h a s e l o c k e d l o o p s or t h o s e p o s s e s s i n g a f a s t a c t i n g AGC) are n o t s u i t a b l e . 

DECODER 
Two approaches are p o s s i b l e f o r d e s i g n o f the d e c o d e r . The f i r s t i n v o l v e s the c o n 
s t r u c t i o n of a s p e c i a l purpose i n s t r u m e n t w h i l e the second i n v o l v e s the use o f a 
g e n e r a l purpose computer or c a l c u l a t o r . To d a t e , we have tended t o use the former 
approach b u t f o r c e r t a i n a p p l i c a t i o n s we a r e i m p l e m e n t i n g the l a t t e r f o r r e a s o n s 
which are e x p l a i n e d b e l o w . 
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F i g u r e 3 shows a t y p i c a l decoder d e v e l o p e d a t the U n i v e r s i t y o f New B r u n s w i c k . T h i s 
p a r t i c u l a r decoder i s f o r s i n g l e s e n s o r t r a n s m i t t e r s ( t e m p e r a t u r e , p r e s s u r e or swim
ming speed) whose p u l s e r e p e t i t i o n r a t e i s l i n e a r l y p r o p o r t i o n a l to the s e n s o r v o l t a g e 
( P i n c o c k and L u k e , 1975; P i n c o c k et al,y 1978; P i n c o c k et al,y 1979) . The decoder 
measures the p e r i o d between r e c e i v e d s i g n a l s , c h e c k s f o r v a l i d i t y and then a p p l i e s 
the l i n e a r c a l i b r a t i o n s p e c i f i e d by the f r o n t p a n e l s w i t c h e s and d i s p l a y s the d a t a . 
I n a d d i t i o n , a t u s e r - s e l e c t a b l e i n t e r v a l s , d a t a i s p r e s e n t e d a l o n g w i t h an e l a p s e d 
t ime i n d i c a t i o n a t the o u t p u t c o n n e c t o r f o r r e c o r d i n g . Decoders o f t h i s t y p e are 
m i c r o p r o c e s s o r - b a s e d ( e i t h e r SC/MP or 8085 b e c a u s e o f t h e i r hardware s i m p l i c i t y ) 
w i t h s o f t w a r e r e s i d e n t i n Read Only Memory (ROM). O t h e r s i m i l a r d e c o d e r s i n c o r p o r a t e 
such f e a t u r e s as a n a l o g o u t p u t s , m u l t i s e n s o r c a p a b i l i t y , t ime o f day e n t r y , e t c . 
One o f the main problems w i t h t h i s approach t o decoder d e s i g n i s i t s i n f l e x i b i l i t y . 
Each new a p p l i c a t i o n r e q u i r e s r e d e s i g n o f the f r o n t p a n e l and c i r c u i t r y b e f o r e the 
s o f t w a r e can be w r i t t e n . F u r t h e r m o r e , the a b i l i t y t o communicate w i t h the program 
i s l i m i t e d by the d a t a e n t r y method ( s w i t c h e s ) and , t h e r e f o r e , many f u n c t i o n s w h i c h 
c o u l d e a s i l y be implemented i n the program ( e . g . c a l c u l a t i o n s i n v o l v i n g n o n l i n e a r 
c a l i b r a t i o n c u r v e s ) are not b e c a u s e o f the r e l a t i v e l y l a r g e amount o f o p e r a t o r 
i n p u t r e q u i r e d . 

F i g . 3 . A t y p i c a l s p e c i a l purpose d e c o d e r . 

Because o f t h e d i f f i c u l t i e s ment ioned a b o v e , we have u n d e r t a k e n the d e s i g n of a 
decoder whose hardware i s more g e n e r a l . D a t a e n t r y i s a c c o m p l i s h e d by means o f a 
c a l c u l a t o r - t y p e k e y b o a r d , and e i g h t d i g i t s o f d i s p l a y are a v a i l a b l e . The e n t r y o f 
such i n f o r m a t i o n as c a l i b r a t i o n d a t a , t ime o f d a y , update i n t e r v a l , d i s p l a y d a t a , 
e t c . i s a c c o m p l i s h e d by an i n t e r r a c t i v e d i a l o g i n v o l v i n g the k e y b o a r d and d i s p l a y . 
Thus , not o n l y i s the a b i l i t y t o p a s s d a t a to the program g r e a t l y e n h a n c e d , b u t new 
a p p l i c a t i o n s are implemented through s o f t w a r e m o d i f i c a t i o n s o n l y . 

The decoders d e s c r i b e d above are most s u i t a b l e i n a p p l i c a t i o n s where p o r t a b i l i t y i s 
v e r y i m p o r t a n t , b u t i n o t h e r a p p l i c a t i o n s where more b u l k y equipment i s a c c e p t a b l e 
t h e i r d i s a d v a n t a g e s become l i m i t i n g . I n p a r t i c u l a r , the decoder per forms b a s i c a l l y 
a d a t a c o l l e c t i o n f u n c t i o n and , t h e r e f o r e , t h e r e i s l i t t l e p o s s i b i l i t y o f a n a l y z i n g 
the d a t a as i t i s b e i n g c o l l e c t e d . T h i s i s c e r t a i n l y u n s a t i s f a c t o r y f o r l o n g f i e l d 
e x p e r i m e n t s . A l s o , the development o f the ROM — b a s e d program can o n l y be c a r r i e d 
out i n a l a b o r a t o r y w h i c h has the p r o p e r development t o o l s (PROM programmer, l o g i c 
a n a l y z e r , c r o s s - a s s e m b l e r s , e t c . ) . 

The d i s a d v a n t a g e s ment ioned above are overcome through the use o f a g e n e r a l purpose 
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FUTURE D E V E L O P M E N T S 
There a r e a lways s i t u a t i o n s i n w h i c h t h e echo r e j e c t i o n t e c h n i q u e s d e s c r i b e d above 
c o u l d f a i l . G r e a t l y improved echo r e j e c t i o n w i l l be a c h i e v e d by means o f s o f t w a r e 
r u n n i n g e i t h e r on t h e d e c o d e r or on a m i c r o p r o c e s s o r i n t e g r a t e d i n t o t h e r e c e i v e r . 
A n o t h e r s h o r t c o m i n g o f the p r e s e n t method i s t h a t the t h r e s h o l d t e s t used f o r s i g n a l 
d e t e c t i o n i s i n e f f i c i e n t i n t h a t i t does n o t make f u l l u se o f the a v a i l a b l e s i g n a l 
e n e r g y . I m p l e m e n t a t i o n o f a matched f i l t e r w i l l p e r m i t a g i v e n r a n g e to be a c h i e v e d 
w i t h l e s s t r a n s m i t t e r power. 

Acknautedgement — The d e s i g n p h i l o s o p h y and s y s t e m c o n c e p t s d e s c r i b e d i n t h i s paper 
have e v o l v e d d u r i n g the deve lopment o f a number o f b i o t e l e m e t r y s y s t e m s o v e r t h e 
p a s t few y e a r s . D a v i d L u k e , Don Church and F r e d V o e g e l i h a v e c o n t r i b u t e d g r e a t l y 
t o t h i s work. The c o n t r i b u t i o n s and i n t e r e s t o f a number o f b i o l o g i s t s , i n p a r t i 
c u l a r A i v a r s S t a s k o , Frank C a r e y , Mike B u t l e r and P e t e r H u r l e y , h a v e a l s o been 
i n v a l u a b l e . F i n a n c i a l s u p p o r t has b e e n r e c e i v e d from t h e World W i l d l i f e Fund and 
the N a t i o n a l R e s e a r c h C o u n c i l o f C a n a d a . F i n a n c i a l s u p p o r t and b o a t t ime were p r o 
v i d e d by D . M e r t e n and Communicat ion A s s o c i a t e s . 

computer which examines t h e r e c e i v e r o u t p u t , does the r e q u i r e d d e c o d i n g , d i s p l a y s 
r e s u l t s on a s s o c i a t e d p e r i p h e r a l s ( p r i n t e r , s c r e e n , p l o t t e r , e t c . ) and s t o r e s d a t a 
on some mass s t o r a g e d e v i c e ( t a p e , f l o p p y d i s c , e t c . ) . With the p o s s i b l e e x c e p t i o n 
o f an i n t e r f a c e to the r e c e i v e r , t h i s approach i n v o l v e s no hardware d e s i g n , b u t , 
r a t h e r , a s e l e c t i o n o f computer and p e r i p h e r a l s w i t h the d e s i r e d i n p u t , d i s p l a y and 
s t o r a g e c a p a b i l i t i e s . S o f t w a r e i s s t r u c t u r e d so t h a t the b a s i c d e c o d i n g and d a t a 
s t o r a g e f u n c t i o n s are i n i t i a l i z e d t h r o u g h a d i a l o g w i t h the o p e r a t o r . T h i s i m p l e 
ments the f u n c t i o n o f the s p e c i a l purpose d e c o d e r s d e s c r i b e d above b u t w i t h more power 
b e c a u s e o f more f l e x i b l e i n p u t / o u t p u t d e v i c e s ( e . g . v i d e o t e r m i n a l ) . I n a d d i t i o n to 
t h i s d a t a c o l l e c t i o n f u n c t i o n , the s o f t w a r e can be s t r u c t u r e d t o p e r m i t a n a l y s i s and 
d i s p l a y o f c o l l e c t e d d a t a through programs w r i t t e n i n h i g h e r l e v e l l a n g u a g e s ( e . g . 
FORTRAN, B A S I C ) . T h u s , f o r e x a m p l e , the p r o g r e s s o f a l o n g e x p e r i m e n t can be checked 
and d i f f e r e n t a n a l y s i s t e c h n i q u e s t r i e d as the e x p e r i m e n t i s b e i n g c o n d u c t e d . T h i s 
p e r m i t s m o d i f i c a t i o n o f the e x p e r i m e n t or d a t a c o l l e c t i o n i f r e s u l t s are not t o t a l l y 
s a t i s f a c t o r y . I t s h o u l d be r e - e m p h a s i z e d t h a t the s i z e , power r e q u i r e m e n t s and c o s t 
o f the g e n e r a l purpose computer r u l e o u t i t s use f o r a l a r g e number o f a p p l i c a t i o n s . 

RECORDER 
C a s s e t t e r e c o r d i n g o f f e r s the a d v a n t a g e s o f r e l a t i v e l y l a r g e c a p a c i t y a t low c o s t 
and power c o n s u m p t i o n , and was used f o r t h i s a p p l i c a t i o n . E x p e r i e n c e g a i n e d w i t h 
a u d i o c a s s e t t e u n i t s i n d i c a t e d t h a t r e l i a b l e r e c o r d i n g was b e s t a c h i e v e d t h r o u g h 
b y p a s s i n g the r e c o r d e l e c t r o n i c s and u s i n g s a t u r a t i o n r e c o r d i n g . T h i s b e i n g the 
c a s e , i t was d e c i d e d t o b a s e the r e c o r d i n g s y s t e m around one o f the s e v e r a l d i g i t a l 
c a s s e t t e u n i t s now a v a i l a b l e a t a c o s t comparable to t h a t o f a good a u d i o u n i t (we 
use t h e CM-600 from Braeman Computer D e v i c e s , B u r n s v i l l e M i n n e s o t a ) . 

The l o g i c o f t h e r e c o r d e r u n i t i s a l s o m i c r o p r o c e s s o r - b a s e d . The main f u n c t i o n s 
performed by the m i c r o p r o c e s s o r are b l o c k i n g o f d a t a ( t o o b t a i n a r e a s o n a b l e r e c o r d 
i n g d e n s i t y ) , t a p e m o t i o n c o n t r o l and phase e n c o d i n g on r e c o r d i n g and u n b l o c k i n g 
and d e c o d i n g on p l a y b a c k . I n o r d e r t h a t d e c o d e r s and r e c o r d e r s can be e a s i l y 
t e s t e d i n the l a b o r a t o r y and can communicate e a s i l y w i t h computers w h i c h w i l l a n a l y z e 
d a t a , a l l communicat ion between them i s a c c o r d i n g to t h e R S - 2 3 2 C s t a n d a r d u s i n g 
A S C I I c h a r a c t e r s . 
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Telemetric Measurements of Hemodynamic 
Responses to Car Driving in Coronary 
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R. ZERZAWY, K. BACHMANN and K. SCHEBELLE 

Medizinische Poliklinik, Ostliche Stadtmauerstrafze 29, D-852, 
Erlangen, Germany 

Abstract — I n 15 p a t i e n t s w i t h c o r o n a r y h e a r t d i s e a s e , hemo
dynamic r e s p o n s e t o c a r d r i v i n g was a n a l y z e d by t e l e m e t r y 
u t i l i z i n g m a g n e t i c tape r e c o r d i n g s t o r a g e o f d i r e c t a r t e r i a l 
b l o o d p r e s s u r e , pulmonary a r t e r y p r e s s u r e , h e a r t r a t e and r a t e -
p r e s s u r e - p r o d u c t . The e f f e c t o f i s o s o r b i d e d i n i t r a t e on t h e s e 
p a r a m e t e r s was measured i n 8 p a t i e n t s . D r i v i n g c a u s e s a moderate 
i n c r e a s e o f a l l p a r a m e t e r s i m m e d i a t e l y a f t e r s t a r t i n g i n t o c i t y 
t r a f f i c , w i t h a r i s e o f s y s t e m i c b l o o d p r e s s u r e to 162/89 mm H g , 
o f pulmonary a r t e r y p r e s s u r e to 34/16 mm H g , o f h e a r t r a t e t o 
103 b e a t s min~^ and o f r a t e - p r e s s u r e - p r o d u c t to 167 χ 10^ mm 
Hg min"^. C o n t i n u e d d r i v i n g i n c i t y t r a f f i c r e d u c e s a l l p a r a 
m e t e r s , and d r i v i n g on a h ighway shows no s i g n i f i c a n t d i f f e r e n c e 
to r e s t i n g v a l u e s . I n one p a t i e n t w i t h l e f t v e n t r i c u l a r w a l l 
aneurysm, an extreme i n c r e a s e o f pulmonary a r t e r y p r e s s u r e to 
85 /30 mm Hg was measured d u r i n g the f i r s t few m i n u t e s o f d r i v i n g . 
I s o s o r b i d e d i n i t r a t e i s e f f e c t i v e i n l o w e r i n g b o t h pulmonary 
a r t e r y and s y s t e m i c b l o o d p r e s s u r e . Out o f 8 p a t i e n t s , o n l y one 
d e v e l o p e d a r t e r i a l h y p o t e n s i o n w i t h s y s t o l i c b l o o d p r e s s u r e 
below 100 mm H g . 

INTRODUCTION 
D r i v i n g a c a r i s one o f our most conmon a c t i v i t i e s . I t i s t h e r e f o r e o f p a r t i c u l a r 
importance to have knowledge about the hemodynamic r e a c t i o n s i n the c o r o n a r y p a t i e n t 
t o t h i s k i n d o f s t r e s s . Because o f the m a i n l y c h r o n i c n a t u r e o f c o r o n a r y h e a r t 
d i s e a s e , t h e consequences c o n c e r n a wide range o f the p a t i e n t ' s a c t i v i t i e s . The 
d e c i s i o n o f whether or n o t a p a t i e n t i s a b l e to d r i v e i n t r a f f i c i s o f c o n s i d e r a b l e 
s o c i a l w e i g h t . The two m a j o r c r i t e r i a f o r t h i s d e c i s i o n are the f u n c t i o n a l i m p a i r 
ment of the h e a r t and the c a r d i o v a s c u l a r s t r e s s i n d u c e d by d r i v i n g . 

There i s l i t t l e knowledge about the hemodynamic r e s p o n s e to d r i v i n g i n c o r o n a r y 
p a t i e n t s . I n t h i s group o f p a t i e n t s , o n l y t e l e m e t r i c r e c o r d i n g s o f t h e e l e c t r o c a r d i o 
gram as an i n d i c a t o r o f m y o c a r d i a l i s c h e m i a and c a r d i a c rhythm have been performed 
( B e l l e t et al,^ 1968; Simonson et al,^ 1968; T a g g a r t , Gibbons and S o m e r v i l l e , 1969) . 

Measurements o f a r t e r i a l b l o o d p r e s s u r e have u n t i l now been per formed o n l y i n h e a l t h y 
p e r s o n s . The c u f f method was used by Hoffmann et al.y 1971; and d i r e c t c o n t i n u o u s 
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b l o o d p r e s s u r e r e c o r d i n g s have been r e p o r t e d p r e v i o u s l y from our l a b o r a t o r y (Bachmann 
and Zerzawy, 1972; Zerzawy , F l e i s c h e r and Bachmann, 1974) , 

The p r e v i o u s s t u d i e s g e n e r a l l y agreed t h a t d r i v i n g under u s u a l t r a f f i c c o n d i t i o n s i s 
o n l y a moderate s t r e s s f a c t o r t o the h e a r t ( F i g . 1 ) . Only i n few c o r o n a r y p a t i e n t s , 
ST-segment a l t e r a t i o n s a n d / o r s i g n i f i c a n t a r r h y t h m i a s c o u l d be observed ( B e l l e t et al,^ 
1968; Simonson et ai.y 1968; T a g g a r t , Gibbons and S o m e r v i l l e , 1969 ) . 

200 
180-

160̂  
beats/min '^0^ 

H e a r t r a t e 

R a t e -
Pressure 
Product 

• 300 

- 200 

— 400 
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F i g . 1. T h r e e - d i m e n s i o n a l d i s p l a y o f h e a r t r a t e (on the l e f t ) , 
mean a r t e r i a l p r e s s u r e (on the r i g h t ) and s y s t o l i c 
p r e s s u r e - r a t e - p r o d u c t ( v e r t i c a l s c a l e ) i n h e a l t h y 
p e r s o n s d u r i n g d i f f e r e n t t y p e s o f m e n t a l s t r e s s and 
p h y s i c a l e x e r c i s e . Car d r i v i n g i s l o c a t e d i n the 
lower ranks o f t h i s scheme, i n d i c a t i n g minor c a r d i o 
v a s c u l a r s t r e s s . 

The purpose o f t h i s s t u d y was t o measure c e n t r a l and p e r i p h e r a l hemodynamic p a r a 
meters i n c o r o n a r y p a t i e n t s d u r i n g a c t u a t d r i v i n g c o n d i t i o n s . 

PATIENTS AND METHOD 
I n 15 p a t i e n t s w i t h a n g i o g r a p h i c a l l y documented c o r o n a r y h e a r t d i s e a s e (age 50 ± 
5 y e a r s ) d i r e c t a r t e r i a l b l o o d p r e s s u r e was measured v i a a T e f l o n - m i c r o c a t h e t e r i n 
the b r a c h i a l a r t e r y , and pulmonary a r t e r y p r e s s u r e was measured by a b a l l o o n - t i p p e d 
f l o a t i n g c a t h e t e r , w h i c h was i n t r o d u c e d v i a a c u b i t a l v e i n . The p r e s s u r e s i g n a l s 
and two l e a d s o f the ECG ( b i p o l a r ) were a m p l i f i e d and, a f t e r f r e q u e n c y - d i v i s i o n m u l t i 
p l e x e d m o d u l a t i o n , r e c o r d e d on a p o r t a b l e s t e r e o tape r e c o r d e r . F o r t h e e s t i m a t i o n 
of l e f t v e n t r i c u l a r s t r o k e vo lume , i n t e r m i t t e n t r e c o r d s o f the impedance c a r d i o g r a m 
were made. 

E a c h p a t i e n t drove an i d e n t i c a l r o u t e i n a Vo lkswagen b u s , i n w h i c h they drove b e f o r e 
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t h e t e s t . From t h e s e p a t i e n t s , 8 r e p e a t e d the tour 5 min a f t e r s u b l i n g u a l i n t a k e 
of 5 mg o f i s o s o r b i d e d i n i t r a t e ( I S D N ) . The l e n g t h of the r o u t e was 35 km, w h i c h 
i n c l u d e d c i t y and highway t r a f f i c . The t r i p took an a v e r a g e t ime o f 50 m i n . 

RESULTS 
HEMODYNAMICS DURING DRIVING 

I n t h e terms of h e a r t r a t e , a r t e r i a l p r e s s u r e : and s y s t o l i c p r e s s u r e - r a t e - p x o d u c t , 
the hemodynamic r e a c t i o n t o d r i v i n g i n c o r o n a r y p a t i e n t s i s v e r y s i m i l a r t o t h e 
r e s u l t s o b t a i n e d from 11 h e a l t h y young p e r s o n s , as i t i s shown i n F i g . 2 (Zerzawy, 
F l e i s c h e r and Bachmann, 1974) . Whereas h e a r t r a t e and d i a s t o l i c a r t e r i a l p r e s s u r e 

CHD. Age 50 ̂ 5. n=l5 Normals. Age 24*3. n = 
150-1 l 5 G n 

F i g . 2 . Mean v a l u e s and s t a n d a r d d e v i a t i o n s o f h e a r t r a t e , 
a r t e r i a l b l o o d p r e s s u r e ( s y s t o l i c / m e a n / d i a s t o l i c ) and 
s y s t o l i c p r e s s u r e - r a t e - p r o d u c t b e f o r e and d u r i n g c a r 
d r i v i n g i n 15 p a t i e n t s w i t h c o r o n a r y h e a r t d i s e a s e 
(CHD; l e f t p a n e l ) and i n 11 young h e a l t h y s u b j e c t s 
( r i g h t p a n e l ) . 
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R e s t b e f o r e s t a r t 24 .7 + 10.5 12 .1 + 6.9 18.1 + 7 .8 

C i t y i n i t i a l 33.9 + 16.7 16.1 10.7 24 .4 + 13.7 

C i t y c o n t i n u e d 3 0 . 0 13 .3 14 .2 + 10.0 21 .5 + 11 .3 

Highway 2 5 . 2 ± 11.1 11.7 + 6 .6 18 .6 + 8.1 

One e x c e p t i o n from t h i s b e h a v i o r was s een i n a p a t i e n t w i t h a l e f t a n t e r i o r w a l l 
aneurysm a f t e r m y o c a r d i a l i n f a r c t i o n ( F i g . 3 ) . I m m e d i a t e l y a f t e r the s t a r t i n t o c i t y 
t r a f f i c , a r i s e of pulmonary a r t e r i a l p r e s s u r e t o an abnormal v a l u e o f 85/34 mm Hg 
was r e c o r d e d . T h i s enormous i n c r e a s e i n d i a s t o l i c pulmonary a r t e r i a l p r e s s u r e as an 
i n d i c a t o r o f l e f t v e n t r i c u l a r f i l l i n g p r e s s u r e i s due to an e x t e n s i v e l o s s o f l e f t 
v e n t r i c u l a r c o m p l i a n c e . T h i s r e v e r s i b l e l e f t v e n t r i c u l a r pump f a i l u r e i s n o t accom
p a n i e d by any s i g n i f i c a n t changes i n the ECG or i n a r t e r i a l b l o o d p r e s s u r e . 

RESULTS AFTER ISDN 

A s i n g l e dose o f s u b l i n g u a l l y a d m i n i s t e r e d I S D N r e s u l t s i n a s i g n i f i c a n t r e d u c t i o n 
o f b o t h a r t e r i a l and pulmonary a r t e r i a l b l o o d p r e s s u r e d u r i n g the whole t ime o f the 
d r i v e ( F i g . 4 ) . F u r t h e r m o r e , t h e d r i v i n g i n d u c e d i n c r e a s e s o f b o t h p r e s s u r e p r o f i l e s 
are l a r g e l y r e d u c e d . The i n f l u e n c e o f ISDN on h e a r t r a t e i s n e a r l y n e g l e g i b l e 
( F i g . 5 ) , so t h a t the s y s t o l i c p r e s s u r e - r a t e - p r o d u c t i s p r e v a i l i n g l y reduced by a 
s i g n i f i cant amount. 

D I S C U S S I O N 
As has been shown by p r e v i o u s s t u d i e s , d r i v i n g a c a r i s n o t a g r e a t e r s t r e s s f a c t o r 
f o r the h e a r t than e x a m i n a t i o n s , s o l v i n g m a t h e m a t i c a l problems or c l i m b i n g up s t a i r s 
(Bachmann, Zerzawy and S c h e b e l l e , 1978 ) . I n terms o f h e a r t r a t e , a r t e r i a l p r e s s u r e 
and p r e s s u r e - r a t e - p r o d u c t , d r i v i n g i s t o be c l a s s i f i e d be low most p h y s i c a l e x e r c i s e s , 
as d i s p l a y e d i n F i g . 1. For t h i s r e a s o n , the m a j o r i t y o f c o r o n a r y p a t i e n t s w i t h 
e x e r c i s e - i n d u c e d a n g i n a a n d / o r p r e v i o u s m y o c a r d i a l i n f a r c t i o n are t o be c o n s i d e r e d 
as hemodynamica l ly ' n o r m a l ' d u r i n g d r i v i n g . 

The prob lem, w h i c h a r i s e s from our s t u d y i s , t h a t p a t i e n t s w i t h e x t e n s i v e m y o c a r d i a l 

show p r a c t i c a l l y i d e n t i c a l p r o f i l e s under d i f f e r e n t t r a f f i c s i t u a t i o n s , the r e s t i n g 
v a l u e and a l l d r i v i n g v a l u e s o f s y s t o l i c a r t e r i a l p r e s s u r e are 10 to 20 mm Hg h i g h e r 
than those o f the young c o n t r o l g r o u p . A c c o r d i n g l y , the s y s t o l i c p r e s s u r e - r a t e -
p r o d u c t i s a s i m i l a r amount h i g h e r i n the c o r o n a r y group ( r e s t : 120 χ 10^ mm Hg min"-^, 
i n i t i a l l y a f t e r s t a r t i n t o c i t y t r a f f i c : 167 x 10^ mm Hg min"-^) t h a n i n the young 
c o n t r o l group ( r e s t : 106 x 10^ mm Hg min"-^, i n i t i a l l y a f t e r s t a r t i n t o c i t y t r a f f i c : 
140 X 10^ mm Hg m i n " ^ ) . 

The i n c r e a s e o f pulmonary a r t e r i a l p r e s s u r e d u r i n g d r i v i n g i s a l s o m o d e r a t e . O n l y 
a t the s t a r t i n t o c i t y t r a f f i c , pulmonary a r t e r i a l p r e s s u r e r i s e s by an amount wor th 
m e n t i o n i n g (Table 1 ) . D r i v i n g on the h ighway h a s no e f f e c t a t a l l t o pulmonary 
a r t e r i a l p r e s s u r e . 

T a b l e 1. 
Pulmonary a r t e r y p r e s s u r e (mean v a l u e s and s t a n d a r d d e v i a 
t i o n s ) b e f o r e and w h i l e d r i v i n g i n 15 p a t i e n t s w i t h c o r o n a r y 

h e a r t d i s e a s e 

S y s t . PAP D i a s t . PAP Mean PAP 
mm Hg mm Hg mm Hg 
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F i g . 3 . O r i g i n a l r e c o r d i n g from a 58 y e a r o l d p a t i e n t w i t h 
l e f t a n t e r i o r w a l l aneurysm. From the top t o t h e 
b o t t o m : E C G , pulmonary a r t e r y p r e s s u r e ( P A P ) , mean 
pulmonary a r t e r y p r e s s u r e (MPAP), a r t e r i a l p r e s s u r e 
( A P ) , mean a r t e r i a l p r e s s u r e (MAP), and h e a r t r a t e 
( H R ) . I m m e d i a t e l y a t the s t a r t o f d r i v i n g i n c i t y 
t r a f f i c , t h e r e i s an abnormal i n c r e a s e i n pulmonary 
a r t e r y p r e s s u r e , w h i c h a f t e r a few m i n u t e s r e t u r n s 
t o r e s t i n g v a l u e s . D r i v i n g on the h ighway ( S c h n e l l -
s t r a s s e ) c a u s e s no a l t e r a t i o n o f hemodynamic p a r a 
m e t e r s compared t o r e s t . N o t e , t h a t a r t e r i a l b l o o d 
p r e s s u r e and h e a r t r a t e show o n l y minimum changes 
d u r i n g the whole d r i v e . 

s c a r s due t o i n f a r c t i o n s may d e v e l o p l e f t v e n t r i c u l a r pump f a i l u r e . F o r t h i s group 
o f p a t i e n t s , the demons tra ted p r e s s u r e - l o w e r i n g e f f e c t s o f I S D N are h e l p f u l . 

ISDN u s u a l l y c a u s e s a h i g h l y s i g n i f i c a n t r e d u c t i o n o f a r t e r i a l p r e s s u r e . T h e r e f o r e 
one h a s to be aware o f t h e f a c t , t h a t p a t i e n t s w i t h a low normal b l o o d p r e s s u r e i n 
the u n t r e a t e d s t a t e may d e v e l o p a r t e r i a l h y p o t e n s i o n w i t h s y s t o l i c v a l u e s be low 
100 mm H g . Out o f t h e 8 p a t i e n t s under s t u d y , o n l y 1 showed such a r e s p o n s e . I n 
t h i s c a s e , s y s t o l i c b l o o d p r e s s u r e f e l l t o a minimum o f 80 mm H g , w i t h t h e a v e r a g e 
v a l u e b e i n g m a i n t a i n e d a t 90 mm Hg f o r t h e whole t ime o f the d r i v e . 

I n c o n c l u s i o n , m a g n e t i c s t o r a g e b i o t e l e m e t r y has f a c i l i t a t e d , f o r the f i r s t t i m e , 
a s t u d y o f the hemodynamic p r o f i l e i n the u n t r e a t e d and t r e a t e d c o r o n a r y p a t i e n t 
under a c t u a l d r i v i n g c o n d i t i o n s . The r e s u l t s are h e l p i n g t o answer the u r g e n t q u e s 
t i o n about t h e i r a b i l i t y t o use t h e i r c a r . T h u s , t h e s e f i n d i n g s a r e a s t e p forward 
i n a d v i s i n g b o t h p a t i e n t and p h y s i c i a n s about the d i r e c t i v e s . 
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2 00-1 A r t e r i a l P r e s s u r e 
mm Hg 

η = 8 
m C o n t r o l 

a f t e r 5 mg ISDN s i . 

I P u l m o n a r y A r t e r y P r e s s u r e 

F i g . 4. Hemodynamic e f f e c t o f 5 mg o f i s o s o r b i d e d i n i t r a t e 
(ISDN) i n 8 c o r o n a r y p a t i e n t s d u r i n g d r i v i n g under 

v a r i o u s t r a f f i c c o n d i t i o n s . Mean v a l u e s and a s t a n d a r d 
d e v i a t i o n o f a r t e r i a l b l o o d p r e s s u r e and o f pulmonary 
a r t e r y p r e s s u r e (+++: Ρ < 0 . 0 0 1 , ++: Ρ < 0 , 0 1 , 
+ : Ρ < 0 . 0 5 ) . 
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F i g . 5 . E f f e c t o f 5 mg o f ISDN on h e a r t r a t e , s y s t o l i c p r e s 
s u r e - r a t e - p r o d u c t and on s t r o k e volume ( e s t i m a t i o n by 
impedance c a r d i o g r a p h y ) i n 8 p a t i e n t s w i t h c o r o n a r y 
h e a r t d i s e a s e d u r i n g d r i v i n g under v a r i o u s t r a f f i c 
c o n d i t i o n s . There i s o n l y a s l i g h t t r e n d t o an 
i n c r e a s e i n h e a r t r a t e . The r a t e - p r e s s u r e - p r o d u c t i s 
reduced by a s i g n i f i c a n t amount i n t h e m a j o r i t y o f 
s i t u a t i o n s . 

Aokncwledgements - T h i s work was s u p p o r t e d by a g r a n t from the D e u t s c h e F o r s c h u n g s 
g e m e i n s c h a f t . 
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Abstract — An i n c r e a s i n g number o f s t i m u l a t o r s i m p l a n t e d f o r 
m e d i c a l p u r p o s e s are powered and c o n t r o l l e d v i a t r a n s d e r m a l 
r a d i o l i n k s . The i m p l a n t e d e l e c t r o n i c s may be k e p t r e l a t i v e l y 
s i m p l e and hence r e l i a b l e , w h i l e the more complex c o n t r o l c i r 
c u i t s , b e i n g e x t e r n a l , can remain a c c e s s i b l e f o r s e r v i c i n g or 
a l t e r a t i o n . The e x t e r n a l c i r c u i t r y needs l i t t l e p r o t e c t i o n 
from m o i s t u r e , u n l i k e i m p l a n t s . However , some o f the problems 
i n v o l v e d i n i m p l a n t s are not e n t i r e l y removed when the b u l k o f 
the e l e c t r o n i c s i s e x t e r n a l . The power s u p p l y remains a p r o b 
lem p r i n c i p a l l y b e c a u s e the power t r a n s f e r e f f i c i e n c y be tween 
two RF c o i l s s e p a r a t e d by 1-2 cm of f l e s h i s g e n e r a l l y i n the 
range 10-30 p e r c e n t . P u l s e g e n e r a t o r s and o t h e r c o n t r o l c i r 
c u i t s must consume c u r r e n t s p a r i n g l y . With c a r e f u l c i r c u i t 
d e s i g n and N i C d r e c h a r g e a b l e b a t t e r i e s i t has been p o s s i b l e 
to produce s t i m u l a t i o n c o n t r o l l e r s t h a t are q u i t e a c c e p t a b l y 
compact f o r p a t i e n t s t o c a r r y a r o u n d . The d e v i c e s must s t i l l 
be r e l i a b l e — indeed — r u g g e d . As i t i s i m p r a c t i c a b l e t o 
have t r a n s m i t t e r s and c o n t r o l c i r c u i t s i n the same b o x , h i g h l y 
d u r a b l e c a b l i n g must c o n n e c t be tween them. Some s o l u t i o n s t o 
t h e s e problems are i l l u s t r a t e d by the equipment d e s i g n e d t o 
c o n t r o l i m p l a n t s f o r c e r e b e l l e r s t i m u l a t i o n f o r the t r e a t m e n t 
of some e p i l e p t i c s and a l s o i m p l a n t s f o r t h e s t i m u l a t i o n o f 
the cauda e q u i n a o f p a r a p l e g i c s , e n a b l i n g them t o s t a n d on 
t h e i r own f e e t . 

INTRODUCTION 
The a u t h o r s d e v e l o p c o n t r o l equipment f o r the B r i t i s h M e d i c a l R e s e a r c h C o u n c i l N e u r o 
l o g i c a l P r o s t h e s e s U n i t d i r e c t e d by P r o f e s s o r G . S . B r i n d l e y . The p r o s t h e s e s produced 
by t h i s U n i t f o l l o w the g e n e r a l scheme shown i n F i g . 1. The work o f the U n i t i n c l u d e s 
the t r e a t m e n t o f e p i l e p s y by s t i m u l a t i o n of the c e r e b e l l u m as d e s c r i b e d by Cooper 
et al, (1974); B r i n d l e y et al, (1977) and Cooper (1978) . The s t i m u l a t i o n c o n t r o l l e r s 
i n t h i s c a s e have t o p r o v i d e 1 ms p u l s e s a t 10 Hz on two c h a n n e l s e a c h o f whose a m p l i 
tude may be a d j u s t e d . The two c h a n n e l s o p e r a t e one a t a t i m e , a l t e r n a t i n g e v e r y 6 min 
50 s . Femoral nerve s t i m u l a t i o n , as d e s c r i b e d by Waters (1977) and B r i n d l e y , P o l k e y 
and Rushton (1979) i s used by t h i s U n i t t o e n a b l e p a r a p l e g i c s t o r e g a i n some use o f 
t h e i r l e g s . T h i s n e r v e s t i m u l a t i o n c a u s e s the p a t i e n t ' s own l e g m u s c l e s to s t r a i g h t e n 
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o o o o o o RX. 
Implant 

E lec t rodes on 
Nerves or Brain 

F i g . 1. G e n e r a l scheme o f a n e u r o l o g i c a l p r o s t h e s i s . 

the knees w i t h s u f f i c i e n t s t r e n g t h to s u p p o r t the p a t i e n t ' s w e i g h t . The p a r a p l e g i c 
may then s t a n d , w i t h c r u t c h e s used f o r b a l a n c i n g . He may a l s o 'walk* by a l t e r n a t e l y 
p l a c i n g b o t h c r u t c h e s forward and t h e n drawing b o t h s t i f f l e g s up t o them. The 
s t i m u l a t i o n c o n t r o l l e r s f o r the p a r a p l e g i c s have t o p r o v i d e up to s i x a m p l i t u d e 
a d j u s t a b l e c h a n n e l s o f 100-300 ys p u l s e s a t 10-15 H z . A s w i t c h o p e r a t e d by the 
p a t i e n t c a u s e s t h e s t i m u l a t i o n g r a d u a l l y to t u r n on or d e c a y so t h a t t h e p a t i e n t 
may a r i s e from or descend t o h i s w h e e l c h a i r i n a c o n t r o l l e d manner. 

RADIO LINKS 
The p a s s i v e i m p l a n t e d 19 mm c o i l r e c e i v e r s used f o r t h e s e p r o j e c t s , as shown i n 
F i g . 2b, are deve lopments o f t h o s e d e s c r i b e d by Dona ldson (1973) . The r e c e i v e r s a r e 
s e t ou t i n an a r r a y o f 27 mm p i t c h w i t h 7 and 9 MHz r e c e i v e r s a l t e r n a t i n g a s shown 
i n F i g . 2d so t h a t c r o s s - t a l k i s k e p t r e a s o n a b l y low w h i l e t h e o v e r a l l s i z e o f the 
i m p l a n t i s s u r g i c a l l y a c c e p t a b l e . The common e m i t t e r H a r t l e y c i r c u i t o f F i g . 2a i s 
s i m p l e enough f o r the components t o f i t i n s i d e the 19 mm t r a n s m i t t i n g c o i l . To 
maximize s t a b i l i t y o f the r e c e i v e d s i g n a l , the t u r n s r a t i o s were chosen to g i v e 
c r i t i c a l c o u p l i n g f o r a t r a n s m i t t e r - r e c e i v e r r a n g e o f about 1 cm ( see F i g . 2 c ) . R l 
o f F i g . 2a i s s e l e c t e d d u r i n g c o n s t r u c t i o n such t h a t around 22 V appear a c r o s s a 
470 Ω l o a d on the a p p r o p r i a t e t y p e o f r e c e i v e r a t a 1 cm r a n g e , f o r a 34 V s u p p l y 
t o t h e t r a n s m i t t e r , power t r a n s f e r e f f i c i e n c y b e i n g around 12 p e r c e n t . The o u t p u t 
i s a l m o s t l i n e a r w i t h s u p p l y v o l t a g e from 5 V upwards . The t r a n s m i t t e r s are s e t 
i n t o an epoxy r e s i n b l o c k i n the same g e o m e t r i c c o n f i g u r a t i o n a s the i m p l a n t e d 
r e c e i v e r s . 

CONTROL CIRCUITS 
POWER SUPPLY 

F u l l c i r c u i t d iagrams o f t h e s t i m u l a t i o n c o n t r o l l e r s are shown i n F i g . 3 ( f e m o r a l 
n e r v e ) and F i g . 4 ( c e r e b e l l a r ) . As the c u r r e n t consumed by the l o g i c i s , i n each 
c a s e , s m a l l compared w i t h the mean c u r r e n t used by the t r a n s m i t t e r s the PP3 s i z e o f 
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N iCd b a t t e r y i s more than s u f f i c i e n t i n c a p a c i t y f o r 12 h o f c o n t i n u o u s use b e f o r e 
i t i s r e c h a r g e d by the p a t i e n t . T h i s makes i t f e a s i b l e f o r b o t h c i r c u i t s and b a t 
t e r i e s to be c o n t a i n e d i n p o c k e t s i z e d b o x e s as shown i n F i g s . 5 and 6. 

F i g . 5 . P a r a p l e g i c M r . G . L . s t a n d i n g w i t h the a i d o f f e m o r a l 
n e r v e s t i m u l a t i o n . (A) Rugged ABS box c o n t a i n s c i r c u i t 
o f F i g . 3 and s u f f i c i e n t N i C d b a t t e r i e s f o r a t l e a s t 
12 h use between c h a r g e s . (B) A r a l d i t e mould ing c o n 
t a i n i n g s i x t r a n s m i t t e r s s t u c k to s k i n o v e r r e c e i v e r 
i m p l a n t . (C) C a b l e and c o n n e c t o r s be tween A and B . 

PULSE GENERATION 

U n f o r t u n a t e l y CMOS p u l s e g e n e r a t o r s t h a t were s t a b l e , power e c o n o m i c a l and compact 
were not a v a i l a b l e a t the t ime o f d e s i g n — hence the use o f o p e r a t i o n a l a m p l i f i e r s 
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F i g . 6 . (A) Rugged ABS box c o n t a i n s c i r c u i t o f F i g . 4 and 
s u f f i c i e n t N i C d b a t t e r i e s f o r a t l e a s t 12 h use 
between c h a r g e s . (B) A r a l d i t e m o u l d i n g c o n t a i n i n g 
f o u r t r a n s m i t t e r s — d i a g o n a l p a i r s are c o n n e c t e d i n 
p a r a l l e l . (C) Comme,rcial c o n n e c t o r s and t i n s e l l e a d . 

(op.amps) I C 2 and I C 3 i n F i g . 3 and the d i s c r e t e component p u l s e g e n e r a t o r i n F i g . 4 . 
These 'micropower' o p . amps use a p p r o x i m a t e l y 100 yA but do g i v e a s t a b l e o u t p u t . 
The compact d i s c r e t e component v e r s i o n g i v e s a v e r y snappy o u t p u t , u s e s o n l y 6 yA 
b u t does need good power s u p p l y d e c o u p l i n g . 

PULSE DISTRIBUTION L O G I C 

E x c e p t where c u r r e n t d r i v e or v o l t a g e r e q u i r e m e n t s are too g r e a t CMOS l o g i c i s used f o r 
d i s t r i b u t i n g the p u l s e s t o the v a r i o u s c h a n n e l s b e c a u s e of i t s low power c o n s u m p t i o n . 
As the o u t p u t s of the f e m o r a l nerve c o n t r o l l e r are s t a g g e r e d i n t ime n e i t h e r d e v i c e 
has more than one c h a n n e l o p e r a t i n g a t any i n s t a n t . T h i s r educes i n t e r a c t i o n between 
t r a n s m i t t e r s , evens the l oad on the power s u p p l y and s i m p l i f i e s o u t p u t c i r c u i t p r o 
t e c t i o n . 
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CONNECTOR CABLE 

I t i s u n f o r t u n a t e t h a t b a t t e r y w e i g h t and RF i n t e r f e r e n c e make i t i m p r a c t i c a l t o 
have a s t i m u l a t i o n c o n t r o l l e r and i t s t r a n s m i t t e r b l o c k i n the same b o x as t h i s 
would a v o i d an ' u n r e l i a b l e * c o n n e c t o r l e a d between t h e two ( see F i g s . 5 and 6 ) . 
T i n s e l l e a d , however , h a s been found s a t i s f a c t o r y p r o v i d e d t h e r e i s a d e q u a t e s t r a i n 
r e l i e f between c a b l e and c o n n e c t o r s . Dead s k i n e t c . o c c a s i o n a l l y n e c e s s i t a t e s 
c l e a n i n g of t h e c o n n e c t o r c o n t a c t s . 

RESULTS 
A t p r e s e n t t h r e e e p i l e p t i c s and two p a r a p l e g i c s u s e p r o s t h e s e s as d e s c r i b e d h e r e . 
A l t h o u g h a l l t h e e p i l e p t i c s have shown some a p p a r e n t f i t r a t e r e d u c t i o n s i n c e i m p l a n 
t a t i o n , the e f f i c a c y o f t h i s t r e a t m e n t i s s t i l l b e i n g i n v e s t i g a t e d by o t h e r s i n t h i s 
U n i t ( see B r i n d l e y et a l . , 1977; c f . Cooper et a l . , 1 9 7 4 ) . 

Both p a r a p l e g i c s had c o n f í e t e s p i n a l l e s i o n s about two y e a r s p r i o r t o i m p l a n t a t i o n . 
I n i t i a l l y , endurance on s t a n d i n g amounted t o o n l y a few m i n u t e s . A f t e r 4 months 
o f l e g e x e r c i s e s f o r 1-2 h d a i l y , t h e q u a d r i c e p t s f e m o r i s m u s c l e ' s s t r e n g t h and 
f a t i g u e r e s i s t a n c e had improved s u c h t h a t M r . A . F . was a b l e t o s t a n d f o r 35 min or 
' w a l k ' f o r 15 min; M r . G . L . was a b l e t o s t a n d f o r 75 min or ' w a l k ' f o r 5 min ( see 
B r i n d l e y et al.y 1979) . I t was found t h a t o v e r - s t r o n g s t i m u l a t i o n tended t o c a u s e 
h i p f l e x o r spasm. O b v i o u s l y w i t h i n s u f f i c i e n t s t i m u l a t i o n the l e g s a r e u n a b l e t o 
s u p p o r t the p a t i e n t ' s w e i g h t . As the s k i n o v e r the r e c e i v e r i m p l a n t i s q u i t e m o b i l e , 
t h i s makes i t d i f f i c u l t t o m a i n t a i n adequate s t a b i l i t y o f s t i m u l a t i o n s t r e n g t h , 
e s p e c i a l l y when w a l k i n g . 

The degree o f m o b i l i t y p r o v i d e d by t h e s e p r o s t h e s e s i s as y e t o f l i t t l e p r a c t i c a l 
v a l u e to t h e p a r a p l e g i c s . As t h e i r p h y s i c a l h e a l t h h a s improved as a r e s u l t o f t h e 
l e g e x e r c i s e s , they are a t l e a s t b e i n g k e p t i n t r i m f o r any f u t u r e improvements i n 
t e c h n i q u e which may i n c r e a s e t h e i r l e g c o n t r o l and m o b i l i t y t o a u s e f u l l e v e l . 

FURTHER DEVELOPMENT 

As n e u r o l o g i c a l p r o s t h e s e s r e q u i r e more c h a n n e l s the use o f m u l t i p l e x e d r a d i o l i n k s 
becomes h i g h l y d e s i r a b l e . One o r two l a r g e c o i l s i n s t e a d o f many s m a l l c o i l s w i l l 
improve the s t a b i l i t y o f s t i m u l a t i o n s t r e n g t h w h i c h i s a t i r e s o m e problem f o r the 

MODULATION 

The t r a n s m i t t e r s are modulated by v a r y i n g the power s u p p l y t o them. T h i s i s a c h i e v e d 
w i t h common e m i t t e r D a r l i n g t o n a m p l i f i e r s w i t h p a r a l l e l n e g a t i v e f e e d b a c k — p r e s e t s 
b e i n g used t o a d j u s t the s t i m u l a t i o n s t r e n g t h . The p a r a p l e g i c s need t o a r i s e and 
descend g r a d u a l l y , w h i c h i s c a t e r e d f o r by t h e s w i t c h S2 and the ramp c i r c u i t 
c o n t r o l l i n g , v i a I C I , the power s u p p l y t o the o u t p u t s ( see F i g . 3 ) . 

PROTECTION C I R C U I T S 

Because the o u t p u t s are s t a g g e r e d i n t ime the p r o t e c t i o n c i r c u i t r y can s a f e l y be 
common t o a l l c h a n n e l s . I n F i g . 3 the c i r c u i t ' C * p r o v i d e s a 1 A l i m i t . The smooth
i n g c i r c u i t *B' a l l o w s l a r g e o u t p u t p u l s e s w h i l e I C I p r o v i d e s a 14 mA l i m i t on mean 
c u r r e n t . The p r o t e c t i o n i n F i g . 4 c o n t a i n s a t i m i n g e lement a l l o w i n g 1 A p u l s e s o f 
1 ms d u r a t i o n b u t the c u r r e n t l i m i t d e c a y s w i t h t i m e . U l t i m a t e l y t h e mean c u r r e n t 
p e r m i t t e d i s about 14 mA. T h i s s h o r t c i r c u i t p r o t e c t i o n a l l o w s s m a l l o u t p u t t r a n 
s i s t o r s to be used w i t h c o n f i d e n c e . 
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Abstract — D i u r n a l a c t i v i t y o f man was s t u d i e d u s i n g a m i n i a 
t u r e 4 - c h a n n e l tape r e c o r d e r . H e a r t r a t e , s t e p i n t e r v a l and 
a c c e l e r a t i o n o f humans i n n a t u r a l c i r c u m s t a n c e s were m o n i t o r e d . 
Examples are g i v e n o f s t r e s s f u l c o n d i t i o n s such as p r e g n a n c y 
and p a r a c h u t i n g . 

INTRODUCTION 
M i n i a t u r e 4 - c h a n n e l tape r e c o r d e r s f o r use i n the measurement o f p h y s i o l o g i c a l v a r i 
a b l e s have been d e s c r i b e d by McKinnon ( 1 9 7 4 ) . Based on t h e i r u s e , LAPSE ( l o n g t e r m 
ambulatory p h y s i o l o g i c a l s u r v e i l l a n c e equipment) h a s been d e v e l o p e d . The b a s i c c o n 
c e p t s have been d e s c r i b e d by K a r a g o z o g l u (1977) and f u r t h e r deve lopment and a p p l i c a 
t i o n s by MacGregor (1978 ) . T h i s communicat ion i s i n t e n d e d t o i l l u s t r a t e the f l e x i 
b i l i t y o f the s y s t e m , the range o f i n f o r m a t i o n and the type o f d a t a w h i c h i s o b t a i n e d . 

LIFE STYLE (24 HOUR RECORD) 
E r g o n o m i s t s t end t o v i e w human a c t i v i t i e s i n terms o f t h e i r e n e r g y c o s t . W h i l e i t 
i s no doubt i n t e r e s t i n g t o be aware o f the oxygen uptake o f i n d i v i d u a l s d u r i n g p a r t i 
c u l a r e v e n t s i t i s o b v i o u s l y u n r e a l i s t i c t o a t t e m p t to c h a r a c t e r i z e a whole d a y ' s 
a c t i v i t y w i t h such a p a r a m e t e r . 

The p o s t u r e s e n s o r s i n LAPSE i n d i c a t e those moments o f the day when the s u b j e c t i s 
s t a n d i n g , s i t t i n g and l y i n g down. S i m u l t a n e o u s i n f o r m a t i o n on h e a r t b e a t and s t e p 
i n t e r v a l g i v e an i n d i c a t i o n o f the p h y s i o l o g i c a l c o s t o f m o b i l i t y . The t empora l 
p a t t e r n o f t h e s e r e l a t i o n s h i p s i s an i l l u m i n a t i n g v i e w o f a p a t i e n t ' s l i f e s t y l e and 
f o r example would h i g h l i g h t the p r a c t i c a l e f f e c t o f any p h y s i c a l h a n d i c a p . 

BBG TV r e p o r t e r M s . F i d e l m a Gook was i n v e s t i g a t e d ( F i g . 1) d u r i n g a t y p i c a l w o r k i n g day 
w i t h i t s e p i s o d e s o f c r e a t i v e desk work i n t e r s p e r s e d w i t h c a r t r a v e l t o l o c a t i o n s 
f o r f i l m i n g . I n the e v e n i n g a l o n g d i n n e r p a r t y i n v o l v e d m a t t e r s o f some p e r s o n a l 
i m p o r t a n c e . The s t r e s s b u i l d s up to a c o n s i d e r a b l e e m o t i o n a l c l i m a x around 9 p . m . , 
a f t e r which h e a r t b e a t i n t e r v a l r e t u r n e d towards the normal d a i l y l e v e l . 

The r e c o r d shows c l e a r l y v a r i a t i o n i n h e a r t r a t e t h r o u g h o u t the day and n i g h t , not 
a l l e p i s o d e s o f t a c h y c a r d i a b e i n g due t o p h y s i c a l a c t i v i t y as i n d i c a t e d by the r e c o r d 

495 



496 R. F . Levy, Τ, G. Grassie and J , MacGregor 

M S T A N W H X J S 
HEART 
RATE 

LYING DOWN · 

SITTING 
STANDING OR 

F i g . 1. B e h a v i o r a l and p h y s i o l o g i c a l r e s p o n s e s o f a f e m a l e r e p o r t e r . 

o f t runk a c c e l e r a t i o n . A l l - i n - a l l q u i t e a s t r e s s f u l d a y . A u t o m a t i c a n a l y s i s o f 
the p o s t u r e s i g n a l d e m o n s t r a t e s a d i v i s i o n o f the day i n a way w h i c h t h e s u b j e c t 
h e r s e l f found r a t h e r s u r p r i s i n g . 

E V A L U A T I O N OF STRESS (EXTRACTION OF AC U T E EPISODE) 
A 32 y e a r o l d male p a r a c h u t i s t (a h i g h l y e x p e r i e n c e d i n s t r u c t o r ) under took a t e s t . 
The e x t r a c t shows i n t a n t a n e o u s h e a r t b e a t i n t e r v a l o v e r a p e r i o d o f twenty m i n u t e s 
( F i g . 2 ) . 

INSTANTANEOUS 
HEART 
RATE 

1330 13.50 1 .̂00 
— T i m e 

F i g . 2 . H e a r t r a t e o f a male p a r a c h u t i s t . 

The e v e n t s i n d i c a t e d a r e : 

(a) commitment o f a i r c r a f t t o approach f o r p a r a c h u t e d r o p ; 
(b) s u b s t a n t i a l r e s p o n s e as i n s t r u c t o r mus ters the * d e l a y e d - d r o p p a r t y ' t o the 

e x i t h a t c h e s ; 
( c ) the moment o f t r u t h — i n s t r u c t o r l e a v e s p l a n e : f a l l s and d e p l o y s main c h u t e ; 
(d) h e a r t r a t e — r i s e s as ground a i m i n g - p o i n t a p p r o a c h e s ; 
(e) normal r e c o v e r y c u r v e on t e r m i n a t i o n o f s t r e s s p e r i o d . 

M E A S U R E M E N T OF PH Y S I O L O G I C A L COST 
As an example o f the e d i t i n g power o f the method we i l l u s t r a t e ( F i g . 3) a s e r i e s o f 
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Heart Beat Interval 

F i g . 3 . H e a r t b e a t i n t e r v a l o f a p r e g n a n t f e m a l e . 

COMPUTATION OF WA L K I N G DISTANCE 
A t y p i c a l o u t p u t i n c l u d e s s u c c e s s i v e s t e p i n t e r v a l s (16 ms r e s o l u t i o n ) f o r a l l 
p e r i o d s o f w a l k i n g i n t h e 24 h r e c o r d . P r o v i d e d the s u b j e c t i s p r e v i o u s l y ' c a l i 
b r a t e d ' i n t h e l a b o r a t o r y , i t i s a s i m p l e c o m p u t a t i o n to c o n v e r t s t e p i n t e r v a l to 
s t e p l e n g t h and t h e s t e p i n t e r v a l h i s t o g r a m t o t o t a l d i s t a n c e t r a v e l l e d . 

As an example and i n o r d e r t o d e m o n s t r a t e the e s s e n t i a l r e l i a b i l i t y o f t h e method, 
two s u b j e c t s o f w i d e l y d i f f e r e n t p h y s i c a l c h a r a c t e r i s t i c s under took to wa lk t o g e t h e r 
over v a r y i n g t e r r a i n f o r a d i s t a n c e o f around 4 . 8 km ( F i g . 4 ) . When the two r e c o r d s 
were i n d i v i d u a l l y p r o c e s s e d the a d u l t woman had t r a v e l l e d 4783 m and h e r e i g h t y e a r 
o l d son 4770 m. 

P a i r s o f s u b j e c t s w a l k i n g t o g e t h e r have b e e n s t u d i e d o v e r measured d i s t a n c e s up to 

h i s t o g r a m s compi led from the h e a r t b e a t i n t e r v a l s o f a p a t i e n t w i t h a normal p r e g 
nancy . 

The p o r t i o n o f t h e r e c o r d , when the p a t i e n t i s l y i n g down a t n i g h t , i s p r o c e s s e d i n 
e a c h i n s t a n c e and i t i s t h e r e f o r e p o s s i b l e to compare the d i s t r i b u t i o n o f i n s t a n 
taneous h e a r t b e a t i n t e r v a l a t d i f f e r e n t s t a g e s i n the p r e g n a n c y . The p a t i e n t was 
a p r i m a g r a v i d a aged 28 y e a r s and the f i r s t t h r e e r e c o r d s a r e a t 26, 30 and 37 weeks 
r e s p e c t i v e l y . A f u r t h e r two p o s t - p a r t u m r e c o r d s are i l l u s t r a t e d to show: 

(a) the r e t u r n of a r e l a t i v e l y h i g h h e a r t r a t e t o the normal s u b j e c t , and 
(b) the r e a p p e a r a n c e o f a b i m o d a l d i s t r i b u t i o n o f a ' s h o u l d e r * t o the d i s t r i b u t i o n , 

p r o b a b l y r e p r e s e n t i n g a r e t u r n o f p e r i o d s o f s i n u s a r r y t h m i a i n the p o s t 
partum p a t i e n t s . 

PRIMIGRAVIDA 

GESTATION: 

6months 
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16 km and, i n g e n e r a l r e p e a t a b i l i t y i s found to be b e t t e r than 3 p e r c e n t . T h i s i s 
more than adequate f o r use i n p r a c t i c a l i n v e s t i g a t i o n i n t o the w a l k i n g c a p a b i l i t i e s 
o f p a t i e n t s . 

STEP INTERVAL HISTOGRAM 

No. 
of 

Steps 

A - son 
Β - mother 

A 
Β 

1 

Step Interval 

F i g . 4 . S t e p i n t e r v a l o f male and f e m a l e . 
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Abstract — The d u r a t i o n o f a normal e l e c t r o e n c e p h a l o g r a p h i c 
(EEG) e x a m i n a t i o n i s r e l a t i v e l y s h o r t . The chance o f o b t a i n i n g 
c l i n i c a l l y r e l e v a n t i n f o r m a t i o n from a c o n v e n t i o n a l l y r e c o r d e d 
EEG i n e p i l e p t i c p a t i e n t s i s s m a l l due t o the u n p r e d i c t a b l e 
t i m i n g o f e p i l e p t i f o r m EEG phenomena. T h e r e f o r e , i n o r d e r t o 
f a c i l i t a t e the d i a g n o s i s and the t r e a t m e n t o f e p i l e p t i c p a t i e n t s , 
g r e a t c l i n i c a l i n t e r e s t l i e s i n c a r r y i n g out l o n g t e r m (24 h ) 
EEG r e c o r d i n g i n e p i l e p t i c p a t i e n t s , who p r e f e r a b l y are a b l e 
to per form normal d a i l y a c t i v i t i e s . T h i s r e s u l t s i n t e c h n i c a l 
problems o f EEG r e c o r d i n g and the g e n e r a t i o n o f an enormous 
amount o f EEG d a t a w h i c h has to be s t o r e d and a n a l y z e d i f no 
p r o v i s i o n i s made f o r s e l e c t i v e r e g i s t r a t i o n o f the c l i n i c a l l y 
r e l e v a n t p a r t s o f the r e c o r d . We c o n s t r u c t e d a modular E E G - t e l e -
metry sys t em w h i c h p e r m i t s a l o n g t e r m r e g i s t r a t i o n o f 16 EEG 
s i g n a l s from r e l a t i v e l y f r e e moving p a t i e n t s . The b a s i c module 
o f t h i s sy s t em i s formed by a s m a l l , p o r t a b l e 16 c h a n n e l E E G -
a m p l i f i e r w h i c h f e e d s i n t o a p u l s e code m o d u l a t i o n (PCM) m o d u l e . 
To d a t e c a b l e t e l e m e t r y h a s been used f o r r e c o r d i n g t h e EEG 
b e f o r e , d u r i n g and a f t e r an e p i l e p t i c s e i z u r e . I n o r d e r to 
o b t a i n the d e s i r e d d a t a r e d u c t i o n , the s y s t e m h a s b e e n used i n 
c o n j u n c t i o n w i t h a c o m p u t e r i z e d b u f f e r memory w h i c h p r o v i d e s 
s e l e c t i v e r e g i s t r a t i o n and s t o r a g e o f the r e l e v a n t p a r t s o f the 
r e c o r d . The p a t i e n t i s under v i d e o m o n i t o r i n g (VTR) t h r o u g h o u t , 
and e l a p s e d t ime i s r e g i s t e r e d b o t h on the VTR and on t h e E E G . 

INTRODUCTION 
E l e c t r o e n c e p h a l o g r a p h y i s an i m p o r t a n t c l i n i c a l n e u r o p h y s i o l o g i c a l method f o r the 
d i a g n o s i s and the t r e a t m e n t o f e p i l e p t i c p a t i e n t s . B e s i d e s the d i a g n o s t i c v a l u e o f 
an EEG r e c o r d e d i n p a t i e n t s s u s p e c t e d o f e p i l e p s y , the r e c o r d i n g o f e p i l e p t i f o r m EEG 
a c t i v i t i e s i s a l s o o f g r e a t i n t e r e s t f o r o b t a i n i n g an i n s i g h t i n t o the n a t u r e o f 
e p i l e p t i c d i s e a s e and f o r j u d g i n g the e f f e c t o f m e d i c a t i o n . D u r a t i o n o f the normal 
EEG r e c o r d i n g p r o c e d u r e i s r e l a t i v e l y s h o r t as compared to a c i r c a d i a n p e r i o d o f 24 h . 
Due t o the u n p r e d i c t a b l e t i m i n g o f e p i l e p t i f o r m EEG phenomena, the chance o f o b t a i n 
i n g d i a g n o s t i c i n f o r m a t i o n from a c o n v e n t i o n a l l y r e c o r d e d EEG i n e p i l e p t i c p a t i e n t s 
i s s l i g h t . Fur thermore a c o n v e n t i o n a l r e c o r d m i g h t be i n c o m p l e t e . The chance o f 
r e c o r d i n g the EEG d u r i n g an e p i l e p t i c s e i z u r e , w h i c h i s o f g r e a t i m p o r t a n c e f o r 
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c o r r e c t d i a g n o s i s , i s even l e s s . The e f f e c t o f m e d i c a t i o n , p a r t i c u l a r l y t h e e f f e c t 
o f the way i n which the a n t i - e p i l e p t i c drugs are a d m i n i s t e r e d i s d i f f i c u l t to j u d g e 
on the b a s i s o f i n t e r m i t t e n t EEG e x a m i n a t i o n s (Rowan et αΙ,_, 1977 ) . Thus t h e r e e x i s t s ¿ 
g r e a t c l i n i c a l i n t e r e s t i n c a r r y i n g out l o n g t e r m (24 h) EEG r e c o r d i n g , i n order t o 
f a c i l i t a t e both the d i a g n o s i s and t r e a t m e n t o f e p i l e p t i c p a t i e n t s . T h e r e f o r e a p r o 
j e c t was s t a r t e d w i t h the aim o f p r o v i d i n g a means o f l o n g t e r m EEG m o n i t o r i n g and t o 
s o l v e r e l a t e d problems concerned w i t h the a p p l i c a t i o n o f n o n - s t a n d a r d EEG r e c o r d i n g 
methods and the r e s u l t i n g n e c e s s i t y f o r d a t a r e d u c t i o n . 

RECORDING M E T H O D S 
Longterm EEG e l e c t r o e n c e p h a l o g r a p h y i n v o l v e s the t e c h n i c a l prob lem of r e c o r d i n g from 
s u b j e c t s who p r e f e r a b l y are a b l e to per form t h e i r normal d a i l y a c t i v i t i e s . Te l emetry 
had to be a p p l i e d w h i c h , t o a c e r t a i n e x t e n t , would a l l o w t h e s u b j e c t t o move f r e e l y . 
From the p o i n t o f v i e w o f EEG i n t e r p r e t a t i o n and c l i n i c a l u s e f u l n e s s , i t was i m p o r t a n t 
to provide l o n g t e r m EEG r e g i s t r a t i o n f a c i l i t i e s , t h e number o f r e c o r d e d c h a n n e l s and 
the e l e c t r o d e p lacement were i n a c c o r d a n c e w i t h s t a n d a r d EEG t e c h n i q u e s . S o , we 
d e v e l o p e d a modular t e l e m e t r y sys tem whereby the c h o i c e o f any p a r t i c u l a r method 
o f s i g n a l t r a n s m i s s i o n c o u l d be e a s i l y implemented a c c o r d i n g to t h e r e q u i r e m e n t s 
o f the i n v e s t i g a t i o n c o n c e r n e d . A 16 c h a n n e l p o r t a b l e EEG a m p l i f i e r was c o n s t r u c t e d 
which c o u l d s e r v e as a b a s i c module f o r any n e c e s s a r y form o f p r e p r o c e s s i n g a n d / o r 
t e l e m e t r y o f EEG d a t a . I t c o n s i s t s o f 16 i d e n t i c a l d i f f e r e n t i a l a m p l i f i e r s h a v i n g 
c h a r a c t e r i s t i c s w h i c h are l a r g e l y i n agreement w i t h s t a n d a r d EEG r e q u i r e m e n t s as 
r e g a r d s t e c h n i c a l p e r f o r m a n c e . These c h a r a c t e r i s t i c s a r e : d i f f e r e n t i a l i n p u t impe
dance 20 ΜΩ, CMRR > 60 dB, e q u i v a l e n t i n p u t n o i s e < 1.5 pV peak to peak , f r e q u e n c y 
range 0 .16 -100 H z , g a i n 1000 x. 

Te lemetry methods were s t r a i g h t forward u s i n g m u l t i l e a d c a b l e t r a n s m i s s i o n and l i n e 
t r a n s m i s s i o n o f m u l t i p l e x e d ( p u l s e code m o d u l a t i o n ) d a t a o v e r a s i n g l e l e a d c o a x i a l 
c a b l e . A m o d u l a t o r module f o r w i r e l e s s t r a n s m i s s i o n o f EEG d a t a i s b e i n g c o n s t r u c t e d 
f o r those i n s t a n c e s when a l o n g e r r a n g e m i g h t be r e q u i r e d than i s a c c e p t a b l e w i t h 
c a b l e t r a n s m i s s i o n . The c o n s t r u c t i o n o f a module f o r p r e - p r o c e s s i n g o f EEG d a t a , 
t o be used i n c o n j u n c t i o n w i t h a p o r t a b l e t a p e r e c o r d e r , i s b e i n g c o n s i d e r e d . 

DATA REDUCTION 
D u r i n g l ongterm EEG m o n i t o r i n g o f e p i l e p t i c p a t i e n t s much i r r e l e v a n t d a t a i s r e c o r d e d 
and h a s t o be s t o r e d and a n a l y z e d i f no p r o v i s i o n s are made f o r f i l t e r i n g t h o s e o f 
r e l e v a n c e f o r a g i v e n e x a m i n a t i o n . The c l i n i c a l l y r e l e v a n t p a r t s o f the r e c o r d 
u s u a l l y c o n c e r n EEG segments o f s h o r t d u r a t i o n , p r i o r t o , d u r i n g and a f t e r t h e o c c u r 
rence o f e p i l e p t i f o r m EEG phenomena. S e l e c t i v e r e g i s t r a t i o n o f t h e s e EEG segments 
would a c h i e v e tremendous d a t a r e d u c t i o n , and a l s o s a v e t e c h n i c i a n ' s t i m e , s t o r a g e 
c a p a c i t y and r e c o r d i n g p a p e r . 

Because the EEG r e c o r d e d from a p a t i e n t i m m e d i a t e l y p r i o r to and d u r i n g an e p i l e p t i c 
s e i z u r e i s o f g r e a t impor tance f o r a c o r r e c t d i a g n o s i s ( B r a z i e r , 1972, 1973) we 
wanted f i r s t t o p r o v i d e means f o r t h e s e l e c t i v e r e g i s t r a t i o n o f e l e c t r o - c l i n i c a l 
s e i z u r e s . T h e r e f o r e a c o m p u t e r i z e d buf f er -memory was c o n s t r u c t e d w h i c h r e s e m b l e s 
the s e i z u r e r e c o r d i n g s y s t e m d e s c r i b e d by I v e s , Thompson and G l o o r ( 1 9 7 6 ) . 

Our sys tem d i f f e r s i n t h a t i t o f f e r s a g r e a t e r f l e x i b i l i t y and h i g h e r p e r f o r m a n c e 
( F i g . 1 ) . H i g h q u a l i t y r e c o r d i n g s o f s e i z u r e s were needed f o r r e s e a r c h c a r r i e d o u t 
u s i n g computer a s s i s t e d a n a l y s i s m e t h o d s . A PDF 11 /04 p r o c e s s o r w i t h 16K memory 
c o n t r o l s the whole s y s t e m . The 16 c h a n n e l EEG i s lowpass f i l t e r e d , sampled , h e l d 
and by means o f a m u l t i p l e x e r , d i g i t i z e d s e q u e n t i a l l y t o 14 b i t s a c c u r a c y . D i g i t a l 
a c c e s s p r o v i d e s a h i g h speed d a t a s t r e a m to the memory. U s i n g double b u f f e r i n g t h e 
d a t a i s t r a n s f e r r e d to a d i s c . N o r m a l l y a few m i n u t e s o f EEG are r e c o r d e d on d i s c 
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F i g . 1. B lock d iagram o f s e i z u r e r e c o r d i n g s y s t e m . 

whereby new i n f o r m a t i o n i s r e c o r d e d over the o l d e s t i n f o r m a t i o n . When a s e i z u r e 
i s r ecorded the r e c o r d i n g p r o c e s s i s s t o p p e d and EEG d a t a p r i o r t o and d u r i n g the 
s e i z u r e i s s t o r e d on d i s c . A D / A - c h a n n e l p r o v i d e s means f o r o n - l i n e or o f f - l i n e 
p r i n t - o u t s o f the s e i z u r e E E G . Some s p e c i f i c a t i o n s a r e : 

(a) sample f r e q u e n c y (per c h a n n e l ) can be c h o s e n : 128, 256, 512 , 1024 H z ; 
(b) number o f c h a n n e l s : 1 . . . 1 6 ; 
( c ) r e c o r d i n g p e r i o d : p r e > 0 s ; p o s t > 0 s ; 
(d) number o f s e i z u r e s t o be r e c o r d e d : 1 . . . 25; 
(e) a p e r t u r e u n c e r t a i n t y o f sample and h o l d : 4 n s ; 
( f ) r e s o l u t i o n 14 b i t s ( i n v i ew o f l a r g e dynamic range o f s e i z u r e E E C ' s ) . 

SYSTEM FOR LONGTERM EEG MONITORING 

The t e l e m e t r y p r o v i s i o n s and the s e i z u r e r e c o r d i n g sys tem d e s c r i b e d have been i m p l e 
mented i n a c l i n i c a l s e t u p f o r c a r r y i n g out r o u t i n e l o n g t e r m EEG m o n i t o r i n g . B e s i d e s 
the EEG i n f o r m a t i o n o b t a i n e d d u r i n g an e p i l e p t i c s e i z u r e the b e h a v i o r o f the p a t i e n t 
i s a l s o o f g r e a t impor tance f o r a c o r r e c t d i a g n o s i s . T h e r e f o r e t h e p a t i e n t i s a l s o 
mon i tored by means o f a c l o s e d - l o o p TV c i r c u i t and b e h a v i o r a l i n f o r m a t i o n i s s t o r e d 
on v i d e o t a p e . The b l o c k d i a g r a m o f F i g . 2 e x e m p l i f i e s t h e comple te m o n i t o r i n g 
s y s t e m . The upper p a r t o f t h e drawing shows the p e r s o n a l equipment c a r r i e d by the 
p a t i e n t . The 16 c h a n n e l EEG a m p l i f i e r module i s equ ipped w i t h an i n p u t module 
p r o v i d i n g a p r e s e l e c t e d e l e c t r o d e p l a c e m e n t from a s t a n d a r d 10-20 e l e c t r o d e p l a c e 
ment s y s t e m . An o u t p u t module per forms p r e p r o c e s s i n g o f t h e EEG d a t a by means o f 
low p a s s f i l t e r s ( c u t - o f f f r e q u e n c y 40 Hz) b e f o r e b e i n g a p p l i e d to a p o r t a b l e PCM-
encoder (manufac tured by K a i s e r ) , w h i c h by means o f an o p t i c a l l y c o u p l e d o u t p u t 
c i r c u i t a l s o p r o v i d e s an e l e c t r i c a l i s o l a t i o n . The s a f e t y o f the p a t i e n t i s a n e c e s 
s a r y p r o v i s i o n c o n s i d e r i n g t h e f a c t t h a t he c a n move around and s k i n c o n n e c t i o n c a n 
be made to p o t e n t i a l l y u n i n s u l a t e d n o n - m e d i c a l e l e c t r o n i c i n s t r u m e n t s . 



502 Α. Kamp, Ν. J . I. Mars and T. Wisman 

PATIENTS 
LIVING ROOM 

TV 
camera 

p r e 
select ion 
1 B.Channel 
EEG ampL 
low pass 
filters 

PERSONAL 
EQUIPMENT 

EEG DEP. 

video 
m o n i t o r 

v ideo 
recorder! 

t r i gge r 

EEG ink. 
w r i t e r 

t i m e 
c lock 

COMPUTER DEP. 

pcm 
encoder 

pcm 
decode r 

s e i z u r e 
s to rage 
s y s t e m 

F i g . 2 . B l o c k d iagram o f a c l i n i c a l s e t - u p f o r l o n g t e r m m o n i 
t o r i n g o f EEG and b e h a v i o r i n e p i l e p t i c p a t i e n t s . 

By means of a s i n g l e l e a d f l e x i b l e c a b l e the s e q u e n t i a l l y d i g i t i z e d o u t p u t o f the 
PCM-encoder i s coup led to a PCM-decoder which r e s t o r e s i n a n a l o g form t h e o r i g i n a l 
16 c h a n n e l s o f EEG d a t a . These d a t a c a n be w r i t t e n o u t c o n t i n u o u s l y by means o f a 
16 channe l i n k - w r i t e r or a p p l i e d to the s e i z u r e buf fer -memory f o r s t o r a g e and be 
w r i t t e n out whenever an e p i l e p t i c s e i z u r e i s r e c o r d e d . 

The b e h a v i o r o f the p a t i e n t i s c o n t i n u o u s l y m o n i t o r e d by means o f a TV camera and 
d i s p l a y e d on a VTR; b e h a v i o r a l i n f o r m a t i o n i s s t o r e d on v i d e o t a p e , whereby l o n g t e r m 
v i d e o r e c o r d i n g i s p r o v i d e d by u s i n g a lowered tape speed and a frame f r e q u e n c y o f 
4 frames s"^. I n order to r e t a i n t h e t ime r e l a t i o n between EEG b e h a v i o r a l d a t a , the 
e l a p s e d t ime i s a l p h a n u m e r i c a l l y d i s p l a y e d i n the v i d e o p i c t u r e and a l s o on the 
paper r e c o r d by means o f a c h a r a c t e r g e n e r a t o r . When, on the b a s i s o f b e h a v i o r a l 
a n d / o r EEG d a t a , the o n s e t o f a s e i z u r e h a s been r e c o g n i z e d , a t r i g g e r s i g n a l i s 
f e d to the b u f f e r memory i n order t o s t a r t the s t o r a g e on d i s c o f the s e i z u r e EEG 
and a l s o to the v i d e o r e c o r d e r which then i s s w i t c h e d to the normal r e c o r d i n g mode. 

DISCUSSION 
Systems f o r l o n g t e r m m o n i t o r i n g i n e p i l e p t i c p a t i e n t s have been d e s c r i b e d by s e v e r a l 
a u t h o r s . U s i n g a d i f f e r e n t m e t h o d o l o g y , such as c a b l e t r a n s m i s s i o n ( I v e s et a l , , 
1976) , w i r e l e s s t r a n s m i s s i o n ( W i l l i s o n , 1976) or s t o r a g e o f EEG d a t a u s i n g a p o r t a b l e 
tape r e c o r d e r ( I v e s and Woods, 1975; S a t o , Penry and D r e i f u s , 1976) e a c h o f t h e s e 
sys tems p r o v i d e s l o n g t e r m r e c o r d i n g f a c i l i t i e s w h i c h , to a c e r t a i n e x t e n t , f u l f i l s 
s p e c i f i c or g e n e r a l c l i n i c a l r e q u i r e m e n t s . The sys t em d e s c r i b e d here ( F i g . 2) u s e s 
a methodo logy s i m i l a r to the one d e s c r i b e d by I v e s et al, (1976) . I t d i f f e r s i n 
t h a t i t i s more f l e x i b l e b e c a u s e means are p r o v i d e d f o r r e c o r d i n g from s u b j e c t s . 
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w h i c h , depending on the t e l e m e t r y t e c h n o l o g y u s e d , can move w i t h i n a c e r t a i n r a n g e , 
A modular d e s i g n was chosen i n o r d e r t o be a b l e t o choose the method o f s i g n a l t r a n s 
m i s s i o n t o any p a r t i c u l a r r e c o r d i n g s i t u a t i o n . So f a r i t h a s b e e n our e x p e r i e n c e 
t h a t i n a c l i n i c a l env ironment l i n e t r a n s m i s s i o n o f f e r s s a t i s f a c t o r y r e c o r d i n g f a c i l i 
t i e s f o r c a r r y i n g out d i f f e r e n t t y p e s of e x a m i n a t i o n s i n e p i l e p t i c p a t i e n t s . The 
e a s e o f o p e r a t i o n h a s a l l o w e d us to make l o n g t e r m EEG r e c o r d i n g as a r o u t i n e c l i n i 
c a l method. F u t u r e use and deve lopments w i l l a l s o depend on the outcome o f an e v a l 
u a t i o n s t u d y to de termine the b e n e f i t s o f l o n g t e r m EEG r e c o r d i n g as compared t o c o n 
v e n t i o n a l EEG e x a m i n a t i o n . Our aim o f p r o v i d i n g o p t i m a l EEG p e r f o r m a n c e has been 
o f g r e a t v a l u e , e n a b l i n g the e l e c t r o e n c e p h a l o g r a p h e r to use s t a n d a r d methods o f EEG 
i n t e r p r e t a t i o n . 
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Abstract — The work o f the M a t e r i a l s H a n d l i n g R e s e a r c h U n i t i s 
aimed a t the p r e v e n t i o n o f back i n j u r i e s and a m e t h o d o l o g y , 
u s i n g r a d i o p r e s s u r e p i l l s , i s r e v i e w e d w h i c h e n a b l e s t r u n c a l 
s t r e s s to be q u a n t i f i e d . Such measurements have been t a k e n 
from s e v e r a l thousand v o l u n t e e r s u s i n g t h i s method, and a v a r i e t y 
o f s i t u a t i o n s have been i n v e s t i g a t e d . I n i n d u s t r y , p r e v e n t i o n 
i s d i r e c t e d f i r s t l y a t a m e l i o r a t i n g e x i s t i n g h a n d l i n g p r o b l e m s , 
and s e c o n d l y a t p r o v i d i n g s a f e l i f t i n g c a p a c i t i e s f o r the d e s i g n 
o f f u t u r e w o r k i n g e n v i r o n m e n t s . Where s p o r t i n g o r l e i s u r e p u r 
s u i t s are i n v e s t i g a t e d , the main aim i s n o t to d e t e r p e o p l e 
from p a r t i c i p a t i n g , b u t to p r o v i d e s a f e g u a r d s f o r young p e o p l e 
embarking on such p u r s u i t s . Examples w i l l be g i v e n o f a l l t h r e e 
r a d i o p r e s s u r e p i l l a p p l i c a t i o n s , a method which i s now an 
e s t a b l i s h e d , s a f e and a c c e p t a b l e r e s e a r c h p r o c e d u r e w h i c h i s 
b e i n g used to p r e v e n t p e o p l e s u f f e r i n g from back i n j u r y . 

INTRODUCTION 
Many p e o p l e today s u f f e r from back p a i n as a r e s u l t o f i n j u r y a t work or d u r i n g l e i s u r e 
p u r s u i t s . The e x t e n t o f t h e i r s u f f e r i n g can range from a c u t e d i s a b i l i t y to c h r o n i c 
d i s c o m f o r t , and i t i s e s t i m a t e d t h a t 13 .2 m i l l i o n man days a r e l o s t e a c h y e a r i n 
B r i t a i n through the p a i n f u l back (Benn and Wood, 1975) a t an e s t a m a t e d c o s t t o t h e 
c o u n t r y of £350 m i l l i o n (US $700 m i l l i o n ) . 

The work of t h e M a t e r i a l s H a n d l i n g R e s e a r c h U n i t i s aimed a t the p r e v e n t i o n o f b a c k 
i n j u r i e s . F o r t h i s work, u s e i s made o f the o b s e r v a t i o n t h a t when r a p i d e x t e n s i o n 
o f the t runk i s r e q u i r e d , or when heavy w e i g h t s a r e b e i n g l i f t e d , t h e r e i s i n c r e a s e d 
i n t r a - a b d o m i n a l p r e s s u r e c a u s e d by the s i m u l t a n e o u s c o n t r a c t i o n o f the d i a p h r a g m , 
l e v a t o r a n i , o b l i q u e and t r a n s v e r s e abdominal m u s c l e s , sometimes s u p p o r t e d by s i m i l a r 
i n c r e a s e i n p r e s s u r e i n the t h o r a c i c c a v i t y . The o p e r a t i o n o f t h i s p n e u m a t i c mechanism 
was p o s t u l a t e d by K e i t h (1923) and i n v e s t i g a t e d by D a v i s (1956, 1957, 1959a, b ) ; 
B a r t e l i n k (1957); M o r r i s , L u c a s and B r e s l e r (1961) and D a v i s and Troup ( 1 9 6 4 ) . S u b 
sequent r e s e a r c h by S t u b b s (1975) ; D a v i s and S t u b b s (1976, 1977, 1978) and S t u b b s 
and Osborne (1979) h a s e s t a b l i s h e d t h a t t h e r e i s a c l o s e c o r r e l a t i o n between the 
magni tude o f p r e s s u r e i n d u c e d w i t h i n the trunk by heavy p h y s i c a l a c t i v i t y and the 
m a g n i t u d e s o f the f o r c e s a c t i n g on the s p i n a l mechanism. T h u s , t h e s e p r e s s u r e 
measurements can be used as an i n d i r e c t method o f a s s e s s i n g t r u n c a l s t r e s s . 

505 



506 D. Α . SíubbsandG. C. David 

THE RADIO PILL 
The o r i g i n a l s t u d i e s on i n t r a - t r u n c a l p r e s s u r e changes d u r i n g p h y s i c a l a c t i v i t y and 
p o s t u r a l changes o f the t runk were c o n d u c t e d u s i n g p a r t i a l l y i n f l a t e d rubber b a l l o o n s 
i n the body c a v i t i e s connec ted t o a p r e s s u r e t r a n s d u c e r v i a a c a t h e t e r ( v a g i n a , 
Murphy and M e n g e r t , 1933; r e c t u m , Rushmer, 1946; r e c t u m , s t o m a c h , perotoneum and 
b l a d d e r , Adno, 1956; rec tum and s t o m a c h , D a v i s , 1956; s tomach , E i e and Wehn, 1962; 
and oesophagus and s t o m a c h , D a v i s and T r o u p , 1964 ) . More r e c e n t l y r a d i o p r e s s u r e 
p i l l s deve loped by Watson, Ross and Kay (1962) ( F i g . 1) have been used t o s t u d y 
trunk s t r e s s d u r i n g p h y s i c a l a c t i v i t i e s (Dav i s and Troup , 1966; Kumar, 1971; D a v i s 
and S t u b b s , 1976, 1977, 1978; S t u b b s and O s b o r n e , 1979) . T h e i r main a d v a n t a g e over 
o t h e r methods i s t h a t they can be used i n the f i e l d as w e l l as i n the l a b o r a t o r y , 
w i t h min imal i n t e r f e r e n c e to the s u b j e c t s under i n v e s t i g a t i o n . 

With the p r e s e n t work R i g e l * model 7014 p r e s s u r e s e n s i t i v e p i l l s are used ( D a v i s , 
S t u b b s and R i d d , 1977) and are e a s i l y swal lowed by v o l u n t e e r s . The p i l l ( F i g . 1 ) , 

m m . Cf Cg TR^ 
F i g . 1. The r a d i o p r e s s u r e p i l l , (a) C i r c u i t d i a g r a m , 

(b) M e c h a n i c a l l a y o u t . 

* R i g e l R e s e a r c h L t d . , 99 Gander Green L a n e , S u t t o n , S u r r e y , U . K . 
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which i s powered by a m i n i a t u r e mercury b a t t e r y , type RM312, c o n s i s t s o f a t r a n s i s t o r 
o s c i l l a t o r , the f r e q u e n c y o f w h i c h i s c o n t r o l l e d by a d iaphragm o p e r a t e d v a r i a b l e 
i n d u c t o r . The s i g n a l from the p i l l i s p i c k e d up by a u n i d i r e c t i o n a l a n t e n n a , s t r a p p e d 
about the s u b j e c t ' s w a i s t , which i s c o n n e c t e d to a p o r t a b l e R i g e l r e c e i v e r , model 
7040, and a S m i t h ' s S e r v o s c r i b e , model 501 .2 ( F i g . 2 ) . 

F i g . 2 . View o f the a p p a r a t u s used i n t r u n c a l s t r e s s e v a l u a 
t i o n showing the p i l l , an tenna and p o r t a b l e r e c e i v e r 
and r e c o r d e r . 

APPLICATIONS 
W i t h i n i n d u s t r y , p r e v e n t i o n o f b a c k p a i n i s d i r e c t e d f i r s t l y a t a m e l i o r a t i n g e x i s t 
i n g h a n d l i n g problems and s e c o n d l y a t p r o v i d i n g s a f e h a n d l i n g c a p a c i t i e s f o r the 
d e s i g n of f u t u r e work ing env ironments ( see F i g . 5 ) . With the former a p p r o a c h , once 
the s t r e s s on the t r u n k , caused by a g i v e n a c t i v i t y i s known, as i n d i c a t e d by i n t r a 
abdominal p r e s s u r e , t h i s can be compared w i t h s t a n d a r d measurements ( D a v i s and S t u b b s , 
1976) and the s a f e t y o f any p a r t o f a p a r t i c u l a r p r o c e d u r e can be a s s e s s e d . I f the 
a c t i v i t y appears h a z a r d o u s , a l t e r n a t i v e p r o c e d u r e s are t e s t e d , and where a s a f e 
method i s found t h i s i s recommended f o r a d o p t i o n . O f t e n , j u s t a s i m p l e change i n 
p o s t u r e can make a g i v e n t a s k s a f e as shown i n F i g . 3 . These r e s u l t s i n d i c a t e t h a t 
u s i n g the l e g s to p r o v i d e the l i f t i n g f o r c e , w i t h the trunk as e r e c t as p o s s i b l e , 
causes l e a s t trunk s t r e s s . 

Of r e c e n t i n t e r e s t , has been the t r u n c a l s t r e s s e s imposed on n u r s e s when l i f t i n g 
p a t i e n t s u s i n g the recommended h a n d l i n g t e c h n i q u e s . The r e s u l t s , from one o f s e v e r a l 
l i f t s u s i n g each recommended t e c h n i q u e , f o r a male nurse are shown i n F i g . 4, i n d i 
c a t i n g the m a g n i t u d e s o f the peak p r e s s u r e , w h i c h g i v e s an i n d i c a t i o n o f the t r u n c a l 
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STRAIGHT FULL 
FLEXED KNEE 

SEMI-FLEXED KNEE 

FROM:- A 
1ST PEAK PRESSURE (mm Hg) 

116 95 90 70 
PAPER SPEED = 4 SEC/cm 

21 

F i g . 3 . I n t r a - a b d o m i n a l p r e s s u r e r e c o r d s o f a male s u b j e c t 
l i f t i n g 35 kg from (a) ground l e v e l , and (b) a r a i s e d 
s u r f a c e 0 .39 m h i g h to a h e i g h t o f 1.11 m u s i n g f i v e 
l i f t i n g t e c h n i q u e s . 
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PEAK INTRA-ABDOMINAL PRESSURE 
(mm Hg) 

127 96 

F i g . 4. I n t r a - a b d o m i n a l p r e s s u r e r e c o r d s f o r a male nurse 
( i n t r a i n i n g ) a s s i s t i n g t o move a 65 kg p a t i e n t u s i n g 
t h r e e recommended t e c h n i q u e s . 

59 
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s t r e s s e s i n v o l v e d i n each maneuver . That the s t r e s s e s are h i g h i n the o r t h o d o x and 
t h r e e p e r s o n l i f t s i s a f u n c t i o n o f the s t o o p e d o r s e m i - s t o o p e d s t a r t i n g p o s t u r e 
w h i c h , as no ted e a r l i e r ( F i g . 3 ) , cause h i g h s t r e s s on the l i f t e r i n compar i son 
w i t h an e r e c t t runk p o s t u r e . F u r t h e r , i n the o r t h o d o x and t h r e e p e r s o n l i f t , the 
l i f t e r s are f a r removed from the p a t i e n t , thus i n c r e a s i n g the t o r q u e on t h e t r u n k , 
and r e s u l t i n g i n h i g h e r s p i n a l s t r e s s . With the s h o u l d e r l i f t , t h e f o r c e s a r e l e s s 
b e c a u s e the l i f t e r s a r e much c l o s e r t o the p a t i e n t and the r e s u l t a n t torque much 
d i m i n i s h e d . However, t h e q u e s t i o n t o be answered i s *are t h e s e l e v e l s o f s t r e s s 
s a f e or u n s a f e ? * 

I n a d e t a i l e d s t u d y o f manual h a n d l i n g h a z a r d s i n the b u i l d i n g and c o n s t r u c t i o n 
i n d u s t r y , S t u b b s (1975) and D a v i s and S t u b b s (1976) found t h a t peaks o f i n t r a 
abdominal p r e s s u r e s i n e x c e s s o f 100 mm Hg or 1 3 . 3 kPa were f r e q u e n t l y i n d u c e d w i t h 
model t a s k s taken from o c c u p a t i o n s w i t h a s i g n i f i c a n t l y h i g h e r i n c i d e n c e o f b a c k 
i n j u r i e s . T h u s , i n r e l a t i o n t o p a t i e n t h a n d l i n g , f o r males one would c o n c l u d e 
t h a t the s t r e s s e s e n c o u n t e r e d i n the o r t h o d o x and t h r e e p e r s o n l i f t s a r e s u f f i c i e n t l y 
h i g h t o be c o n s i d e r e d u n a c c e p t a b l e . F u r t h e r , from b i o m e c h a n i c a l c o n s i d e r a t i o n s , 
one would c o n c l u d e t h a t i t was s i m i l a r l y u n d e s i r a b l e to u s e f e m a l e n u r s e s f o r e i t h e r 
o f t h e s e t e c h n i q u e s . 

I n r e l a t i o n to e s t a b l i s h i n g s a f e h a n d l i n g c a p a c i t i e s f o r equipment d e s i g n e r s i t 
seemed w o r t h w h i l e t o examine what m a g n i t u d e s o f l o a d s i n d i f f e r e n t r e l a t i o n s h i p s 
w i t h the t runk would be e x p e c t e d t o g i v e p r e s s u r e o f the o r d e r o f 100 mm Hg or 
13 .3 kPa d u r i n g h a n d l i n g t a s k s . One such d e s i g n e r ' s c o n t o u r i s i l l u s t r a t e d i n F i g . 5 , 
t h i s example b e i n g f o r the s i n g l e s a f e v e r t i c a l l i f t i n g f o r c e s (kg) t h a t can be 

0 20 40 60 c m 

Acromion Grip 

y* % y- Full 
ARM L E N G T H 

F i g . 5 . C o n t o u r s o f s a f e v a l u e s (kg) f o r one-handed v e r t i c a l 
l i f t s i n t h e p l a n e s shown b e l o w : (a) hand d i r e c t l y i n 
f r o n t of t h e body ( s a g i t t a l p l a n e ) ; (b) hand i n a 
p l a n e a t 45° from the s a g i t t a l p l a n e ; ( c ) hand i n a 
p l a n e a t 90° from the s a g i t t a l p l a n e . 
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e x e r t e d u s i n g one hand by s e a t e d , f i t y o u n g , a d u l t m a l e s . I f the l i f t i n g a c t i v i t y 
i s c a r r i e d out a t a r a t e g r e a t e r than one per m i n u t e , then the c o n t o u r v a l u e s must 
be reduced t o 70 p e r c e n t o f t h o s e shown. Such c o n t o u r s can be used e i t h e r t o examine 
s a f e t y i n e x i s t i n g h a n d l i n g t a s k s , or f o r d e s i g n i n g a new e n v i r o n m e n t , where one 
can b u i l d the sys tem around the w o r k f o r c e s ' s a f e c a p a b i l i t i e s ( D a v i s and S t u b b s , 
1977) . 

Where s p o r t i n g or l e i s u r e p u r s u i t s are i n v e s t i g a t e d the main aim i s not to d e t e r 
p e o p l e from p a r t i c i p a t i n g , b u t to p r o v i d e s a f e g u a r d s f o r young p e o p l e embarking on 
such p u r s u i t s , and t o p r o v i d e d e s i g n e v a l u a t i o n f a c i l i t i e s f o r e x i s t i n g equipment 
or new ones deve loped t o , f o r e x a m p l e , take the b a c k a c h e out of g a r d e n i n g . F i g u r e 6 
i l l u s t r a t e s such a t r i a l where a new f o r k d e s i g n i s b e i n g compared w i t h e x i s t i n g 
t o o l s i n r e l a t i o n to the s p i n a l s t r e s s e s i n v o l v e d i n t h e i r u s e . 

F i g . 6 . An e v a l u a t i o n o f a proposed new garden f o r k . 

Another r e c e n t p i l o t s t u d y u n d e r t a k e n was t o i n v e s t i g a t e the s p i n a l f o r c e s i n c u r r e d 
d u r i n g w a t e r - s k i jumping ( F i g . 7 ) . T h i s was i n i t i a t e d b e c a u s e o f the a l a r m i n g l y 
h i g h i n c i d e n c e o f i n j u r y to b o t h knees and b a c k s o f w a t e r - s k i jumpers (Horne and 
C o c k s h o t t , 1977) . To q u a n t i f y the ' t a k e - o f f * and ' l a n d i n g ' i m p a c t s a t the a n k l e 
and b a s e of the s p i n e , a c c e l e r o m e t e r s (Pye Dynamic , type BLA2) were a t t a c h e d t o t h e 
w a t e r - s k i s and the s k i n o v e r l y i n g the s p i n o u s p r o c e s s o f the f i f t h lumbar v e r t e b r a . 
The o u t p u t s were f e d through a power s u p p l y and a m p l i f i e r s y s t e m i n t o an O x f o r d 
M e d i l o g S e r i e s 4 . 2 . The r a d i o p r e s s u r e p i l l c o u l d not be used f o r o b v i o u s r e a s o n s 
and i n s t e a d i n t r a - a b d o m i n a l p r e s s u r e was m o n i t o r e d u s i n g an E n t r a n Mode l N o . E P A -
125E-30AW m i n i a t u r e p r e s s u r e t r a n s d u c e r mounted i n a R y l e s c a t h e t e r w h i c h was s w a l 
lowed e i t h e r v i a the n a s a l o r o r a l c a v i t y . A g a i n , the o u t p u t was r e c o r d e d on the 
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F i g . 7 . Showing s u b j e c t i n s t r u m e n t a t i o n used i n the a n a l y s i s 
o f the s p i n a l f o r c e s i n c u r r e d d u r i n g w a t e r - s k i j u m p i n g . 

M e d i l o g . Each o f f o u r jumps was f i l m e d u s i n g a f i l m speed o f 64 frames p e r s e c o n d . 
Two s u b j e c t s were i n v e s t i g a t e d , the f i r s t b e i n g an e x p e r i e n c e d jumper u s i n g a 1.83 m 
ramp and a b o a t speed o f 58 km h"-^, t h e second b e i n g a 13 y e a r o l d j u n i o r u s i n g a 
1.52 m ramp w i t h a b o a t speed o f 40 km h"^. F o r the f i r s t s u b j e c t 21 peak p r e s s u r e s 
i n e x c e s s o f 100 mm Hg were observed (maximum 196 mm Hg) and the mean s p i n a l 'g* 
f o r c e s were 4 .5 and 9 .5 f o r * t a k e - o f f * and ' l a n d i n g * i m p a c t s r e s p e c t i v e l y . F o r t h e 
j u n i o r , mean p r e s s u r e s were 30 mm Hg and 75 mm Hg w i t h mean *g* f o r c e s o f 2 and 4 .6 
f o r * t a k e - o f f * and ' l a n d i n g * i m p a c t s r e s p e c t i v e l y . 

The *g* f o r c e p r o f i l e s d i d not approach the a c c e p t e d l e v e l o f 10 g f o r 500 m s~^, 
f o r p i l o t / a i r crew e j e c t i o n s . However, p i l o t s se ldom e j e c t 20 t imes a day w h i c h i s 
a p p r o a c h i n g the number o f jumps a s k i - j u m p e r may comple te i n a t r a i n i n g s e s s i o n . 
R e i d , Kopp and Verhoeven (1977) r e a c h a s i m i l a r c o n c l u s i o n i n n o t i n g t h a t the f o r c e s 
t h a t o c c u r d u i n g * t a k e - o f f * and * l a n d i n g * appear not to be o f an i n t e n s i t y to r e s u l t 
i n i n j u r y to a n o r m a l , h e a l t h y a t h l e t e . However , they c o n t i n u e , t h a t f r e q u e n t 
exposure t o t h e s e i m p a c t s may w e l l p r o v e h a z a r d o u s t o t h e h e a l t h o f the j u m p e r . T h i s 
i s r e i n f o r c e d b y Horne and C o c k s h o t t (1977) who recommend t h a t c o n s i d e r a t i o n be g i v e n 
t o the e l i m i n a t i o n o f s k i - j u m p i n g i n the j u n i o r d i v i s i o n , t h a t i s t h o s e s k i e r s 13 
y e a r s o f age and u n d e r . 
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DISCUSSION 
The q u a n t i f i c a t i o n o f s p i n a l s t r e s s by measurement o f i n t r a - a b d o m i n a l p r e s s u r e u s i n g 
r a d i o p r e s s u r e p i l l s i s now an e s t a b l i s h e d , s a f e and a c c e p t a b l e r e s e a r c h p r o c e d u r e 
which i s b e i n g used t o p r e v e n t p e o p l e s u f f e r i n g back i n j u r y i n many p a r t s o f the 
w o r l d . S t u d i e s have been c a r r i e d out i n many i n d u s t r i e s and t h e s e have l e a d t o the 
a d o p t i o n o f recommendations w h i c h w i l l s i g n i f i c a n t l y reduce the r i s k o f b a c k i n j u r y . 
O f t e n o n l y a s m a l l change i n p o s t u r e or t e c h n i q u e i s n e e d e d . F o r e x a m p l e , i n t r a 
abdominal p r e s s u r e measurements u s i n g r a d i o p r e s s u r e p i l l s showed t h a t b a c k s t r e s s 
was u n a c c e p t a b l y h i g h when workers pushed hand t r o l l e y s , l o a d e d w i t h l e n g t h s o f 
t i m b e r , i n a f a c t o r y m a n u f a c t u r i n g p r e f a b r i c a t e d s e c t i o n s f o r b u n g a l o w s . They were 
a d v i s e d to p u l l the loaded t r o l l e y s , wh ich ensured they took up a more f a v o r a b l e 
p o s t u r e when a p p l y i n g the n e c e s s a r y f o r c e , and subsequent measurements showed t h a t 
s t r e s s on the back had been more than h a l v e d . Sometimes a r e d e s i g n o f the work a r e a 
i s c a l l e d f o r . I n a c h e m i c a l e n g i n e e r i n g p l a n t the hose c o n n e c t i o n s on down p i p e s 
had been s i t e d a t or near ground l e v e l . Measurements on o p e r a t o r s , making the c o n 
n e c t i o n between the f l e x i b l e h o s e and the down p i p e , showed t h a t the c o m b i n a t i o n o f 
the w e i g h t o f t h e h o s e and the s t o o p i n g p o s t u r e r e q u i r e d t o r e a c h the c o n n e c t i n g 
p a r t s caused h i g h l e v e l s o f b a c k s t r e s s . The s o l u t i o n recommended was to r a i s e the 
mouth o f the down p i p e t o the a v e r a g e elbow h e i g h t o f the w o r k f o r c e , thus a l l o w i n g 
the o p e r a t o r t o s t a n d e r e c t w h i l s t making the c o n n e c t i o n and t o h a n d l e t h e hose a t 
w a i s t l e v e l . The t e c h n i q u e h a s a l s o been used s u c c e s s f u l l y to c o n t r i b u t e t o the 
d e s i g n o f new e q u i p m e n t . A b o x - t y p e e n c l o s u r e was proposed t o c o n t a i n and p r o t e c t 
t e l e c o m m u n i c a t i o n s equipment b u t the e x t e n t to w h i c h the comple te u n i t c o u l d be 
s a f e l y h a n d l e d was unknown. A mock-up was b u i l t and v o l u n t e e r s , who had swal lowed 
r a d i o p r e s s u r e p i l l s , l i f t e d and h a n d l e d the u n i t i n e n v i r o n m e n t s s i m i l a r t o t h o s e 
i n which i t s f u t u r e use was p l a n n e d . As a r e s u l t o f the s t u d y v a r i o u s m o d i f i c a t i o n s 
were s u g g e s t e d , s u c h as the r e l o c a t i o n o f h a n d l e s and the t y p e s t o be u s e d , and a l s o 
l i m i t s were s e t t o the h e i g h t t o w h i c h t h e u n i t c o u l d s a f e l y be s t a c k e d and a l s o 
l i f t e d i n c o n f i n e d s p a c e . Thus workers were s u c c e s s f u l l y p r e v e n t e d from i n j u r i n g 
t h e i r b a c k s w h i l s t u s i n g the equipment r i g h t from i t s i n t r o d u c t i o n . 

There are s e v e r a l a r e a s where improvements can be made. The p r e s e n t p i l l s have to 
be r e c o v e r e d b e c a u s e o f t h e i r c o s t (£55 , US $ 1 1 0 ) . I n a d d i t i o n , the p r e s e n t s y s t e m 
r e q u i r e s an u m b i l i c a l cord between antenna and r e c e i v e r . I f a d i s p o s a b l e p i l l c o u l d 
be deve loped t h a t e i t h e r i n t e r f a c e d v i a a m i n i a t u r e r e c e i v e r / d e m o d u l a t o r w i t h , f o r 
example , a M e d i l o g , or c o u l d be r e t r a n s m i t t e d v i a a s e c o n d a r y t e l e m e t e r , t h e n t h i s 
would a l l o w a much w i d e r a p p l i c a t i o n o f the methodo logy t o p r e v e n t the o f t e n n e e d l e s s 
s u f f e r i n g imposed by back p a i n . 
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Abstract — A 2 c h a n n e l EKG t r a n s m i t t e r sys t em has been d e s i g n e d 
and t e s t e d on humans. S p o r t s swimmers have had t h e i r EKG 
m o n i t o r e d d u r i n g e x e r c i s e i n an o p e n - a i r p o o l . F u r t h e r 
a p p l i c a t i o n t o m e d i c a l l y s u p e r v i s e d a c t i v i t e s are b e i n g 
made w i t h the b i o t e l e r n e t e r . 

The s t r e n g t h of t h e c a r d i o v a s c u l a r sys tem o f a human o r g a n i s m i s one o f the impor 
t a n t c o n s t i t u e n t p a r t s o f i t s f u n c t i o n i n g and a d a p t a t i o n to d i f f e r e n t l o a d s . L a t e l y 
much a t t e n t i o n has been g i v e n t o the prob lem o f m e d i c a l c o n t r o l o f the c a r d i o v a s c u l a r 
sys t em d u r i n g swimming i n the p r o c e s s of t a k i n g h y d r o t h e r a p e u t i c t r e a t m e n t . T a k i n g 
i n t o a c c o u n t the i m p o r t a n c e o f the problem we d e v e l o p e d a 2 c h a n n e l r a d i o t e l e m e t r y 
s y s t e m , p e r m i t t i n g the r e c o r d i n g o f an e l e c t r o c a r d i o g r a m from two b i p o l a r c h e s t l e a d s 
on a human b e i n g or on an a n i m a l d u r i n g swimming. 

The main t e c h n i c a l c h a r a c t e r i s t i c s o f the s y s t e m are g i v e n b e l o w . The comple te 
sys t em i n c l u d e s : (1) A t r a n s m i t t i n g d e v i c e , c o n s i s t i n g o f a c r y s t a l c o n t r o l l e d 
t r a n s m i t t e r w i t h i n p u t s i g n a l t r a n s f o r m a t i o n and d imens ions o f 80 x 50 χ 25 mm; an 
autonomous f e e d i n g s o u r c e assembled i n a s e p a r a t e c a s e w i t h d i m e n s i o n s o f 70 χ 3 5 χ 
25 mm; and a s e t o f e l e c t r o d e s comple te the t r a n s m i t t e r . The d e v i c e i s h e r m e t i c a l l y 
s e a l e d and has a t o t a l w e i g h t o f 3 k g . I t i s f a s t e n e d t o the w a i s t o f a swimmer. 
(2) The r e c e i v e r was p o r t a b l e and had a u t o m a t i c f e e d i n g p e r m i t t i n g f i e l d use w i t h 
d imens ions o f 260 χ 130 x 100 mm. The r a d i o t e l e m e t r y sys tem i s made a c c o r d i n g to 
a doub le f r e q u e n c y m o d u l a t i o n scheme and s e c u r e s t r a n s m i t t i n g o f the t e n s i o n 0 . 0 3 -
4 mV i n the f r e q u e n c y range 0 . 1 - 1 0 0 Hz w i t h an e r r o r n o t more than ± 10 p e r c e n t . 
The i n p u t r e s i s t a n c e i s 2 ΜΩ and t h e s y s t e m range i s 100 m. 

The e l e c t r o d e s f o r r e a d i n g e l e c t r i c a l a c t i v i t y o f a h e a r t are c u p l i k e s e n s o r s w i t h 
a s u r f a c e d i a m e t e r o f 14 mm. The e l e c t r o d e s a r e f a s t e n e d on t h e body by means of 
t w o - s i d e d s t i c k y tape t h a t e n s u r e s s u f f i c i e n t e n c a p s u l a t i o n . 

The sys tem was s u c c e s s f u l l y t e s t e d i n the K i s l o v o d s k open a i r swimming p o o l d u r i n g 
the t r a i n i n g p r o c e s s o f s p o r t s swimmers and a l s o d u r i n g m e d i c a l s t u d i e s o f p a t i e n t s 
w i t h b l o o d c i r c u l a t i o n p a t h o l o g y d u r i n g t h e i r g y m n a s t i c s i n w a t e r . The sys t em 
r e c e i v e s i n f o r m a t i o n about h e a r t a c t i v i t y o f a swimmer i n and above w a t e r w h i c h 
e x t e n d s the sphere o f i t s a p p l i c a t i o n . 
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Abstract — The t e c h n o l o g y a l r e a d y e x i s t s f o r r e c o r d i n g m u l t i p l e 
c h a n n e l s o f e l e c t r o m y o g r a p h i c (EMG) i n f o r m a t i o n v i a a r a d i o 
f r e q u e n c y l i n k , and h a s b e e n u s e d , f o r e x a m p l e , i n the a n a l y s i s 
o f g a i t p a t t e r n s . What i s n o t g e n e r a l l y a p p r e c i a t e d i s the c o n 
t r i b u t i o n such t e c h n i q u e s c o u l d make t o u n d e r s t a n d i n g the d e v e l o p 
ment o f the l ocomotor s y s t e m . The d i f f e r e n t i a t i o n o f mammalian 
s k e l e t a l musc l e i n t o s l o w - c o n t r a c t i n g and f a s t - c o n t r a c t i n g t y p e s 
i s u s u a l l y comple ted i n the f i r s t few weeks f o l l o w i n g b i r t h . I n 
t h i s p r o c e s s the m u s c l e s become h i g h l y s p e c i a l i z e d , y e t they 
r e t a i n i n t o a d u l t l i f e a c a p a c i t y f o r u n d e r g o i n g t r a n s f o r m a t i o n 
o f f i b e r t y p e . E v i d e n c e from e x p e r i m e n t s u s i n g i m p l a n t e d e l e c 
t r o n i c s t i m u l a t o r s p o i n t s t o n e r v e i m p u l s e a c t i v i t y as the 
r e g u l a t o r y f a c t o r r e s p o n s i b l e . B i o t e l e m e t r y o f EMG would e n a b l e 
t h i s h y p o t h e s i s t o be t e s t e d f u r t h e r by r e c o r d i n g changes i n 
endogenous p a t t e r n s o f musc l e a c t i v i t y under c o n d i t i o n s i n w h i c h 
t r a n s f o r m a t i o n o f f i b e r t y p e s t a k e s p l a c e : i n c r o s s - r e i n n e r v a 
t i o n , i n a l t e r e d t h y r o i d s t a t u s and d u r i n g e a r l y p o s t n a t a l d e v e l o p 
ment . 

INTRODUCTION 
The l a s e r was once d e s c r i b e d as ' a s o l u t i o n i n s e a r c h o f a p r o b l e m ' . The same comment 
c o u l d a p p l y t o b i o t e l e m e t r y , i n so f a r as i t h a s n o t y e t r e a l i z e d i t s f u l l p o t e n t i a l 
f o r s o l v i n g b i o m e d i c a l p r o b l e m s . The r e a s o n s f o r t h i s are p e r h a p s i n h e r e n t i n the 
t e c h n i q u e i t s e l f . Most b i o t e l e m e t r y sys tems p o s e s t r i n g e n t s p e c i f i c a t i o n s and t h e i r 
d e s i g n i n v o l v e s a s e r i e s o f t r a d e - o f f s w h i c h t e n d t o be u n i q u e t o e a c h a p p l i c a t i o n . 
The r e s u l t a n t l a c k o f s t a n d a r d i z a t i o n , p a r t i c u l a r l y i n r e g a r d t o f r e q u e n c y a l l o c a 
t i o n s , has d i s c o u r a g e d the commerc ia l i n t e r e s t w h i c h m i g h t h a v e made s u c h sys t ems 
more w i d e l y a v a i l a b l e , and h a s tended t o c o n f i n e b i o t e l e m e t r y t o t h o s e l a b o r a t o r i e s 
which p o s s e s s adequate e n g i n e e r i n g f a c i l i t i e s and e x p e r t i z e . W i t h r a r e e x c e p t i o n s , 
t h e r e f o r e , i n s t r u m e n t a t i o n tends t o be d e v e l o p e d i n i s o l a t i o n from b i o m e d i c a l p r o b l e m s , 
w h i l e the s c i e n t i s t s w i t h t h o s e problems are e i t h e r unaware o f the p o s s i b i l i t i e s 
o f f e r e d by b i o t e l e m e t r y , or i f aware are not e q u i p p e d t o make use o f them. T h i s 
paper i s i n t e n d e d t o draw a t t e n t i o n to some o f t h i s u n e x p l o i t e d p o t e n t i a l . 

517 



518 S. Salmons 

ELECTROMYOGRAPHY 
I t h a s been known s i n c e the m i d d l e o f t h e l a s t c e n t u r y t h a t c o n t r a c t i o n of s k e l e t a l 
m u s c l e i s accompanied by e l e c t r i c a l a c t i v i t y , a l t h o u g h i t was o n l y a f t e r the d e v e l o p 
ment of cathode r a y o s c i l l o g r a p h y t h a t the n a t u r e of t h i s r a p i d l y v a r y i n g s i g n a l , 
o r e l e c t r o m y o g r a m , c o u l d be demons tra ted v i s u a l l y . Nowadays e l e c t r o m y o g r a p h y (EMG) 
b e l o n g s t o the normal r e p e r t o i r e o f d i a g n o s t i c t e c h n i q u e s a v a i l a b l e to the modern 
h o s p i t a l . 

The d i a g n o s t i c u s e o f EMG c o n s i s t s o f an e x a m i n a t i o n o f the waveform g e n e r a t e d 
under c o n d i t i o n s o f r e s t , m i n i m a l and maximal v o l u n t a r y c o n t r a c t i o n o f the m u s c l e . 
R e g a r d l e s s o f the manner i n which the EMG s i g n a l i s p r o c e s s e d i t i s not a r e l i a b l e 
measure o f the f o r c e g e n e r a t e d by the musc l e e x c e p t under t i g h t l y c i r c u m s c r i b e d , 
a r t i f i c i a l c o n d i t i o n s ; f o r example a f a t i g u i n g musc le e x h i b i t s c o p i o u s e l e c t r i c a l 
a c t i v i t y a l t h o u g h the c o r r e s p o n d i n g f o r c e may be o n l y a f r a c t i o n o f n o r m a l . The 
t e n s i o n deve loped by an i n d i v i d u a l musc l e i s , however , t e c h n i c a l l y d i f f i c u l t t o 
measure , and w i t h i s o l a t e d e x c e p t i o n s (Barnes and F i n d e r , 1974; W a l m s l e y , Hodgson 
and Burke , 1978) has n o t been measured a t a l l under c o n d i t i o n s o f u n r e s t r i c t e d move
ment . The e l e c t r i c a l s i g n a l , or i t s i n t e g r a l or e n v e l o p e , has t h e r e f o r e found 
a p p l i c a t i o n a s a c o n v e n i e n t i n d i c a t o r o f the p r e s e n c e o f c o n t r a c t i l e a c t i v i t y i n a 
m u s c l e . I t has been used as an e n d p o i n t i n s t u d i e s o f the c e n t r a l nervous mechanisms 
u n d e r l y i n g the i n i t i a t i o n o f v o l u n t a r y movement ( E v a e r t s , 1968) . I t has been 
e x p l o i t e d by a number o f groups a s a s i g n a l f o r c o n t r o l l i n g a powered p r o s t h e s i s , 
the s o - c a l l e d m y o e l e c t r i c arm. I t can be used t o examine t h e c o - o r d i n a t e d a c t i v i t y 
of d i f f e r e n t m u s c l e s i n t h e p o s t u r e and l o c o m o t i o n o f a n i m a l s , and to e x p l o r e changes 
i n the r o l e s o f t h e homologous m u s c l e s i n a n i m a l s a d a p t e d e v o l u t i o n a r i l y f o r a d i f 
f e r e n t way o f l i f e . Such t e c h n i q u e s a l s o f i n d c l i n i c a l a p p l i c a t i o n , p r o v i d i n g a 
v a l u a b l e a d j u n c t t o f o r c e p l a t e and c i n e p h o t o g r a p h i c methods i n the a s s e s s m e n t o f 
g a i t . I n t h i s way a b n o r m a l i t i e s o f g a i t can be d e f i n e d more c l o s e l y , and t h e i r 
improvement or o t h e r w i s e d u r i n g a c o u r s e o f r e m e d i a l t r e a t m e n t a s s e s s e d q u a n t i t a 
t i v e l y . I n a l l t h e s e a p p l i c a t i o n s , and p a r t i c u l a r l y i n the c a s e o f l o c o m o t o r s t u d i e s , 
i t i s i m p o r t a n t t o m i n i m i z e encumbrance or r e s t r a i n t o f the e x p e r i m e n t a l s u b j e c t by 
the m e a s u r i n g a p p a r a t u s . The use o f r a d i o t e l e m e t r i c t e c h n i q u e s e l i m i n a t e s t r a i l i n g 
w i r e s , an a d v a n t a g e w h i c h h a s n o t been o v e r l o o k e d (Baumann and B a u m g a r t n e r , 1974; 
Rasmussen, Chan and G o s l o w , 1978; Amlaner , 1 9 7 8 ) . A l o g i c a l and welcome e x t e n s i o n 
o f t h i s p h i l o s o p h y i s the i n c o r p o r a t i o n o f a m p l i f y i n g and t r a n s m i t t i n g c i r c u i t r y i n 
the s u r f a c e mounted EMG e l e c t r o d e s , o b v i a t i n g the n e c e s s i t y even f o r the e l e c t r o d e 
l e a d s which would n o r m a l l y be r e q u i r e d f o r c o n n e c t i o n t o a w a i s t mounted t r a n s m i t t e r 
(Westbrook, F r y e r and R o s i t a n o , 1 9 7 6 ) . 

The s u r f a c e e l e c t r o d e s r e c o r d somewhat g e n e r a l i z e d a c t i v i t y from s u p e r f i c i a l l y 
l o c a t e d m u s c l e s . F o r r e c o r d i n g from l e s s a c c e s s i b l e m u s c l e s , e l e c t r o d e s must be 
p l a c e d w i t h i n the inuscle o f i n t e r e s t . I n c l i n i c a l e x a m i n a t i o n c o n c e n t r i c n e e d l e 
e l e c t r o d e s are u s e d . I n f r e e l y moving s u b j e c t s the e l e c t r o d e s take the form o f 
f i n e w i r e s , i n s u l a t e d e x c e p t f o r a s m a l l a c t i v e a r e a a t the t i p . They are n o r m a l l y 
i n t r o d u c e d i n t o t h e m u s c l e w i t h the a i d o f a f i n e hypodermic n e e d l e , t h e t i p o f the 
w i r e b e i n g f o l d e d b a c k t o form a b a r b w h i c h r e t a i n s the w i r e i n t h e m u s c l e . Such 
an arrangement h a s the f u r t h e r a d v a n t a g e t h a t the t i p o f the e l e c t r o d e r e c o r d s from 
an a r e a undamaged by t h e p a s s a g e o f the hypodermic n e e d l e ( H , P . Clamann, p e r s o n a l 
c o m m u n i c a t i o n ) . These e l e c t r o d e s p e r m i t t h e a n a l y s i s o f p a t t e r n s o f s i n g l e motor 
u n i t a c t i v i t y d u r i n g the normal use o f t h e m u s c l e . They a r e n o t w i t h o u t p r o b l e m s , 
however . The barbed e l e c t r o d e s h a v e a t endency t o m i g r a t e i n t o the m u s c l e , making 
i t more d i f f i c u l t t o f i x t h e r e c o r d i n g s i t e or t o l o c a l i z e i t s u b s e q u e n t l y . The 
f i n e w i r e s a r e f r a g i l e and i f used i n l o n g runs prone t o i n d u c t i v e i n t e r f e r e n c e . 
F o r an imal s t u d i e s t h e s e c o n s i d e r a t i o n s p o i n t t o a need f o r a c o m p l e t e l y i m p l a n t a b l e 
m u l t i c h a n n e l EMG b i o t e lerne t e r , w i t h the a m p l i f i e r s and p o s s i b l y the m u l t i p l e x i n g 
c i r c u i t r y l o c a t e d c l o s e to t h e e l e c t r o d e s , and power and s i g n a l l i n k s b e i n g c o n d u c t e d 
to a common c e n t r a l t r a n s m i t t e r . With the advent o f micropower i n t e g r a t e d c i r c u i t s 
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MUSCLE D I F F E R E N T I A T I O N AND THE ADAPTIVE RESPONSE 
EMG as an i n d i c a t o r o f the moment-to-moment c o n t r a c t i l e a c t i v i t y o f a m u s c l e i s a 
w e l l e s t a b l i s h e d c o n c e p t . V e r y much l e s s f a m i l i a r are the l o n g t e r m c o n s e q u e n c e s o f 
a g i v e n p a t t e r n o f a c t i v i t y f o r the d i f f e r e n t i a t i o n of the m u s c l e . To u n d e r s t a n d 
the s i g n i f i c a n c e o f t h i s r o l e i t i s n e c e s s a r y t o c o n s i d e r b r i e f l y the normal d e v e l o p 
ment o f m u s c l e . 

The s k e l e t a l m u s c l e s o f most mammals undergo i m p o r t a n t changes i n the f i r s t few 
weeks f o l l o w i n g b i r t h . D u r i n g t h i s t ime the musc l e f i b e r s become s p e c i a l i z e d f o r 
t h e i r f u n c t i o n a l r o l e i n the a d u l t a n i m a l . From t h i s p r o c e s s , two d i s t i n c t t y p e s 
of musc le f i b e r s emerge . S l o w , or *red* m u s c l e f i b e r s are a d p a t e d f o r m a i n t e n a n c e 
of p o s t u r e and s u s t a i n e d a c t i v i t y ; they c o n t r a c t and r e l a x s l o w l y , d e r i v e t h e i r 
energy from an a e r o b i c m e t a b o l i s m , and are r e s i s t a n t to f a t i g u e . F a s t , or ' w h i t e ' 
musc l e f i b e r s are s u i t e d t o i n t e r m i t t e n t p e r i o d s o f i n t e n s e a c t i v i t y ; they c o n t r a c t 
and r e l a x r a p i d l y , d e r i v e t h e i r energy from the l e s s e f f i c i e n t a n a e r o b i c pa thway , 
and a r e r e a d i l y f a t i g u e d . Whole m u s c l e s can be r e f e r r e d to as ' s l o w ' or ' f a s t ' 
when t h e i r o v e r a l l c h a r a c t e r i s t i c s are d e t e r m i n e d by a predominance o f one or the 
o t h e r f i b e r t y p e . 

These musc le t y p e s are f u r t h e r d i s t i n g u i s h e d by the p a t t e r n s o f i m p u l s e a c t i v i t y 
d e l i v e r e d to them by t h e i r motor n e r v e s . The motoneurones i n n e r v a t i n g s low m u s c l e s 
g e n e r a t e a s u s t a i n e d low f r e q u e n c y p a t t e r n o f a c t i v i t y ; i n c o n t r a s t , motoneurones 
s u p p l y i n g f a s t m u s c l e s s u b j e c t them t o i n t e r m i t t e n t b u r s t s o f more i n t e n s e a c t i v i t y . 
The c h a r a c t e r i s t i c p h y s i o l o g i c a l and b i o c h e m i c a l p r o p e r t i e s o f s low m u s c l e s appear 
to emerge i n re sponse to the e s t a b l i s h m e n t o f the a d u l t p a t t e r n o f motoneurone a c t i 
v i t y . I f t h e motoneurones are rendered q u i e s c e n t by i s o l a t i o n o f the s p i n a l cord a 
few days a f t e r b i r t h , m u s c l e s w h i c h would n o r m a l l y have a c q u i r e d s low c o n t r a c t i l e 
c h a r a c t e r i s t i c s d e v e l o p as f a s t m u s c l e s ( B u l l e r , E c c l e s and E c c l e s , 1 9 6 0 a ) . C o n 
v e r s e l y an i m p l a n t a b l e e l e c t r o n i c s t i m u l a t o r ( S a l m o n s , 1967) can be used to s u b j e c t 
a f a s t musc l e to a c o n t i n u o u s low f r e q u e n c y p a t t e r n o f a c t i v i t y o f the t y p e n o r m a l l y 
r e c e i v e d by s low m u s c l e s . Under t h e s e c o n d i t i o n s a f a s t musc l e undergoes an o r d e r l y 
sequence o f changes w h i c h u l t i m a t e l y b r i n g about a comple te t r a n s f o r m a t i o n to a s low 
musc le by a l l the c r i t e r i a w h i c h have so f a r been a p p l i e d (Salmons and V r b o v á , 1969; 
S r é t e r et al,, 1973; F e t t e et al,, 1973; Romanul et al,, 1974; S r é t e r et al., 1974; 
S r é t e r et al,, 1975; Salmons and S r é t e r , 1976; F e t t e et al,, 1976; H u d l i c k á , et al., 
1977; S a l m o n s , G a l e and S r é t e r , 1978; R u b i n s t e i n et al., 1978; He i lmann and 
F e t t e , 1979) . Two a s p e c t s o f t h i s r e s p o n s e are worthy o f e m p h a s i s . F i r s t l y , 
the re sponse c o m p r i s e s q u a l i t a t i v e as w e l l a s q u a n t i t a t i v e changes i n the com
plement o f p r o t e i n s s y n t h e s i z e d by the m u s c l e , e v i d e n c e o f a fundamenta l r e d i r e c 
t i o n o f p r o t e i n s y n t h e s i s w i t h i n the c e l l s . S e c o n d l y , the r e s p o n s e i s e l i c i t e d j u s t 
as e a s i l y i n f a s t m u s c l e s o f an a d u l t a n i m a l , and t h i s s u g g e s t s t h a t the changes 
r e p r e s e n t an a d a p t i v e r e s p o n s e w h i c h e n a b l e a m u s c l e to accommodate the c h a n g i n g 
f u n c t i o n a l r e q u i r e m e n t s w h i c h may be e n c o u n t e r e d a t any t ime d u r i n g the a n i m a l ' s 
l i f e . Such a c o n c e p t can p r o v i d e i n s i g h t i n t o p r e v i o u s e x p e r i m e n t s r e l a t i n g to the 
i n f l u e n c e o f nerve on m u s c l e d i f f e r e n t i a t i o n . 

C R O S S - I N N E R V A T I O N 
I n 1960 B u l l e r et al,, r e p o r t e d the r e s u l t s o f e x p e r i m e n t s i n w h i c h t h e motor n e r v e s 
o f a f a s t and a s low m u s c l e had been c u t and c r o s s - a n a s t o m o s e d ; as a r e s u l t , the 
f a s t musc le had been r e i n n e r v a t e d by t h e n e r v e w h i c h p r e v i o u s l y s u p p l i e d the s low 
m u s c l e , and vice Versa, The c o n t r a c t i l e c h a r a c t e r i s t i c s o f the m u s c l e s had been 
found to a l t e r , the f a s t m u s c l e becoming s l o w e r and the s low m u s c l e f a s t e r . These 

such a sys tem would be w e l l w i t h i n the scope o f e x i s t i n g t e c h n o l o g y , and would 
e n a b l e the r e s e a r c h , as opposed to the c l i n i c a l , p o s s i b i l i t i e s f o r EMG b i o t e l e m e t r y 
to be more f u l l y e x p l o r e d . 
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changes have s i n c e been found t o e x t e n d to a v a r i e t y o f b i o c h e m i c a l and h i s t o c h e m i c a l 
p r o p e r t i e s , a l t h o u g h the d e g r e e o f t r a n s f o r m a t i o n i s n o t as g r e a t as t h a t i n d u c e d 
by e l e c t r i c a l s t i m u l a t i o n . One e x p l a n a t i o n o f t h e s e phenomena w h i c h was w i d e l y 
a c c e p t e d a t t r i b u t e d the n e u r a l i n f l u e n c e t o c h e m i c a l t r o p h i c f a c t o r s t r a n s p o r t e d 
by the nerve to the m u s c l e . However, i f c r o s s - u n i o n o f the n e r v e s i n t e r c h a n g e s 
the c h a r a c t e r i s t i c p a t t e r n s o f impul se a c t i v i t y r e a c h i n g the s low and f a s t m u s c l e s , 
the r e s u l t s would be f u l l y c o n s i s t e n t w i t h the a d a p t i v e - r e s p o n s e h y p o t h e s i s . The 
f a s t m u s c l e s , s u b j e c t e d to c o n t i n u o u s low f r e q u e n c y a c t i v i t y would tend to a c q u i r e 
s low musc le p r o p e r t i e s ; the s low m u s c l e s , r e l i e v e d o f such a p a t t e r n , would tend t o 
undergo r e c i p r o c a l c h a n g e s . Such an i n t e r p r e t a t i o n i s s u p p o r t e d by t h e work o f 
Salmons and S r é t e r (1976) who used the c h r o n i c e l e c t r i c a l s t i m u l a t i o n t e c h n i q u e t o 
show t h a t i n the absence o f an a c t u a l change i n the p a t t e r n o f i m p u l s e a c t i v i t y 
r e a c h i n g a m u s c l e , c r o s s - i n n e r v a t i o n had no s i g n i f i c a n t e f f e c t . N e v e r t h e l e s s , t h e 
e v i d e n c e t h a t c r o s s - i n n e r v a t i o n t r a n s p o s e s the p a t t e r n s of a c t i v i t y r e a c h i n g the 
m u s c l e s remains c i r c u m s t a n t i a l . B i o t e l e m e t r y o f the EMG c o u l d f u r n i s h d i r e c t e v i 
dence on t h i s p o i n t by r e c o r d i n g i n the f r e e l y moving a n i m a l the p a t t e r n o f motor 
u n i t a c t i v i t y i n m u s c l e s r e i n n e r v a t e d by f o r e i g n n e r v e s . C o n t r o l d a t a c o u l d be 
o b t a i n e d from m u s c l e s whose n e r v e s had been s e c t i o n e d and s e l f - a n a s t o m o s e d . 

D u r i n g r e i n n e r v a t i o n o f a musc l e the f i r s t axons to a r r i v e tend t o b r a n c h p r o f u s e l y 
and s u p p l y a d i s p r o p o r t i o n a t e number o f m u s c l e f i b e r s . These c o n t a c t s , once formed, 
a r e n o t d i s p l a c e d by t h e a r r i v a l o f s u b s e q u e n t a x o n s . As a r e s u l t t h e motor u n i t s 
i n a r e i n n e r v a t e d m u s c l e a r e n o t d i s p e r s e d as randomly as i n a normal m u s c l e . I t 
would t h e r e f o r e be n e c e s s a r y t o sample the a c t i v i t y a t a v a r i e t y o f s i t e s w i t h i n t h e 
musc le i n o r d e r t o a v o i d p o s s i b l e b i a s . Such an exper iment t h e r e f o r e c a l l s f o r 
m u l t i c h a n n e l o p e r a t i o n , b u t i t i s c l e a r t h a t a b i o l o g i c a l l y s i g n i f i c a n t r e s u l t c o u l d 
be o b t a i n e d w i t h o n l y a few days o f r e c o r d i n g . 

T H Y R O I D A L INFLUENCES ON SKEL E T A L M U S C L E 
The t h y r o i d g l a n d p l a y s an i m p o r t a n t p a r t i n a number o f d e v e l o p m e n t a l p r o c e s s e s , 
and i n the a d u l t an imal i t s hormonal s e c r e t i o n s r e g u l a t e the l e v e l o f m e t a b o l i c 
a c t i v i t y i n c e l l s . I t appears t h a t , i n a d d i t i o n to t h e i r m e t a b o l i c e f f e c t s , t h y r o i d 
hormones a l s o i n f l u e n c e t h e f i b e r type c o m p o s i t i o n o f s k e l e t a l m u s c l e s . l a n u z z o 
et al. (1977) o b s e r v e d a s i g n i f i c a n t l y g r e a t e r p r o p o r t i o n o f s low f i b e r s i n m u s c l e s 
o f an imal s whose t h y r o i d g l a n d s had been removed; c o n v e r s e l y the p r o p o r t i o n o f s low 
f i b e r s i n an ima l s t o whom a d d i t i o n a l t h y r o i d hormones had been a d m i n i s t e r e d was 
s m a l l e r . These e f f e c t s c o u l d be a t t r i b u t e d t o a d i r e c t i n f l u e n c e o f t h y r o i d hormones 
on musc le c e l l s . The a d a p t i v e - r e s p o n s e h y p o t h e s i s o f f e r s an a l t e r n a t i v e i n t e r p r e t a 
t i o n which was not d i s c u s s e d b y l a n u z z o et a l . , and w h i c h i s worth t e s t i n g e x p e r i 
m e n t a l l y . A c c o r d i n g to t h i s i n t e r p r e t a t i o n , t h y r o i d hormones have an i n d i r e c t 
i n f l u e n c e on musc l e d i f f e r e n t i a t i o n , e x e r t i n g t h e i r e f f e c t s v i a an i n f l u e n c e on the 
p a t t e r n s of d i s c h a r g e o f the c o r r e s p o n d i n g m o t o n e u r o n e s . One o f the o b v i o u s m a n i 
f e s t a t i o n s o f h y p o t h y r o i d i s m i s the l e t h a r g i c s t a t e o f the a f f e c t e d i n d i v i d u a l . 
Under t h e s e r e l a t i v e l y s t a t i c c o n d i t i o n s p o s t u r a l p a t t e r n s would be e x p e c t e d t o 
p r e v a i l , p r o d u c i n g an i n c r e a s e i n the p r o p o r t i o n o f s low f i b e r s . C o n v e r s e l y t h e 
h y p e r t h y r o i d c o n d i t i o n i s c h a r a c t e r i z e d by c o n t i n u o u s r e s t l e s s movement, i n w h i c h 
p h a s i c p a t t e r n s o f a c t i v i t y would p r e d o m i n a t e , w i t h a c o r r e s p o n d i n g d e c r e a s e i n s low 
f i b e r c o n t e n t . 

To what e x t e n t i s i t r e a s o n a b l e t o s u g g e s t t h a t f i b e r type t r a n s f o r m a t i o n s can be 
produced by changes i n motor p a t t e r n s o f a c t i v i t y which are n e v e r t h e l e s s w i t h i n p h y 
s i o l o g i c a l l i m i t s ? Two l i n e s o f e v i d e n c e i l l u s t r a t e the d e g r e e t o w h i c h p o s t u r a l 
m u s c l e s can respond under such c o n d i t i o n s . F i r s t l y , changes s i m i l a r to t h o s e r e p o r t e d 
by l a n u z z o et al., f o r t h e h y p e r t h y r o i d a n i m a l s have b e e n s e e n i n r a t s o l e u s m u s c l e s 
which were p a r t i a l l y r e l i e v e d o f p o s t u r a l a c t i v i t y by d e n e r v a t i o n o f a n t a g o n i s t i c 
m u s c l e s (Guth and W e l l s , 1972) . S e c o n d l y , as t h e accompanying F i g , 1 shows , the 
p h y s i o l o g i c a l i n c r e a s e i n p o s t u r a l a c t i v i t y b r o u g h t about by e x p o s u r e o f the a n i m a l 
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F i g . 1. E f f e c t s o f i n c r e a s e d p o s t u r a l a c t i v i t y on r a t s o l e u s m u s c l e s . I n 
t h i s e x p e r i m e n t , p a r t o f a s t u d y i n p r o g r e s s w i t h J . Oyama o f 
the N . A . S . A . , Ames Space R e s e a r c h C e n t e r , r a t s were r a i s e d from 
weaning t o 6 months o f age i n a s p e c i a l l y d e s i g n e d c e n t r i f u g e 
which s u b j e c t e d them t o a c o n s t a n t g r a v i t a t i o n a l f i e l d o f 2 . 3 g . 
C r y o s t a t s e c t i o n s from the s o l e u s m u s c l e s o f t h e s e a n i m a l s (a) 
and t h o s e o f normal g r a v i t y c o n t r o l s (b) were p r o c e s s e d t o g e t h e r 
f o r the d e m o n s t r a t i o n o f m y o f i b r i l l a r ATPase w i t h a l k a l i p r e i n c u 
b a t i o n . S o l e u s m u s c l e s o f r a t s r a i s e d under h y p e r g r a v i t y c o n d i 
t i o n s were composed e n t i r e l y o f a l k a l i - l a b i l e f i b e r s , u n l i k e t h o s e 
o f normal g r a v i t y c o n t r o l s w h i c h a lways c o n t a i n e d a complement o f 
a l k a l i - s t a b l e f i b e r s . S i m i l a r o b s e r v a t i o n s have b e e n made by 
M a r t i n and Romond ( 1 9 7 5 ) . 
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CHANGES IN ACTIVITY DURING D E V E L O P M E N T 
I n many mammals, i n c l u d i n g the r a t , r a b b i t , and c a t , f a s t and s low f i b e r t y p e s 
appear i n the m u s c l e s d u r i n g the f i r s t few weeks a f t e r b i r t h . The p r o c e s s i s t h e r e 
f o r e a c c e s s i b l e t o e x p e r i m e n t a l i n v e s t i g a t i o n . The a d a p t i v e - r e s p o n s e h y p o t h e s i s 
a s s i g n s a c r u c i a l r o l e t o a c t i v i t y i n t h i s p o s t n a t a l phase o f m u s c l e d i f f e r e n t i a t i o n , 
and t h e r e are two t y p e s o f o b s e r v a t i o n which are c o n s i s t e n t w i t h such a r o l e . F i r s t l y , 
m u s c l e s which i n the a d u l t an imal a r e s low have some o f the b i o c h e m i c a l c h a r a c t e r i s 
t i c s o f f a s t m u s c l e s when examined a t an e a r l y p o s t n a t a l s t a g e . I n t e r m s , f o r 
e x a m p l e , o f the l i g h t c h a i n s o f myos in the sequence o f changes d u r i n g e a r l y d e v e l o p 
ment i s s t r o n g l y r e m i n i s c e n t o f t h a t evoked i n a d u l t f a s t m u s c l e s by c h r o n i c low 
f r e q u e n c y s t i m u l a t i o n ( S r é t e r et al,, 1974; M a r g r e t h , 1975; P e l l o n i - M ü l l e r , E r m i n i 
and J e n n y , 1976a, b ; Syrovf, 1976; R u b i n s t e i n and K e l l y , 1 9 7 8 ) . S i m i l a r l y , an 
i n c r e a s e i n the p r o p o r t i o n o f s low f i b e r t y p e s h a s been o b s e r v e d t o t a k e p l a c e d u r i n g 
the normal development o f m u s c l e s i n t h e g u i n e a p i g ( K a r p a t i and E n g l e , 1968 ) , r a t 
( R u b i n s t e i n and K e l l y , 1978) and man (Keens et al,, 1978; E l d e r , 1978 ) . These f i n d 
i n g s s u g g e s t t h a t the emergence o f s low f i b e r p r o p e r t i e s i n the c o u r s e o f development 
i s c o n t i n g e n t on the e s t a b l i s h m e n t o f a d u l t p a t t e r n s o f motor a c t i v i t y i n the m a t u r 
i n g nervous s y s t e m . S e c o n d l y , t h e r e i s e v i d e n c e t h a t t h e s e p r o p e r t i e s can be n e i t h e r 
e s t a b l i s h e d nor s u s t a i n e d i n the absence o f normal p o s t u r a l a c t i v i t y . R e d u c t i o n or 
e l i m i n a t i o n of t h i s a c t i v i t y by p r o c e d u r e s s u c h as s p i n a l cord s e c t i o n and i s o l a t i o n , 
l imb f i x a t i o n or nerve s e c t i o n , a r r e s t s the normal p r o c e s s o f h i s t o c h e m i c a l m a t u r a 
t i o n o f the musc l e ( K a r p a t i and E n g e l , 1968; R u b i n s t e i n and K e l l y , 1 9 7 8 ) . F u r t h e r 
more , the f i b e r type c o m p o s i t i o n o f lower l imb m u s c l e s i n p a t i e n t s p a r a l y z e d by 
s p i n a l c o r d l e s i o n s show an a b n o r m a l l y low p r o p o r t i o n o f s low f i b e r s ; indeed i n some 
c a s e s s low f i b e r s are c o m p l e t e l y a b s e n t from s u c h m u s c l e s (Grimby et al,, 1976) . 

C o n s i d e r a b l e i n t e r e s t t h e r e f o r e a t t a c h e s to the a c t u a l p a t t e r n s o f i m p u l s e a c t i v i t y 
r e c e i v e d by l imb m u s c l e s o f a n i m a l s d u r i n g t h e f i r s t s i x weeks f o l l o w i n g b i r t h . 
Because of the s m a l l s i z e o f a n e o n a t a l an imal and the need to e n s u r e t h a t any m o n i 
t o r i n g p r o c e d u r e does not e n t a i l r e j e c t i o n by i t s m o t h e r , t h i s type o f e x p e r i m e n t 
p r e s e n t s a c o n s i d e r a b l e t e c h n i c a l c h a l l e n g e to the b i o e n g i n e e r . 

CONCLUSION 
Three e x p e r i m e n t s have been d e s c r i b e d h e r e i n o r d e r t o g i v e s u b s t a n c e t o my c o n t e n 
t i o n t h a t t h e r e i s c o n s i d e r a b l e u n e x p l o i t e d p o t e n t i a l f o r the a p p l i c a t i o n o f b i o t e l e 
metry t o s t u d i e s o f t h e d i f f e r e n t i a t i o n o f t h e l o c o m o t o r s y s t e m . N a t u r a l l y t h e s e 
examples do n o t e x h a u s t the p o s s i b i l i t i e s f o r r e s e a r c h i n t h i s a r e a , much o f wh ich 
c o u l d , i n p r i n c i p l e , be c a r r i e d out w i t h e x i s t i n g t e c h n o l o g y . L o o k i n g to t h e f u t u r e , 
t h e r e are e x c i t i n g p r o s p e c t s f o r s t u d y i n g t h e c e n t r a l nervous mechanisms u n d e r l y i n g 
movement and p o s t u r e , and the way i n w h i c h the a p p r o p r i a t e pathways are e s t a b l i s h e d . 
I f b i o t e l e m e t r y i s t o p l a y i t s p a r t i n t h e s e deve lopments t h e r e must be a g r e a t e r 
awareness b o t h o f the t e c h n i q u e s and o f t h e i r s c i e n t i f i c p o t e n t i a l . F u r t h e r commit
ment w i l l be needed t o t h e e r o s i o n o f t r a d i t i o n a l b o u n d a r i e s between the d i s c i p l i n e s : 
i n degree c o u r s e s , i n t h e c o n s t i t u t i o n o f r e s e a r c h g r o u p s , and i n the a l l o c a t i o n o f 
r e s e a r c h f u n d s . T h i s , r a t h e r than any t e c h n i c a l o b s t a c l e , w i l l be the t r u e d e t e r 
minant o f p r o g r e s s i n t h i s a r e a . 

t o h y p e r g r a v i t y c o n d i t i o n s produces changes even g r e a t e r than t h o s e seen i n the t h y -
r o i d e c t o m i z e d a n i m a l s . I t i s t h e r e f o r e p o s s i b l e t h a t the t h y r o i d a l i n f l u e n c e on 
musc le r e p r e s e n t s a r e s p o n s e to a change i n f u n c t i o n a l demands r a t h e r t h a n to an 
e x c e s s or absence of the hormones per se. T h i s p r o p o s i t i o n c o u l d be t e s t e d by 
a n a l y z i n g EMG a c t i v i t y from m u s c l e s o f n o r m a l , h y p o t h y r o i d and h y p e r t h y r o i d a n i m a l s , 
an exper iment to w h i c h b i o t e l e m e t r i c t e c h n i q u e s would be a d m i r a b l y s u i t e d . 
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Abstraot — The a v a i l a b i l i t y o f s m a l l , t emperature s e n s i t i v e , 
r a d i o t r a n s m i t t e r s has added a new d imens ion to the s t u d y o f 
s m a l l mammal a c t i v i t y . T r a n s m i t t e r c o l l a r s have been used w i t h 
Eutamias tcwnsendiiy Glauoomys sabvinuSy Tamiasciurus hudsordouSy 
Soiurus nigeVy and Oahotona princeps. These b i o t e l e m e t e r s p r o 
v i d e the same p o s i t i o n and movement i n f o r m a t i o n t h a t i s a v a i l 
a b l e u s i n g o r d i n a r y r a d i o t r a c k i n g equ ipment . However , the a d d i 
t i o n o f t empera ture s e n s i t i v i t y a l s o makes i t p o s s i b l e t o d e t e r 
mine whether the an imal i s i n a n e s t or moving t h r o u g h i t s 
e n v i r o n m e n t . C a r e f u l m o n i t o r i n g o f t empera ture f l u c t u a t i o n s 
a l l o w s i n f e r e n c e o f o t h e r a c t i v i t i e s , e . g . , s l e e p , moving i n the 
n e s t , f o r a g i n g , and t a k i n g temporary s h e l t e r i n some p r o t e c t e d 
l o c a t i o n . When c o r r e l a t e d w i t h the c o r r e s p o n d i n g e n v i r o n m e n t a l 
i n f o r m a t i o n , t h e s e d a t a a l l o w new i n s i g h t s i n t o the b i o l o g y o f 
s m a l l , s e c r e t i v e , h o m i o t h e r m s . 

The use o f a p h y s i o l o g i c a l t e l e m e t r y t r a n s m i t t e r i n s t u d y i n g the b e h a v i o r o f n o c t u r 
n a l s u b t e r r a n e a n , or o t h e r w i s e d i f f i c u l t t o o b s e r v e s m a l l mammals i s d i s c u s s e d . 
The t r a n s m i t t e r ( F i g . 1) i s a m o d i f i c a t i o n o f t h e c r y s t a l c o n t r o l l e d r a d i o t r a c k i n g 
t r a n s m i t t e r d e s c r i b e d b y C o c h r a n and L o r d , 1963; Osgood and W e i g l , 19 72 . I t i s a 
s i m p l e , b l o c k i n g o s c i l l a t o r w i t h a p u l s e r a t e c o n t r o l l e d b y a t h e r m i s t o r . H e a t i n g 
the t r a n s m i t t e r i n c r e a s e s the p u l s e r a t e w h i l e c o o l i n g i t d e c r e a s e s the r a t e . Wi th 
c a r e f u l c a l i b r a t i o n i t can measure a b s o l u t e t e m p e r a t u r e s t o ± 0 . 5 ° C b u t , f o r t h i s 
a p p l i c a t i o n the d e t e c t i o n o f s m a l l changes i n t empera ture i s more i m p o r t a n t than 
a b s o l u t e a c c u r a c y . The r e c e i v e r used i s a m o d i f i e d w a l k i e - t a l k i e equ ipped w i t h e a r 
phones , a b e a t - f r e q u e n c y o s c i l l a t o r ( B F O ) , and a d i r e c t i o n a l l o o p a n t e n n a . 

Adding t emperature s e n s i t i v i t y to a t y p i c a l r a d i o t a g p r o v i d e s t h e means f o r o b t a i n 
i n g c o n s i d e r a b l e b e h a v i o r a l i n f o r m a t i o n ( i n a d d i t i o n to l o c a t i o n ) from i t s s i g n a l . 
I f the t r a n s m i t t e r i s i n the form o f a c o l l a r (w i th the t e m p e r a t u r e s e n s i n g e lement 
o u t s i d e the a n i m a l ) , the t emperature s ensed w i l l be t h a t o f the env i ronment b u t 
w i t h an i m p o r t a n t c o n t r i b u t i o n from t h e body h e a t o f the t a g g e d a n i m a l . When the 
ambient t emperature (T^) i s a t l e a s t 5 ° C lower than the s u b j e c t ' s body t empera ture 
( Τ β ) , the c o l l a r t emperature (Τς.) can p r o v i d e c l u e s t o the a c t i v i t y o f the a n i m a l . 

I f t h e s u b j e c t i s s l e e p i n g i n a w e l l i n s u l a t e d n e s t the w i l l be o n l y a few 
degrees lower than T g . As the an imal awakens and moves w i t h i n the n e s t , a i r f l ow 
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F i g . 1. The t emperature s e n s i t i v e c o l l a r t r a n s m i t t e r w i t h i t s 
c a b l e - t i e a t t a c h m e n t d e v i c e . 

p a s t the t r a n s m i t t e r w i l l cause the t r a n s m i t t e r to c o o l by 1 - 3 ° C . F r e q u e n t l y t h e 
an imal w i l l resume i t s r e s t i n g p o s i t i o n f o r s h o r t p e r i o d s , a l l o w i n g the c o l l a r to 
rewarm. The r e s u l t i s a p a t t e r n o f f l u c t u a t i n g , b u t r e l a t i v e l y h i g h temperature 
r e a d i n g s d u r i n g the awakening p h a s e o f a c t i v i t y . 

I f the an imal l e a v e s the s h e l t e r e d n e s t and e n t e r s c o o l e r ambient a i r , a c t i v i t y i s 
s i g n a l e d by a sharp drop i n T ^ . The magni tude o f t h i s drop i s l a r g e l y a f u n c t i o n o f 
T^ , b u t i t may a l s o be i n f l u e n c e d by wind or the movements o f the s u b j e c t . The 
c o l l a r t emperature o f the f o r a g i n g an imal w i l l be more v a r i a b l e t h a n t h a t r e c o r d e d 
from i n s i d e the n e s t , b u t i f T^ remains r e l a t i v e l y c o n s t a n t , v a r i a t i o n i n T^ c a n be 
i n t e r p r e t e d b e h a v i o r a l l y . Depending on the b e h a v i o r p a t t e r n s o f the s p e c i e s , a b r i e f 
i n c r e a s e i n T^ o f s e v e r a l d e g r e e s may i n d i c a t e t h a t the s u b j e c t has s t o p p e d i n t h e 
shade o f a t r e e b r a n c h o r t h a t i t h a s e n t e r e d a n e s t f o r a p e r i o d , too s h o r t t o 
a l l o w the t r a n s m i t t e r t o r e a c h normal ' n e s t t e m p e r a t u r e ' . S i m i l a r l y , a b r i e f Tc 
drop o f s e v e r a l d e g r e e s may mean t h a t the an imal h a s p a s s e d through a windy l o c a t i o n 
or t h a t i t emerged from a burrow s y s t e m t o f o r a g e f o r a s h o r t p e r i o d . C l e a r l y , i t 
i s c r i t i c a l t o keep r e c o r d s o f T^ i n a l l p o s s i b l e m i c r o h a b i t a t s t h a t the s u b j e c t may 
be e x p e c t e d t o e n t e r . The f o l l o w i n g p a r a g r a p h s p r o v i d e examples o f the use o f t h i s 
sy s t em i n s t u d i e s o f two s p e c i e s w i t h w i d e l y d i f f e r e n t h a b i t s and problems o f o b s e r 
v a t i o n . 

F i g u r e 2 i s a sample c o l l a r t emperature r e c o r d from a f emale n o r t h e r n f l y i n g s q u i r r e l , 
Glauoomys sabrinus, Ambient t emperature remained a lmos t c o n s t a n t ( 1 4 - 1 5 ° C ) f o r t h e 
e n t i r e o b s e r v a t i o n p e r i o d . There was a s l i g h t (4 -8 km h"^) wind t h r o u g h o u t the 
n i g h t . T h i s a n i m a l was u s i n g a w e l l i n s u l a t e d n e s t l o c a t e d i n a l a r g e oak t r e e 
trunk c a v i t y . F u l l darknes s ( o p e r a t i o n a l l y d e f i n e d as l i g h t l e v e l r e q u i r i n g a r t i f i 
c i a l l i g h t f o r the b i o l o g i s t t o r e a c h the s t u d y a r e a ) o c c u r r e d a p p r o x i m a t e l y 2100 h . 
A t about t h i s t ime f l u c t u a t i n g t emperature r e a d i n g s from t h e c o l l a r i n d i c a t e d awaken
i n g o f the s u b j e c t . A t 2130 h the s u b j e c t l e f t the n e s t f o r a f o r a g i n g - f e e d i n g p e r i o d 
o f 160 m i n . D u r i n g t h i s t ime the a n i m a l e n t e r e d p r o t e c t e d l o c a t i o n s on f o u r o c c a 
s i o n s f o r p e r i o d s o f s e v e r a l m i n u t e s e a c h . These temporary s h e l t e r s may h a v e b e e n 
an imal burrows on the g r o u n d , t r e e c r o t c h e s , or o t h e r m i c r o h a b i t a t s s h e l t e r e d from 
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F i g . 2 . Sample t emperature r e c o r d f o r a f emale f l y i n g s q u i r r e l . 
The broken l i n e a t 3 1 ° C i s an a r b i t r a r y e s t i m a t e o f 
the d i v i s i o n between c o l l a r t e m p e r a t u r e s i n d i c a t i v e 
o f a c t i v i t i e s o c c u r r i n g w i t h i n the n e s t and t h o s e 
o u t s i d e . 

the w i n d . A t 2410 h the an imal r e - e n t e r e d i t s n e s t and went to s l e e p . The s l e e p 
p e r i o d c o n t i n u e d u n t i l 0500 h a t w h i c h t ime the s q u i r r e l l e f t the n e s t f o r a s econd 
f e e d i n g p e r i o d o f about 90 min j u s t b e f o r e d a y l i g h t . D u r i n g t h i s p e r i o d a p p r o x i m a t e l y 
30 min was s p e n t i n some s h e l t e r e d l o c a t i o n . The p a t t e r n o f two a c t i v i t y p e r i o d s , 
one b e g i n n i n g j u s t a f t e r dark and a s econd e n d i n g a t d a y b r e a k , i s t y p i c a l f o r t h i s 
s p e c i e s (Weig l and O s g o o d , 1 9 7 4 ) . 

P i k a s , Ochotona princeps^ l i v e i n rock s l i d e s i n 
North A m e r i c a . I n summer t h e i r b e h a v i o r p a t t e r n s 
d i u r n a l and t o l e r a t e human o b s e r v e r s w i t h i n 50 m. 
i n g w i n t e r i s much more d i f f i c u l t . T h i s s p e c i e s 
f o r up t o e i g h t months o f the y e a r y e t remains ac 
the form o f ' h a y * , i s s t o r e d d u r i n g the s n o w - f r e e 
snow cover makes f o r a g i n g d i f f i c u l t or i m p o s s i b l e 
t r a n s m i t t e r c o l l a r s h a s a l l o w e d me t o i n v e s t i g a t e 

a l p i n e l o c a t i o n s t h r o u g h o u t w e s t e r n 
a r e e a s i l y s t u d i e d s i n c e they are 

O b s e r v a t i o n o f p i k a a c t i v i t y d u r -
l i v e s under a c o n t i n u o u s snow c o v e r 
t i v e d u r i n g t h i s t i m e . F o o d , i n 

summer months and i s consumed when 
The u s e o f t e m p e r a t u r e s e n s i t i v e 

w i n t e r a c t i v i t y o f t h i s s p e c i e s . 

F i g u r e 3 i s a sample c o l l a r t emperature r e c o r d f o r a p i k a under snow c o v e r more than 
1 m d e e p . The s u b n i v é a n t e m p e r a t u r e remains n e a r 0 ° C t h r o u g h o u t the w i n t e r , b u t i n 
a few p l a c e s , c h a n n e l s i n the snow remain open and c a r r y a i r from the s u r f a c e b e n e a t h 
the snow. I n t h e s e c h a n n e l s a i r t e m p e r a t u r e i s much more v a r i a b l e and c l o s e l y matches 
t h a t o f the snow s u r f a c e . The graph shows t h a t , w h i l e t h i s an imal m a i n t a i n s a b a s i 
c a l l y d i u r n a l a c t i v i t y p a t t e r n , i t i s a l s o a c t i v e a t n i g h t . A c t i v i t y o u t s i d e the 
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F i g . 3 . Sample t empera ture r e c o r d f o r a male p i k a . Snow depth 
on t h i s d a t e v a r i e d from 1 t o 2 m . S u b n i v e a n t e m p e r a 
t u r e was c o n s t a n t a t 0 ° C w h i l e a i r t empera ture v a r i e d 
from a h i g h o f 4 ° C t o a low o f - 3 ° C o v e r the o b s e r v a 
t i o n p e r i o d . Broken l i n e a t 3 1 °C as i n F i g . 2 . 

n e s t o c c u r s p r i m a r i l y i n the a f t e r n o o n w i t h s h o r t e r p e r i o d s o c c u r r i n g a t s u n r i s e and 
a g a i n s h o r t l y a f t e r w a r d s . The two e a r l y morning e x c u r s i o n s (0200 and 0400 h) were 
a l s o o f s h o r t d u r a t i o n . The sharp d e c r e a s e i n T Q a t 1600 h may r e p r e s e n t the a n i m a l 
moving i n t o one o f t h e s u b n i v e a n a i r c h a n n e l s w i t h a consequent i n c r e a s e i n the r a t e 
of h e a t l o s s by the t r a n s m i t t e r c o l l a r . A n o t h e r n o t e w o r t h y f e a t u r e o f t h i s r e c o r d 
i s t h e v a r i a b l e n e s t t empera ture s een i n t h i s s p e c i e s . I t would s u g g e s t t h a t t ime 
spent i n the n e s t i s n o t s o l e l y o c c u p i e d by s l e e p i n g , a t l e a s t not i n the ' t i g h t 
b a l l ' c h a r a c t e r i s t i c o f r o d e n t s . One would p r e d i c t from t h e s e d a t a t h a t p i k a s move 
e x t e n s i v e l y w i t h i n t h e i r n e s t s . The maximum T Q ' S o b s e r v e d (370C) a r e w i t h i n 2 ° C 
o f the 39°C r e p o r t e d Tg f o r t h i s s p e c i e s , i n d i c a t i n g a v e r y w e l l i n s u l a t e d n e s t . 

Aoknowledgements — The f i e l d d a t a r e p o r t e d h e r e were c o l l e c t e d i n c o l l a b o r a t i o n w i t h 
P e t e r W e i g l {Glauoomys) and Nancy F r a z i e r (0oho tona), The p i k a s t u d y was s u p p o r t e d 
by g r a n t s from the S h e l l F o u n d a t i o n and The Mazamas. A s a b b a t i c a l l e a v e and f a c u l t y 
f e l l o w s h i p from B u t l e r U n i v e r s i t y made the work p o s s i b l e . 
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Abstract — Many an imal s use s p e c i f i c c a l l s as ' l o n g d i s t a n c e 
communicat ion s i g n a l s ' f o r the a t t r a c t i o n of a mate o r i n 
t e r r i t o r i a l d e f e n s e . Such c a l l s are i n many c a s e s l o u d enough 
to c a r r y beyond the c a l l e r ' s home range or t e r r i t o r y , and 
t h e r e f o r e can be d e t e c t e d and r e c o r d e d w i t h o u t d i s t u r b i n g t h e 
c a l l e r . S u c h sound s i g n a l s h a v e c e r t a i n p r o p e r t i e s i n common 
w i t h the e l e c t r o m a g n e t i c s i g n a l s o f comparable w a v e l e n g t h , used 
i n r a d i o t e l e m e t r y (geometry o f s p r e a d , a t t e n u a t i o n i n the 
n a t u r a l e n v i r o n m e n t ) , and can be measured w i t h comparab le 
a c c u r a c y . The a d v a n t a g e of ' a c o u s t i c a l t e l e m e t r y ' i s t h a t the 
an imal under i n v e s t i g a t i o n remains u n d i s t u r b e d (no t r a p p i n g 
or h a n d l i n g ) , and l i m i t a t i o n s o f t r a n s m i t t e r s ( w e i g h t , l i f e 
e x p e c t a n c y o f b a t t e r i e s ) do not a p p l y . The d i s a d v a n t a g e i s 
t h a t the p a r t i c u l a r t ime o f measurement i s beyond the o b s e r v e r ' s 
c o n t r o l . 

I f , i n a p a r t i c u l a r s p e c i e s , r a d i o t r a c k i n g i s f e a s i b l e , r a d i o 
microphones can p r o v i d e v a l u a b l e i n f o r m a t i o n i n a d d i t i o n t o the 
l o c a t i o n o f the s o u r c e : e s p e c i a l l y f a i n t v o c a l i z a t i o n s u s e d i n 
c l o s e - c o n t a c t communicat ion can be o b s e r v e d c o n t i n u o u s l y , and 
o t h e r s e l e c t e d a c t i v i t i e s , w h i c h are accompanied by sound 
( l o c o m o t i o n , b r e a t h i n g , f e e d i n g , d i g g i n g , g n a w i n g , e t c . ) can be 
r e c o r d e d , y i e l d i n g an i n t i m a t e i n s i g h t i n t o b e h a v i o r and 
b e h a v i o r a l t ime b u d g e t s . 

INTRODUCTION 
To l i s t e n t o a sound and then de termine t h e l o c a t i o n o f i t s s o u r c e i s presumably the 
most a n c i e n t form o f t e l e m e t r y . Some a n i m a l s seem t o i m p e r s o n a t e l i v i n g b e a c o n s , 
p r o v i d i n g i n f o r m a t i o n on t h e i r i d e n t i t y and l o c a t i o n t o c o n s p e c i f i c s , and a l l o w us 
t o l i s t e n i n w i t h o u t any h a r m f u l e f f e c t t o the o n g o i n g b e h a v i o r a l p r o c e s s . R a d i o 
t r a c k i n g h a s the d i s a d v a n t a g e t h a t the t r a n s m i t t e r l i f e i s l i m i t e d ( m o s t l y due to 
s h o r t b a t t e r y l i f e , b u t a l s o b e c a u s e o f e n v i r o n m e n t a l s t r e s s ) , and t h a t the a n i m a l 
wh ich c a r r i e s the t r a n s m i t t e r has t o be incommoded t o a v a r y i n g degree when the u n i t 
i s a t t a c h e d , a n d / o r c a r r i e d . I n some r e s p e c t s a c o u s t i c a l t e l e m e t r y and r a d i o t r a c k i n g 
have s i m i l a r p r o p e r t i e s ( e . g . , the w a v e l e n g t h o f t h e s i g n a l ) and can y i e l d s i m i l a r 
r e s u l t s (change o f l o c a t i o n i n t i m e , change o f b e h a v i o r a l s t a t e ) , and t h e r e f o r e a 
s y s t e m a t i c compar i son o f t h e s e two methods i s i n o r d e r . 
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The w a v e l e n g t h o f sound i n a i r f o r the range o f human h e a r i n g (20 Hz t o 20 KHz) l i e s 
between 15 m and 15 mm, and i s q u i t e c l o s e to the r a d i o f r e q u e n c y w a v e l e n g t h s c u r r e n t l y 
used i n t e l e m e t r y . I am n o t aware o f a s y s t e m a t i c compar i son o f the p r o p a g a t i o n o f 
sound and r a d i o s i g n a l s i n the n a t u r a l env ironment o f a n i m a l s , b u t i t appears t h a t 
the b a s i c geometry o f the f i e l d (a t l e a s t the f a r f i e l d ) o f a p o i n t s o u r c e i s q u i t e 
s i m i l a r , and t h a t , assuming s p h e r i c a l s p r e a d , the s i g n a l w i l l d e c r e a s e by 6 dB when 
d o u b l i n g the d i s t a n c e from the s o u r c e . O b s t a c l e s i n the p a t h o f a sound or e l e c t r o 
m a g n e t i c wave r e f l e c t depending on t h e i r s i z e , r e l a t i v e to the w a v e l e n g t h ; i . e . , an 
i s o l a t e d o b j e c t w i l l produce a shadow i f i t i s s e v e r a l w a v e l e n g t h s w i d e , b u t c r e a t e s 
no d i s t u r b a n c e when i t i s much s m a l l e r than one w a v e l e n g t h . The e l e c t r i c a l impe
dance o f a s u r f a c e w i l l be d i f f e r e n t from the a c o u s t i c a l impedance , i n t h e n u m e r i c a l 
v a l u e a t l e a s t , and t h e a b s o r p t i o n and d i f f r a c t i o n i n the medium i s n o t i c a b l y d i f 
f e r e n t e s p e c i a l l y i n the s h o r t w a v e l e n g t h end o f t h e common s p e c t r u m ( f o r a d e t a i l e d 
d i s c u s s i o n see P i e r c y , Emble ton and S u t h e r l a n d , 1977; C h e s s e l l , 1 9 7 7 ) . As l o n g as 
t r a n s m i t t e r and r e c e i v e r a r e c l o s e to t h e g r o u n d , d e t e c t i o n seems to be a problem 
f o r b o t h forms of e n e r g y . Sound waves are b e n t when p a s s i n g through g r a d i e n t s o f 
t emperature or w i n d , and r e f l e c t e d (or p a r t i a l l y absorbed) by t h e ground , or by 
o t h e r p l a n e s ( e . g . , the s u r f a c e o f the edge o f a f o r e s t , o r , w i t h i n t h e f o r e s t , by 
the canopy a b o v e ) . W i t h i n the range o f r o u g h l y 500 Hz to 5 KHz (0 .6 to 0 .06 m) t h e 
e f f e c t s o f geometry o f p r o p a g a t i o n , and a b s o r p t i o n and d i f f r a c t i o n are comparable 
over d i s t a n c e s up t o s e v e r a l hundred m e t e r s , f o r b o t h forms o f e n e r g y . Sound s o u r c e s 
can be l o c a l i z e d more p r e c i s e l y w i t h c u r r e n t l y a v a i l a b l e t e c h n o l o g y , when a r r i v a l 
t ime d i f f e r e n c e s a r e used (see b e l o w ) , due t o t h e r e l a t i v e l y s low speed o f sound i n 
a i r (334 ms"! a t 1 8 ° C ) . 

The amount o f energy w h i c h i s r a d i a t e d i n the form o f sound i n a t y p i c a l l o n g d i s 
t a n c e communicat ion s i g n a l i s c o n s i d e r a b l e : a t a d i s t a n c e o f 1 m from a s i n g i n g b i r d , 
sound p r e s s u r e l e v e l s o f a p p r o x i m a t e l y 100 dB (re 2.10"^ Nm"^) can be m e a s u r e d . 
T h i s corresponds t o 130 mW a t the s o u r c e . To what e x t e n t t h i s e n e r g y can be u t i l i z e d 
f o r a c o u s t i c a l t e l e m e t r y depends on a v a r i e t y o f v a r i a b l e s o f the s i g n a l i t s e l f 
( e s p e c i a l l y i t s band w i d t h ) , and o f the e n v i r o n m e n t . Ambient n o i s e l e v e l and e x c e s s 
a t t e n u a t i o n i n a p a r t i c u l a r f r e q u e n c y band (which are b o t h dependent on v a r i o u s 
m e t e o r o l o g i c a l c o n d i t i o n s and on the sound p r o d u c t i o n o f o t h e r a n i m a l s ) , v a r y w i t h 
the t ime of day and t h e s e a s o n . D u r i n g p r e v a i l i n g e n v i r o n m e n t a l c o n d i t i o n s d i s t a n c e s 
up t o 100 m can be h a n d l e d e a s i l y , and a t o p t i m a l c o n d i t i o n s , measurements o f up t o 
1 km are p o s s i b l e . 

THE SOUND SIGNAL 
Sound s i g n a l s have d e v e l o p e d under a v a r i e t y o f s e l e c t i o n p r e s s u r e s , and i t i s n e x t 
to i m p o s s i b l e to a b s t r a c t any common f e a t u r e s , even i f we r e s t r i c t our c o n s i d e r a t i o n s 
t o ' t y p i c a l ' l o n g d i s t a n c e communica t ion s i g n a l s , w i t h t h e same p r e c i s i o n a p p l i e d i n 
the t e c h n i c a l s p e c i f i c a t i o n s o f a r a d i o t r a n s m i t t e r . I n the absence o f a comprehen
s i v e s t u d y o f the p h y s i c a l v a r i a b l e s o f l o n g d i s t a n c e communicat ion s i g n a l s , I t a k e 
the l i b e r t y to compi l e h e r e a few rough e s t i m a t e s , w h i c h s h o u l d f a c i l i t a t e a c o m p a r i 
son o f the k i n d o f r a d i o s i g n a l s w h i c h are c u r r e n t l y used i n t e l e m e t r y . 

I n the a c o u s t i c a l s i g n a l s o f a n i m a l s the most s t r i k i n g f e a t u r e i s the absence o f a 
c o n t i n u o u s l y p r e s e n t ' c a r r i e r ' , and the u s e o f i n t e r m i t t e n t s i g n a l i n g i n a form 
w h i c h i s v e r y s i m i l a r t o ' p u l s e i n t e r v a l m o d u l a t i o n ' ( S c h l e i d t , 1 9 7 3 ) . Mos t c a l l s 
f i t w i t h i n the range o f 0 . 3 t o 3 s , and the i n t e r v e n i n g i n t e r v a l s r a n g e from s e c o n d s 
to m i n u t e s . The f r e q u e n c y i s r a r e l y m a i n t a i n e d a t a f i x e d v a l u e , b u t most commonly 
modula ted i n some form, w h i l e a m p l i t u d e m o d u l a t i o n i s v i r t u a l l y a b s e n t . R e p e t i t i o n s 
and more or l e s s complex a l t e r n a t i o n s o f e l ements are common. The f r e q u e n c y band 
which one i n d i v i d u a l u s e s i s r e l a t i v e l y wide (one o r more o c t a v e s ) and , s i n c e t h e 
a v a i l a b l e f r e q u e n c y r a n g e i s l i m i t e d , the s e l e c t i v i t y i s a c h i e v e d by a c h a r a c t e r i s t i c 
' s i g n a t u r e ' o f the s i g n a l , wh ich encodes most s t r i k i n g l y the s p e c i e s o f the c a l l e r . 
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but i n many c a s e s a l s o t h e i n d i v i d u a l i d e n t i t y ( S c h l e i d t , 1976) . U n l i k e i n r a d i o 
communicat ion , where each t r a n s m i t t e r works c o n t i n u o u s l y i n a p a r t i c u l a r f r e q u e n c y 
b a n d , an imals use a r e l a t i v e l y wide band communal ly , i n a mode s i m i l a r to ' t i m e 
s h a r i n g ' . 

I n r a d i o t e l e m e t r y , the t ime a t w h i c h a p a r t i c u l a r measurement i s made i s w e l l under 
the c o n t r o l o f the i n v e s t i g a t o r , w h i l e i n the c a s e o f a c o u s t i c a l t e l e m e t r y the l i s t e n 
i n g o b s e r v e r i s a t the mercy o f h i s s u b j e c t . A t f i r s t g l a n c e , t h i s seems to be a 
s e r i o u s drawback o f t h e l a t t e r method though t h e s i t u a t i o n i s n o t as b a d , when we 
c o n s i d e r t h a t the t ime when the an imal under i n v e s t i g a t i o n e m i t s a s i g n a l i s a p o t e n 
t i a l l y s i g n i f i c a n t d a t a p o i n t . I f we are m o s t l y i n t e r e s t e d i n l o c a t i n g the a n i m a l , 
i n the c o n t e x t o f space u t i l i z a t i o n , we a l r e a d y know t h a t commonly a l o n g d i s t a n c e 
s i g n a l i s r e p e a t e d s e v e r a l t imes b e f o r e i t moves to a new l o c a t i o n . The r e v i e w o f 
the o r n i t h o l o g i c a l l i t e r a t u r e i n d i c a t e s t h a t i n many s p e c i e s the s i n g i n g t e r r i t o r i a l 
male has a s t r o n g p r e f e r e n c e t o c a l l from a l i m i t e d number o f s i n g i n g p e r c h e s , b u t 
q u a n t i t a t i v e d a t a t o s u p p o r t t h e s e c l a i m s are r a r e and f u r t h e r s t u d i e s are u r g e n t l y 
needed . 

The p o t e n t i a l f o r the i d e n t i f i c a t i o n o f i n d i v i d u a l c a l l e r s w i t h t h e h e l p o f un ique 
c h a r a c t e r i s t i c s o f t h e s i g n a l are e x c e l l e n t , p r o v i d e d t h a t a s o u n d - s p e c t r o g r a p h i c 
a n a l y s i s i s p o s s i b l e . I n my l a b o r a t o r y , a c o n s i d e r a b l e number o f l o n g d i s t a n c e 
communicat ion s i g n a l s o f a v a r i e t y o f s p e c i e s were a n a l y z e d , and i n a l l c a s e s un ique 
f e a t u r e s have been found i n s u f f i c i e n t numbers t o i d e n t i f y s e v e r a l (5 t o 20) i n d i 
v i d u a l s w i t h i n a g i v e n p o p u l a t i o n . The o n l y d i f f i c u l t y a t p r e s e n t i s t h a t the 
i m p o r t a n t f e a t u r e s cannot be d e t e c t e d r e a d i l y by the u n a i d e d e a r , and a sound 
s p e c t r o g r a p h f o r f i e l d a p p l i c a t i o n i s n o t y e t a v a i l a b l e . 

The k i n d o f i n f o r m a t i o n c a r r i e d i n a s o u n d , and the form i n w h i c h i t i s endoded 
appears too v a r i a b l e t o be d i s c u s s e d i n g e n e r a l t e r m s . N e a r l y a lways i t conveys 
Ί am a l i v e and w e l l ' . I n many s p e c i e s , c a l l i n g i s o b s e r v e d p r e d o m i n a n t l y i n one 
s e x (most ly the m a l e ) , and o n l y i n s e x u a l l y mature (or a c t i v e ) i n d i v i d u a l s , which 
l i m i t s the use o f a c o u s t i c a l t e l e m e t r y . A t the same t ime t h i s can be used to the 
a d v a n t a g e o f the i n v e s t i g a t o r , b e c a u s e i t e x c l u d e s a t l e a s t the immature and s e n i l e 
i n d i v i d u a l s , wh ich do n o t c o n t r i b u t e t o t h e p r o d u c t i v i t y o f the p o p u l a t i o n . I n 
some b i r d s p e c i e s o n l y t h o s e ma le s s i n g c o n s i s t e n t l y which are not ( y e t ) m a t e d . S i n c e 
i n t h e s e c a s e s u s u a l l y the ma le s a r r i v e f i r s t a t a t e r r i t o r y , and the f e m a l e s f o l l o w 
l a t e r , a c o u s t i c a l t e l e m e t r y can be u s e d t o m o n i t o r the annua l r e - s e t t l i n g o f an 
a r e a , and the s t a b i l i t y o f t h e p o p u l a t i o n . 

THE SOUND RECORDING 
Ln r a d i o t r a c k i n g , e i t h e r one i n d i v i d u a l t r a n s m i t t e r i s t r a c k e d w i t h a s i n g l e , p o r t 
a b l e and d i r e c t i o n a l a n t e n n a , or s e v e r a l t r a n s m i t t e r s are m o n i t o r e d by two or more 
s t a t i o n a r y , r o t a t i n g , and a l s o d i r e c t i o n a l a n t e n n a s by means o f t r i a n g u l a t i o n . I n 
a c o u s t i c a l t e l e m e t r y , t h e f i r s t method ( i n d i v i d u a l t r a c k i n g ) i s a l s o p o s s i b l e , b u t 
n o t recommended b e c a u s e o f the p o t e n t i a l d i s t u r b a n c e : i n the w o r s t c a s e , t h e an imal 
i s chased around by t h e i n v e s t i g a t o r , and t h e r e s u l t i n g d a t a are m e a n i n g l e s s . An 
a c o u s t i c a l a d a p t a t i o n o f the s e c o n d method was t e s t e d by the a u t h o r i n a p i l o t s t u d y , 
w i t h h i g h l y d i r e c t i o n a l ' s h o t g u n microphones* as i n d i c a t o r s , o r w i t h microphone 
p a i r s mounted a t an e x a g g e r a t e d * i n t e r a u r a l ' d i s t a n c e , b u t n e i t h e r s y s t e m g a v e s a t i s 
f a c t o r y r e s u l t s . The r e l a t i v e l y s h o r t d u r a t i o n o f t h e a c o u s t i c a l s i g n a l s , and the 
l o n g s i l e n c e between make i t v e r y d i f f i c u l t t o o b t a i n unambiguous r e a d i n g s o f t h e 
s o u r c e s l o c a t i o n . 

For a c o u s t i c a l t e l e m e t r y , t h e most r e l i a b l e and p r e c i s e m o n i t o r i n g o f sound s o u r c e s 
i s p o s s i b l e w i t h microphone a r r a y s . T h i s method t a k e s a d v a n t a g e o f the r e l a t i v e l y 
s low speed o f sound i n a i r , w h i c h r e s u l t s i n s i g n i f i c a n t d i f f e r e n c e s i n t h e t ime a t 
wh ich a s i g n a l from a d i s t a n t s o u r c e a r r i v e s a t e a c h m i c r o p h o n e . The b a s i c p r i n c i p l e 
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i s b e s t e x p l a i n e d when we f i r s t c o n s i d e r the c a s e o f two microphones o n l y : t h e wave 
f r o n t from a d i s t a n t sound s o u r c e w i l l a r r i v e f i r s t a t the microphone w h i c h i s c l o s e r 
to the s o u r c e ( M l ) , and a t the second microphone (M2) w i t h a d e l a y which i s a f u n c 
t i o n o f microphone c o n f i g u r a t i o n and the speed o f sound . I f the s i g n a l a r r i v e s 
s i m u l t a n e o u s l y a t b o t h Ml and M 2 , we know t h a t the s o u r c e i s somewhere on a l i n e 
e x a c t l y between the two m i c r o p h o n e s ; i f the a r r i v a l t ime d i f f e r e n c e be tween Ml and 
M2 i s as long as the sound needs t o t r a v e l from Ml t o M2, we know t h a t the s o u r c e 
i s somewhere on a l i n e c u t t i n g t h r o u g h Ml and M2, b u t b e h i n d M l ; i f the a r r i v a l t ime 
d i f f e r e n c e i s s h o r t e r , bu t not z e r o , we know t h a t the source i s somewhere on a 
h y p e r b o l a which h a s Ml and M2 as i t s f o c a l p o i n t s , and which s a t i s f i e s the o b s e r v e d 
d i f f e r e n c e i n the l e n g t h o f the p a t h (which can be c a l c u l a t e d from t h e speed o f 
s o u n d ) . With two microphones (or two e a r s ) we can o n l y de termine t h e a p p r o x i m a t e 
d i r e c t i o n , approx imate b e c a u s e we do n o t know the d i s t a n c e . I n o r d e r t o e s t i m a t e 
the a c t u a l l o c a t i o n o f the s o u r c e we need a t l e a s t a t h i r d microphone (M3) , w h i c h 
a l l o w s us to measure two a d d i t i o n a l a r r i v a l t ime d i f f e r e n c e s , and to c o n s t r u c t two 
more h y p e r b o l a s . The r e s u l t i n g t h r e e h y p e r b o l a s i n t e r s e c t a t s e v e r a l l o c a t i o n s and 
i f o n l y one l o c a t i o n e x i s t s a t w h i c h a l l t h r e e i n t e r s e c t , we c o n c l u d e t h a t t h i s i s 
the l o c a t i o n of the s o u r c e . I f more t h a n one t h r e e f o l d i n t e r s e c t i o n i s f o u n d , a 
f o u r t h microphone i s n e c e s s a r y t o r e s o l v e t h i s a m b i g u i t y . 

I n the f i r s t a p p l i c a t i o n s o f t h i s method ( f i n d i n g the l o c a t i o n o f the enemy's cannons 
d u r i n g WW I ) s i m p l e paper c h a r t r e c o r d e r s were used i n the f i e l d , and the a r r i v a l 
t ime d i f f e r e n c e s were c o n v e r t e d , w i t h the h e l p o f t a b l e s , t o l o c a t i o n s r e l a t i v e to 
the microphone a r r a y . Today , a p o r t a b l e s t o r a g e o s c i l l o s c o p e and an e l e c t r o n i c 
hand c a l c u l a t o r are the l o g i c a l and p r a c t i c a l a l t e r n a t i v e s . Wi th r e l a t i v e l y f a i n t 
s i g n a l s , imbedded i n the ambient n o i s e , d i r e c t f i e l d measurements do not p r o v i d e 
s u f f i c i e n t r e s o l u t i o n , and a b e t t e r method i s t o r e c o r d the s i g n a l s on a 4 c h a n n e l 
m a g n e t i c tape r e c o r d e r , and conduct the a n a l y s i s ( a r r i v a l t ime d i f f e r e n c e m e a s u r e 
m e n t s , and c o n v e r s i o n t o l o c a t i o n s ) i n the l a b o r a t o r y , where s o n o g r a p h i c a n a l y s i s 
a l l o w s maximal r e c o v e r y o f the s i g n a l , and s u i t a b l e computer programs can c o n v e r t 
the a r r i v a l t ime d i f f e r e n c e s to l o c a t i o n s (Magyar , S c h l e i d t and M i l l e r , 1978) ; an 
underwater sys tem h a s been d e s c r i b e d by W a t k i n s , 1976. 

There are s e v e r a l t e c h n i c a l problems r e m a i n i n g , which hamper a g e n e r a l a p p l i c a t i o n 
o f t h i s method . (1) O n l y a few p o r t a b l e 4 c h a n n e l tape r e c o r d e r s are c o m m e r c i a l l y 
a v a i l a b l e , and they are a l l r a t h e r e x p e n s i v e . (2) The microphones w h i c h are r e a d i l y 
a v a i l a b l e h a v e t o be m o d i f i e d w i t h a more e f f e c t i v e wind s c r e e n , and to a t o r o i d a l 
d i r e c t i o n a l r e s p o n s e (maximize s e n s i t i v i t y i n the h o r i z o n t a l p l a n e , m i n i m i z e s e n s i 
t i v i t y downward and upward, t o e x c l u d e e x c e s s i v e ambient n o i s e from nearby i n s e c t s , 
and from a i r c r a f t s o v e r h e a d ) . U n t i l such r e c o r d e r s and microphones are a v a i l a b l e , 
s i m p l i f i e d v e r s i o n s can be used w i t h o n l y minor s a c r i f i c i n g o f a c c u r a c y . M i c r o p h o n e s 
w i t h a c a r d i o i d c h a r a c t e r i s t i c can be mounted v e r t i c a l l y , and c o v e r e d by a f i b e r 
g l a s s u m b r e l l a (which e x c l u d e s to some e x t e n t a i r c r a f t n o i s e ) and w h i c h can s u p p o r t 
a d d i t i o n a l wind s c r e e n m a t e r i a l . I f t h e a n i m a l s are i n a c l u s t e r ( e . g . , f r o g s a t 
a p o n d ) , o n l y t h r e e microphones are s u f f i c i e n t t o o b t a i n unambiguous h y p e r b o l a i n t e r 
s e c t i o n s . P r o v i d e d t h a t the i n d i v i d u a l s i g n a l i s o f s u f f i c i e n t d u r a t i o n , a n d / o r 
r e p e a t e d s e v e r a l t i m e s , d u r i n g w h i c h t h e an imal does not move s i g n i f i c a n t l y , a 
s t e r e o tape r e c o r d e r can be u s e d . One microphone i s c o n n e c t e d p e r m a n e n t l y t o one 
c h a n n e l , and the o t h e r two microphones a r e a l t e r n a t e l y r e c o r d e d on t h e second 
c h a n n e l . The s w i t c h i n g can be done by h a n d , e . g . , a t the m i d p o i n t o f the s i g n a l , 
m o n i t o r e d through headphones on c h a n n e l J , or by means o f an e l e c t r o n i c m u l t i p l e x i n g 
s y s t e m . 

RADIO M I C R O P H O N E S 
The p r e c e d i n g d i s c u s s i o n on a c o u s t i c a l t e l e m e t r y i s i n no way i n t e n d e d to u n d e r c u t 
t h e use o f r a d i o t e l e m e t r y , b u t m o s t l y to r e v i e w p o t e n t i a l a l t e r n a t i v e s . P r o v i d e d 
t h a t f a v o r a b l e f i n a n c i a l c o n d i t i o n s p r e v a i l , and the p a r t i c u l a r s p e c i e s under 
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i n v e s t i g a t i o n i s c o o p e r a t i v e , v a r i o u s c o m b i n a t i o n s o f the two methods c o u l d be most 
b e n e f i c i a l . I n v i ew o f the g r e a t advances i n the m i n i a t u r i z a t i o n o f c i r c u i t s , more 
complex t r a n s m i t t e r s can be b u i l t , and r e c e n t deve lopments i n the p r o d u c t i o n o f h e a r 
i n g a i d s , e s p e c i a l l y o f m i n i a t u r i z e d condenser microphones o f v e r y s m a l l w e i g h t 
( l e s s than 2 g) make i t p o s s i b l e to b u i l d m i n i a t u r e r a d i o m i c r o p h o n e s . U n t i l r e c e n t l y , 
an i n e x p e n s i v e r a d i o m i c r o p h o n e , t u n a b l e w i t h i n the FM r a n g e , was a v a i l a b l e on the 
commerc ia l m a r k e t , b u t the g e n e r a l l i c e n s e has been r e v o k e d , and t h e s a l e d i s c o n 
t i n u e d . We have c o n v e r t e d such u n i t s and i n c o r p o r a t e d i n t o a c o l l a r w e i g h i n g 25 g 
( i n c l u d i n g b a t t e r i e s ) . T h i s u n i t was r e a d i l y a c c e p t e d by d o m e s t i c c a t s and a l l o w e d 
us to r e c o r d v o c a l i z a t i o n s i n an u n o b s t r u c t e d env ironment over d i s t a n c e s up to 65 m 
w i t h a commercia l FM r a d i o - c a s s e t t e r e c o r d e r i n the range o f 500 Hz t o 15 KHz 
( M c K i n l e y , Dowel l and S c h l e i d t , 1976 ) . 

The use o f r a d i o microphones can r e s o l v e s e v e r a l problems w h i c h are e n c o u n t e r e d 
when d i r e c t o b s e r v a t i o n or o t h e r r e c o r d i n g methods are u n a v a i l a b l e . F i r s t o f a l l , 
even v e r y f a i n t v o c a l i z a t i o n s , used i n c l o s e - c o n t a c t c o m m u n i c a t i o n , are e a s i l y 
r e c o r d e d . The a l t e r n a t i v e s , b r i n g i n g a c o n v e n t i o n a l microphone c l o s e to the animal 
r e s u l t s i n e x c e s s i v e d i s t u r b a n c e , and the use o f h i g h l y d i r e c t i o n a l microphones 
from a d i s t a n c e ( e . g . , p a r a b o l i c r e f l e c t o r s ) can e a s i l y r e s u l t i n d i s t o r t i o n s o f the 
s i g n a l . I n s o c i a l e n c o u n t e r s i t i s u s u a l l y i m p o s s i b l e t o j u d g e from a d i s t a n c e , 
wh ich a n i m a l g i v e s wh ich v o c a l i z a t i o n , an a m b i g u i t y which the r a d i o microphone can 
e a s i l y r e s o l v e . Because o f t h e f i x e d d i s t a n c e between microphone and mouth the 
r e l a t i v e loudness o f d i f f e r e n t v o c a l i z a t i o n s o f one a n i m a l can be measured w i t h 
g r e a t a c c u r a c y , and t h i s c o n s t a n t d i s t a n c e i s a l s o a d v a n t a g e o u s , when the v o c a l 
o u t p u t o f an an imal i s t o be m o n i t o r e d o v e r an e x t e n d e d time p e r i o d . 
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Abstract — F i v e monkeys b e l o n g i n g t o the same f a m i l y were 
equipped w i t h m i n i a t u r e VHF, FM t r a n s m i t t e r s . The c a l l s o f 
each monkey were t r a n s m i t t e d t o f i v e FM r e c e i v e r s and r e c o r d e d 
on a m u l t i t r a c k tape r e c o r d e r . The a n i m a l s r e l e a s e d i n t h e i r 
u s u a l e n c l o s u r e were r e c o r d e d d u r i n g d i f f e r e n t a c t i v i t i e s : 
awakening , f a l l i n g a s l e e p , r e s t i n g , f e e d i n g , a l a r m i n g , e t c . 
I p r e s e n t (a) the t e c h n i c a l a p p a r a t u s and i t s p e r f o r m a n c e ; 
(b) n a t u r e o f d i f f e r e n t sounds r e c o r d e d ; (c ) q u a l i t a t i v e 
and q u a n t i t a t i v e v o c a l e x p r e s s i o n o f one a n i m a l ; and (d) s t u d y 
of v o c a l e x c h a n g e s between s e v e r a l i n d i v i d u a l s . 

INTRODUCTION 
A s o c i a l group of monkeys i s composed of d i f f e r e n t a g e , s ex and s t a t u s c l a s s e s o f 
i n d i v i d u a l s . I n the same c o n t e x t the b e h a v i o r o f each c l a s s d i f f e r s from t h a t o f 
the o t h e r s . The same i s t r u e f o r v o c a l b e h a v i o r . My s t u d y has two a i m s : ( i ) to 
l e a r n the n a t u r e , number and c h r o n o l o g y of v o c a l e v e n t s w h i c h c h a r a c t e r i z e a p a r t i 
c u l a r c l a s s o f a n i m a l ; ( i i ) t o u n d e r s t a n d the i n t e r a c t i o n s be tween t h e v o c a l p a t t e r n s 
e m i t t e d by d i f f e r e n t i n d i v i d u a l s d u r i n g e x c h a n g e s . C o n s e q u e n t l y I must i d e n t i f y and 
i s o l a t e t h e v o c a l p a r t i c i p a t i o n o f e a c h i n d i v i d u a l . That i s e a s y where o n l y two or 
t h r e e an imal s are concerned b u t becomes i m p o s s i b l e when the group i s l a r g e r . B i o 
t e l e m e t r y has been used t o s o l v e t h i s problem ( G a u t i e r and D e p u t t e , 1975; C a t h e r i n e , 
1977) . Here I p r e s e n t the e s s e n t i a l t e c h n i c a l a p p a r a t u s and i t s p o t e n t i a l t o s t u d y 
v o c a l b e h a v i o r . The d e t a i l s and r e s u l t s c o n c e r n i n g t h i s l a t t e r p a r t w i l l be p u b l i s h e d 
e l s e w h e r e . 

F i v e monkeys b e l o n g i n g t o the same family''"^ (one a d u l t f e m a l e and h e r o f f s p r i n g ) were 
equipped w i t h m i n i a t u r e V H F , FM t r a n s m i t t e r s ( F i g . 1 ) . T h e i r c a l l s were t r a n s m i t t e d 
to f i v e FM r e c e i v e r s and r e c o r d e d s e p a r a t e l y on a m u l t i t r a c k t a p e r e c o r d e r . The male 
o f t h e group was n o t r a d i o t a g g e d ; h i s r a r e and l o u d v o c a l i z a t i o n s were r e c o r d e d on 

*The f a m i l y observed i s composed o f one Cerco'pithecus pogonias gray i a d u l t m a l e , one 
Cercopitheous ascanius katangae a d u l t f e m a l e . They gave b i r t h to f o u r h y b r i d s i n 
1974. (1) ' V a l e r i e ' , a d u l t f e m a l e , f i v e y e a r s o l d ; (2) ' F r a n Q o i s ' , s u b a d u l t m a l e , 
four y e a r s o l d ; (3) ' A n a s t h a s e ' , j u v e n i l e m a l e , t h r e e y e a r s o l d ; (4) ' D a n i e l e , young 
f e m a l e , two y e a r s o l d . T h i s group was chosen so t h a t t h e h y b r i d n a t u r e of t h e v o c a l i 
z a t i o n s o f the young c o u l d be s t u d i e d a l s o . 

535 
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F i g . 1. 3 a n i m a l s o f t h e group equipped w i t h t h e i r h a r n e s s e s — 
t h e male ( second from t h e l e f t ) i s no t e q u i p p e d . 

the g e n e r a l sound t r a c k . The a n i m a l s r e l e a s e d i n t h e i r u s u a l e n c l o s u r e were recorded 
c o n t i n u o u s l y , t w i c e f o r two weeks d u r i n g t h e i r v a r i o u s a c t i v i t i e s : awakening , f a l l i n g 
a s l e e p , r e s t i n g , f e e d i n g , p l a y i n g , a l a r m i n g , e t c . V i d e o r e c o r d i n g s were made s i m u l 
t a n e o u s l y to o b s e r v e any b e h a v i o r a l c o n t e x t ( s p a t i a l r e l a t i o n s h i p s , p o s t u r e s , mimics ) 
w i t h i n which the v o c a l i z a t i o n s took p l a c e . A p p r o x i m a t e l y 20 h o f o b s e r v a t i o n s have 
been r e c o r d e d . 

B I O T E L E M E T R Y S Y S T E M - D E S C R I P T I O N 

The sys t em i s composed o f f o u r p a r t s . The t h r e e p r i n c i p a l ones a r e : t r a n s m i t t e r , 
r e c e i v e r and m a g n e t i c tape r e c o r d e r . The f o u r t h e l e m e n t , a g r a p h i c r e c o r d e r , was 
o n l y used to d i s p l a y the d a t a . 

TRANSMITTER 

The t r a n s m i t t e r a p p a r a t u s i s c a r r i e d by the a n i m a l s . I t i s composed o f a s m a l l m i c r o 
phone , an o s c i l l a t o r and a b a t t e r y . These t h r e e components are assembled i n an 
a d j u s t a b l e l e a t h e r h a r n e s s . 

The c i r c u i t d iagram o f the t r a n s m i t t e r i s shown i n F i g . 2. I t i s a VHF FM ( v a r i c a p ) 
o s c i l l a t o r b u i l t to e m i t from 90 t o 130 MHz. The f r e q u e n c y o f o s c i l l a t i o n i s tuned 
w i t h an a d j u s t a b l e c a p a c i t o r '07' . The d i f f e r e n t components o f the o s c i l l a t o r a r e 
assembled between two c i r c u l a r p r i n t e d c i r c u i t b o a r d s (φ = 15 mm, l e n g t h = 21 mm, 
w e i g h t < 3 g ) . 

The microphone (Lem, EM 38 B) i s a m i n i a t u r e c a p a c i t o r type ( 3 x 6 x 8 mm) which 
p o s s e s s e s an i n t e r n a l p r e a m p l i f i e r wh ich m o d u l a t e s the f r e q u e n c y o f the c a r r i e r . 
The microphone can be c o n n e c t e d t o the c o i l and v a r i c a p s e i t h e r , t h r o u g h a s i n g l e 
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A6 

/ 1/ 

X6 

- Λ Λ Λ Λ Λ Λ Λ — 

^7777 77777 Tf/? 7f77? ///////////////// 

F i g . 2. C i r c u i t d iagram of the o s c i l l a t o r . 

r e s i s t a n c e ' R 5 ' or a b r i d g e o f r e s i s t a n c e s ' R 5 / R 6 ' . The second s y s t e m c o n s t i t u t e s 
an a d j u s t a b l e a t t e n u a t o r o f the a u d i o f r e q u e n c y (AF) s i g n a l . So t h e s e n s i t i v i t y o f 
the microphone d e c r e a s e s but the a m p l i t u d e o f t h e f r e q u e n c y m o d u l a t i o n o f c a r r i e r 
i s reduced and the r e c e i v e r s can keep i n t u n e . 

The microphone i s f i x e d onto the m i d d l e o f a rubber c o l l a r a d j u s t e d round the neck 
o f each an imal and i s p o s i t i o n e d over the l a r y n x a r e a . The rubber c o l l a r i s p r o 
t e c t e d by a l e a t h e r one f i x e d w i t h s t r a p s o v e r the s h o u l d e r s ( s ee F i g . 3 ) . 

The M a i l o r y - L i t h i u m b a t t e r y (LO 32) h a s a c a p a c i t y o f 1100 mAh and g i v e s a nomina l 
v o l t a g e o f 3 V . T h i s i s t h e b i g g e s t e l ement o f t h e t e l e m e t r y s y s t e m (φ = 16 mm, 
l e n g t h = 35 mm, w e i g h t = 12 g) and i t i s c o n n e c t e d to the o s c i l l a t o r by a m i n i a t u r e 
s w i t c h i n a p l a s t i c p o l y v i n y l c h l o r i d e (PVC) c o n t a i n e r (φ = 20 mm, l e n g t h = 65 mm). 
T h i s i s r i v e t t e d onto one o f the s t r a p s on the b a c k p o s i t i o n o f the a n i m a l (see 
F i g . 3 ) . The two w i r e s o f the microphone p a s s t h r o u g h a h o l e made i n the PVC c o n 
t a i n e r and run i n s i d e one o f the s t r a p s . The a n t e n n a runs i n s i d e the o t h e r s t r a p . 

The h a r n e s s i s composed o f ( i ) the rubber and l e a t h e r c o l l a r s ; ( i i ) the two s t r a p s 
made o f two s t r i p s o f l e a t h e r sewn t o g e t h e r ( w i d t h 13 mm). One o f them p a s s e s o v e r 
the r i g h t s h o u l d e r and under the l e f t a r m - p i t . The o t h e r f o l l o w s a s y m m e t r i c a l 
p a t h . They c r o s s on t h e c h e s t and on the back o f the a n i m a l and can be a d j u s t e d 
by two s m a l l b u c k l e s . The w e i g h t range o f t h e h a r n e s s runs from 32 g t o 42 g 
a c c o r d i n g t o the a n i m a l ' s w e i g h t (1200 to 4000 g ) , i . e . , between 2 .7 t o 1 p e r c e n t 
of the monkey's w e i g h t . 

With a 3 V b a t t e r y , the c u r r e n t consumpt ion o f the f i v e t r a n s m i t t e r s ( o s c i l l a t o r 
+ microphone) r a n g e s from 760 t o 1000 y A . The c o r r e s p o n d i n g power o u t p u t i s 2 .28 to 
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microphone. 

collier cuir 
lea til&r colLdt 

jlclic collier caouOctiouc 
riihi>e,r coLLár 

¿retelle.s , Lrace 

c on tói ner ^f/e. 
oscilldtor 

F i g . 3 . Diagram of a h a r n e s s . 

3 mW and t r a n s m i s s i o n range i s a p p r o x i m a t e l y 50 m. T h e i r l i f e t i m e v a r i e s from 45 
to 60 d a y s . The o n l y problem w i t h t h e s e s i m p l e t r a n s m i t t e r s i s the v a r i a t i o n o f the 
c a r r i e r w i t h t e m p e r a t u r e . The f r e q u e n c y i n c r e a s e s when the t emperature d e c r e a s e s 
and v i c e - v e r s a . 

R E C E I V I N G / R E C O R D I N G SYSTEM 

F i v e a n i m a l s were r a d i o t a g g e d each w i t h a t r a n s m i t t e r o f a s e p a r a t e c a r r i e r f r e 
q u e n c y . The f i v e f r e q u e n c i e s were i n d i v i d u a l l y r e c e i v e d on f i v e FM t u n e r s . E a c h 
o f the f i v e AF s i g n a l s was r e c o r d e d on s e p a r a t e t r a c k s o f a m u l t i t r a c k tape r e c o r d e r . 
F i g u r e 4 shows the r e l a t i o n s h i p between r e c e i v e r s and tape r e c o r d e r . 

\\ J ControL 

\ i 

y 4 * 2 

34 4 f 

ε ( 5 

q ft 
y 4 * 2 

34 4 f 

y 4 * 2 

34 4 f 

controls · · · récepi 
controL .... ^e.ce/V tape, re.c.or^aáe.n 

I 
mputs 

\\\\\\ ¡ 
< ¿ 5 ^ 5 Í ^ 

o- o o o o o o 

outputs 

/ / / / / / 

F i g . 4 . D iagram o f r e c e i v i n g / r e c o r d i n g s y s t e m . 
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Receiving System 

I t i s composed of 6 FM t u n e r s assembled t o g e t h e r i n a r a c k . They p o s s e s s a common 
power s o u r c e and s h a r e an antenna p r e a m p l i f i e r . A m o n i t o r i n g module a l l o w s us to 
l i s t e n e i t h e r t o o n l y one s i g n a l o r to a l l the AF s i g n a l s a t the same t i m e . That 
i s p o s s i b l e d u r i n g r e c o r d i n g as w e l l a s d u r i n g p l a y b a c k . F i g u r e 5 g i v e s t h e g e n e r a l 
o r g a n i z a t i o n o f the r e c e i v i n g s y s t e m . 

/' inputs dc/x-f/i 

ουί'/^utj receiy/ers 

F i g . 5 . D iagram o f r e c e i v i n g s y s t e m . 

The commercia l FM t u n e r s ( G ö r l e r ) used f o r r e c e p t i o n have been m o d i f i e d : (a) T h e i r 
band o f tuned f r e q u e n c i e s has been r a i s e d from 88/108 t o 96/126 MHz. The l o c a l 
FM s t a t i o n s are thus e l i m i n a t e d , (b) The a u t o m a t i c g a i n c o n t r o l i s r e p l a c e d by an a d j u s t 
a b l e AF a m p l f i e r . (c) The main m o d i f i c a t i o n c o n c e r n s the a u t o m a t i c f r e q u e n c y c o n t r o l 
( A F C ) . The c a r r i e r o f the o s c i l l a t o r s i s n o t v e r y s t a b l e b u t the r e c e i v e r must be 
a b l e t o f o l l o w i t . An AFC w i t h an a d j u s t a b l e h i g h g a i n can f o l l o w a ± 1 MHz d e v i a 
t i o n around the c a r r i e r . F i g u r e 6 shows t h e s e m o d i f i c a t i o n s . 

The c l o s e p r o x i m i t y o f the s i x t u n e r s i n the same r a c k can cause some d i s t u r b a n c e 
phenomena. One r e c e i v e r may become tuned o n t o the l o c a l o s c i l l a t o r o f a n o t h e r o n e . 
To a v o i d t h i s the t o t a l range o f the 5 /6 c a r r i e r s of t h e t r a n s m i t t e r s must not e x c e e d 
10.7 MHz, the v a l u e o f t h e i n t e r m e d i a r y f r e q u e n c y . 

Magnetic Recorder 

A m u l t i t r a c k t a p e r e c o r d e r ( S c h l u m b e r g e r MT 5530) was used a t low speed (4 .75 cm s " ^ ) . 
Seven t r a c k s were equipped w i t h r e c o r d i n g and p l a y b a c k a m p l i f i e r s ( d i r e c t ) . A p i l o t 
f r e q u e n c y (3 .125 KHz) was r e c o r d e d on the f i r s t t r a c k and f e e d s an e l e c t r o n i c t ime 
k e e p e r . The a n i m a l s were r e c o r d e d i n d i v i d u a l l y on t r a c k s 2 to 6 . The s e v e n t h was 
used f o r the male and s u r r o u n d i n g sounds (see F i g . 4 ) . The m o n i t o r i n g module o f 
the r e c e i v i n g s y s t e m a l l o w s c o n t r o l over the AF s i g n a l s r e c o r d e d on the d i f f e r e n t 
t r a c k s . T h e i r o u t p u t s were l i n k e d w i t h the c o r r e s p o n d i n g i n p u t s o f each r e c e i v i n g 
module . 

DISPLAY SYSTEM 

A f o u r t r a c k g r a p h i c r e c o r d e r ( E E G , Reega I V , ALVAR) was used t o d i s p l a y the d a t a 
r e c o r d e d on the m a g n e t i c t a p e . The g r a p h i c r e c o r d s r e v e a l the a m p l i t u d e m o d u l a t i o n s 
o f t h e sounds which t e l l s p r e c i s e l y : ( i ) the t ime d i s t r i b u t i o n o f v o c a l e v e n t s o f 
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RESULTS 
NATURE AND GRAPHIC I D E N T I F I C A T I O N OF TRANSMITTED SOUNDS 

The p o s i t i o n o f the microphone o v e r the l a r y n x n o t o n l y e n a b l e s the t r a n s m i s s i o n o f 
c a l l s b u t a l s o o f many o t h e r s o u n d s , such as m a s t i c a t i o n , s w a l l o w i n g , and h a n d l i n g 
o f the h a r n e s s . S c r a t c h i n g b e h a v i o r i s e a s i l y r e c o g n i z e d by i t s r h y t h m . Weaker 
sounds such as h e a r t b e a t s and b r e a t h i n g can be t r a n s m i t t e d and r e c o r d e d . When the 
young a n i m a l s a r e s l e e p i n g , the head bends down o n t o t h e c h e s t and p r e s s e s the 
microphone onto the t r a c h e a . B r e a t h i n g becomes sonorous and the c l o s e p r o x i m i t y 
o f the c a r o t i d s a l l o w s the d e t e c t i o n o f the h e a r t b e a t i n g . These phenomena have 
thus been r e g u l a r l y observed d u r i n g the f i r s t e x p e r i m e n t (microphone w i t h weak 
a t t e n u a t o r ) . The a d u l t s do not t r a n s m i t t h e s e p a r a m e t e r s . 

A l l the a n i m a l s have been r e c o r d e d d u r i n g d i f f e r e n t a c t i v i t i e s . To c h a r a c t e r i z e 
the v o c a l p a t t e r n o f each a n i m a l , i t i s p o s s i b l e t o l i s t e n t o e a c h t r a c k s e p a r a t e l y 
and compute the c h r o n o l o g i c a l s u c c e s s i o n o f the d i f f e r e n t s o u n d s . T h i s i s p o s s i b l e 
o n l y when the number o f c a l l s i s s m a l l . But when the f r e q u e n c y o f v o c a l i z a t i o n s 
i n c r e a s e s o r when v o c a l e x c h a n g e s a r e s t u d i e d the g r a p h i c r e c o r d e r must b e u s e d . 
However, o p e r a t o r i d e n t i f i c a t i o n o f the sounds must be made w h i l e making the g r a p h i c 
r e c o r d s . 

Graphic Records of the Nono o cal Sounds 

F i g u r e 7 shows d i f f e r e n t t y p e s o f g r a p h i c r e c o r d s from n o n v o c a l s o u n d s . ( i ) Heart 
rate ( F i g . 7A, B, C) can be c a l c u l a t e d from c o l l a r or c h e s t r e c o r d s . The l a t t e r 
are b e t t e r and s i m i l a r t o a ECG t a k e n on the same a n i m a l a t the same t i m e , 
( i i ) Breathing ( F i g . 7D) can be d i s p l a y e d b u t the r e c o r d i n g c o n d i t i o n s are too 
s p e c i a l to be o f g e n e r a l u s e . ( i i i ) Scratching i s more a p p a r e n t t h a n m a s t i c a t i o n 
( F i g . 7 E , F ) . 

GRAPHIC RECORDS OF THE VOCALIZATIONS 

F i g u r e 8 compares the s p e c t r o g r a p h i c a n a l y s i s (a t o e ) w i t h an a c t u a l AF sound 
from the g r a p h i c r e c o r d s o f f o u r t y p e s o f c a l l s i^Gaut ier , 1975) . Type 1 a l a r m c a l l 
( F i g . 8, a / a ' ) i s a l o u d , s h a r p , b r i e f and h i g h p i t c h e d c a l l . I t s g r a p h i c a l r e p r e 
s e n t a t i o n i s v e r y bad and e a s i l y c o n f u s e d w i t h an a r t i f a c t . On t h e c o n t r a r y 
a g g r e s s i v e type 4 c a l l ( F i g . 8 , e / e ' ) i s e a s i l y i d e n t i f i e d by i t s r h y t h m i c s t r u c t u r e . 
The same i s t r u e o f t r a n s l a t i o n s o f the weak, low p i t c h e d , q u a v e r i n g type 2 c o h e s i o n 
c a l l ( F i g . 8, b / b ' ) i n compar i son to t h o s e o f the s t r o n g e r , h i g h p i t c h e d q u a v e r i n g 
type 6 c o n t a c t c a l l s ( F i g . 8, c / c ' ; d / d ' ) . 

The g r a p h i c s can be ' c l e a n e d u p ' by i n c r e a s i n g the c h a r t s p e e d . However one i s then 
q u i c k l y submerged by k i l o m e t e r s o f p a p e r . A compromise be tween good r e s o l u t i o n o f 
the sounds and a r e a s o n a b l e l e n g t h o f paper must be chosen b y an e x p e r i e n c e d o b s e r v e r . 

each a n i m a l ; ( i i ) t h e d e l a y between the v o c a l i z a t i o n s o f d i f f e r e n t a n i m a l s i n a 
v o c a l exchange (see F i g . 8 ) . 

The o u t p u t s o f the m a g n e t i c tape r e c o r d e r are l i n k e d t o the i n p u t s o f the 
g r a p h i c one through t h e i n p u t / o u t p u t o f the r e c e i v i n g s y s t e m . That i s o n l y used to 
c o n t r o l and modi fy the l e v e l o f the AF s i g n a l s . The g r a p h i c d i s p l a y s w i l l be more 
or l e s s r e c o g n i z a b l e a c c o r d i n g to the l o u d n e s s o f the sounds a n d / o r t h e r h y t h m i c i t y 
o f t h e i r ampl i tude m o d u l a t i o n . I n g e n e r a l , g r a p h i c r e c o r d i n g must be accompanied 
by s i m u l t a n e o u s l i s t e n i n g to a n a l y z e t r a c k by t r a c k the n a t u r e o f the t r a n s l a t e d 
s o u n d s . 
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/) Hed.ht : m/cro/neck 
4f >¥fm 

3 éUctrode^ ^ U j J 4 J J 4 J ^ i J ^ 
Heart: t^thm i /^dn,mj^^Jr^J 

C micro/chest lUjJJ îJj,̂ ^ 

7> co¡ 

^ Scratching γ^/'^" -^^^/„^ 

F /vast/cat/on 
i f 

F i g . 7. G r a p h i c r e c o r d s o f the n o n - v o c a l s o u n d s . A , C — h e a r t 
b e a t s t r a n s m i t t e d r e s p e c t i v e l y from a c o l l a r and c h e s t 
m i c r o p h o n e . Β — Compar i son w i t h ECG r e c o r d . D — C o n 
s t r a i n t b r e a t h i n g . Ε — S c r a t c h i n g d i s p l a y i n t e r r u p t e d 
by a c a l l ( l i t t l e a r r o w ) . F - M a s t i c a t i o n d i s p l a y . 

ANALYSIS OF VOCAL A C T I V I T I E S 

The g r a p h i c r e c o r d s e n a b l e us t o g e t a r i g o r o u s c h r o n o l o g y o f the sounds o f each 
i n d i v i d u a l as w e l l as i n t e r a c t i o n s between a n i m a l s . 

Individual Vocal Activity: Vocograms 

We a l r e a d y know t h a t the s u c c e s s i o n o f c a l l s o f one a n i m a l , w i t h o u t any s t i m u l a t i o n 
from i t s c o n s p e c i f i c s i s no t a random phenomenon. C o h e s i o n and c o n t a c t c a l l s ( t y p e 2 
and 6 ) , f o r example , a r e c l e a r l y l i n k e d . On t h e o t h e r hand the c o m p a r i s o n between 
the v o c a l p a t t e r n s o f d i f f e r e n t i n d i v i d u a l s a l l o w s us to e s t a b l i s h r e l a t i o n s h i p s 
between v o c a l a c t i v i t y and a g e , s e x or s o c i a l s t a t u s o f the v o c a l i z i n g a n i m a l s . 
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λ 
1 í/fJÍ-J-^ 

Iii 

I 

J M I L — 
Joii-Coeur 

Sec 

F i g . 8 . G r a p h i c r e c o r d s o f the v o c a l i z a t i o n s , a to e: s p e c -
t o g r a p h i c a n a l y s i s o f f o u r type c a l l s (Kay s o n a g r a p h ) . 
a ' t o e ' : a m p l i t u d e m o d u l a t i o n s p e c t r a o f the same 
c a l l s g i v e n by the g r a p h i c r e c o r d e r . 1 to 4: S y n c h r o 
nous g r a p h i c d i s p l a y s o f 4 a n i m a l s i n a v o c a l e x c h a n g e . 
The numerals on the c u r v e s c o r r e s p o n d to the d i f f e r e n t 
types o f v o c a l i z a t i o n s . 

I n a g i v e n v o c a l sequence the n a t u r e and t h e number o f sound t y p e s t r a n s m i t t e d can 
be o b t a i n e d b y l i s t e n i n g t o the tape w h i l e t empora l c h a r a c t e r i s t i c s are g i v e n by 
the g r a p h i c d i s p l a y . E a c h type o f c a l l w i t h i n the s p e c i e s r e p e r t o i r e w i l l be t r a n s 
m i t t e d w i t h a c h a r a c t e r i s t i c f r e q u e n c y a c c o r d i n g t o the g i v e n sequence and s t i m u l a t i n g 
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CONCLUSION 
The b i o t e l e m e t r y sys tem d e s c r i b e d a l l o w s a c c u r a t e r e c o r d i n g o f a l l the v o c a l i n t e r 
a c t i o n s i n a s o c i a l group o f monkeys . I t now becomes p o s s i b l e t o b e g i n a q u a n t i t a 
t i v e s t u d y o f v o c a l i n t e r communicat ion p r o c e s s e s which l e a d t o c a u s a l p r o b l e m s . 

The r e c o r d i n g o f s c r a t c h i n g or m a s t i c a t i o n and s w a l l o w i n g e n a b l e s us to m o n i t o r a 
few o f the b e h a v i o r s m a n i f e s t e d by h i d d e n a n i m a l s i n the f i e l d . With t h e h e l p o f 
p r o p e r t r a n s d u c e r s we c o u l d r e c o r d and c o r r e l a t e l o c o m o t o r and f e e d i n g a c t i v i t i e s 
a c c o r d i n g to a g e , s e x and s t a t u s i n the same s p e c i e s as w e l l as between d i f f e r e n t 
s p e c i e s . Thus i t c o u l d be p o s s i b l e t o q u a n t i f y the c o s t / b e n e f i t o f d i f f e r e n t adap
t i v e s t r a t e g i e s . 

Acknowledgements — I p a r t i c u l a r l y w i s h t o thank L . Macé , t e c h n i c i a n a t the CNET a t 
L a n n i o n , as w e l l as J . L e r a y , J . Q u e r í a i s , Β . Pommier from the lUT a t Rennes f o r 
t h e i r t e c h n i c a l a s s i s t a n c e . 
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c o n t e x t . The v o c a l p a r t i c i p a t i o n o f an an imal can thus be c h a r a c t e r i z e d by a ' v o c o -
gram' i n which are p r e s e n t e d the n a t u r e , number and mean f r e q u e n c y o f the v o c a l i z e d 
sounds and a l s o t h e i r f r e q u e n c y d i s t r i b u t i o n . 

Inter Individual Vocal Activity: Vocal Exchanges 

We a l r e a d y know t h a t the sound o f a c a l l i n a group o f monkeys f r e q u e n t l y r e l e a s e s 
a v o c a l r e s p o n s e . I t can be e i t h e r immediate (phonoresponse) or d e l a y e d . So the 
' v o c o g r a m ' of each a n i m a l i s c o n t i n u o u s l y m o d i f i e d by those o f o t h e r i n d i v i d u a l s . 
C o n s e q u e n t l y we g e n e r a l l y f i n d the c a l l s o f t h e d i f f e r e n t i n d i v i d u a l s , a s s o c i a t e d 
i n a v o c a l e x c h a n g e , o f l i m i t e d d u r a t i o n (see F i g . 8, 1 to 4 ) . The measure o f 
d e l a y t ime between the s u c c e s s i v e c a l l s must a l l o w c l a r i f i c a t i o n o f the phonoresponse 
c o n c e p t and t h e r e f o r e a l l o w s c h r o n o l o g i c a l o r g a n i z a t i o n o f each sequence o f v o c a l 
e x c h a n g e s . The comparison w i t h an adequate sample o f t h a t s e r i e s w i l l g i v e the p r o b 
a b i l i t y o f v o c a l i z a t i o n o f one c a l l a c c o r d i n g to the n a t u r e o f p r e c e d i n g t r a n s m i s s i o n s 
g i v e n by i d e n t i f i e d a n i m a l s . These d a t a c o u l d be s u b j e c t e d to s t o c h a s t i c M a r k o v i a n 
p r o c e s s (see A l t m a n n , 1965) . 
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Abstract — The A l f a L a v a l a u t o m a t i c f e e d e r i s d e s i g n e d t o 
c o n t r o l the d a i l y i n t a k e o f c o n c e n t r a t e by i n d i v i d u a l cows 
i n a h e r d . I t c o n s i s t s o f a s t a l l and manger , above w h i c h 
i s a f e e d d i s p e n s e r w i t h a s t o r a g e h o p p e r . S i g n a l s from a 
c o l l a r worn around the cow's neck a c t i v a t e the d i s p e n s e r t o 
s u p p l y c o n c e n t r a t e a t a p r e d e t e r m i n e d c o n s t a n t r a t e . The 
t o t a l f e e d i n g t ime (min-^^h) f o r each cow can be a d j u s t e d 
on a v a r i a b l e d i a l on the c o l l a r . Cows q u i c k l y a d a p t e d t o 
u s i n g the f e e d e r s . I n d i v i d u a l s made a p p r o x i m a t e l y the same 
number o f v i s i t s t o the f e e d e r each day , b u t among cows 
the number of v i s i t s p e r day ranged from 4 t o 46 . Y o u n g e r 
cows v i s i t e d the f e e d e r more o f t e n t h a n o l d e r cows (P < 0 . 0 1 ) . 
and i n i t i a l l y w a s t e d more t ime i n the f e e d e r s when no f e e d was 
b e i n g d i s p e n s e d (P < 0 . 0 1 ) . There was a good c o r r e l a t i o n 
(r = 0 . 96 ) between the d e s i r e d and a c t u a l c o n c e n t r a t e i n t a k e 
o f t h e c o w s . 

INTRODUCTION 
I n order to a c h i e v e maximum p r o d u c t i o n o f m i l k i n commerc ia l d a i r y h e r d s i t i s p r e f e r 
a b l e to a l l o w cows 24 h a c c e s s to f e e d . However , some d e g r e e o f c o n t r o l o f i n t a k e 
i s o f t e n n e c e s s a r y t o p r e v e n t o v e r - e a t i n g w h i c h can l e a d to d i g e s t i v e i m b a l a n c e and 
economic w a s t e . The A l f a L a v a l f e e d e r was d e s i g n e d to c o n t r o l c o n c e n t r a t e i n t a k e by 
i n d i v i d u a l cows . 

MATERIALS AND MET H O D S 
The f e e d e r c o n s i s t s o f a s t a l l w i t h a manger , and above t h i s a f e e d d i s p e n s e r w i t h 
a s t o r a g e hopper ( F i g . 1 ) . S i g n a l s from a c o l l a r worn around t h e cow's neck a c t i 
v a t e the d i s p e n s e r to s u p p l y c o n c e n t r a t e a t a p r e d e t e r m i n e d c o n s t a n t r a t e ( F i g . 2 ) . 

The c o l l a r c o n s i s t s o f a w i r e l o o p , w h i c h a c t s as an a n t e n n a , s u s p e n d i n g a p l a s t i c 
c a s e w h i c h e n c l o s e s an e n e r g y c e l l . T h i s e n e r g y c e l l d i s c h a r g e s a t a c o n s t a n t r a t e 
w h i l e the cow i s no t u s i n g the f e e d e r . When a cow e n t e r s the f e e d i n g s t a l l the 
c o l l a r r e c e i v e s a h i g h f r e q u e n c y r a d i o s i g n a l from the f e e d e r w h i c h r e c h a r g e s the 
energy c e l l and d r i v e s a s i g n a l g e n e r a t o r . Once f u l l y c h a r g e d the c o l l a r c e a s e s to 
emi t s i g n a l s and no more f e e d i s d i s p e n s e d . The t o t a l f e e d i n g t ime (min""^^^) f o r 
each cow can be a d j u s t e d on a v a r i a b l e d i a l on the c o l l a r . 

545 
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F i g . 1. The two A l f a L a v a l f e e d e r s , w i t h cows i n the normal 
f e e d i n g p o s i t i o n . 

T h i r t y - t w o cows which had not p r e v i o u s l y used the f e e d e r s were a l l o w e d a c c e s s to two 
o f them, s i t u a t e d a t one end o f t h e i r l o o s e h o u s i n g y a r d . O b s e r v a t i o n s were made 
s u c c e s s i v e l y d u r i n g two 72 h and t h r e e 48 h p e r i o d s w i t h i n t e r v a l s between the f i r s t 
day of each o b s e r v a t i o n p e r i o d o f 1, 4, 4, and 4 weeks . Records were k e p t o f the 
number o f t imes each cow e n t e r e d each f e e d e r , the t ime f o r w h i c h c o n c e n t r a t e was 
d i s p e n s e d , and the t ime f o r w h i c h the cow remained i n the f e e d e r a f t e r c o n c e n t r a t e 
was no l o n g e r d i s p e n s e d . 

RESULTS A ND DIS C U S S I O N 
W i t h i n t h r e e days o f b e i n g i n t r o d u c e d to the f e e d e r s 28 o f the 32 cows were u s i n g 
them r e g u l a r l y . The r e m a i n i n g 4 cows a l s o used them r e g u l a r l y a f t e r a s i m p l e 5 min 
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F i g . 2 . A t r a n s p o n d e r c o l l a r . 

t r a i n i n g p e r i o d w h i c h c o n s i s t e d o f h o l d i n g the cow i n the f e e d s t a l l w i t h c o n c e n t r a t e 
i n the manger . T h i s t r a i n i n g never needed r e p e a t i n g and i t has b e e n adopted f o r a l l 
new cows i n t r o d u c e d to the f e e d e r s . 

E a c h cow q u i c k l y e s t a b l i s h e d a b e h a v i o r p a t t e r n which remained f a i r l y c o n s t a n t d u r i n g 
the e x p e r i m e n t . The d a i l y number of v i s i t s each i n d i v i d u a l cow made to t h e f e e d e r 
v a r i e d w i d e l y be tween cows . T a b l e 1 g i v e s t h e ex tremes o f t h i s v a r i a t i o n (G370 and 
J425) t o g e t h e r w i t h a mean f i g u r e f o r a l l cows . Younger cows v i s i t e d t h e f e e d e r 
more o f t e n than o l d e r cows (P < 0 . 0 1 ) . 

T a b l e 1. 
Number o f v i s i t s t o b o t h f e e d e r s i n 24 hours 

Cow n o . 1 

F i r s t day o f o b s e r v a t i o n 

7 36 64 92 

G370 6 7 8 8 6 

J425 46 44 38 46 33 

Mean n o . o f v i s i t s 16 18 17 18 13 
( a l l cows) (± S . E . ) (± 2 .23) (± 2 .08) (± 1.69) (± 1.77) (± 1.35) 

The time each cow w a s t e d i n the f e e d e r s d u r i n g 24 h , i . e . , the t ime d u r i n g w h i c h 
she was i n the f e e d e r b u t c o n c e n t r a t e was not b e i n g d i s p e n s e d , v a r i e d g r e a t l y and 
showed a n e g a t i v e c o r r e l a t i o n w i t h age (P < 0 . 0 1 ) . There was a s t e a d y d e c r e a s e , 
g r e a t e s t f o r t h e younger cows, i n the t ime w a s t e d d u r i n g s u c c e s s i v e o b s e r v a t i o n 
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Cow n o . 1 

F i r s t day o f o b s e r v a t i o n 

7 36 64 92 

H451 5 2 2 1 3 

J 4 2 5 88 53 37 41 23 

Mean t ime was ted 27 18 15 12 7 
( a l l cows) (± S . E . ) (± 4 .54) (± 2 .44) (± 1.90) (± 1.80) (± 0.99: 

Once cows had e s t a b l i s h e d a p a t t e r n o f v i s i t i n g the d i s p e n s e r , t h e r e was a good 
c o r r e l a t i o n ( r = 0 . 9 6 ) between the d e s i r e d and measured c o n c e n t r a t e i n t a k e s . T h i s 
agreed w e l l w i t h the r e s u l t s o f P u c k e t t et al. ( 1 9 7 3 ) . 

F o u r cows which r e c e i v e d o n l y 74 p e r c e n t , 74 p e r c e n t , 82 p e r c e n t and 86 p e r c e n t o f 
t h e i r i n t e n d e d r a t i o n were i n e a r l y l a c t a t i o n and the s e t t i n g s on t h e i r t r a n s p o n d e r s 
were e s p e c i a l l y h i g h i n order t o e n c o u r a g e maximum m i l k p r o d u c t i o n . 
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p e r i o d s . Tab le 2 shows the extremes o f t h i s v a r i a t i o n (H451 and J 4 2 5 ) , t o g e t h e r 
w i t h a mean f i g u r e f o r a l l cows . T h i s r e d u c t i o n i n w a s t e d t ime i s p r o b a b l y e x p l a i n e d 
by a p r o g r e s s i v e m o d i f i c a t i o n o f the cows' b e h a v i o r w i t h t i m e . I n i t i a l l y t h e r e was 
much i n t e r e s t and s t r o n g c o m p e t i t i o n . Cows would r e s i s t v i g o r o u s b u t t s to the r e a r 
and remain i n the f e e d i n g s t a l l even though i t may not have been d i s p e n s i n g . A s i m i 
l a r ' b l o c k i n g ' e f f e c t was r e p o r t e d by Hyde et at. ( 1974) . However, i n t h i s e x p e r i 
ment , cows became i n c r e a s i n g l y w i l l i n g t o back out o f the f e e d e r , even when c o n c e n 
t r a t e was b e i n g d i s p e n s e d , and on most o c c a s i o n s the age of the cow had no e f f e c t 
on t h i s r e s p o n s e , cows b a c k i n g out as r e a d i l y f o r younger as f o r o l d e r cows . 

T a b l e 2 . 
Time w a s t e d i n b o t h f e e d e r s (min ^ ) 
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Abstract — M u l t i c h a n n e l t r a n s m i t t e r s were s u r g i c a l l y i m p l a n t e d 
i n the abdominal c a v i t y o f f i v e mature e a s t e r n c o t t o n t a i l 
r a b b i t s , Sylvilagus floridanus^ and the h e a r t r a t e r e s p o n s e to 
f e a r i n v e s t i g a t e d . T r a n s m i t t e d h e a r t r a t e was o b t a i n e d f o r 
10 min p r i o r t o d i s t u r b a n c e . The r a b b i t was t h e n s t i m u l a t e d 
f o r 5 min by approach o f the i n v e s t i g a t o r . Ten m i n u t e s o f 
r e c o v e r y d a t a were c o l l e c t e d f o l l o w i n g d i s t u r b a n c e . F e a r b r a d y 
c a r d i a was o b s e r v e d i n e a c h o f 17 e x p e r i m e n t s . Onse t o f b r a d y 
c a r d i a o c c u r r e d w i t h i n 5 s o f the s t i m u l u s . R e c o v e r y r e q u i r e d 
from 1 t o 4 m i n . No r e c o v e r y t a c h y c a r d i a was o b s e r v e d . Mean 
h e a r t r a t e s d u r i n g p r e s t i m u l u s , s t i m u l u s and r e c o v e r y were 
209 ± 1 . 1 , 156 ± 1.4 and 198 ± 0 . 7 bpm (x ± SE) r e s p e c t i v e l y . 

I n subsequent e x p e r i m e n t s , a t r o p i n e was i n j e c t e d t o b l o c k v a g a l 
i n f l u e n c e o f the h e a r t . F e a r b r a d y c a r d i a was p r e s e n t i n e a c h 
of 17 e x p e r i m e n t s , however , the m a g n i t u d e was d e c r e a s e d . A t r o 
p i n e t r e a t e d h e a r t r a t e s d u r i n g p r e s t i m u l u s , s t i m u l u s and 
r e c o v e r y were 254 ± 0 . 8 , 202 ± 1.4 and 238 ± 1 . 0 bpm (x ± SE) 
r e s p e c t i v e l y . Mean h e a r t r a t e r e d u c t i o n of 25 .4 p e r c e n t was 
observed i n t h e e x p e r i m e n t s w i t h o u t t r e a t m e n t and 20 .5 p e r c e n t 
i n a t r o p i n e t r e a t e d a n i m a l s , i n d i c a t i n g p o s s i b l e i n v o l v e m e n t 
o f the s y m p a t h e t i c p o r t i o n o f the autonomic s y s t e m . 

INTRODUCTION 
The c l a s s i c r e s p o n s e t o f e a r i s i n c r e a s e d h e a r t r a t e and g e n e r a l r e a d i n e s s f o r ' f i g h t 
or f l i g h t ' . S y m p a t h e t i c a c t i v i t y i n c r e a s e s and the a n i m a l i s g e n e r a l l y p r e p a r e d f o r 
s t r e n u o u s a c t i v i t y . A l t e r n a t e l y , an a n i m a l may r e a c t t o t h r e a t by p a s s i v e l y ' f r e e z 
i n g or h i d i n g ' . The l a t t e r r e s p o n s e i s o f t e n c h a r a c t e r i z e d by b r a d y c a r d i a and has 
been observed i n r e p t i l e s , b i r d s and mammals ( B e l k i n , 1 9 6 8 ) . T e l e m e t r y measurements 
o f h e a r t r a t e from a f r e e r a n g i n g submerged a l l i g a t o r dropped from 30 bpm to l e s s 
than 2 bpm when f r i g h t e n e d ( S m i t h , A l l i s o n and Crowder , 1974 ) . F r e e r a n g i n g U i n t a 
ground s q u i r r e l s showed a d e c r e a s e o f 100 bpm when approached by man ( R u f f , 1971) . 
E . F o l k , Iowa M e d i c a l S c h o o l , o b s e r v e d f e a r b r a d y c a r d i a i n r a d i o t a g g e d woodchucks 
and snowshoe r a b b i t s ( u n p u b l i s h e d o b s e r v a t i o n s ) . Smi th (1978) r e p o r t e d marked f e a r 
b r a d y c a r d i a i n f r e e r a n g i n g woodchucks . Marmota monaxj i f the a n i m a l s had a c c e s s t o 
a burrow. C a p t i v e woodchucks showed a g g r e s s i v e b e h a v i o r and t a c h y c a r d i a when 
approached . 

549 
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The e a s t e r n c o t t o n t a i l r a b b i t , Sylvilagus floridanus^ i s a w i d e l y d i s t r i b u t e d l a g o -
morph i n h a b i t i n g wooded and swampy a r e a s o f much o f n o r t h and c e n t r a l A m e r i c a . When 
chased by a dog or o t h e r p r e d a t o r , r a b b i t s run and show the t y p i c a l ' f i g h t or f l i g h t ' 
r e sponse i n c l u d i n g marked t a c h y c a r d i a . The f i r s t r e sponse o f c o t t o n t a i l s to a t h r e a t 
e n i n g s t i m u l u s i s ' f r e e z i n g ' and b r a d y c a r d i a ( u n p u b l i s h e d o b s e r v a t i o n s ) . T h i s 
r e sponse can be r e p e a t e d under l a b o r a t o r y c o n d i t i o n s . The purpose o f t h i s s t u d y was 
t o i n v e s t i g a t e f e a r b r a d y c a r d i a o f the e a s t e r n c o t t o n t a i l r a b b i t and t o d e t e r m i n e 
t h e e f f e c t o f the p a r a s y m p a t h e t i c b l o c k i n g a g e n t , a t r o p i n e , on t h e h e a r t r a t e r e s p o n s e , 

METHODS 
F i v e mature c o t t o n t a i l r a b b i t s were c a p t u r e d i n e a s t e r n Oklahoma (Cherokee C o u n t y ) 
by box t r a p ( H a v a h a r t , N o . 2 ) . R a b b i t s were m a i n t a i n e d i n s t a n d a r d r a b b i t c a g e s and 
f e d a d i e t o f P u r i n a R a b b i t Chow, a l f a l f a h a y , and mixed f r e s h c a r r o t s , l e t t u c e , 
a p p l e s and d a n d e l i o n l e a v e s . D r i n k i n g w a t e r was a v a i l a b l e . Incoming r a b b i t s were 
t r a n q u i l i z e d by the a d d i t i o n o f 0 . 5 mg day"^ p i p e r - a c e t a z i n e ( P i t m a n - M o o r e , I n c . , 
Psymod) t o the d r i n k i n g w a t e r . F a i l u r e t o t r a n q u i l i z e f i e l d c a u g h t r a b b i t s o c c a 
s i o n a l l y r e s u l t e d i n r a b b i t s i n j u r i n g t h e m s e l v e s w h i l e t r y i n g to e s c a p e . The use o f 
the t r a n q u i l i z e r was d i s c o n t i n u e d f o r 48 h b e f o r e each a n i m a l was used e x p e r i m e n t a l l y . 
R a b b i t s were a n e s t h e t i z e d f o r s u r g e r y w i t h ke tamine h y d r o c h l o r i d e ( P a r k e - D a v i s , 
V e t a l a r 100 mg m l ~ ^ ) . The m u l t i c h a n n e l ECG and t e m p e r a t u r e t r a n s m i t t e r was i n s e r t e d 
i n t o the abdominal c a v i t y ( E s s l e r and F o l k , 1961) t h r o u g h a 3 cm l o n g i t u d i n a l i n c i 
s i o n a p p r o x i m a t e l y 5 cm l a t e r a l t o the m i d l i n e . The two ECG l e a d s were p l a c e d s u b -
d e r m a l l y and e l e c t r o d e s were s u t u r e d near e a c h end o f the s t e r n u m . A n i m a l s were 
a l l o w e d t o r e c o v e r f o r one week b e f o r e e x p e r i m e n t a t i o n . 

The b i o t e l e m e t r y sys tem used i n t h i s s t u d y i s s i m i l a r t o t h a t d e s c r i b e d by S m i t h and 
S a l b (1975) and i s a v a i l a b l e from B i o t e l e m e t r y S y s t e m s , I n c . ( P . O . Box 10, R u s h , 
N . Y . 14543, U . S . A . ) . The t r a n s m i t t e r employs a m a g n e t i c reed s w i t c h (Smi th and 
Crowder, 1974) and a CMOS i n t e g r a t e d c i r c u i t memory so the t r a n s m i t t e r may be s w i t c h e d 
on and o f f ( S m i t h , 1980) . T h i s e x t e n d s b a t t e r y l i f e t o s e v e r a l months o f i n t e r m i t 
t e n t u s e . The 150 MHz s u b c a r r i e r s i g n a l was r e c e i v e d w i t h a L a f a y e t t VHF r e c e i v e r 
( S t o c k N o . 99-3431L) and p o r t a b l e VHF a n t e n n a ( B i o t e l e m e t r y S y s t e m s , I n c . ) . The s u b -
c a r r i e r tone (- 1 KHz) was r e c o r d e d on a c a s s e t t e r e c o r d e r (Sony T C - 4 5 ) and demodu
l a t e d u s i n g a t w o - c h a n n e l t e m p e r a t u r e and ECG demodula tor ( B i o t e l e m e t r y S y s t e m s , 
I n c . , Model D2-1) and p h y s i o g r a p h ( N a r c o - B i o s y s t e m s , I n c . , Model 4 B ) . H e a r t r a t e 
was counted as QRS i n t e r v a l s on the p h y s i o g r a p h r e c o r d . 

For each e x p e r i m e n t , the r a b b i t was moved t o a 50 g a l l o n aquarium and i t s t r a n s m i t t e r 
turned on w i t h a m a g n e t . The an imal was then l e f t u n d i s t u r b e d f o r 1 h . Then h e a r t 
r a t e was recorded c o n t i n u o u s l y f o r 25 m i n . D u r i n g the f i r s t 10 min , the a n i m a l 
remained u n d i s t u r b e d , t h e n the i n v e s t i g a t o r e n t e r e d the room and approached the 
r a b b i t f o r 5 m i n . F o l l o w i n g d i s t u r b a n c e , 10 min o f r e c o v e r y h e a r t r a t e was r e c o r d e d . 
S e v e r a l r e p l i c a t e e x p e r i m e n t s were o b t a i n e d f o r each r a d i o t a g g e d r a b b i t . 

A t r o p i n e was a d m i n i s t e r e d i n a second s e r i e s o f e x p e r i m e n t s . I n most c a s e s c o n t r o l 
and a t r o p i n e e x p e r i m e n t s were done on the same d a y . P r e l i m i n a r y e x p e r i m e n t s demon
s t r a t e d 4 . 3 mg kg~^ a t r o p i n e had a maximal h e a r t r a t e e f f e c t w i t h i n 10 min o f IM 
i n j e c t i o n and the drug l a s t e d f o r a t l e a s t one h o u r . A d d i t i o n a l a t r o p i n e d i d n o t 
f u r t h e r i n c r e a s e h e a r t r a t e . A dosage o f 4 . 3 mg kg~^ (x ± S E ) a t r o p i n e s u l f a t e ( L i l l y 
0 .4 mg ml~^) was i n j e c t e d and h e a r t r a t e measurements b e g a n 10 min l a t e r . As i n t h e 
c o n t r o l e x p e r i m e n t s 10 min o f p r e s t i m u l u s d a t a were o b t a i n e d , then 5 min o f d i s t u r 
bance and 10 min o f r e c o v e r y d a t a were r e c o r d e d . H e a r t r a t e was counted f o r 30 s 
i n t e r v a l s t h r o u g h o u t t h e e x p e r i m e n t s . The r e s u l t s were p l o t t e d and compared w i t h 
a t - t e s t . 

RESULTS 
Each a t t empt to f r i g h t e n the caged r a b b i t r e s u l t e d i n b r a d y c a r d i a (P < 0 . 0 1 ) . Upon 
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s e n s i n g the p r e s e n c e o f the i n v e s t i g a t o r , the r a b b i t would u s u a l l y drop to a c r o u c h 
i n g p o s i t i o n and lower i t s e a r s . I t remained i n t h i s p o s i t i o n even i f the i n v e s t i 
g a t o r approached t o w i t h i n 1 m. H e a r t r a t e remained low as l o n g as the r a b b i t was 
m o t i o n l e s s . I f the i n v e s t i g a t o r s t a r t l e d the r a b b i t so t h a t i t moved, t a c h y c a r d i a 
r e s u l t e d and t h e d a t a were n o t u s e d . Only o c c a s i o n a l l y d i d a r a b b i t a c t u a l l y jump 
and a t t e m p t t o e s c a p e . 

A t r o p i n e i n j e c t i o n i n c r e a s e d h e a r t r a t e above c o n t r o l v a l u e s by 2 1 . 5 , 29 .5 and 20 .2 
p e r c e n t d u r i n g p r e s t i m u l u s , s t i m u l u s and p o s t S t i m u l u s , r e s p e c t i v e l y . F e a r b r a d y c a r 
d i a , a l t h o u g h r e d u c e d , was s t i l l p r e s e n t i n e a c h r a b b i t t e s t e d . F i g u r e 1 shows the 
h e a r t r a t e r e s p o n s e o f an u n t r e a t e d and a t r o p i n e t r e a t e d r a b b i t . The o n s e t o f b r a d y 
c a r d i a was sudden w i t h r e c o v e r y r e q u i r i n g l o n g e r and r e c o v e r y t a c h y c a r d i a was not 
o b s e r v e d . F i g u r e 2 shows t y p i c a l ECG r e c o r d s a t the b e g i n n i n g o f d i s t u r b a n c e f o r 
c o n t r o l and a t r o p i n e t r e a t e d r a b b i t . C o n t r o l a n i m a l s o f t e n e x h i b i t e d a marked f e a r 
b r a d y c a r d i a a r r h y t h m i a t h a t was a b o l i s h e d w i t h a t r o p i n e t r e a t m e n t . S t i m u l i c a l c u 
l a t e d t o cause f e a r (Table 1) reduced h e a r t r a t e by 25 .4 p e r c e n t w h i c h s u b s e q u e n t l y 
r e c o v e r e d to w i t h i n 5 .3 p e r c e n t o f p r e s t i m u l u s h e a r t r a t e . T a b l e 2 c o n t a i n s r e s u l t s 
o f a t r o p i n e e x p e r i m e n t s . F e a r b r a d y c a r d i a was 20 .5 p e r c e n t w i t h r e c o v e r y t o 6 . 3 
p e r c e n t o f p r e s t i m u l u s v a l u e s . F i g u r e 3 shows t h e combined r e s p o n s e s o f u n t r e a t e d 
and a t r o p i n e t r e a t e d r a b b i t s . 
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F i g . 1. H e a r t r a t e r e s p o n s e to f e a r o f a 995 g female c o t t o n 
t a i l r a b b i t , Sylvilagus floridanus. Bar i n d i c a t e s 
5 min p e r i o d o f d i s t u r b a n c e . 

D I S C U S S I O N 
The h e a r t r a t e r e s p o n s e to f e a r o f c a p t i v e e a s t e r n c o t t o n t a i l r a b b i t s was s i m i l a r t o 
t h a t d e s c r i b e d f o r f r e e r a n g i n g woodchucks ( S m i t h , 1978) and a l l i g a t o r ( S m i t h et al.y 
1974) . I n e a c h c a s e when t h e a n i m a l was a p p r o a c h e d , h e a r t r a t e d e c l i n e d s u d d e n l y 
and remained low as l o n g as the d i s t u r b a n c e l a s t e d . The end o f f e a r b r a d y c a r d i a i n 
b o t h the woodchuck and r a b b i t was o f t e n marked by movement. 

Other r e s u l t s o f t h i s s t u d y are i n c o n t r a s t w i t h t h o s e p r e v i o u s l y r e p o r t e d . A t t e m p t s 
to f r i g h t e n r e s t r a i n e d woodchucks or a l l i g a t o r s r e s u l t e d i n a g g r e s s i v e b e h a v i o r and 
t a c h y c a r d i a . C a p t i v e r a b b i t s responded t o d i s t u r b a n c e w i t h b e h a v i o r a l ' f r e e z i n g ' 
and b r a d y c a r d i a . Woodchucks showed a c o n s i s t e n t r e c o v e r y t a c h y c a r d i a and marked 
s i n u s r e s p i r a t o r y a r r h y t h m i a (Smith and C a u s b y , 1980, t h i s volume) t h a t was a b s e n t 
i n the r a b b i t s . 

P h y s i o l o g i c a l l y , the f e a r b r a d y c a r d i a i n the a l l i g a t o r i s p r o b a b l y s i m i l a r t o c l a s s i c 
d i v i n g b r a d y c a r d i a . B lood i s shunted away from a r e a s t h a t can t o l e r a t e h y p o x i a , run 
o f f i s reduced and h e a r t r a t e drops w h i l e s t i l l m a i n t a i n i n g s y s t e m i c b l o o d p r e s s u r e 
(Andersen , 1966) . Perhaps a s i m i l a r r e d u c t i o n i n o x y g e n consumpt ion o c c u r s i n 
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F i g . 2 . E l e c t r o c a r d i o g r a m showing the o n s e t o f f e a r b r a d y 
c a r d i a f o r an u n t r e a t e d and a t r o p i n e t r e a t e d r a b b i t . 
S t i m u l u s arrow i n d i c a t e s the b e g i n n i n g o f 5 min o f 
d i s t u r b a n c e . 
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F i g . 3 . Combined h e a r t r a t e re sponse o f e a s t e r n c o t t o n t a i l 
r a b b i t s t o f e a r . Open c i r c l e s i n d i c a t e a t r o p i n e t r e a t 
ment and s o l i d c i r c l e s show c o n t r o l means . V e r t i c a l 
l i n e s i n d i c a t e 2 s t a n d a r d e r r o r s . Open b a r i n d i c a t e s 
5 min p e r i o d o f d i s t u r b a n c e . 
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d i s t u r b e d woodchucks . They r e t r e a t t o burrows where oxygen l e v e l s may drop t o a few 
p e r c e n t ( K e n e r l y , 1964) . 

R a b b i t s are not s t r e s s e d w i t h h y p o x i a . Perhaps f e a r b r a d y c a r d i a h e l p s the an imal 
remain i n v i s i b l e t o a p r e d a t o r . A c l a s s i c ' f i g h t or f l i g h t ' r e s p o n s e w i t h an 
i n c r e a s e i n h e a r t r a t e , r e s p i r a t o r y r a t e , and o v e r a l l ' n e r v o u s n e s s ' m i g h t g i v e away 
the l o c a t i o n o f a h i d i n g r a b b i t . I t i s s i g n i f i c a n t t h a t , u n l i k e many d i v i n g an imal s 
and the woodchuck d i s p l a y i n g f e a r b r a d y c a r d i a , r a b b i t s showed no r e c o v e r y t a c h y c a r d i a . 
T h i s s u g g e s t s an oxygen debt was not i n c u r r e d . A p p a r e n t l y m e t a b o l i s m was s i m p l y 
reduced d u r i n g the d i s t u r b a n c e p e r i o d . 

The f a c t t h a t a t r o p i n e d i d n o t a b o l i s h f e a r b r a d y c a r d i a was u n e x p e c t e d . D i v i n g 
b r a d y c a r d i a can be l a r g e l y a b o l i s h e d by a t r o p i n e i n j e c t i o n i n a v a r i e t y o f v e r t e 
b r a t e s (Andersen , 1966) . A t r o p i n e t r e a t m e n t reduced the magni tude o f f e a r b r a d y 
c a r d i a by o n l y about 20 p e r c e n t . T h i s s u g g e s t s the p a r a s y m p a t h e t i c p o r t i o n o f the 
autonomic sys tem p l a y s a r o l e i n f e a r b r a d y c a r d i a b u t i s n o t s o l e l y r e s p o n s i b l e . 

Mammalian h e a r t r a t e can be reduced by two s e p a r a t e mechan i sms . F i r s t , an i n c r e a s e 
i n a c e t y l c h o l i n e r e l e a s e d by i n c r e a s e d p a r a s y m p a t h e t i c f i r i n g o f f i b e r s i n the h e a r t 
c a u s e s b r a d y c a r d i a . S e c o n d l y , r e d u c t i o n i n the r e l e a s e o f n o r e p i n e p h r i n e from sympa
t h e t i c f i b e r s i n the h e a r t a n d / o r a r e d u c t i o n i n c i r c u l a t i n g n o r e p i n e p h r i n e i n the 
b l o o d can cause b r a d y c a r d i a . D a t a from the p r e s e n t s t u d y s u g g e s t s t h a t removal o f 
s jn i ipathet ic tone p l a y s the dominant r o l e i n f e a r b r a d y c a r d i a i n r a b b i t s . The sudden 
o n s e t s u g g e s t s n e u r a l i n s t e a d o f chemoreceptor i n v o l v e m e n t . 

I n summary, caged e a s t e r n c o t t o n t a i l r a b b i t s respond t o t h r e a t w i t h a marked r e d u c 
t i o n i n h e a r t r a t e . O n s e t i s sudden and t h e r e i s no r e c o v e r y t a c h y c a r d i a . A t r o p i n e 
r e d u c e d , bu t d i d n o t a b o l i s h t h e r e s p o n s e , s u g g e s t i n g s y m p a t h e t i c as w e l l as p a r a 
s y m p a t h e t i c i n v o l v e m e n t . The a d a p t i v e s i g n i f i c a n c e o f f e a r b r a d y c a r d i a i n r a b b i t s 
i s u n c l e a r but may be r e l a t e d to a i d i n g the a n i m a l i n r e m a i n i n g i n v i s i b l e to a 
p o s s i b l e p r e d a t o r . 
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Abstraot — M u l t i c h a n n e l t empera ture and ECG b i o t e l e m e t r y t r a n s 
m i t t e r s were s u r g i c a l l y p l a c e d i n the abdominal c a v i t y o f two 
mature woodchucks , Marmota monax. F o l l o w i n g r e c o v e r y t h e y were 
r e l e a s e d on a 7.6 h a wooded i s l a n d on Lake T e n k i l l e r i n e a s t e r n 
Oklahoma (Cherokee C o u n t y ) . T e l e m e t r y d a t a were r e c o r d e d i n the 
f i e l d by a m a g n e t i c r e c o r d e r ; the r e c o r d was demodulated i n the 
l a b o r a t o r y and h e a r t r a t e was c o u n t e d . R e s p i r a t i o n appeared as 
a m p l i t u d e m o d u l a t i o n o f the QRS w a v e . Of 343 two minute r e c o r d s , 
32 showed a marked c a r d i o - r e s p i r a t o r y synchrony w i t h h e a r t r a t e 
d r o p p i n g about 50 p e r c e n t between b r e a t h s and a c c e l e r a t i n g w i t h 
each i n h a l a t i o n . H e a r t r a t e v a l u e s f o r a 3 .1 kg male woodchuck 
went from 71 b e a t s per minute (bpm) between b r e a t h s to 135 bpm 
a f t e r i n h a l a t i o n and from 87 bpm t o 160 bpm f o r a 2 . 2 kg f e m a l e . 
T h i s i s the f i r s t r e p o r t o f c a r d i o - r e s p i r a t o r y synchrony f o r a 
f r e e r a n g i n g mammal. The a d a p t i v e s i g n i f i c a n c e remains to be 
e l u c i d a t e d b u t may be r e l a t e d t o o b l i g a t e e x p o s u r e t o h y p o x i a 
of t h e s e f o s s o r i a l mammals. 

INTRODUCTION 
Rhythmic a l t e r a t i o n i n h e a r t r a t e w i t h r e s p i r a t i o n , c a l l e d r e s p i r a t o r y s i n u s a r r h y t h 
mia ( R S A ) , h a s been w e l l s t u d i e d i n dogs ( A n r e p , P a s c u a l and R o s s l e r , 1936; H a i n s -
w o r t h , 1974; Haymet and M c C l o s k e y , 1975; H a m l i n , S m i t h and S m e t z e r , 1966) , c a t s 
( B l a c k and T o r r a n c e , 1971; E l d r i d g e , 1972) and man ( B a i n b r i d g e , 1920; M e l c h e r , 1976; 
F r e y s c h u s s and M e l c h e r , 1975) . I t i s g e n e r a l l y agreed t h a t RSA depends on autonomic 
a c t i v i t y , e s p e c i a l l y the r h y t h m i c a l t e r a t i o n o f v a g a l i m p u l s e s to the s i n o a t r i a l 
node (Wheeler and W a t k i n s , 1973) . The re sponse h a s a l s o been d e s c r i b e d f o r f i s h 
( S h e l t o n and R a n d a l l , 1962; C a p r a , 1976) , and c r o c o d i l i a n s ( H u g g i n s , H o f f and P e n a , 
1969) . A l t h o u g h much h a s been w r i t t e n d e s c r i b i n g the r e s p o n s e , i t s m e d i a t i o n , and 
i t s p o s s i b l e o r i g i n , l i t t l e i s known about i t s p o s s i b l e a d a p t i v e s i g n i f i c a n c e . O t h e r 
s t u d i e s have i n v e s t i g a t e d the r e s p o n s e o f a n e s t h e t i z e d or r e s t r a i n e d a n i m a l s . T h i s 
i s the f i r s t r e p o r t of RSA from u n r e s t r a i n e d mammals. 

Woodchucks are l a r g e f o s s o r i a l r o d e n t s u s u a l l y l i v i n g i n e x t e n s i v e b u r r o w s . S e v e r a l 
comprehens ive p a p e r s are a v a i l a b l e about woodchuck n a t u r a l h i s t o r y ( G r i z z e l l , 1955; 
Bronson, 1962; M e r r i a m , 1966) . Woodchuck h i b e r n a t i o n has been t h o r o u g h l y documented 
( B a i l e y and D a v i s , 1965; S n y d e r , D a v i s and C h r i s t i a n , 1 9 6 1 ) . E x c e p t f o r t e l e m e t r i -
c a l l y measured body t emperature ( H a y e s , 1976) and f e a r b r a d y c a r d i a ( S m i t h , 1978) , 

557 
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M E T H O D S 
One mature woodchuck o f each s e x was c a p t u r e d i n e a s t e r n Oklahoma (Cherokee C o u n t y ) 
by box t r a p s ( H a v a h a r t , N o . 2 ) . Woodchucks were a n e s t h e t i z e d w i t h Ketamine H y d r o 
c h l o r i d e ( P a r k e - D a v i s , V e t a l a r 100 mg ml~^) and the m u l t i - c h a n n e l ECG and t e m p e r a t u r e 
t r a n s m i t t e r s were i n s e r t e d i n t o the abdominal c a v i t y through a 3 cm l o n g i t u d i n a l 
i n c i s i o n a p p r o x i m a t e l y 5 cm l a t e r a l t o the m i d l i n e . ECG l e a d s were p l a c e d s u b d e r 
m a l l y . E l e c t r o d e s were s u t u r e d n e a r each end o f the s t e r n u m . A f t e r a one week 
r e c o v e r y p e r i o d the woodchucks were r e l e a s e d on 7.6 h a B u z z a r d I s l a n d i n Lake T e n -
k i l l e r (Cherokee C o u n t y , O k l a h o m a ) . The i s l a n d h a s an e l e v a t i o n o f a p p r o x i m a t e l y 
20 m above mean l a k e l e v e l and i s wooded w i t h mixed hardwood ( p r e d o m i n a n t l y Oak and 
H i c k o r y ) . The s o u t h e a s t end o f the i s l a n d c o n t a i n s l i m e s t o n e o u t c r o p p i n g s and the 
woodchucks dug e x t e n s i v e burrows under the l a r g e r o c k s . N a t u r a l f o o d and w a t e r were 
a v a i l a b l e . 

The b i o t e l e m e t r y sys t em used i n t h i s s t u d y i s s i m i l a r to t h a t d e s c r i b e d by S m i t h and 
S a l b (1975) and i s a v a i l a b l e from B i o t e l e m e t r y S y s t e m s , I n c . , P . O . Box 10, Rush , 
N . Y . 14543, U . S . A . A m a g n e t i c s w i t c h and CMOS i n t e g r a t e d c i r c u i t memory p r o v i d e d 
a way t o t u r n the i m p l a n t e d t r a n s m i t t e r on and o f f ( S m i t h , 1980 ) . The 150 MHz s i g n a l 
was r e c e i v e d w i t h a L a f a y e t t VHF R e c e i v e r ( S t o c k N o . 99-3531L) and p o r t a b l e d i r e c 
t i o n a l VHF antenna ( B i o t e l e m e t r y S y s t e m s , I n c . ) . The s u b c a r r i e r tone was r e c o r d e d on 
a c a s s e t t e r e c o r d e r (Sony , T C - 4 5 ) and demodulated i n the l a b o r a t o r y u s i n g a two c h a n 
n e l t emperature and ECG demodulator ( B i o t e l e m e t r y S y s t e m s , I n c . — Mode l D2-1) and 
p h y s i o g r a p h ( N a r c o - B i o s y s t e m s , I n c . , Model 4 B ) . I n s t a n t a n e o u s h e a r t r a t e was o b t a i n e d 
by measur ing the QRS t o QRS i n t e r v a l . R e s p i r a t i o n appeared as a r e g u l a r a m p l i t u d e 
m o d u l a t i o n o f the QRS w a v e s . P r e l i m i n a r y o b s e r v a t i o n s i n the l a b o r a t o r y c o n f i r m e d 
the r e l a t i o n s h i p between v e n t i l a t o r y movements and QRS a m p l i t u d e . I n s p i r a t i o n i s 
i n d i c a t e d by i n c r e a s i n g QRS a m p l i t u d e and e x p i r a t i o n by d e c r e a s i n g QRS h e i g h t . 

F i e l d measurements were made f o r two m i n u t e s a t 10, 30 , o r 60 min i n t e r v a l s . F i e l d 
o b s e r v a t i o n s were o b t a i n e d f o r 2-3 w e e k s , on e a c h woodchuck . A l t h o u g h the a n i m a l s 
were not mon i tored c o n t i n u o u s l y , s e v e r a l c o n t i n u o u s 24 h measurements were made. 

RESULTS 
There are two d i s t i n c t t y p e s o f c a r d i o - r e s p i r a t o r y p a t t e r n s i n f r e e r a n g i n g wood
c h u c k . H e a r t r a t e changed o n l y about 10 p e r c e n t w i t h r e s p i r a t i o n most o f the t i m e . 
On o t h e r o c c a s i o n s , e s p e c i a l l y when the a n i m a l s were i n a c t i v e , h e a r t r a t e v a r i e d p r o 
f o u n d l y w i t h e a c h r e s p i r a t o r y c y c l e . Of 343 two minute r e c o r d s , 32 showed a marked 
c a r d i o - r e s p i r a t o r y synchrony or r e s p i r a t o r y s i n u s a r r h y t h m i a ( R S A ) . 

F i g u r e s 1 and 2 show t y p i c a l r e c o r d s f o r e a c h c a r d i o - r e s p i r a t o r y p a t t e r n . F i g u r e 3 
shows mean v a l u e s o f i n s t a n t a n e o u s h e a r t r a t e f o r the two p a t t e r n s o f c a r d i o - r e s p i r a 
t o r y s y n c h r o n y . I n the r e c o r d s d i s p l a y i n g marked RSA the end o f e x p i r a t i o n i s marked 
b y a p r o f o u n d b r a d y c a r d i a . I n s p i r a t i o n r e s u l t s i n t a c h y c a r d i a . D u r i n g marked RSA 
mean h e a r t r a t e v a l u e s f o r the male i n c r e a s e d from 71 .1 ± 1.06 (x ± S E ) bpm between 
b r e a t h s to 135.3 ± 2 .92 bpm d u r i n g e x p i r a t i o n . F o r the f emale mean i n s t a n t a n e o u s 
h e a r t r a t e i n c r e a s e d from 8 7 . 3 ± 1.1 bpm between b r e a t h s t o 160 .2 ± 3 . 8 bpm d u r i n g 
e x p i r a t i o n . Mean h e a r t r a t e d u r i n g low RSA i n c r e a s e d from 186.4 t o o n l y 204 .7 d u r i n g 
e x p i r a t i o n . 

l i t t l e i s known about the p h y s i o l o g y o f f r e e r a n g i n g woodchucks . The purpose o f t h i s 
paper i s t o r e p o r t r e s p i r a t o r y s i n u s a r r h y t h m i a from f r e e r a n g i n g w o o d c h u c k s . Marmota 
monax. We w i l l a l s o d i s c u s s the p o s s i b l e a d a p t i v e s i g n i f i c a n c e o f RSA f o r the wood
c h u c k . 
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F i g . 1. T y p i c a l c a r d i o - r e s p i r a t o r y p a t t e r n w i t h a low l e v e l o f 
r e s p i r a t o r y s i n u s a r r y t h m i a . Upper l i n e i n d i c a t e s 
i n s t a n t a n e o u s h e a r t r a t e de termined by measurement o f 
each QRS i n t e r v a l . R e s p i r a t i o n de termined from QRS 
h e i g h t . P l u s i n d i c a t e s i n h a l a t i o n , minus i n d i c a t e s 
e x h a l a t i o n . Lower l i n e r e p r e s e n t s t e l e m e t r y o b t a i n e d 
e l e c t r o c a r d i o g r a m . 

2 l O O h 

< 
UJ X 5 0 

R E S P I R A T I O N 

^ E G G 

F i g . 2 . C a r d i o - r e s p i r a t o r y p a t t e r n showing marked r e s p i r a t o r y 
s i n u s a r r y t h m i a . Symbols as F i g . 1 . 
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F i g . 3 . R e l a t i o n s h i p o f i n s t a n t a n e o u s h e a r t r a t e to i n d i v i d u a l 
h e a r t b e a t i n t e r v a l s d u r i n g e a c h b r e a t h . L e f t hand 
p a n e l shows r e l a t i o n s h i p w i t h o u t marked r e s p i r a t o r y 
s i n u s a r r y t h m i a . R i g h t hand p a n e l i l l u s t r a t e s marked 
r e s p i r a t o r y s i n u s a r r y t h m i a . V e r t i c a l l i n e s i n d i c a t e 
± 1 S E . 

DISCUSSION 
S e v e r a l mechanisms a r e t h o u g h t t o p l a y a p a r t i n e v o k i n g r e s p i r a t o r y changes i n h e a r t 
r a t e (see M e l c h e r , 1976, f o r a r e c e n t r e v i e w o f the l i t e r a t u r e ) . There i s e v i d e n c e 
i n d i c a t i n g RSA i s caused by a pulmonary r e f l e x w i t h the a f f e r e n t p o r t i o n o f the 
r e f l e x i n t h e vagus n e r v e . B a i n s b r i d g e (1920) s u g g e s t e d RSA c o u l d be e x p l a i n e d by 
i n c r e a s e d d i a s t o l i c f i l l i n g o f the h e a r t w i t h each i n s p i r a t i o n . Recent e v i d e n c e 
c o n f i r m s the B a i n s b r i d g e e f f e c t ( H o r w i t z and B i s h o p , 1972; V a t h e r and Braunwald , 
1975) . A s y s t e m i c a r t e r i a l b a r o r e f l e x h a s been p o s t u l a t e d ( M a t t h e s and E b e l i n g , 
1948) i n c r e a t i n g RSA due t o the r e s p i r a t o r y e f f e c t s on a r t e r i a l b l o o d p r e s s u r e . 
Meche lke (1953) s u g g e s t e d an i n t e r p l a y between a r t e r i a l b a r o r e f l e x and the B a i n 
b r i d g e r e f l e x . There i s a l s o t h o u g h t t o be a c e n t r a l nervous r e f l e x ( H a m l i n , Smi th 
and S m e t z e r , 1966) b e c a u s e RSA o f t e n p e r s i s t s i n a n i m a l s when r e s p i r a t o r y movements 
are p a r a l y z e d or i n o p e n - c h e s t p r e p a r a t i o n s . I n t e r e s t i n g l y , RSA i s p o s i t i v e l y c o r r e 
l a t e d w i t h Pco2 l e v e l s i n a r t e r i a l b l o o d ( M e l c h e r , 1976 ) . Haymet and M c C l o s k e y 
(1975) s u g g e s t e d t h a t when the c i r c u l a t o r y t ime l a g i s r e d u c e d , as i n e x e r c i s e , the 
chemoreceptor r e s p o n s e would enhance v e n t i l a t i o n and m i n i m i z e the r e f l e x b r a d y c a r d i a . 
T h i s would be a d a p t i v e i n a s s u r i n g maximum pulmonary p e r f u s i o n d u r i n g maximum v e n t i 
l a t i o n . S i m i l a r r e s u l t s were o b t a i n e d f o r the P o r t J a c k s o n s h a r k , Heterodontus 
portus Jackson ( C a p r a , 1976) , and c r o c o d i l i a n s ( H u g g i n s , H o f f and P e n a , 1 9 6 9 ) . B r a d y 
c a r d i a o c c u r r e d d u r i n g apnea and a marked t a c h y c a r d i a o c c u r r e d d u r i n g i n f r e q u e n t 
p e r i o d s o f v e n t i l a t i o n . I n t h e s e examples RSA appears t o f u n c t i o n i n r e d u c i n g h e a r t 
r a t e when o x y g e n i s l e s s a b u n d a n t . The r e d u c t i o n o f h e a r t r a t e d u r i n g p e r i o d s o f 
low oxygen a v a i l a b i l i t y i s w e l l d e v e l o p e d i n d i v i n g v e r t e b r a t e s ( A n d e r s e n , 1966) , 
d u r i n g human c h i l d b i r t h (Wei sbro t et al,j 1958) and d u r i n g f e a r - e v o k e d b r a d y c a r d i a 
o f c r o c o d i l i a n s ( A n d e r s e n , 1961; Gaunt and G a n s , 1969; S m i t h , A l l i s o n and Crowder , 
1974) . 

The RSA d e s c r i b e d here f o r the woodchuck i s o f g r e a t e r magn i tude t h a n p r e v i o u s l y 
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d e s c r i b e d f o r any mairanal. Woodchucks are f o s s o r i a l , s p e n d i n g a s i g n i f i c a n t amount 
o f t ime underground . Underground l i v i n g o f f e r s r e l a t i v e freedom from many p r e d a t o r s 
and p r o v i d e s s a f e q u a r t e r s f o r b e a r i n g y o u n g , s l e e p i n g and h i b e r n a t i n g . I t a l s o 
exposes the i n d i v i d u a l t o a low oxygen and h i g h carbon d i o x i d e e n v i r o n m e n t . K e n e r l y 
(1964) found p o c k e t gopher burrow O2 as low as 6 p e r c e n t and CO2 e x c e e d i n g 2 p e r c e n t . 
A thorough s t u d y by B u r l i n g t o n et al, (1971) demons tra ted a s i g n i f i c a n t d i f f e r e n c e 
i n r e s p o n s e to h y p o x i a o f woodchuck. I n the r a b b i t , dog or man, h y p o x i a r e s u l t s i n 
i n c r e a s e d c a r d i a c o u t p u t . R a d i o t a g g e d e a s t e r n c o t t o n t a i l r a b b i t s d i d n o t show a 
marked RSA (Smi t h and Worth , 1980, t h i s v o l u m e ) . The woodchuck e x h i b i t e d d e c r e a s e d 
c a r d i a c o u t p u t w i t h m a i n t e n a n c e o f mean a r t e r i a l p r e s s u r e . B l o o d f l o w was reduced 
to s k i n , s k e l e t a l m u s c l e , w h i t e f a t and brown f a t w i t h no o b s e r v a b l e change i n b l o o d 
f low to h e a r t , d i a p h r a g m , k i d n e y , l i v e r , s tomach and i n t e s t i n e s . Woodchuck h e m o g l o b i n 
h a s a h i g h e r a f f i n i t y f o r oxygen than do o t h e r r o d e n t s l i v i n g above ground ( H a l l , 
1965) . 

The a v a i l a b l e e v i d e n c e i n d i c a t e s woodchucks are p h y s i o l o g i c a l l y w e l l e q u i p p e d to 
endure h y p o x i a . Perhaps the marked RSA i s b u t a n o t h e r f a c e t o f t h e i r r e s i s t a n c e to 
h y p o x i a . I t i s e n e r g e t i c a l l y e x p e n s i v e t o m a i n t a i n a h i g h r a t e o f c a r d i a c o u t p u t 
c o n t i n u o u s l y . An a n i m a l exposed to h y p o x i a can reduce c i r c u l a t o r y c o s t s by r e d u c i n g 
c a r d i a c o u t p u t between b r e a t h s . D i v i n g v e r t e b r a t e s s h u n t b l o o d away from a r e a s t h a t 
can w i t h s t a n d h y p o x i a and m a i n t a i n p e r f u s i o n o f h e a r t and b r a i n . The o x y g e n debt 
i n c u r r e d i s r e p a i d upon s u r f a c i n g . I t would be m a l a d a p t i v e f o r r e s t i n g woodchucks 
to i n c u r an oxygen debt ( f o r h o u r s a t a t i m e ) . The marked RSA d e s c r i b e d h e r e m i g h t 
e n a b l e them t o reduce oxygen consumpt ion w h i c h a l o n g w i t h o t h e r p h y s i o l o g i c a l a d a p 
t a t i o n s e n a b l e them t o t o l e r a t e o b l i g a t e h y p o x i a i n h e r e n t i n f o s s o r i a l e x i s t a n c e . 
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5 R32 GM07694. F a c u l t y g r a n t from N o r t h e a s t e r n Oklahoma S t a t e U n i v e r s i t y to ENS i s 
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Abstract — A t r a n s m i t t e r i s d e s c r i b e d w h i c h i s c a p a b l e o f 
s w i t c h i n g t o a number o f c h a n n e l s o f i n f o r m a t i o n i n s e q u e n c e . 
The u n i t u s e s a t imed s w i t c h i n g c i r c u i t t o l i n k e i t h e r ECG 
e l e c t r o d e s or one o f two t h e r m i s t o r c i r c u i t s t o a t r a n s m i t t e r . 
The f r e q u e n c y o u t p u t ( c l i c k s per s econd) o f a t h e r m i s t o r c i r 
c u i t depends on t h e r m i s t o r t emperature and m i g h t c o n v e n i e n t l y 
be made a p p r o x i m a t e l y e q u a l to the h e a r t r a t e . 

The u n i t i s housed i n a box 8 cm^ χ 2 cm w h i c h needs t o be 
mounted e x t e r n a l l y ; t h i s h a s p r o v e d i m p r a c t i c a l f o r use w i t h 
w i l d s p e c i e s such as deer b u t c o u l d be used s u c c e s s f u l l y w i t h 
d o m e s t i c a t e d s p e c i e s . We are c u r r e n t l y d e v e l o p i n g a t o t a l l y 
i m p l a n t a b l e u n i t w h i c h w i l l r e q u i r e a v e r y s m a l l l o n g l i f e 
power u n i t a n d / o r a d i s c o n n e c t i n g s w i t c h between t r a n s m i s s i o n s . 

AIMS OF STUDY 
On b e h a l f o f the F o r e s t r y Commiss ion ( U . K . ) we a r e s t u d y i n g a herd o f f a l l o w deer 
{Dama dama) l i v i n g f e r a l i n the West M i d l a n d s o f E n g l a n d , w h i c h c o n t a i n s a p r o p o r 
t i o n w i t h l o n g c o a t s ( S p r i n g t h o r p e , 1969) . I n o r d e r to a s s e s s whe ther t h e l o n g 
s i l k y c o a t i s a p h y s i o l o g i c a l a d v a n t a g e or d i s a d v a n t a g e when compared w i t h the n o r 
mal s h o r t , c o a r s e c o a t we w i s h t o m o n i t o r v a r i o u s p h y s i o l o g i c a l p a r a m e t e r s from the 
a n i m a l s under d i f f e r e n t e n v i r o n m e n t a l c o n d i t i o n s . Measurements o f s k i n and body 
t e m p e r a t u r e , r e s p i r a t i o n and h e a r t r a t e can p r o v i d e u s e f u l i n d i c a t o r s o f the a d a p t 
a b i l i t y o f mammals t o e n v i r o n m e n t a l c o n d i t i o n s , and i t i s p o s s i b l e t o p r e d i c t m e t a 
b o l i c r a t e from a measure o f h e a r t r a t e and t emperature when c a l o r i m e t r i c s t u d i e s 
are i m p r a c t i c a l ( H o l t e r et αΐ.^ 1976) . The h a n d l i n g o f s u c h t i m i d , w i l d s p e c i e s 
as deer can i n t e r f e r e w i t h t h e i r p h y s i o l o g i c a l r e s p o n s e s and we t h e r e f o r e w i s h e d t o 
m o n i t o r the p h y s i o l o g i c a l p a r a m e t e r s by t e l e m e t r y . 

PRELIMINARY D E V E L O P M E N T OF A TRANSMITTER 
PARTICULAR PROBLEMS OF TRANSMISSION I N BRITAIN 

I m p l a n t a b l e t r a n s m i t t e r s f o r t e l e m e t r y o f h e a r t r a t e and t e m p e r a t u r e have been 
deve loped i n the U . S . A . ( S k u t t et al,^ 1973) w h i c h are not c r y s t a l c o n t r o l l e d . 
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However, there are s t r i n g e n t r e g u l a t i o n s i n B r i t a i n g o v e r n i n g the t r a n s m i s s i o n and 
c o n t r o l o f RF o s c i l l a t i o n f r e q u e n c i e s . A l i c e n c e f o r m e d i c a l and b i o l o g i c a l t e l e 
metry a l l o w s the o p e r a t i o n o f equipment i n the band 104.675 MHz ± 2 . 0 KHz (Home 
O f f i c e l e a f l e t HO 265) . W i t h such a narrow wave band a v a i l a b l e i t seemed d e s i r a b l e 
to deve lop a u n i t c a p a b l e o f s w i t c h i n g t o a number o f c h a n n e l s o f i n f o r m a t i o n i n 
s equence , so t h a t v a r i o u s parameters c o u l d be m o n i t o r e d on the same RF f r e q u e n c y . 

C I R C U I T 

The t r a n s m i t t e r ( F i g . 1) i s b u i l t from f o u r b a s i c c i r c u i t s . The f i r s t i s a t imed 
s w i t c h i n g c i r c u i t ( F i g . 2a) c o n t r o l l i n g the sequence and l e n g t h of t r a n s m i s s i o n of 

2cin 

F i g . 1. E l e c t r o n i c u n i t . 



Heart Rate and Temperature in Fallow Deer 565 

(a) Timed 
Pulses 

O + 

O -

(b) 
ECG 0-

Electrodes ^ 

Timed 
Pulses 

0 0 - To transmitter 

Timed 
Pulses 

(c) 
R2 

C2¡ 

T l 

15 
R 3 -

R 4 . 
-D[FW> 
^ 3 To transmitter 

- W > 

F i g . 2 . E l e c t r o n i c u n i t : c i r c u i t s , (a) S w i t c h i n g c i r c u i t ; 
(b) E C G ; (c ) t h e r m i s t o r ; R l - 130 kfi; R2 - 10 kΩ 
v a r i a b l e r e s i s t o r , s e l e c t f o r a p p r o p r i a t e ' c l i c k ' 
r a t e ; R3 - 10 kΩ; R4 - 33 Ω; C l , C2 - 22 y F ; C3 -
0 .002 y F ; T l - 25 kfi a t 20 C t h e r m i s t o r ; I I - CD4017 
decade c o u n t e r ; 12 , 15 — 74C14 hex Schmitt t r i g g e r 
i n t e g r a t e d c i r c u i t ; 13 , 14 — CD4016 quad b i l a t e r a l 
s o l i d s t a t e s w i t c h . 

i n f o r m a t i o n from t h e p h y s i o l o g i c a l s e n s o r s ( t h e r m i s t o r s and ECG e l e c t r o d e s ) . The 
s w i t c h i n g c i r c u i t e n a b l e s c o n s e c u t i v e t r a n s m i s s i o n o f up t o t e n c h a n n e l s o f i n f o r 
m a t i o n . The c l o c k g e n e r a t o r (12) p r o d u c e s t imed p u l s e s w h i c h cause t h e decade 
c o u n t e r ( I I ) t o s w i t c h from one o u t p u t c h a n n e l t o t h e n e x t e v e r y 12 s . As our u n i t 
h a s o n l y t h r e e s e n s o r s , s e v e r a l o u t p u t s from t h e decade c o u n t e r a r e t i e d t o g e t h e r 
and one i s l e f t b l a n k as a marker g i v i n g , f o r e x a m p l e , 60 s o f ECG — 24 s o f o u t p u t 
from t h e r m i s t o r 1 — 12 s b l a n k marker — 24 s o f o u t p u t from t h e r m i s t o r 2 — 60 s o f 
ECG e t c . 

The ECG c i r c u i t ( F i g . 2b) s i m p l y c o n s i s t s o f a s o l i d s t a t e s w i t c h (13) c o n t r o l l e d 
by o u t p u t p u l s e s from t h e s w i t c h i n g c i r c u i t so t h a t ECG p o t e n t i a l i s e i t h e r s w i t c h e d 
through to t h e t r a n s m i t t e r or n o t . There i s no p r e a m p l i f i c a t i o n o f the ECG s i g n a l . 
The e l e c t r o d e s compr i se 15 mm o f f l a t t e n e d g o l d w i r e w i t h t h e l e a d s t h r e a d e d and 
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s e a l e d i n b i o l o g i c a l l y i n e r t p o l y v i n y l t u b i n g . These l e a d s are p l a c e d under the 
s k i n w i t h the e l e c t r o d e s i m p l a n t e d i n t r a d e r m a l l y ( F i g . 1 ) . I n t h i s p o s i t i o n a c l e a r 
ECG can be moni tored f r e e o f i n t e r f e r e n c e from m u s c u l a r a c t i v i t y ( F i g . 3 a ) . 

The t h e r m i s t o r c i r c u i t s ( F i g . 2c) a l s o use a c l o c k g e n e r a t o r i n t e g r a t e d c i r c u i t (15) 
and i n c o r p o r a t e a t h e r m i s t o r ( T l ) so t h a t f r e q u e n c y o u t p u t depends on t h e r m i s t o r 
t e m p e r a t u r e . Frequency range ( ' c l i c k ' r a t e ) i s s e l e c t e d by v a r y i n g the s e r i e s 
r e s i s t o r ( R 2 ) . The s i g n a l i s s w i t c h e d through by 14 , a t t e n u a t e d 1:303 and b u f f e r e d 
by a s m a l l c a p a c i t o r (C3) b e f o r e r e a c h i n g the t r a n s m i t t e r . The p r e s e n t t h e r m i s t o r 
c i r c u i t s are c a l i b r a t e d to produce one c l i c k per second a t 40^0 ( F i g . 3 b ) . T h i s r a t e 
h a s proved t o be i n a c c u r a t e i n d e t e r m i n i n g the t emperature o v e r the 24 s a v a i l a b l e 
and t h e r a t e s h o u l d be i n c r e a s e d . As a r u l e o f thumb, we s u g g e s t a c l i c k r a t e 
a p p r o x i m a t e l y e q u a l to the h e a r t r a t e so t h a t b o t h can be measured u s i n g the same 
equipment . 

^̂  \ V \ ^ V V 

[ • f ' f ' f ' ί ' ί ' r 

f \ ^ ^ n n n n n n n Π Π Π Π Π ÍL 

F i g . 3 . (a) H e a r t t r a c e ( E C G ) . (b) Temperature t r a c e ( t ime 
t r a c e f o r a and b ; I s ) . 

The t r a n s m i t t e r i s an u n m o d i f i e d FM b i o t e l e m e t r y t r a n s m i t t e r s u p p l i e d by Dynamic 
E l e c t r o n i c s (SNR 102F) w i t h o u t p u t power - 9 0 dB a t 15 m and a c u r r e n t d r a i n o f 3 mA. 
The c u r r e n t d r a i n o f t h e whole e l e c t r o n i c u n i t i s a p p r o x i m a t e l y 8 .3 mA. Power i s 
p r o v i d e d by M a l l o r y D u r a c e l l 1.35 V mercury b a t t e r i e s (RM 502R) and two p a r a l l e l 
s e t s o f two i n s e r i e s a l l o w f o u r weeks c o n t i n u o u s t r a n s m i s s i o n . 

The s i g n a l i s r e c e i v e d u s i n g a Dynamic E l e c t r o n i c s SNR 112R r e c e i v e r w i t h a u t o m a t i c 
f r e q u e n c y c o n t r o l . A permanent r e c o r d can be made by f e e d i n g the s i g n a l from the 
r e c e i v e r i n t o a c h a r t r e c o r d e r or a tape r e c o r d e r . 
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The Use of Radio Telemetry in the Studies of 
Diving and Flying of Birds 
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Abstract — When the head o f a r e s t r a i n e d duck i s p l a c e d under 
w a t e r , t h e r e i s a p r o g r e s s i v e r e d u c t i o n i n h e a r t r a t e . By u s i n g 
r a d i o t e l e m e t r y , i t has been demons tra ted t h a t d u r i n g n a t u r a l 
submers ion t h e r e i s no m a i n t a i n e d r e d u c t i o n i n h e a r t r a t e be low 
t h a t seen when t h e duck i s swimming. The c l a s s i c a l i d e a t h a t 
d u r i n g d i v i n g i n ducks t h e r e i s s e l e c t i v e v a s o c o n s t r i c t i o n and 
a n a e r o b i o s i s i s thus open t o q u e s t i o n . The measurements o f 
r e s p i r a t o r y and c a r d i o v a s c u l a r v a r i a b l e s i n f r e e f l y i n g b i r d s 
have p r e v i o u s l y been r e s t r i c t e d to f l i g h t s o f r e l a t i v e l y s h o r t 
d u r a t i o n (< 20 s ) . B a r n a c l e gee se have been t r a i n e d t o f l y 
b e h i n d a t r u c k by i m p r i n t i n g them on a human. H e a r t r a t e and 
r e s p i r a t o r y f r e q u e n c y have been measured by r a d i o t e l e m e t r y 
d u r i n g f l i g h t s a v e r a g i n g 14.4 min and a t a mean a i r v e l o c i t y 
o f 18.7 m s " ^ 

DIVING 
The a b i l i t y o f some b i r d s and mammals t o spend p r o l o n g e d p e r i o d s o f t ime under w a t e r 
has f a s c i n a t e d p h y s i o l o g i s t s f o r over a c e n t u r y ( f o r d e t a i l e d r e v i e w o f e a r l y l i t e r a 
t u r e see A n d e r s e n , 1966) . The r e s p o n s e s w h i c h are w i d e l y a c c e p t e d as b e i n g r e s p o n 
s i b l e f o r t h i s a b i l i t y were proposed by I r v i n g i n 1934. He s u g g e s t e d t h a t a l a r g e 
p a r t o f t h e s y s t e m i c c i r c u l a t i o n was reduced and t h a t the o x y g e n i n t h e body was 
used p r e f e r e n t i a l l y by the h e a r t and b r a i n , w h i c h are p a r t i c u l a r l y s e n s i t i v e to 
oxygen l a c k , w h i l e t h e m u s c l e s and o t h e r t i s s u e s underwent a n a e r o b i o s i s . 

The s t u d i e s o f S c h o l a n d e r (1940) added much w e i g h t to I r v i n g ' s t h e o r y . He r e p o r t e d 
t h a t , when r e s t r a i n e d d o m e s t i c ducks and p e n g u i n s (Pygoscelis papua) were p l a c e d 
under w a t e r , t h e r e was a p r o g r e s s i v e r e d u c t i o n i n h e a r t r a t e . The p e n g u i n s c o u l d 
w i t h s t a n d f o r c e d submers ion f o r up to 6-7 min whereas the d o m e s t i c duck c o u l d s u r 
v i v e f o r t w i c e t h i s l e n g t h o f t i m e . I n d u c k s , o x y g e n u s a g e d e c r e a s e d d u r i n g s u b 
m e r s i o n , and t h e r e was a r e l a t i v e l y s low i n c r e a s e i n b l o o d l a c t a t e d u r i n g the p e r i o d 
of submers ion , b u t a much q u i c k e r and g r e a t e r i n c r e a s e a f t e r s u r f a c i n g . When s m a l l 
p i e c e s o f f l e s h were removed from the p e c t o r a l m u s c l e s d u r i n g a p e r i o d o f submers ion 
t h e r e was v i r t u a l l y no b l e e d i n g . T h i s was i n d i s t i n c t c o n t r a s t t o the s i t u a t i o n 
when t h e b i r d s were b r e a t h i n g , p a r t i c u l a r l y j u s t a f t e r a p e r i o d o f s u b m e r s i o n . By 
u s i n g a r a d i o a c t i v e t e c h n i q u e to de termine the r e g i o n a l d i s t r i b u t i o n o f b l o o d i n 
ducks d u r i n g head s u b m e r s i o n , J o h a n s e n (1964) found t h a t f l o w to the m u s c l e s d e c l i n e d 
whereas f l ow t o t h e l e f t v e n t r i c l e and to the d i e n c e p h a l o n i n c r e a s e d . 

569 
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The c a r d i o v a s c u l a r changes t h a t o c c u r i n r e s t r a i n e d d o m e s t i c ducks d u r i n g a 2 min 
p e r i o d o f head submers ion are summarized i n F i g . 1. I f e i t h e r b r a d y c a r d i a or v a s o 
c o n s t r i c t i o n a r e p r e v e n t e d from o c c u r r i n g d u r i n g head submers ion by s p e c i f i c b l o c k 
i n g d r u g s , then a r t e r i a l oxygen t e n s i o n d e c l i n e s more r a p i d l y than i n u n t r e a t e d 
ducks ( B u t l e r and J o n e s , 1971) . A l l o f t h e s e c a r d i o v a s c u l a r a d j u s t m e n t s can be 
e x p l a i n e d i n terms o f the s t i m u l a t i o n o f p e r i p h e r a l r e c e p t o r s , p a r t i c u l a r l y the 
a r t e r i a l c h e m o r e c e p t o r s , as t h e b l o o d becomes p r o g r e s s i v e l y more h y p o x i c and h y p e r -
c a p n i c ( J o n e s and P u r v e s , 1970; B u t l e r and T a y l o r , 1 9 7 3 ) . However, i n o r d e r to con
s e r v e e f f e c t i v e l y the oxygen i n t h e body f o r use by t h e CNS and h e a r t , t h e s e 

120 
Time (sec) 

J 
240 

F i g . 1. E f f e c t o f e n f o r c e d head submers ion on h e a r t r a t e and 
r e g i o n a l b l o o d f low i n r e s t r a i n e d d o m e s t i c ducks 
{Anas platyrhynchos). Downward p o i n t i n g arrow i n d i 
c a t e s s u b m e r s i o n , upward p o i n t i n g arrow i n d i c a t e s 
e m e r s i o n . From above downwards: A, h e a r t r a t e ; 0 , 
s y s t o l i c p r e s s u r e ; f , d i a s t o l i c p r e s s u r e ; • , s c i a t i c 
a r t e r y b l o o d f l o w ; B , common c a r o t i d a r t e r y b l o o d 
f l o w . Mean r e s u l t s from 36 ' d i v e s * on 13 d u c k s . 
V e r t i c a l l i n e s through e a c h S)rmbol i n d i c a t e ± S . E . 
o f mean. Where v e r t i c a l l i n e s are a b s e n t , the S . E . 
o f the mean i s w i t h i n the l i m i t s o f tlie s y m b o l . From 
B u t l e r and J o n e s , 1971, by p e r m i s s i o n . 
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a d j u s t m e n t s would have t o o c c u r ' a t the v e r y o n s e t o f a p n e a ' ( I r v i n g , 1966 ) . Whether 
or not t h i s does o c c u r d u r i n g n a t u r a l submers ion o f b i r d s was not known, and t h e r e 
was a c l e a r need f o r p h y s i o l o g i c a l d a t a from f r e e d i v i n g b i r d s . 

M i l l a r d , J o h a n s e n and Mi l som (1973) used r a d i o t e l e m e t r y to r e c o r d p u l s a t i l e b l o o d 
f low through the f e m o r a l a r t e r y i n f r e e - d i v i n g p e n g u i n s {Fygoscelis papua and P . 
adeliae), A Dopp ler s h i f t u l t r a s o n i c b l o o d f l owmeter ( F r a n k l i n et al,y 1966) modu
l a t e d the f r e q u e n c y o f a m i n i a t u r e FM t r a n s m i t t e r w h i c h was a t t a c h e d t o a f l o a t . 
B u t l e r and Woakes (1979) used an i m p l a n t a b l e 2 c h a n n e l FM t r a n s m i t t e r (Woakes and 
B u t l e r , 1975) w h i c h a l l o w e d the measurement o f r e s p i r a t o r y f r e q u e n c y and h e a r t r a t e 
i n n a t u r a l l y d i v i n g pochords and t u f t e d ducks {Aythya ferina and A. fuligula r e s p e c 
t i v e l y ) . I n b o t h s t u d i e s , i t was found t h a t the b i r d s per formed a number o f d i v e s 
i n q u i c k s u c c e s s i o n and t h a t h e a r t r a t e d i d d e c l i n e r a p i d l y a t the t ime o f submer
s i o n . I n the p e n g u i n s , h e a r t r a t e d u r i n g t h e p e r i o d o f submers ion was m a i n t a i n e d 
a t a p p r o x i m a t e l y 33 p e r c e n t o f the r a t e measured when the b i r d s were swimming a t the 
s u r f a c e , and b l o o d f l o w through the f e m o r a l a r t e r y was 25 p e r c e n t o f t h e v a l u e when 
the b i r d s were swimming on the s u r f a c e . These r e d u c t i o n s i n h e a r t r a t e and b l o o d 
f low through t h e f e m o r a l a r t e r y were not as g r e a t as t h o s e d u r i n g f o r c e d d i v e s b u t 
as the a u t h o r s p o i n t o u t , d u r i n g the n a t u r a l d i v e s they were g e t t i n g ' a c o m p o s i t e 
o f d i v i n g and e x e r c i s e r e s p o n s e s ' . 

I n t h e d u c k s , t h e r e were d i s t i n c t i n c r e a s e s i n r e s p i r a t o r y f r e q u e n c y and h e a r t r a t e 
b e f o r e the f i r s t d i v e o f a s e r i e s ( F i g . 2 ) . F o l l o w i n g the immediate r e d u c t i o n i n 
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F i g . 2 . T r a c e s showing h e a r t r a t e and r e s p i r a t o r y f r e q u e n c y 
a s s o c i a t e d w i t h the f i r s t and l a s t s p o n t a n e o u s d i v e s 
o f a s e r i e s per formed by a cJ t u f t e d duck {Ay thy a 
fuligula) on a pond 0 .65 m d e e p . I n each c a s e t h e 
p e r i o d o f submers ion i s i n d i c a t e d by t h e dashed 
v e r t i c a l l i n e j o i n e d by h o r i z o n t a l b a r s . A f t e r B u t l e r 
and Woakes, 1979, by p e r m i s s i o n . 

h e a r t r a t e upon s u b m e r s i o n , t h e r e was a p r o g r e s s i v e i n c r e a s e i n c a r d i a c f r e q u e n c y 
dur ing the remainder o f the d i v e , so t h a t a f t e r 6-8 s o f s u b m e r s i o n , i t was c l o s e 
to t h e r a t e r e c o r d e d when the b i r d was swimming on the s u r f a c e . T h i s r a t e was m a i n 
t a i n e d t h r o u g h o u t the remainder o f the d i v e . I n t h i s s e r i e s o f o b s e r v a t i o n s ( B u t l e r 
and Woakes, 1979) the w a t e r was o n l y 0 . 6 5 m d e e p , and t h e a v e r a g e d u r a t i o n o f t h e 
d i v e s was 10 s f o r t h e t u f t e d d u c k s . More r e c e n t d a t a have b e e n o b t a i n e d from t u f t e d 
ducks on a pond 2 . 0 - 2 . 2 m deep where d i v e s i n e x c e s s o f 35 s (which i s c l o s e t o the 
maximum d i v e d u r a t i o n f o r t h e s e b i r d s — Dewar, 1924) h a v ¿ b e e n r e c o r d e d . The i n i t i a l 
changes i n h e a r t r a t e were s i m i l a r t o t h o s e r e p o r t e d i n tbe e a r l i e r s t u d y . H e a r t 
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r a t e c o n t i n u e d to i n c r e a s e s l i g h t l y a f t e r the f i r s t 10 s o f s u b m e r s i o n , b u t 1-2 s 
b e f o r e the b i r d s s u r f a c e d t h e r e was a d i s t i n c t i n c r e a s e i n h e a r t r a t e ( F i g . 3 ) . 
S i m i l a r i n c r e a s e s i n h e a r t r a t e j u s t b e f o r e s u r f a c i n g were a l s o s een i n p e n g u i n s by 
M i l l a r d et al, ( 1973) . These a n t i c i p a t o r y changes i n h e a r t r a t e , t o g e t h e r w i t h 
t h o s e j u s t b e f o r e the f i r s t d i v e o f a s e r i e s , a r e l i k e l y to be o f c e n t r a l nervous 
s y s t e m o r i g i n ( M i l l a r d et al,^ 1973; B u t l e r and Woakes, 1 9 7 9 ) . 

I n a l l b i r d s s t u d i e d , a l a r g e p r o p o r t i o n o f the n a t u r a l d i v e s a r e o f l e s s than 1 min 
d u r a t i o n ( S c h o l a n d e r , 1940; E l i a s s e n , 1960; Kooyman, 1975) and , w i t h the e x c e p t i o n 
o f t h e Emperor p e n g u i n , Aptenoáytes forsteri, (Kooyman, 1975) , i t i s d o u b t f u l whether 
any b i r d d i v e s s p o n t a n e o u s l y f o r l o n g e r than 2 .5 m i n . E l i a s s e n (1960) c a l c u l a t e d 
t h a t the g u i l l e m o t (Uria aalge) ^ w i t h an a v e r a g e d i v e d u r a t i o n o f 20 s , would be 
a b l e t o m e t a b o l i z e a e r o b i c a l l y w h i l e swimming under w a t e r a t a v e l o c i t y o f 2 m s~^ 
f o r the whole o f t h i s p e r i o d by u s i n g the o x y g e n s t o r e d i n the b o d y . There w o u l d , 
t h e r e f o r e , be no need f o r v a s o c o n s t r i c t i o n i n the m u s c l e s . The r e s p i r a t o r y sys t em 
c o n t a i n s most o f the s t o r e d O2 and the l u n g s c o u l d be s u p p l i e d by a i r from the a i r -
s a c s by t h e a c t i o n of the l imbs d u r i n g under w a t e r swimming. S i m i l a r c a l c u l a t i o n s 
have l e d to a s i m i l a r c o n c l u s i o n f o r the p o c h a r d duck (Woakes, 1 9 7 8 ) . The O2 s t o r e s 
may be enhanced i n ducks b e f o r e the f i r s t d i v e o f a s e r i e s by t h e i n c r e a s e d v e n t i 
l a t i o n and h e a r t r a t e j u s t b e f o r e submers ion ( F i g . 2 ) , and they c o u l d be r e p l a c e d by 
the few deep b r e a t h s between d i v e s . 
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F i g . 3 . Graph showing h e a r t r a t e i n t u f t e d ducks {Aythya fuli-
gula) b e f o r e , d u r i n g and a f t e r spontaneous d i v e s (not 
n e c e s s a r i l y the f i r s t i n a s e r i e s ) i n e x c e s s o f 30 s 
d u r a t i o n . The b i r d s were on a pond 2 m d e e p . Mean 
r e s u l t s from 25 d i v e s by 3 d u c k s . V e r t i c a l l i n e s 
through each symbol i n d i c a t e ± S . E . o f mean. Where 
v e r t i c a l l i n e s a r e a b s e n t , the S . E . o f mean i s w i t h i n 
t h e l i m i t s o f the s y m b o l . The mean d u r a t i o n o f the 
d i v e s ± S . E . o f mean i s g i v e n between t h e v e r t i c a l 
dashed l i n e s w h i c h d e l i m i t the p e r i o d o f s u b m e r s i o n . 
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E l i a s s e n ' s o r i g i n a l work and arguments have been c r i t i c i z e d f o r f a u l t s i n methodology 
and l o g i c ( J o h a n s e n , 1964; A n d e r s e n , 1966; I r v i n g , 1 9 6 6 ) . However , i f b r a d y c a r d i a 
i s an i n t e g r a l p a r t o f the t o t a l r e s p o n s e t o d i v i n g as proposed by I r v i n g , t h e n the 
absence o f such a b r a d y c a r d i a i n two s p e c i e s o f ducks d u r i n g n a t u r a l d i v i n g g i v e s 
some credence to E l i a s s e n ' s c o n c l u s i o n . R a d i o t e l e m e t r y h a s a l l o w e d p h y s i o l o g i c a l 
d a t a to be o b t a i n e d from b i r d s d i v i n g n a t u r a l l y . Some o f the r e s u l t s have r a i s e d 
a q u e s t i o n mark a g a i n s t a t h e o r y which has g a i n e d much o f i t s s u p p o r t from s o - c a l l e d 
d i v e s of a b n o r m a l l y l o n g d u r a t i o n on r e s t r a i n e d , i n a c t i v e b i r d s . I t s h o u l d now be 
p o s s i b l e t o d e s i g n e x p e r i m e n t s on f r e e - d i v i n g b i r d s to make more m e a n i n g f u l t e s t s o f 
I r v i n g ' s t h e o r y and to examine t h e i n f l u e n c e o f p e r i p h e r a l r e c e p t o r s , s u c h as a r t e r i a l 
chemoreceptors on h e a r t r a t e d u r i n g n a t u r a l d i v e s . 

F L Y I N G 

" I f one e x c l u d e s the r a t i t e s and p e n g u i n s , e v e r y t h i n g b i r d s do i s i n one way or 
a n o t h e r l i n k e d to f l i g h t . " A l t h o u g h B a r t h o l o m e w ' s (1974) s t a t e m e n t may be a s l i g h t 
e x a g g e r a t i o n , i t i s n o t f a r from t h e t r u t h , and some o f the a c h i e v e m e n t s o f b i r d s 
d u r i n g f l i g h t are r e m a r k a b l e . L e s s e r snow g e e s e {Anser o, caerulescens) f l y n o n 
s t o p f o r 2 ,700 km ( O g i l v i e , 1978) w h i l e b a r headed geese {A, indious) have been 
observed f l y i n g a t a l t i t u d e s up to 9 ,000 m (where the oxygen t e n s i o n i s 45-50 mmHg) 
d u r i n g t h e i r m i g r a t i o n a c r o s s the H i m a l a y a s (Swan, 1961) . These ex treme examples 
prompt a number o f q u e s t i o n s . How much e n e r g y do b i r d s use when f l y i n g ? How i s 
body t empera ture r e g u l a t e d and how much w a t e r i s l o s t i n e v a p o r a t i v e c o o l i n g ? Are 
t h e r e s p e c i a l f e a t u r e s o f the r e s p i r a t o r y and c i r c u l a t o r y sys tems t h a t are i m p o r t a n t 
d u r i n g f l i g h t ? 

There are o b v i o u s t e c h n i c a l d i f f i c u l t i e s i n o b t a i n i n g p h y s i o l o g i c a l d a t a from f l y i n g 
b i r d s . L e F e b v r e (1964) used a r a d i o i s o t o p i c method t o g e t i n d i r e c t measurements 
o f m e t a b o l i s m d u r i n g l o n g f l i g h t s o f p i g e o n s (Columbia livia) whereas Tucker (1966, 
1968) and P e n n y c u i c k (1968) t r a i n e d b i r d s to f l y i n a wind t u n n e l . P e n n y c u i c k made 
a number of measurements from c i n e f i l m s o f t h e f l y i n g b i r d s and u s e d a method b a s e d 
on h e l i c o p t e r t h e o r y f o r c a l c u l a t i n g the power r e q u i r e d t o f l y a t a g i v e n v e l o c i t y . 
Tucker measured oxygen uptake d i r e c t l y e i t h e r by h a v i n g t h e b i r d s f l y i n a s e a l e d 
wind t u n n e l (1966) , or by p l a c i n g a l o o s e - f i t t i n g mask over t h e f a c e o f the b i r d 
and drawing a i r through the mask a t a known r a t e ( 1 9 6 8 ) . The a d v a n t a g e o f T u c k e r ' s 
methods i s t h a t any t h e o r y can be t e s t e d a g a i n s t a c t u a l m e a s u r e m e n t s . The o b j e c t i o n s 
to h i s t e c h n i q u e s are t h a t i t i s d i f f i c u l t to e s t i m a t e t h e e f f e c t o f the mask and 
t r a i l i n g tubes on the oxygen uptake o f t h e b i r d s and t h a t the wind t u n n e l may impose 
u n n a t u r a l r e s t r i c t i o n s on the f l i g h t p a t t e r n s o f the b i r d . By u s i n g a c o m m e r c i a l l y -
a v a i l a b l e FM t r a n s m i t t e r (Narco B i o S y s t e m s ) a t t a c h e d to t h e back o f the b i r d s , i t 
has been shown t h a t the p a t t e r n o f w i n g b e a t i n g o f f r e e f l y i n g p i g e o n s i s d i f f e r e n t 
from t h a t s een i n p i g e o n s f l y i n g i n a wind t u n n e l ( B u t l e r , West and J o n e s , 1 9 7 7 ) . 

R a d i o t e l e m e t r y would seem t o be an o b v i o u s t e c h n i q u e to use t o s t u d y c e r t a i n a s p e c t s 
o f f l i g h t i n b i r d s . When u s i n g i t d u r i n g s t u d i e s o f o r i e n t a t i o n o f the m a l l a r d duck 
{Anas platyrhynchos), L o r d , B e l l r o s e and C o c h r a n (1962) a c c i d e n t a l l y found t h a t they 
were a b l e to r e c o r d r e s p i r a t o r y a c t i v i t y o f t h e b i r d . The t r a n s m i t t e r w h i c h was 
s t r a p p e d to the back o f the a n i m a l , w e i g h e d 38 g ( i n c l u d i n g the b a t t e r i e s ) and had 
a range i n e x c e s s o f 150 m. A t r e s t the duck had a r e s p i r a t o r y f r e q u e n c y o f 14 
b r e a t h s min"^ and a f t e r i t had been f l y i n g f o r more than 5 min and a t a ground v e l o 
c i t y o f 18 m s"^, the r e s p i r a t o r y f r e q u e n c y was 96 b r e a t h s min"^ . E l i a s s e n (1963 a 
and b) mounted a t r a n s m i t t e r w e i g h i n g 40 g on t h e back o f m a l l a r d s or g r e a t b l a c k -
backed g u l l s {Larus marinus) and found t h a t i n the g u l l t h e r e was an i n c r e a s e i n 
a r t e r i a l p u l s e p r e s s u r e b u t l i t t l e change i n h e a r t r a t e d u r i n g a f l i g h t o f 100 m 
d i s t a n c e . Roy and H a r t (1963, 1966) b u i l t t r a n s m i t t e r s f o r use w i t h f r e e f l y i n g 
b i r d s . A g a i n t h e t r a n s m i t t e r s were mounted e x t e r n a l l y and w e i g h e d 36 g and 30 g 
r e s p e c t i v e l y . I n o r d e r to o b t a i n v e n t i l a t i o n volume and oxygen u p t a k e , a mask was 
p l a c e d over the f a c e o f the b i r d . The r e s u l t s o b t a i n e d h a v e been, p u b l i s h e d i n 
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f i v e major papers (Hart and Roy , 1966, 1967; B e r g e r , H a r t and Roy, 1970, 1971; 
B e r g e r , Roy and H a r t , 1970) . I n a l l e x c e p t one paper on t e m p e r a t u r e r e g u l a t i o n 
(Hart and Roy , 1967) the f l i g h t s were o f s h o r t (< 20 s ) d u r a t i o n . I n a l l b i r d s 
s t u d i e d by these workers ( p i g e o n ; e v e n i n g g r o s b e a k , Hesperiphona vespertina; r i n g 
b i l l e d g u l l , Larus de lau arens is i and b l a c k duck. Anas rubripes), h e a r t r a t e 
i n c r e a s e d by 2-4x i t s r e s t i n g v a l u e d u r i n g f l i g h t . Oxygen uptake i n c r e a s e d by 1 2 -
14x r e s t i n g and, w i t h t h e e x c e p t i o n o f the p i g e o n , v e n t i l a t i o n volume i n c r e a s e d 
by a s i m i l a r p r o p o r t i o n . R e s p i r a t o r y h e a t l o s s was a p p r o x i m a t e l y 20 p e r c e n t o f t o t a l 
h e a t p r o d u c t i o n f o r p i g e o n and b l a c k ducks and e x c e p t a t v e r y low e n v i r o n m e n t a l 
t e m p e r a t u r e s , w a t e r l o s s exceeded m e t a b o l i c w a t e r p r o d u c t i o n . C o r e t empera ture o f 
the p i g e o n i n c r e a s e d d u r i n g f l i g h t and l o c a l h e a t f l ow o v e r the b r e a s t m u s c l e s d u r i n g 
f l i g h t was 6-7x the r e s t i n g v a l u e . I t was s u g g e s t e d t h a t p i g e o n s can c o n t r o l the 
r a t e o f h e a t l o s s d u r i n g f l i g h t by vasomotor r e g u l a t i o n and by r e g u l a t i n g the p a s s a g e 
o f a i r through the f e a t h e r s . 

Torre -Bueno (1976) was r a t h e r c r i t i c a l o f a l l the p r e v i o u s e x p e r i m e n t s i n w h i c h r a d i o 
t e l e m e t r y had been used w i t h f l y i n g b i r d s . The t r a n s m i t t e r s were b u l k y , mounted 
e x t e r n a l l y and would most l i k e l y a f f e c t the f l y i n g per formance o f the b i r d s . I n 
most i n s t a n c e s the f l i g h t s were o f l e s s than 20 s d u r a t i o n . He i m p l a n t e d a s m a l l 
t r a n s m i t t e r ( S o u t h w i c k , 1973) i n t o s t a r l i n g s (Stumus vulgaris) which had been 
t r a i n e d t o f l y i n a wind t u n n e l and was a b l e t o r e c o r d t h e i r c o r e and s k i n tempera
t u r e s d u r i n g f l i g h t s o f 0 . 5 - 2 h d u r a t i o n . As i n p i g e o n s ( H a r t and Roy , 1 9 6 7 ) , c o r e 
t emperature was i n d e p e n d e n t o f ambient t emperature and T o r r e - B u e n o s u g g e s t s t h a t 
i n s u l a t i o n i s a d j u s t e d to m a i n t a i n a h i g h body t emperature w h i c h l e a d s t o an i n c r e a s e 
i n the e f f i c i e n c y o f t h e m u s c l e s . 

I n the absence o f a wind t u n n e l , r a d i o t e l e m e t r y has been o f l i m i t e d use w i t h f l y i n g 
b i r d s . Wi th a s h o r t - r a n g e t r a n s m i t t e r , r e c e p t i o n (and maybe t h e t r a n s m i t t e r i t s e l f ) 
i s l o s t v e r y q u i c k l y u n l e s s t h e b i r d i s e n c l o s e d i n a l a r g e room or r e s t r a i n e d on 
a l i n e . The f l i g h t s a r e then o f s h o r t d u r a t i o n . I n c r e a s i n g the power o u t p u t of 
the t r a n s m i t t e r and m a i n t a i n i n g a r e a s o n a b l y l o n g b a t t e r y l i f e i n c r e a s e s t h e b u l k o f 
the s y s t e m . I d e a l l y a s m a l l i m p l a n t a b l e sys t em i s r e q u i r e d which can be used f o r 
f l i g h t s o f r e l a t i v e l y l o n g d u r a t i o n (> 30 m i n ) . T h i s can o n l y be a c h i e v e d by k e e p i n g 
the r e c e i v e r c l o s e to the f l y i n g b i r d . 

B a r n a c l e gee se (Branta leucopsis) and Canada g e e s e (5 . canadensis) have been r a i s e d 
from e g g s and i m p r i n t e d upon a human. E v e n t u a l l y they w i l l f o l l o w t h i s human, even 
when he i s i n the back o f a moving t r u c k . U s i n g a two c h a n n e l i m p l a n t a b l e t r a n s 
m i t t e r (Woakes and B u t l e r , 1975 ) , measurements o f h e a r t r a t e and r e s p i r a t o r y f r e q u e n c y 
have been o b t a i n e d from b a r n a c l e g e e s e , d u r i n g f l i g h t s of an a v e r a g e d u r a t i o n o f 
14.4 min and a t a mean a i r v e l o c i t y o f 1 8 . 7 m s"^ ( F i g . 4 ) . H e a r t r a t e i n c r e a s e d 
s u b s t a n t i a l l y j u s t b e f o r e t a k e - o f f and r o s e f u r t h e r as f l i g h t b e g a n . T h i s r a t e was 
m a i n t a i n e d t h r o u g h o u t t h e f l i g h t and was i n d e p e n d e n t o f a i r v e l o c i t y be tween 15 and 
26 m s~^. On a v e r a g e , r e s t i n g h e a r t r a t e was 72 b e a t s min"^, and j u s t b e f o r e l a n d i n g 
i t was 515 b e a t s min"-^. R e s p i r a t o r y f r e q u e n c y was a t i t s h i g h e s t v a l u e d u r i n g f l i g h t 
a t t a k e - o f f . I t then d e c l i n e d and s e t t l e d a t an a v e r a g e r a t e o f 100 b r e a t h s min"-^ 
(cf. v a l u e f o r m a l l a r d duck o b t a i n e d by L o r d et al.^ 1 9 6 2 ) . A t r e s t , r e s p i r a t o r y 
f r e q u e n c y w a s , on a v e r a g e , 8 .5 b r e a t h s min"^ . H e a r t r a t e r e t u r n e d to i t s p r e f l i g h t 
v a l u e w i t h i n 5 min o f l a n d i n g b u t r e s p i r a t o r y f r e q u e n c y i n c r e a s e d to o v e r 250 b r e a t h s 
min"-^ a s t h e b i r d s p a n t e d a f t e r l a n d i n g . 

A m u l t i c h a n n e l t r a n s m i t t e r i s b e i n g d e v e l o p e d so t h a t EMGs from the p e c t o r a l m u s c l e s 
and temperature from v a r i o u s p a r t s o f t h e body can be m o n i t o r e d i n i m p r i n t e d Canada 
g e e s e . The development w h i c h i s p o t e n t i a l l y most e x c i t i n g i s t h a t o f an i m p l a n t a b l e 
t r a n s d u c e r w h i c h w i l l e n a b l e v e n t i l a t i o n volume and oxygen u p t a k e to be measured 
on t r a i n e d Canada g e e s e or swans d u r i n g l o n g f l i g h t s (Woakes and B u t l e r , 1980, t h i s 
v o l u m e ) . I t may then be p o s s i b l e to answer some o f the q u e r i e s posed a t the b e g i n 
n i n g o f t h i s s e c t i o n and t o t e s t the v a r i o u s t h e o r i e s o f f l i g h t on f r e e - f l y i n g b i r d s 
t h a t are unh indered by back p a c k s , t r a i l i n g l e a d s or m a s k s . 
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Abstract — S i n c e modern, i n t e n s i v e , husbandry sys t ems may 
a f f e c t a d v e r s e l y b o t h the p r o d u c t i v i t y and w e l f a r e o f d o m e s t i c 
f o w l , an u n d e r s t a n d i n g o f t h e e f f e c t s o f s h o r t term s t r e s s i s 
u r g e n t l y r e q u i r e d . Work h a s a l r e a d y shown what type o f s i t u a 
t i o n s are l i a b l e to f r u s t r a t e o r f r i g h t e n c h i c k e n s and what 
the b e h a v i o r a l r e s p o n s e s are l i k e l y t o b e . 

I n the e x p e r i m e n t s d e s c r i b e d , t h e s e b e h a v i o r a l changes were 
c o r r e l a t e d w i t h p h y s i o l o g i c a l changes u s i n g r a d i o t e l e m e t r y 
t e c h n i q u e s , wh ich were p a r t i c u l a r l y s u i t a b l e s i n c e t h e y r e s u l t e d 
i n m i n i m a l i n t e r f e r e n c e w i t h the b i r d s . T h i n - f i l m h y b r i d r a d i o 
t e l e m e t r y d e v i c e s , d e s i g n e d t o t r a n s m i t t e m p e r a t u r e and e l e c t r o 
c a r d i o g r a m (ECG) s i g n a l s , were a t t a c h e d t o , o r i m p l a n t e d i n , 
d o m e s t i c h e n s . The s i g n a l s were p i c k e d up on a c o m m e r c i a l 
r e c e i v e r and r e c o r d e d on m a g n e t i c t a p e . The ECG s i g n a l s were 
a n a l y z e d on a s m a l l computer u s i n g an a u t o c o r r e l a t i o n t e c h n i q u e 
t o g i v e h e a r t r a t e . 

R e c o r d s were t a k e n from u n d i s t u r b e d b i r d s t o g e t some i d e a o f 
the normal range o f t e m p e r a t u r e and h e a r t r a t e d u r i n g m a i n t e n 
ance a c t i v i t i e s . B i r d s were t h e n exposed t o v a r i o u s v i s u a l 
and a u d i t o r y f r i g h t e n i n g s t i m u l i . Shank t empera ture was found 
t o be a good i n d i c a t o r o f the Alarm R e a c t i o n . I n t e r e s t i n g d i f f e r 
e n c e s i n f e a r r e a c t i o n s were found between s t r a i n s o f f o w l . 
' F l i g h t y * s t r a i n s o f hen showed f a r more a v o i d a n c e and p a n i c t o 
v i s u a l s t i m u l i than ' p l a c i d ' s t r a i n s . However , the h e a r t r a t e 
o f the s o - c a l l e d ' p l a c i d ' b i r d s r o s e a l m o s t as much and took 
l o n g e r t o r e c o v e r than t h a t o f the s o - c a l l e d ' f l i g h t y ' b i r d s . 

INTRODUCTION 
I n r e c e n t y e a r s , much r e s e a r c h e f f o r t has gone i n t o s t u d y i n g s t r e s s i n farm a n i m a l s . 
There are two main r e a s o n s f o r t h i s . F i r s t , the p r o d u c t i o n or p r o d u c t i v i t y o f 
a n i m a l s wh ich a r e s t r e s s e d may be a d v e r s e l y a f f e c t e d . S e c o n d , t h e r e has been g r e a t 
p u b l i c i n t e r e s t i n the w e l f a r e o f a n i m a l s k e p t under modern, i n t e n s i v e husbandry 
systems and i t i s i n e v i t a b l e t h a t any a s s e s s m e n t o f w e l f a r e must c o n s i d e r the c o n 
c e p t of s t r e s s . 

579 



580 L J . Η. Duncan and J . H, Filshie 

EXPERIMENTS WITH B I R D S 
S K I N TEMPERATURE STUDIES 

I t was s t a t e d e a r l i e r t h a t d u r i n g the Alarm R e a c t i o n t h e r e i s a r e d i s t r i b u t i o n o f 
b l o o d i n the t i s s u e s . Blood i s shunted away from the v i s c e r a and s k i n i n t o the 
main musc l e masses t o p r e p a r e the an imal f o r f i g h t or f l i g h t . The s h u n t i n g o f b l o o d 
away from t h e v i s c e r a may be p a r t i c u l a r l y i m p o r t a n t i n the c a s e o f l a y i n g h e n s , w h i c h 
are forming e g g s on t h r e e out o f f o u r days t h r o u g h o u t t h e y e a r . The egg f o r m a t i o n 

There are two major ways i n w h i c h d o m e s t i c a n i m a l s may be s t r e s s e d by modern h u s b a n 
dry methods . They may be crowded t o g e t h e r by the i n t e n s i v e n a t u r e o f the sys tem and 
they may be f r u s t r a t e d , f r i g h t e n e d , bored or over s t i m u l a t e d by the a r t i f i c i a l n a t u r e 
of the env ironment . Among the most i n t e n s i v e and most a r t i f i c i a l env i ronments are 
those c r e a t e d by the modern p o u l t r y i n d u s t r y , w i t h the b a t t e r y c a g e f o r l a y i n g hens 
a t y p i c a l example . Work a t the P o u l t r y R e s e a r c h C e n t r e , S c o t l a n d , has a l r e a d y 
shown what types o f s i t u a t i o n s a r e l i a b l e to f r u s t r a t e or f r i g h t e n c h i c k e n s and 
what t h e i r b e h a v i o r a l r e s p o n s e s are l i k e l y to be (Duncan and Wood-Gush, 1971, 1972, 
1972a; Murphy, 1977, 1978 ) . But a r e b i r d s w h i c h are showing t h e s e b e h a v i o r a l symp
toms n e c e s s a r i l y s t r e s s e d p h y s i o l o g i c a l l y ? I n order to answer t h a t q u e s t i o n i t i s 
n e c e s s a r y t o measure the p h y s i o l o g i c a l r e a c t i o n s o f c h i c k e n s w h i l e they are b e i n g 
f r u s t r a t e d or f r i g h t e n e d . The p h y s i o l o g i c a l r e s p o n s e s o f a n i m a l s to s t r e s s f u l 
s t i m u l i are u s u a l l y d i v i d e d i n t o t h e Alarm R e a c t i o n ( a l s o known as the D e f e n c e R e a c 
t i o n and F i g h t or F l i g h t Syndrome) (Draper and L a k e , 1968) and the l o n g t e r m response 
commonly known as the G e n e r a l A d a p t a t i o n Syndrome ( S e l y e , 1950) . There i s e v i d e n c e 
t h a t the Alarm R e a c t i o n may be r e l a t i v e l y more i m p o r t a n t t h a n the G e n e r a l A d a p t a t i o n 
Syndrome i n b i r d s compared t o mammals (Draper and L a k e , 1968) . I n the A l a r m R e a c t i o n 
t h e r e i s a r o u s a l o f the s j n n p a t h e t i c nervous sys tem and r e l e a s e o f a d r e n a l i n e from 
the m e d u l l a r y t i s s u e o f the a d r e n a l g l a n d s w i t h , o f c o u r s e , many s e c o n d a r y e f f e c t s 
such as i n c r e a s e d h e a r t r a t e , and r e d i s t r i b u t i o n o f the b l o o d i n the t i s s u e s . E v i 
dence f o r the o c c u r r e n c e o f the Alarm R e a c t i o n s h o u l d i d e a l l y be b a s e d on m e a s u r e 
ments o f the p r i m a r y p h y s i o l o g i c a l r e s p o n s e s , t h a t i s i n c r e a s e d s y m p a t h i c o - a d r e n a l 
a c t i v i t y . However, t h e s e measurements are v e r y d i f f i c u l t to make so the e v i d e n c e 
i s u s u a l l y b a s e d on some o f the s e c o n d a r y c h a n g e s , and even they are not e a s y to 
measure . C o n v e n t i o n a l t e c h n i q u e s may r e q u i r e r e s t r a i n t or the a t t a c h m e n t o f l e a d s 
or p r o b e s , p r o c e d u r e s w h i c h are t h e m s e l v e s l i k e l y t o be s t r e s s f u l . F o r t h i s r e a s o n 
i t was d e c i d e d t o use r a d i o t e l e m e t r y t e c h n i q u e s to measure p h y s i o l o g i c a l changes 
a s s o c i a t e d w i t h the A larm R e a c t i o n i n d o m e s t i c f o w l . I n a s t u d y of s t r e s s o f t h i s 
t y p e , r a d i o t e l e m e t r y t e c h n i q u e s are p a r t i c u l a r l y s u i t a b l e s i n c e they r e s u l t i n 
min imal i n t e r f e r e n c e t o t h e e x p e r i m e n t a l s u b j e c t . 

RADIO TELEMETRY TRANSMITTER 
The t r a n s m i t t e r i s m a n u f a c t u r e d as a t h i n - f i l m h y b r i d m i c r o c i r c u i t on a 20 χ 10 mm 
s u b s t r a t e . I t i s c a p a b l e o f t r a n s m i t t i n g b o t h t emperature and b i o p o t e n t i a l s s u c h 
as the e l e c t r o c a r d i o g r a m (ECG) by summing t h e o u t p u t s from the s e p a r a t e f r o n t ends 
i n t o a f r e q u e n c y modula ted C o l p i t t s o s c i l l a t o r o p e r a t i n g a t 104.5 MHz. The o s c i l l a 
t o r has a m o d u l a t i o n s e n s i t i v i t y o f a p p r o x i m a t e l y 15 KHz mV~^ and can be t e m p e r a t u r e 
compensated t o b e t t e r than 1 KHz ° C " ^ . The c i r c u i t d iagram of the t r a n s m i t t e r i s 
shown i n F i g . 1. The t emperature c i r c u i t i s an a s t a b l e m u l t i v i b r a t o r , the m a r k / s p a c e 
r a t i o o f which i s modula ted by a t h e r m i s t o r (Duncan, F i l s h i e and McGee , 1 9 7 5 ) . The 
ECG a m p l i f i e r i s a low c u r r e n t t w o - s t a g e a m p l i f i e r w i t h an o v e r a l l g a i n c a p a b i l i t y 
o f 200 and a f r e q u e n c y r e s p o n s e o f 5 H z - 7 K H z . F o r the a v i a n ECG the g a i n i s r e d u c e d 
to 20 thus p r o d u c i n g an o s c i l l a t o r f r e q u e n c y d e v i a t i o n o f 30 KHz f o r the 100 yV QRS 
complex . The t r a n s m i t t e r f r o n t end consumes a p p r o x i m a t e l y 50 μΑ and the o s c i l l a t o r 
c u r r e n t consumpt ion can be s e t from 50 μΑ t o 1 mA, which a l l o w s the r a n g e to be 
v a r i e d from 1 t o 50 m. 
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F i g . 1. C i r c u i t d iagram o f t w o - c h a n n e l b i o t e l e m e t r y t r a n s m i t t e r . 

p r o c e s s i s a lmos t c o n t i n u o u s w i t h the y o l k s p e n d i n g about 6 h i n t h e o v i d u c t r e c e i 
v i n g albumen and about 18 h i n the u t e r u s r e c e i v i n g membranes and s h e l l . To cope 
w i t h t h i s m a s s i v e f o r m a t i o n p r o c e s s , the r e p r o d u c t i v e t r a c t o f the hen r e c e i v e s over 
20 p e r c e n t o f the c a r d i a c o u t p u t (Draper and L a k e , 1 9 6 8 ) . O b v i o u s l y a n y t h i n g w h i c h 
i n t e r f e r e s w i t h t h e b l o o d f l o w t o t h i s r e g i o n c a r r i e s w i t h i t t h e r i s k o f d i s t u r b i n g 
egg f o r m a t i o n . Of c o u r s e , i t i s n o t e a s y to d e m o n s t r a t e d i r e c t l y t h a t t h e f l o w o f 
b l o o d t o the r e p r o d u c t i v e t r a c t i s d i s t u r b e d when the hen g e t s a f r i g h t . However, 
we were a b l e to show t h a t b l o o d i s s h u n t e d away from the f e e t and lower l e g s and 
t h i s i s accompanied by a drop i n t emperature o f t h e s e r e g i o n s (Duncan, F i l s h i e and 
McGee , 1975 ) . The l i k e l i h o o d i s t h a t t h e r e i s a s i m u l t a n e o u s s h u n t i n g o f b l o o d away 
from the v i s c e r a , i n c l u d i n g the r e p r o d u c t i v e t r a c t . 

I n these e x p e r i m e n t s on s k i n t e m p e r a t u r e , t h e r a d i o t r a n s m i t t e r was a t t a c h e d e x t e r 
n a l l y t o a h a r n e s s made o f n y l o n s t r a p p i n g worn by the b i r d . The t r a n s m i t t e r and 
b a t t e r y pack were s i t u a t e d on t h e b i r d ' s back and t h e t h e r m i s t o r l e a d was t a k e n down 
b e h i n d the wing and taped to t h e i n s i d e o f the t a r s o - m e t a t a r s a l p a r t o f the l e g . 
The hens were t e s t e d i n a P e r s p e x cage m e a s u r i n g 60 χ 60 x 60 cm. The s i g n a l was 
p i c k e d up on a commerc ia l VHF r e c e i v e r through a d i p o l e a n t e n n a o u t s i d e the c a g e and 
passed v i a a decoder to a Bausch and Lomb V0M5 pen r e c o r d e r . Because the t h e r m i s t o r s 
were i n t e r c h a n g e a b l e , i t was p o s s i b l e t o c a l i b r a t e the s y s t e m by r e p l a c i n g the 
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F i g . 2 . Temperature t r a c e s from the lower l e g o f t h r e e d o m e s t i c 
h e n s . A b l a c k c l o t h was waved over the f e e d i n g b i r d s 
a t ( a ) . The b i r d s s t o p p e d a l a r m - c a l l i n g and resumed 
f e e d i n g a t ( b ) . 

HEART RATE STUDIES 

One o f the d i s a d v a n t a g e s o f h a v i n g r a d i o t e l e m e t r y d e v i c e s a t t a c h e d e x t e r n a l l y , 
p a r t i c u l a r l y i n t h e c a s e o f b i r d s , i s t h a t they do pay a t t e n t i o n to them, even when 
they have been f i t t e d w i t h dummy d e v i c e s f o r a week b e f o r e t e s t i n g . I t was t h e r e 
f o r e d e c i d e d t h a t the t r a n s m i t t e r s f o r h e a r t r a t e s t u d i e s s h o u l d be i m p l a n t e d s u b 
cutaneous l y . A 40 mm i n c i s i o n was made i n the s k i n c o v e r i n g t h e r i g h t p e c t o r a l 
musc l e w i t h the b i r d under p e n t o b a r b i t o n e sodium a n e s t h e s i a . The d e v i c e , c o a t e d i n 
s i l i c o n r u b b e r , was s l i p p e d under t h e s k i n w i t h the b a t t e r y pack l y i n g o v e r the l e f t , 
and the t r a n s m i t t e r over t h e r i g h t , p e c t o r a l m u s c l e and b o t h h e l d i n p l a c e by a 
s u t u r e round the c o n n e c t i n g l e a d and through the c o n n e c t i v e t i s s u e a n t e r i o r to the 
k e e l b o n e . S i l v e r r i n g e l e c t r o d e s were s u t u r e d t o the c o n n e c t i v e t i s s u e c o v e r i n g 
the k e e l b o n e , one a t t h e a n t e r i o r end and the o t h e r 60 mm p o s t e r i o r to i t . These 
e l e c t r o d e p l a c e m e n t s gave a l a r g e , d i s t i n c t QRS complex as shown i n F i g . 3 , which 
was s u i t a b l e f o r a n a l y s i s . The b i r d s were a l l o w e d two days to r e c o v e r and t e s t i n g 
began on the t h i r d day a f t e r s u r g e r y . The t e s t i n g c a g e , a n t e n n a and r e c e i v e r were 
the same as t h o s e used f o r t h e s k i n t emperature s t u d i e s . The ECG s i g n a l was s t o r e d 
on m a g n e t i c tape f o r l a t e r a n a l y s i s by a s m a l l computer . I n i t i a l l y the QRS complex 
was used t o t r i p a S c h m i t t T r i g g e r and the e l a p s e d t ime was measured u n t i l the 
n e x t QRS wave . L a t t e r l y , an a u t o c o r r e l a t i o n t e c h n i q u e h a s b e e n used w h i c h i s more 
r e l i a b l e , p a r t i c u l a r l y when m u s c l e n o i s e and e l e c t r i c a l i n t e r f e r e n c e a r e p r e s e n t 
( C l a r k and F i l s h i e , 1 9 7 7 ) . 

The normal h e a r t r a t e o f the u n d i s t u r b e d d o m e s t i c f o w l i s much lower t h a n was p r e 
v i o u s l y t h o u g h t . C o n v e n t i o n a l methods i n v o l v i n g t r a i l i n g l e a d s have y i e l d e d 'normal* 

t h e r m i s t o r w i t h r e s i s t o r s c o r r e s p o n d i n g to the maximum and minimum t e m p e r a t u r e s o f 
the r e q u i r e d w o r k i n g r a n g e . 

F i g u r e 2 shows the drop i n t emperature w h i c h o c c u r r e d when the b i r d s were g i v e n a 
f r i g h t by w a v i n g a b l a c k c l o t h over the cage t o s i m u l a t e an a e r i a l p r e d a t o r . 
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F i g . 3 . A t y p i c a l t e l e m e t e r e d e l e c t r o c a r d i o g r a m of a hen w i t h 
e l e c t r o d e s 60 mm a p a r t on the k e e l . 

r a t e s o f 350-450 b e a t s min""-̂  ( R i n g e r , Weiss and S t u r k i e , 1 9 5 7 ) . I n t h e p r e s e n t 
e x p e r i m e n t s , h e a r t r a t e v a r i e d between 280 and 320 b e a t s min"^ when the b i r d s were 
a c t i v e b u t u n d i s t u r b e d d u r i n g the day and f e l l t o 230 b e a t s min"-^ a t n i g h t . 

We were p a r t i c u l a r l y i n t e r e s t e d i n d i f f e r e n c e s t h a t m i g h t e x i s t be tween two commonly 
used commerc ia l s t r a i n s o f l a y i n g f o w l . One was a l i g h t w e i g h t h y b r i d d e r i v e d from 
the White L e g h o r n b r e e d and u s u a l l y d e s c r i b e d as ' f l i g h t y ' i n n a t u r e . The o t h e r 
s t r a i n was a medium-weight h y b r i d d e r i v e d from the L i g h t S u s s e x and Rhode I s l a n d Red 
b r e e d s and commonly d e s c r i b e d as ' p l a c i d ' . F o r compar i son we a l s o i n c l u d e d a t h i r d 
s t r a i n o f b r o i l e r c h i c k e n w h i c h was a h e a v y - h y b r i d k e p t f o r meat p r o d u c t i o n and 
u s u a l l y d e s c r i b e d as ' p l a c i d ' . E v e r y o n e who has d e a l t w i t h t h e s e s t r a i n s would a g r e e 
w i t h t h i s d e s c r i p t i o n o f ' f l i g h t y ' or ' p l a c i d ' . However, i t s h o u l d be p o i n t e d out 
t h a t t h i s c l a s s i f i c a t i o n i s b a s e d e n t i r e l y upon the b i r d s ' r e a c t i o n s to human b e i n g s . 
When a p p r o a c h e d , the f l i g h t y b i r d s show extreme a v o i d a n c e and v i o l e n t e s c a p e b e h a 
v i o r whereas the p l a c i d b i r d s show o n l y m i l d a v o i d a n c e . R e c e n t l y however . Murphy 
(1977, 1978) has shown t h a t t h e s e s t r a i n s behave d i f f e r e n t l y when t e s t e d w i t h o t h e r 
f e a r - i n d u c i n g s t i m u l i . 

A p a r t from human b e i n g s , t h e most p o t e n t s t i m u l u s f o r e l i c i t i n g a v o i d a n c e and e s c a p e 
i n d o m e s t i c fowl i s a b a l l o o n b e i n g i n f l a t e d q u i c k l y c l o s e to the b i r d . There seems 
t o be someth ing about the looming p r o p e r t i e s o f an i n f l a t i n g b a l l o o n w h i c h b i r d s f i n d 
v e r y a l a r m i n g . T h i s was used as one o f t h e f r i g h t e n i n g s t i m u l i . A red b a l l o o n 
a t t a c h e d to the c e n t e r of one o f the w a l l s o f t h e t e s t c a g e on the i n s i d e was i n f l a t e d 
f o r about 4 s , h e l d i n f l a t e d f o r 4 s and t h e n a l l o w e d to d e f l a t e i n 2 s . The t e s t 
cage was s i t u a t e d b e h i n d a one-way s c r e e n and t h e i n f l a t i o n p r o c e d u r e was c o n t r o l l e d 
out o f s i g h t o f the b i r d . The s t i m u l u s was p r e s e n t e d f i v e t imes w i t h an i n t e r v a l 
o f 10 min between e a c h p r e s e n t a t i o n . 

For comparison a n o t h e r , more n a t u r a l , s t i m u l u s was a l s o u s e d . T h i s was a 10 s 
sound r e c o r d i n g o f o t h e r b i r d s g i v i n g h i g h i n t e n s i t y , ground p r e d a t o r , a larm c a l l s 
(Wood-Gush, 1971) . T h i s s t i m u l u s was a l s o p r e s e n t e d f i v e t imes w i t h an i n t e r v a l o f 
10 min between e a c h p r e s e n t a t i o n . 
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S i x b i r d s o f each o f the t h r e e s t r a i n s aged between 12 and 15 months were used i n 
the e x p e r i m e n t . They were e a c h p l a c e d i n t h e t e s t c a g e f o r t h r e e days to s e t t l e 
down. They then r e c e i v e d the v i s u a l s t i m u l i and the a u d i t o r y s t i m u l i on s u c c e s s i v e 
days i n a random o r d e r . The b e h a v i o r o f the b i r d s d u r i n g the t e s t s was r e c o r d e d 
as a commentary on a n o t h e r c h a n n e l o f the same m a g n e t i c tape w h i c h was r e c o r d i n g 
the E C G . 

I n response to the v i s u a l s t i m u l u s , the l i g h t - h y b r i d b i r d s showed extreme p a n i c , 
squawked and t r i e d t o e s c a p e . However, they r e c o v e r e d q u i c k l y and most o f them 
were p e r f o r m i n g normal m a i n t e n a n c e a c t i v i t i e s such as f e e d i n g , d r i n k i n g and p r e e n i n g 
w i t h i n 5 m i n . F i g u r e 4 g i v e s a summary o f the e f f e c t s on h e a r t r a t e . I t can be 
seen t h a t t h e r e was a huge i n c r e a s e i n h e a r t r a t e f o l l o w i n g p r e s e n t a t i o n o f the 
s t i m u l u s b u t t h i s had dropped to p r e - t e s t l e v e l s b e f o r e the n e x t p r e s e n t a t i o n . The 
s m a l l s t a n d a r d e r r o r o f the mean r a t e i m m e d i a t e l y a f t e r p r e s e n t a t i o n s u g g e s t s t h a t 
perhaps t h i s r a t e (about 450 b e a t s min"-^) i s the maximum p o s s i b l e p h y s i o l o g i c a l l y . 
There was no s i g n o f h a b i t u a t i o n , e i t h e r b e h a v i o r a l l y or p h y s i o l o g i c a l l y , a f t e r 
f i v e p r e s e n t a t i o n s . 
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F i g . 4 . The h e a r t r a t e o f l i g h t - h y b r i d hens (n=6) p r e s e n t e d 
f i v e t imes w i t h a v i s u a l s t i m u l u s (above) and an 
a u d i t o r y s t i m u l u s ( b e l o w ) . The b a r s show the a v e r a g e 
h e a r t r a t e ( ± S . E . ) f o r 2 min b e f o r e , and the d o t s show 
the a v e r a g e o f the h i g h e s t h e a r t r a t e r e a c h e d ( ± S . E . ) 
i n 20 s a f t e r , s t i m u l u s p r e s e n t a t i o n . 

The medium-hybr ids and b r o i l e r s a l s o p a n i c k e d when the b a l l o o n was i n f l a t e d . How
e v e r , a l t h o u g h they showed a l o t o f a larm and e s c a p e , the r e a c t i o n d i d n o t seem as 
v i o l e n t as t h a t o f t h e l i g h t - h y b r i d s . An i n t e r e s t i n g f e a t u r e was t h a t t h e e s c a p e 
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b e h a v i o r tended t o g i v e way t o an a l e r t p o s t u r e w i t h the b i r d s t a n d i n g m o t i o n l e s s 
f i x a t i n g v i s u a l l y some a s p e c t of t h e e n v i r o n m e n t . The p o s t u r e was n o t r i g i d , i n 
f a c t the b i r d s looked q u i t e r e l a x e d , b u t once a d o p t e d , i t t ended to be m a i n t a i n e d 
f o r a l o n g p e r i o d o f t ime and o f t e n the b i r d s had n o t resumed m a i n t e n a n c e a c t i v i t i e s 
when the n e x t s t i m u l u s was p r e s e n t e d . F i g u r e s 5 and 6 summarize t h e e f f e c t on h e a r t 
r a t e . I t can be s een t h a t the i n c r e a s e i n r a t e tended to be l e s s and more v a r i a b l e 
t h a n t h a t shown by the l i g h t - h y b r i d s b u t t h e r e was a tendency f o r t h e r a t e not to 
drop back t o the o r i g i n a l p r e - t e s t l e v e l . A g a i n , t h e r e was no s i g n o f h a b i t u a t i o n 
a f t e r f i v e p r e s e n t a t i o n s . 
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F i g . 5 . The h e a r t r a t e o f m e d i u m - h y b r i d hens (n=6) p r e s e n t e d 
f i v e t imes w i t h a v i s u a l s t i m u l u s (above) and an a u d i 
t o r y s t i m u l u s ( b e l o w ) , The b a r s show the a v e r a g e 
h e a r t r a t e ( ± S . E . ) f o r 2 min b e f o r e , and the d o t s 
show the a v e r a g e o f the h i g h e s t h e a r t r a t e r e a c h e d 
( ± S . E . ) i n 20 s a f t e r , s t i m u l u s p r e s e n t a t i o n . 

A l l the s t r a i n s behaved s i m i l a r l y to t h e a u d i t o r y s t i m u l u s . A t the f i r s t p r e s e n t a 
t i o n the b i r d s showed a l a r g e s t a r t l e r e s p o n s e f o l l o w e d by e s c a p e b u t n o t the p a n i c 
which c h a r a c t e r i z e d the b a l l o o n p r e s e n t a t i o n . There was a l s o o b v i o u s h a b i t u a t i o n 
and by the f i f t h s t i m u l u s the b i r d s were p a y i n g l i t t l e a t t e n t i o n . The h e a r t r a t e 
response c o r r e l a t e d w e l l w i t h t h i s b e h a v i o r and a summary i s shown i n F i g s 4 - 6 . 

T h e r e f o r e the b i g g e s t d i f f e r e n c e between the s t r a i n s was t h a t the s o - c a l l e d ' f l i g h t y * 
b i r d s showed extreme p a n i c t o t h e b a l l o o n and a huge i n c r e a s e i n h e a r t r a t e b u t 
r e c o v e r e d f a i r l y q u i c k l y whereas the s o - c a l l e d ' p l a c i d * b i r d s showed s l i g h t l y l e s s 
p a n i c and l e s s i n c r e a s e i n h e a r t r a t e and adopted an a l e r t m o t i o n l e s s p o s t u r e f o r 
a l o n g t ime a f t e r w a r d s . I n s p e c t i o n o f i n d i v i d u a l h e a r t r a t e r e c o r d s r e v e a l e d t h a t 
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A U D I T O R Y S T I M U L I 

F i g . 6 . The h e a r t r a t e o f b r o i l e r hens ( n = 6 ) p r e s e n t e d f i v e 
t imes w i t h a v i s u a l s t i m u l u s (above) and an a u d i t o r y 
s t i m u l u s ( b e l o w ) . The b a r s show the a v e r a g e h e a r t 
r a t e ( ± S . E . ) f o r 2 min b e f o r e , and the d o t s show the 
a v e r a g e o f t h e h i g h e s t h e a r t r a t e r e a c h e d ( ± S . E . ) i n 
2 0 s a f t e r , s t i m u l u s p r e s e n t a t i o n . 

h e a r t r a t e remained h i g h a s l o n g as t h i s m o t i o n l e s s p o s t u r e was m a i n t a i n e d . Examples 
o f r e c o r d s from the l i g h t - h y b r i d and a medium-hybr id are shown i n F i g s . 7 and 8 . 

R a d i o t e l e m e t r y t e c h n i q u e s have thus proved i n v a l u a b l e i n t h i s s t u d y o f s h o r t term 
s t r e s s . Changes i n s k i n t emperature and h e a r t r a t e have been found i n r e s p o n s e t o 
s t i m u l i w h i c h f r i g h t e n t h e b i r d s b e h a v i o r a l l y . Some o f the p h y s i o l o g i c a l changes 
c o r r e l a t e w e l l w i t h o b v i o u s b e h a v i o r a l changes whereas o t h e r s c o r r e s p o n d to more 
s u b t l e changes i n b e h a v i o r . The d i f f e r e n c e s t h a t have been found between s t r a i n s 
o f domes t i c f o w l i n r e s p o n s e to a f r i g h t e n i n g v i s u a l s t i m u l u s s u g g e s t s t h a t some 
r e a p p r a i s a l i s r e q u i r e d o f the c l a s s i f i c a t i o n of b i r d s as ' f l i g h t y ' or ' p l a c i d ' , 
s i n c e d o c i l e b i r d s may be as f r i g h t e n e d as f l i g h t y b i r d s i n p h y s i o l o g i c a l t e r m s . 
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F i g . 7 . H e a r t r a t e r e c o r d o f a l i g h t - h y b r i d hen p r e s e n t e d f i v e 
t imes w i t h a v i s u a l s t i m u l u s . The h e a r t r a t e l i n e 
compr i ses 3 s a v e r a g e s a t 5 s i n t e r v a l s . The s t i m u l u s 
p r e s e n t a t i o n s are denoted by v e r t i c a l c u r s o r s be low 
t h e h e a r t r a t e l i n e . 
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F i g . 8 . H e a r t r a t e r e c o r d o f a m e d i u m - h y b r i d hen p r e s e n t e d 
f i v e t imes w i t h a v i s u a l s t i m u l u s . The h e a r t r a t e 
l i n e compr i se s 3 s a v e r a g e s a t 5 s i n t e r v a l s . The 
s t i m u l u s p r e s e n t a t i o n s are denoted by v e r t i c a l c u r s o r s 
be low t h e h e a r t r a t e l i n e . 
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Abstract — H e r r i n g g u l l s (Larus argentatus) respond to an 
a p p r o a c h i n g human by an ' e m o t i o n a l ' t a c h y c a r d i a . T h i s r e s p o n s e , 
wh ich d i d not h a b i t u a t e , had a form dependent on the d i s t a n c e 
between the g u l l and an a p p r o a c h i n g human. I t c o u l d a l s o be 
m o d i f i e d by c h a n g i n g the speed o f a p p r o a c h . Because t h e r e 
are r e a s o n s f o r b e l i e v i n g t h i s t o be o f a d a p t i v e s i g n i f i c a n c e , 
i t i s s u g g e s t e d t h a t the r e s p o n s e can be used i n the s t u d y of 
an imal b e h a v i o r . 

INTRODUCTION 
C o n s i d e r a b l e changes i n the h e a r t r a t e o f an a n i m a l may r e s u l t from the approach of 
a p o t e n t i a l p r e d a t o r ( B e l k i n , 1968) . A d e c r e a s e i n h e a r t r a t e ( b r a d y c a r d i a ) has been 
r e c o r d e d , under v a r i o u s c i r c u m s t a n c e s , from ground s q u i r r e l s , Citellus armatus ( R u f f , 
1971) , w i l l o w g r o u s e , Lagopus lagopus ( G a b r i e l s e n et al,_, 1977) and woodchucks . 
Marmota monax ( S m i t h , 1978) , w h i l e i n c r e a s e s ( t a c h y c a r d i a ) o c c u r i n h e r r i n g g u l l S j 
Larus argentatus (Kanwisher et al,y 1978) and d i v i n g d u c k s , Aythya ferina and A, 
fuligula ( B u t l e r and Woakes, 1979) . 

There appears t o be l i t t l e e v i d e n c e as t o t h e f u n c t i o n o f t h e s e r e s p o n s e s . G a b r i e l s e n 
et al, (1977) comment t h a t : (1) h e a r t r a t e s i n g u l l s may double w i t h o u t a v i s i b l e 
change i n b e h a v i o r (Kanwisher et al,y 1978) ; (2) human h e a r t r a t e s p r i o r t o a p a r a 
chute jump may double w i t h o u t a change i n m e t a b o l i s m ( U r s i n , Baade and L e v i n e , 1977); 
(3) t h e r e i s i n d i v i d u a l v a r i a t i o n : f l i g h t may o c c u r from a s t a t e o f e i t h e r b r a d y 
c a r d i a or t a c h y c a r d i a i n w i l l o w g r o u s e when they are a p p r o a c h e d . F o r r e a s o n s such 
as t h e s e , G a b r i e l s e n et al, (1977) c a l l the d e c r e a s e d h e a r t r a t e o f t h e s e g r o u s e 
' e m o t i o n a l ' b r a d y c a r d i a . 

The ' e m o t i o n a l ' n a t u r e o f t h e s e changes s u g g e s t s i n t e r e s t i n g p o s s i b i l i t i e s f o r the 
s t u d y o f an imal b e h a v i o r . I t may be t h a t the r e s p o n s e i s de termined by c h a r a c t e r i s 
t i c s o f the p r e d a t o r ( s i z e , p o t e n t i a l d a n g e r , speed e t c . ) and o f the s u b j e c t ' s 
b e h a v i o r (how i m p o r t a n t i t i s ; f o r e x a m p l e , p r o t e c t i n g young may be more i m p o r t a n t 
than r e s t i n g ) . S t a n d a r d i z i n g some o f t h e s e f a c t o r s , m o d i f y i n g o t h e r s and c o r r e c t l y 
i n t e r p r e t i n g the h e a r t r a t e changes c o u l d t h e r e f o r e g i v e us an i n d e x o f the a n i m a l ' s 
' a s s e s s m e n t ' o f the v a l u e o f i t s b e h a v i o r . T h i s p i l o t s t u d y was d e s i g n e d to i n v e s 
t i g a t e t h e s e p o s s i b i l i t i e s by e v a l u a t i n g the shape of the r e a c t i o n c u r v e s f o r c a p 
t i v e h e r r i n g g u l l s and to see i f the c u r v e s c o u l d be e x p e r i m e n t a l l y m o d i f i e d . 

H . B .- V 
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METHOD 
A c a p t i v e h e r r i n g g u l l (Larus argentaiMs) was p l a c e d i n the e x p e r i m e n t a l chamber 
( F i g . 1) 0 .5 h b e f o r e t h e s t a r t o f a s e s s i o n , each o f wh ich comprised about 10 t r i a l s . 
Only one s e s s i o n was c o n d u c t e d each d a y . A normal t r i a l ( the ' s t a n d a r d a p p r o a c h ' ) 
c o n s i s t e d o f the e x p e r i m e n t e r w a l k i n g r i g h t up t o the g u l l s t a r t i n g from a spot 50 m 
away and then t u r n i n g , and w a l k i n g b a c k . The f i r s t t r i a l o f any s e s s i o n was a lways 
d i s c a r d e d as we were i n t e r e s t e d o n l y i n s t e a d y - s t a t e r e s p o n s e s . S u b s e q u e n t t r i a l s 
were a t 5 min i n t e r v a l s . 

F i g . 1. A h e r r i n g g u l l i n the e x p e r i m e n t a l chamber. P l e x i 
g l a s on t h e f r o n t h e l p s t o reduce n o i s e . The g u l l 
can s t a n d and walk b u t n o t f l y i n the chamber. 

Two e x p e r i m e n t s d i f f e r e d from t h i s p a t t e r n : 

1. The ' i n t e r r u p t e d a p p r o a c h ' i n which the e x p e r i m e n t e r s t o p p e d f o r 40 s a t e v e r y 
5 m d u r i n g the w a l k . By comparing h e a r t r a t e s w h i l e the e x p e r i m e n t e r was moving 
and w h i l e s t a t i o n a r y , w i t h t h o s e o b t a i n e d from the s t a n d a r d a p p r o a c h , the i n f l u e n c e s 
o f t i m e , movement and d i s t a n c e were i n v e s t i g a t e d . 

2 . D i f f e r e n t speeds o f a p p r o a c h . F a s t ( 1 .6 m s " ^ ) , medium (0 .7 ms"^) and s low ( 0 . 3 ms~^) 
speeds were compared. A 3 x 3 L a t i n Square was used t o de termine the o r d e r o f 9 
t r i a l s . 

An AM-FM t r a n s m i t t e r was m o d i f i e d from Morrow and T a y l o r (1976) t o e v a l u a t e h e a r t 
r a t e s o f f r e e r a n g i n g a n i m a l s . The t r a n s m i t t e r ( F i g . 2) c o n s i s t s o f a two s t a g e 
D a r l i n g t o n a m p l i f i e r , s u b c a r r i e r o s c i l l a t o r (1-2 KHz) and a c r y s t a l c o n t r o l l e d RF 
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INPUT 

MMT74 

t1-t4 = MMT70 

F i g . 2 . An AM-FM b i p o t e n t i a l t r a n s m i t t e r ( a f t e r Morrow and 
T a y l o r , 1976) f o r the 150-180 MHz b a n d . The c r y s t a l 
( X t a l ) = 0 . 3 3 x f r e q u e n c y and the c o i l s a r e wound on 
a 3 .18 mm form. 

c a r r i e r (173 M H z ) . I n p u t v o l t a g e s o f 0 . 2 - 2 . 0 mV caused a s h i f t i n s u b c a r r i e r f r e 
quency w h i c h was d e t e c t e d by a Tandy C o r p o r a t i o n VHF r e c e i v e r . The s i g n a l was 
r e c o r d e d d i r e c t l y on m a g n e t i c tape and a l s o demodulated by a phase l o c k e d loop f o r 
g r a p h i c a l d i s p l a y and a n a l y s i s . 

F o r most t r i a l s , h e a r t r a t e s were c a l c u l a t e d by c o u n t i n g t h e number o f b e a t s e v e r y 
2 s . The mean o f 2 c o n s e c u t i v e i n t e r - h e a r t b e a t i n t e r v a l s was used i n the e x p e r i 
ments on h a b i t u a t i o n and on t h e e f f e c t o f v a r y i n g s p e e d , where 2 s p e r i o d s were t o o 
l o n g . Wherever r e l e v a n t , s t a n d a r d e r r o r s a r e shown. 

RESULTS 
The r e l a t i o n s h i p between h e a r t r a t e and d i s t a n c e i s shown i n F i g . 3 . There a r e two 
p e r i o d s o f s low i n c r e a s e i n h e a r t r a t e (50-10 m, 5-0 m) ' s a n d w i c h i n g ' a p e r i o d o f 
much f a s t e r i n c r e a s e . I t i s composed o f the mean o f 10 c o n s e c u t i v e t r i a l s w i t h i n a 
s e s s i o n , d u r i n g w h i c h t ime t h e r e was no h a b i t u a t i o n ( F i g . 4 ) . F i g u r e 5 i s a compari 
son between an i n t e r r u p t e d approach and a s t a n d a r d a p p r o a c h . A t most d i s t a n c e s , 
h e a r t r a t e s f o r the s t a n d a r d approach are more s i m i l a r t o the v a l u e s when the e x p e r i 
menter i s moving d u r i n g an i n t e r r u p t e d approach t h a n when s t a t i o n a r y . I n F i g . 6 the 
i n f l u e n c e o f the e x p e r i m e n t e r ' s speed o f movement on the shape o f the h e a r t r a t e -
d i s t a n c e c u r v e i s shown. I n g e n e r a l , f a s t e r speed o f movement g i v e s an e a r l i e r , 
more drawn out and , u l t i m a t e l y , p e r h a p s a more extreme r e a c t i o n . 
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D I S C U S S I O N 
T a c h y c a r d i a (an i n c r e a s e i n h e a r t r a t e from about 240 to n e a r l y 600 b e a t s min"^) was 
found i n c a p t i v e h e r r i n g g u l l s when approached by a human. The form o f the h e a r t 
r a t e - d i s t a n c e c u r v e ( F i g . 3) may r e f l e c t t h e g u l l ' s e v a l u a t i o n o f t h e danger r e p r e 
s e n t e d by the a p p r o a c h i n g human, i m p l y i n g t h a t d a n g e r i n c r e a s e s s l o w l y when the p r e 
d a t o r i s f a r away and a t a ' c r i t i c a l d i s t a n c e ' i t i n c r e a s e s s u d d e n l y . The s m a l l e r 
changes i n h e a r t r a t e a t v e r y s h o r t d i s t a n c e s may e i t h e r i n d i c a t e l i t t l e d i f f e r e n c e 
i n danger whether the human i s 5 or 0 m away, or a l t e r n a t i v e l y t h a t a maximum h e a r t 
r a t e has been r e a c h e d . 

I t i s i m p o r t a n t t o d e m o n s t r a t e t h a t approach d i s t a n c e i n f l u e n c e s h e a r t r a t e and n o t 
some f a c t o r c o r r e l a t e d w i t h i t . F o r e x a m p l e , i f h e a r t r a t e v a r i e d w i t h t ime a f t e r 
p h y s i o l o g i c a l s t i m u l a t i o n . F i g . 3 would imply a f a l s e r e l a t i o n s h i p w i t h d i s t a n c e . 
An i n t e r r u p t e d approach was t h e r e f o r e compared w i t h a s t a n d a r d approach ( F i g . 4 ) . 
The 40 s i n t e r r u p t i o n i n w a l k i n g made l i t t l e d i f f e r e n c e t o the form o f the c u r v e 
( e x c e p t when the e x p e r i m e n t e r was s t a t i o n a r y ) , s u g g e s t i n g t h a t h e a r t r a t e s a r e indeed 
d i s t a n c e s p e c i f i c under t h e s e c o n d i t i o n s . 

I s the h e a r t r a t e - d i s t a n c e c u r v e ( F i g . 3) f i x e d , or i s i t f l e x i b l e and c a p a b l e o f 
b e i n g m o d i f i e d ? When the e x p e r i m e n t e r was s t a t i o n a r y d u r i n g t h e i n t e r r u p t e d approach 
( F i g . 4 ) , the g u l l ' s h e a r t r a t e reduced t o t h e b a s a l l e v e l . M o t i o n o f the p r e d a t o r 
can t h e r e f o r e i n f l u e n c e t h e shape o f t h e c u r v e . An e x p e r i m e n t a l m a n i p u l a t i o n o f the 
approach speed ( F i g . 6) a l s o r e s u l t e d i n changes t o the r e s p o n s e . A f a s t e r speed 
l e d to an e a r l i e r , more drawn out and p e r h a p s a more extreme r e a c t i o n . Both o f t h e s e 
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m a n i p u l a t i o n s are assumed to r e p r e s e n t c h a n g e s i n the amount o f danger p r e s e n t e d to 
the p r e d a t o r , and t h e changes i n the r e s p o n s e are more extreme f o r g r e a t e r amounts 
o f d a n g e r . I t t h e r e f o r e seems t h a t t h e s e ' e m o t i o n a l ' h e a r t r a t e r e s p o n s e s are a d a p -
t i v e l y s i g n i f i c a n t and t h a t the form of the t a c h y c a r d i a may g i v e i n f o r m a t i o n about 
the g u l l ' s a s se s sment of the danger i t i s exposed to d u r i n g an a p p r o a c h . T h i s p o s s i 
b i l i t y i s c u r r e n t l y b e i n g i n v e s t i g a t e d i n f i e l d e x p e r i m e n t s ( B a l l and A m l a n e r , i n 
p r e p a r a t i o n ) . 
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Abstraot — I n o r d e r t o de termine the o p t i m a l f o r a g i n g s t r a t e 
g i e s o f f r e e l i v i n g b i r d s , some measure i s r e q u i r e d o f the 
e n e r g e t i c c o s t s o f d i f f e r e n t t y p e s o f f o r a g i n g a c t i v i t i e s . 
C o n v e n t i o n a l c a l o r i m e t r y t e c h n i q u e s cannot be used f o r t h i s 
p u r p o s e . I f oxygen consumpt ion can be p r e d i c t e d from h e a r t 
r a t e , the l a t t e r can be m o n i t o r e d by r a d i o t e l e m e t r y and used 
as a method o f e s t i m a t i n g e n e r g y e x p e n d i t u r e o f b i r d s i n the 
f i e l d . 

A VHF t e l e m e t r y sys tem was d e v e l o p e d to m o n i t o r h e a r t r a t e i n 
l a b o r a t o r y r e a r e d R e d s h a n k s . The r e l a t i o n s h i p between h e a r t 
r a t e and oxygen consumpt ion was t h e n measured i n a s m a l l open 
c i r c u i t r e s p i r o m e t e r , u s i n g a p a r a m a g n e t i c o x y g e n a n a l y z e r . 
Under t h e s e c i r c u m s t a n c e s , t h e r e was a good c o r r e l a t i o n between 
h e a r t r a t e and oxygen c o n s u m p t i o n , a l t h o u g h the r e l a t i o n s h i p 
v a r i e d i n the same i n d i v i d u a l b i r d on d i f f e r e n t days and 
between d i f f e r e n t i n d i v i d u a l s . 

The r e l a t i o n s h i p between h e a r t r a t e and f o r a g i n g a c t i v i t y was 
measured on a s m a l l l a b o r a t o r y mud f l a t , u s i n g a m a n u a l l y o p e r 
a t e d a c t i v i t y r e c o r d i n g s y s t e m . There was a s i g n i f i c a n t c o r r e 
l a t i o n between h e a r t r a t e and a c t i v i t y b u t g r e a t c a r e needs to 
be taken when a t t e m p t i n g t o a p p l y t h e s e r e s u l t s t o the f i e l d 
s i t u a t i o n . The t e c h n i q u e d o e s , however , o f f e r c o n s i d e r a b l e 
promise f o r t h e f u t u r e . 

INTRODUCTION 
The c o n c e p t o f o p t i m a l f o r a g i n g h a s aroused c o n s i d e r a b l e i n t e r e s t among b e h a v i o r a l 
e c o l o g i s t s d u r i n g r e c e n t y e a r s (MacArthur and P i a n k a , 1966; C h a r n o v , 1976; K r e b s , 
1978) . The c e n t r a l q u e s t i o n i s whether or not a n i m a l s max imize t h e i r n e t r a t e o f 
i n t a k e o f energy when f o r a g i n g f o r f o o d under n a t u r a l c o n d i t i o n s . To answer t h i s , 
i t i s n e c e s s a r y t o know b o t h t h e r a t e o f i n t a k e o f v a r i o u s t y p e s o f food and the 
amounts of energy expended i n l o c a t i n g , c a p t u r i n g and consuming i t . 

The Redshank, Tringa totanus ( L . ) i s a w i d e l y d i s t r i b u t e d wading b i r d which f e e d s 
p r e d o m i n a n t l y on mud and sand d w e l l i n g i n t e r t i d a l i n v e r t e b r a t e s . C o n s i d e r a b l e 
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i n f o r m a t i o n a l r e a d y e x i s t s on the r a t e s o f f o r a g i n g and food i n t a k e i n t h i s s p e c i e s 
( G o s s - C u s t a r d , 1970, 1 9 7 7 a ) . F u r t h e r m o r e , r a t e s o f food i n t a k e can r e a d i l y be c o n 
v e r t e d i n t o energy u n i t s , and comparisons made between the e n e r g y i n t a k e when f e e d 
i n g on d i f f e r e n t t y p e s and s i z e s o f prey ( G o s s - C u s t a r d , 1977b) . However , no e s t a b 
l i s h e d methods are a v a i l a b l e f o r d e t e r m i n i n g the e n e r g y expended d u r i n g v a r i o u s 
types o f f o r a g i n g a c t i v i t i e s . T h i s paper p r e s e n t s an i n t e r i m r e p o r t o f an i n v e s t i 
g a t i o n i n t o the p o s s i b i l i t y o f u s i n g h e a r t r a t e , mon i tored by t e l e m e t r y , as a means 
o f measur ing the m e t a b o l i s m o f f o r a g i n g R e d s h a n k s . The r e l a t i o n s h i p between h e a r t 
r a t e and metabo l i sm was f i r s t e s t a b l i s h e d by m e a s u r i n g oxygen consumpt ion i n a 
r e s p i r ó m e t e r . H e a r t r a t e was then m o n i t o r e d i n b i r d s f e e d i n g on a s m a l l l a b o r a t o r y 
mud f l a t . 

METHODS 
S i x Redshanks were used i n t h i s s t u d y . They were r e a r e d from eggs c o l l e c t e d under 
l i c e n c e i n Avon and were m a i n t a i n e d on a d i e t o f chopped l i v e r , m a g g o t s , f i s h and 
turkey s t a r t e r ( G o s s - C u s t a r d , W i l k i n s and K e a r , 1971 ) . 

F u l l d e t a i l s o f the t e l e m e t r y and r e c o r d i n g sys t em are g i v e n by M a c a l p i n e - L e n y 
(1978) . The t r a n s m i t t e r c o n s i s t e d o f a 102 MHz H a r t l e y o s c i l l a t o r w i t h c a p a c i t i v e 
f e e d b a c k to the e m i t t e r , w h i c h was f r e q u e n c y modula ted by changes i n the b a s e c u r 
r e n t ( F i g . 1 ) . The c i r c u i t was c o n s t r u c t e d from d i s c r e t e m i n i a t u r e and s u b m i n i a t u r e 
components and e n c a p s u l a t e d i n A r a l d i t e . The r e s u l t a n t p a c k a g e was mounted on top 
o f a P e r s p e x b a t t e r y h o l d e r h o u s i n g two RM312 M a l l o r y c e l l s . A c u r r e n t d r a i n o f 
2 .5 mA gave a b a t t e r y l i f e o f about 12 h and a r a n g e o f s e v e r a l m e t e r s . E a c h t r a n s 
m i t t e r measured 22 χ 14 x 13 mm, weighed about 5 .6 g , and had an i n p u t s e n s i t i v i t y 
of 4 kHz mV"^. ECG was p i c k e d up by means o f s m a l l s a f e t y p i n e l e c t r o d e s , p i n n e d 
t o a f o l d o f s k i n . The p o s i t i v e e l e c t r o d e was l o c a t e d above the a n t e r i o r t i p o f 
the sternum and the i n d i f f e r e n t e l e c t r o d e d o r s a l l y a t the b a s e o f the t a i l . T h i s 
t y p i c a l l y produced a p o s i t i v e R wave o f 1 mV a t the i n p u t to the t r a n s m i t t e r . 
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F i g . 1. T r a n s m i t t e r c i r c u i t . 
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The r e c e i v i n g s y s t e m c o n s i s t e d o f an indoor FM a n t e n n a and a Leak S t e r e o f e t i c FM 
t u n e r . The o u t p u t from t h e tuner was f e d v i a a p a i r o f S a l l e n and Key a c t i v e h i g h 
p a s s and low pass s w i t c h a b l e f i l t e r s t o one c h a n n e l o f a Sony TC252 s t e r e o tape 
r e c o r d e r . The a m p l i f i e d ECG was t h e n p a s s e d t h r o u g h a c u r r e n t - o p e r a t e d R wave 
d e t e c t o r c i r c u i t w h i c h compensated f o r changes i n R wave m a g n i t u d e ( E v a n s , 1 9 7 5 ) . 
The o u t p u t , c o n s i s t i n g o f p u l s e s o f c o n s t a n t m a g n i t u d e and d u r a t i o n , was used to 
t r i g g e r a D e v i c e s I n s t a n t a n e o u s Ratemeter (Type 2 7 5 1 ) . 

Oxygen consumption was measured i n an open c i r c u i t s y s t e m . I n d i v i d u a l Redshanks 
were s e a l e d i n a c y l i n d r i c a l P e r s p e x r e s p i r o m e t e r , 190 mm h i g h and 140 mm i n d i a 
m e t e r , immersed i n a w a t e r b a t h a t - 7 . 5 ° C . A i r was p a s s e d t h r o u g h the r e s p i r o m e t e r 
a t a known r a t e (about 500 cm^ min"-^) and t h e oxygen c o n t e n t o f the e f f l u e n t , a f t e r 
w a t e r v a p o r and CO2 had been removed, was measured u s i n g a T a y l o r Servomex OA272 
p a r a m a g n e t i c oxygen a n a l y z e r . When the s y s t e m had r e a c h e d e q u i l i b r i u m (20 min t o 
one h o u r ) , two or t h r e e measurements o f o x y g e n c o n t e n t and h e a r t r a t e were r e c o r d e d . 
Measurements were made a t d i f f e r e n t h e a r t r a t e s by p r o g r e s s i v e l y r a i s i n g the t empera
t u r e o f the w a t e r b a t h to 15^0 i n s i x s t e p s , a l l o w i n g adequate t ime f o r e q u i l i b r i u m 
to be reached a t e a c h t e m p e r a t u r e . 

F o r a g i n g a c t i v i t y was s t u d i e d on a s m a l l l a b o r a t o r y mud f l a t , one meter s q u a r e , 
arranged i n s u c h a way t h a t the o b s e r v e r c o u l d n o t be s een by t h e e x p e r i m e n t a l b i r d . 
Each Redshank was i n t r o d u c e d to t h e mud f l a t f o r a t l e a s t two days p r i o r to the 
s t a r t o f a t r i a l . The t r a n s m i t t e r was f i t t e d a t the b e g i n n i n g o f the second day and 
the b i r d was s t a r v e d f o r 24 h . A t the s t a r t o f e a c h t r i a l , the Redshank was removed 
and 30, 60 or 100 maggots were s c a t t e r e d a t random on t h e s u r f a c e o f the mud. The 
b i r d was then a l l o w e d to r e e n t e r from a s i d e chamber and i t s b e h a v i o r was r e c o r d e d 
u s i n g a s i m p l e push b u t t o n a c t i v i t y b o x . T h i s c o n v e r t e d e a c h o f f o u r c o n t i n u o u s 
s u b d i v i s i o n s o f a c t i v i t y — s t a n d i n g , s e a r c h i n g , f e e d i n g and p r e e n i n g — i n t o a d i f f e r 
e n t a n a l o g v o l t a g e , upon which were super imposed i n d i v i d u a l p a c e s , p e c k s and prey 
c a p t u r e s . T h i s i n f o r m a t i o n was d i s p l a y e d a l o n g s i d e i n s t a n t a n e o u s h e a r t r a t e on t h e 
second c h a n n e l o f a D e v i c e s M2 c h a r t r e c o r d e r . E a c h t r i a l c o n t i n u e d u n t i l the 
Redshank ceased moving a c t i v e l y . 

RESULTS 
158 measurements o f oxygen consumpt ion and h e a r t r a t e were made on f o u r b i r d s i n a 
t o t a l o f 11 t r i a l s . There was a h i g h l y s i g n i f i c a n t c o r r e l a t i o n be tween o x y g e n c o n 
sumption and h e a r t r a t e i n e v e r y t r i a l , w i t h an a v e r a g e o f 9 4 . 1 p e r c e n t o f t h e 
v a r i a t i o n i n oxygen consumpt ion b e i n g a c c o u n t e d f o r . A n a l y s i s o f c o v a r i a n c e showed 
t h a t the r e g r e s s i o n s f o r b i r d R S I d i f f e r e d s i g n i f i c a n t l y i n t h e t h r e e t r i a l s 
{F2 33 = 4 6 . 8 , Ρ < 0 . 0 1 ) , as i t a l s o d i d i n RS2 (3 t r i a l s , ^2 kh = 5 6 . 9 , Ρ < 0 .01 ) 
and 'RS6 (2 t r i a l s , 26 = 1 4 1 . 3 , Ρ < 0 . 0 1 ) . There was no s i g n i f i c a n t d i f f e r e n c e 
between the r e g r e s s i o n s f o r RS3 (3 t r i a l s , P2 40 = 0 . 2 , Ρ > 0 . 1 0 ) . I n the c a s e o f 
R S 6 , t h e r e was no s i g n i f i c a n t d i f f e r e n c e i n tfte s l o p e s o f the r e g r e s s i o n l i n e s 
between the two t r i a l s ( t = 1 .57 , Ρ > 0 .10 ) and t h e r e f o r e they must h a v e d i f f e r e d 
i n e l e v a t i o n . Compar i sons be tween t h e c l o s e s t p a i r s o f r e g r e s s i o n c o e f f i c i e n t s i n 
R S I and RS2 s u g g e s t t h a t a l l t h r e e t r i a l s d i f f e r e d i n s l o p e i n R S I ( t r i a l 1 χ 
t r i a l 3 , t = - 7 . 1 6 , Ρ < 0 .001 ; t r i a l 3 x t r i a l 2 , t = - 8 . 0 6 , Ρ < 0 .001) and t h a t 
the t h i r d t r i a l d i f f e r e d from t h e o t h e r two i n RS2 ( t r i a l 2 χ t r i a l 1, t = - 0 . 7 2 , 
Ρ > 0 . 1 0 ; t r i a l 1 χ t r i a l 3 , t = - 7 . 9 0 , Ρ < 0 . 0 0 1 ) . 

These d i f f e r e n c e s show t h a t the r e l a t i o n s h i p be tween oxygen consumpt ion and h e a r t 
r a t e i s not c o n s i s t e n t . However , t h e a b s o l u t e m a g n i t u d e o f the d i f f e r e n c e s i s s m a l l , 
and they are s t a t i s t i c a l l y s i g n i f i c a n t o n l y b e c a u s e the c o r r e l a t i o n s are a l m o s t 
p e r f e c t . E x a m i n a t i o n o f the r e s u l t s o b t a i n e d f o r e v e r y b i r d ( F i g . 2 ) , showed a 
s i m i l a r range o f v a r i a t i o n i n each i n d i v i d u a l . There were no s t a t i s t i c a l l y s i g n i 
f i c a n t d i f f e r e n c e s between b i r d s . We f e e l j u s t i f i e d t h e r e f o r e i n combin ing a l l 
the r e s u l t s t o o b t a i n t h e most r e a l i s t i c e s t i m a t e o f t h e r e l a t i o n s h i p and i t s range 
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Heart rate (beats s'O 

F i g . 2 . R e l a t i o n s h i p between oxygen consumpt ion and h e a r t 
r a t e i n the r e s p i r o m e t e r ( a l l t r i a l s combined f o r 
each b i r d ) . 

o f v a r i a t i o n . D i f f e r e n c e s i n w e i g h t between i n d i v i d u a l Redshanks (95-115 g ) d i d 
not a c c o u n t f o r a s i g n i f i c a n t amount o f the v a r i a t i o n i n oxygen c o n s u m p t i o n . The 
o v e r a l l e q u a t i o n , b a s e d on the r e s u l t s i n F i g . 2 , i s as f o l l o w s 

700 = 1.062 HE + 0 .866 

oxygen consumpt ion i n cm^ min~^, and HE = h e a r t r a t e i n b e a t s s ^ ) . (where, 702 
T h i s r e g r e s s i o n i s h i g h l y s i g n i f i c a n t (r = 0 . 8 3 , Ρ < 0 .001) and a c c o u n t s f o r 6 9 . 3 
p e r c e n t o f the observed v a r i a t i o n i n oxygen c o n s u m p t i o n . The 95 p e r c e n t c o n f i d e n c e 
l i m i t s f o r p r e d i c t i n g mean v a l u e s are g i v e n by ± 1.980 /O.001134 + 0 .003202 HE^, 
F o r example , t h e p r e d i c t e d oxygen consumpt ion a t a h e a r t r a t e o f 10 b e a t s s~^ i s 
11.49 ± 1.12 cm^ min'^. 

O b s e r v a t i o n s o f f o r a g i n g a c t i v i t y i n c l u d e d 17 t r i a l s on s i x R e d s h a n k s , and i n v o l v e d 
f i v e hours o f a c t i v e f e e d i n g . H e a r t r a t e was c l e a r l y a f f e c t e d by f a c t o r s o t h e r t h a n 
the l e v e l o f a c t i v i t y . F o r e x a m p l e , t h e h e a r t r a t e o f a b i r d a s l e e p w i t h i t s head 
under i t s w i n g t y p i c a l l y rose from about 5 b e a t s s~^ to about 10 b e a t s s~^ when 
someone e n t e r e d the l a b o r a t o r y or when a n o t h e r Redshank gave an a l a r m c a l l . T h i s 
was accompanied by l i t t l e outward change i n the b i r d , o t h e r than the o p e n i n g o f i t s 
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e y e s . The a v e r a g e h e a r t r a t e o f a l e r t Redshanks (±SD) i n t h e s i d e chamber p r i o r 
to t h e commencement o f e a c h t r i a l , was 6 . 8 ± 1.0 b e a t s s"^, and the a v e r a g e r a t e i n 
the f i r s t minute a f t e r they had w a l k e d onto t h e mud f l a t and commenced f e e d i n g was 
10.7 ± 1.3 b e a t s s"^ ( F i g . 3 ) . A c t i v e f o r a g i n g thus caused a r i s e i n h e a r t r a t e 
o f about 3 .9 b e a t s s"*-̂ , e q u i v a l e n t to a r i s e i n oxygen consumpt ion o f 4 cm^ min~^. 
T h i s i s an i n c r e a s e o f 51 p e r c e n t over s t a n d i n g a l e r t l e v e l s . There was u s u a l l y a 
d e l a y between t h e b e g i n n i n g o f a p e r i o d o f i n t e n s e a c t i v i t y , such as r a p i d p a c i n g , 
and t h e consequent r i s e i n h e a r t r a t e . T h i s d e l a y amounted on a v e r a g e t o 12 .7 s , 
but the range o f v a l u e s r e c o r d e d was l a r g e (-5 t o +23 s ) , and o c c a s i o n a l l y a r i s e i n 
h e a r t r a t e a c t u a l l y p r e c e d e d t h e o n s e t o f a c t i v i t y . There was a s t e a d y d e c l i n e i n 
h e a r t r a t e t h r o u g h o u t the c o u r s e o f each t r i a l as the amount o f a c t i v i t y d e c r e a s e d . 
Maximum h e a r t r a t e s o f about 14 b e a t s s~^ were r e c o r d e d a f t e r b o u t s o f w ing f l u t t e r 
i n g and s h o r t f l i g h t s . I t was n o t p o s s i b l e t o m o n i t o r h e a r t r a t e i n f l i g h t u s i n g 
the s a f e t y p i n e l e c t r o d e s b e c a u s e o f i n t e r f e r e n c e from EMG. There was no s i g n i f i 
c a n t c o r r e l a t i o n between h e a r t r a t e , e i t h e r b e f o r e or a f t e r commencement o f a t r i a l , 
and t h e t emperature o f the mud f l a t c a g e , though t h e l a t t e r o n l y v a r i e d be tween 
18 and 22^0. More d e t a i l e d a n a l y s i s o f t h e s e r e s u l t s i s i n p r o g r e s s , w i t h the s p e 
c i f i c o b j e c t i v e o f a s s e s s i n g the a v e r a g e h e a r t r a t e i n c r e m e n t s a s s o c i a t e d w i t h 
d i f f e r e n t amounts o f p a c i n g and p e c k i n g . 

D I S C U S S I O N 
The d i f f i c u l t i e s a s s o c i a t e d w i t h t h e u s e o f h e a r t r a t e as a means o f m e a s u r i n g 
m e t a b o l i s m have b e e n d e s c r i b e d by J o h n s o n and Gessamen ( 1 9 7 3 ) . They c o n c l u d e d t h a t 
h e a r t r a t e can be a f a i r to good i n d e x o f t h e h o u r l y m e t a b o l i s m o f r e s t i n g or moder
a t e l y e x e r c i s i n g i n d i v i d u a l s . The main problem i s t h a t oxygen c o n s u m p t i o n can be 
a f f e c t e d b y b o t h the c a r d i a c s t r o k e volume and t h e d i f f e r e n c e i n oxygen c o n t e n t o f 
the a r t e r i a l and venous b l o o d {a-V O 2 ) , as w e l l as by the h e a r t r a t e i t s e l f (as 
p r e d i c t e d by the F i c k e q u a t i o n ) . Changes i n s t r o k e volume a r e p r o b a b l y o f minor 
i m p o r t a n c e i n b i r d s , b u t changes i n a-V O2 a r e s i g n i f i c a n t ( e . g . B u t l e r , West and 
J o n e s , 1977) . I t i s thus p o s s i b l e t h a t the t a c h y c a r d i a i n d u c e d i n i n a c t i v e Redshanks 
by c o n s p e c i f i c a larm c a l l s c o u l d be accompanied by a-V O2 c h a n g e s . 

The s t r o n g c o r r e l a t i o n between oxygen consumpt ion and h e a r t r a t e w h i c h was o b s e r v e d 
i n Redshanks , and the f a c t t h a t the r e g r e s s i o n s v a r i e d be tween d i f f e r e n t b i r d s on 
the same day and i n t h e same b i r d on d i f f e r e n t d a y s , are marked ly s i m i l a r f i n d i n g s 
to t h o s e o f M o r h a r d t and Morhardt (1971) f o r s e v e r a l s p e c i e s o f r o d e n t s . 

Three f a c t o r s need t o be c a r e f u l l y c o n s i d e r e d b e f o r e any a t t e m p t can be made to 
e x t r a p o l a t e t h e s e r e s u l t s to the f i e l d . F i r s t l y , t h e r e i s a p o s s i b i l i t y t h a t , 
b e c a u s e the t emperature n e c e s s a r y i n the r e s p i r o m e t e r to p r o d u c e h e a r t r a t e s as h i g h 
as t h o s e o f f o r a g i n g Redshanks were many d e g r e e s c o l d e r t h a n t h a t o f the mud f l a t 
t r i a l s t h e m s e l v e s , t h e r e m i g h t have b e e n d i f f e r e n c e s i n a-V O2 l e v e l s i n t h e s e two 
s i t u a t i o n s . S e c o n d l y , t h e mud f l a t was o f s m a l l s i z e and i t i s t h e r e f o r e p o s s i b l e 
t h a t the a v e r a g e l e n g t h or speed o f p a c i n g may have been r e s t r i c t e d . T h i r d l y , a l l 
the prey i t ems were s c a t t e r e d on the s u r f a c e o f t h e mud and t h e r e f o r e no e s t i m a t e 
can be made o f t h e e n e r g y e x p e n d i t u r e i n v o l v e d i n p r o b i n g . D e s p i t e t h e s e r e s e r v a 
t i o n s , the t e c h n i q u e o f p r e d i c t i n g the m e t a b o l i s m o f f o r a g i n g b i r d s from t h e i r 
h e a r t r a t e s o f f e r s c o n s i d e r a b l e p r o m i s e . 

Ackncwledgements — We are i n d e b t e d to the f o l l o w i n g f o r t h e i r a d v i c e , encouragement 
or a s s i s t a n c e - P r o f e s s o r D . B e l l a m y , D r . B . W. Watson , D r . B . T . E v a n s , D r . P . J . 
B u t l e r and P . W i l k i n s . 
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Abstract — S e a g u l l s on and around a i r p o r t runways r e p r e s e n t a 
s i g n i f i c a n t h a z a r d . S e v e r a l p r o c e d u r e s have been d e v e l o p e d t o 
d i s p e r s e the a g g r e g a t e d g u l l s . R e s e a r c h s u p p o r t e d by the U . S . 
A i r F o r c e B i r d A i r S t r i k e H a z a r d (BASH) program has b e e n c o n 
d u c t e d t o d e v e l o p new d i s p e r s a l p r o c e d u r e s and to e v a l u a t e t h e 
r e l a t i v e e f f e c t i v e n e s s of a l t e r n a t i v e t e c h n i q u e s . Ten r i n g -
b i l l e d g u l l s (Larus delawarensis) have been m a i n t a i n e d i n the 
l a b o r a t o r y . An FM t r a n s m i t t e r h a s been d e v e l o p e d t h a t i s 
c r y s t a l c o n t r o l l e d and t r a n s m i t s h e a r t r a t e over a t l e a s t a 
0 .4 km range u s i n g a low c o s t h i g h f i d e l i t y tuner as t h e 
r e c e i v e r . The u n p o t t e d w e i g h t o f the t r a n s m i t t e r , minus b a t 
t e r i e s i s 12 g and 25-30 g when ready f o r o p e r a t i o n . R e c o r d i n g s 
o f the FM modula ted ECG were made on m a g n e t i c t a p e . The demodu
l a t e d ECG was e v a l u a t e d u s i n g a PDF 8E computer . P r e r e c o r d e d 
d i s t r e s s c a l l s , p y r o t e c h n i c s and models o f dead s e a g u l l s were 
compared w i t h r e s p e c t t o t h e i r e f f e c t i v e n e s s on e l e v a t i n g the 
h e a r t r a t e o f a g u l l and k e e p i n g i t e l e v a t e d . The models proved 
most e f f e c t i v e i n m a i n t a i n i n g h e a r t r a t e s o v e r r e l a t i v e l y l o n g 
p e r i o d s o f t i m e . The e f f e c t o f the models on a g u l l ' s h e a r t 
r a t e c o r r e l a t e s w e l l w i t h s i m u l t a n e o u s o b s e r v a t i o n s o f the g u l l ' s 
b e h a v i o r , and w i t h f i e l d e x p e r i m e n t s and o b s e r v a t i o n s on the 
e f f e c t i v e n e s s o f models on d i s p e r s a l , as compared w i t h d i s t r e s s 
c a l l s a n d / o r p y r o t e c h n i c s . 

INTRODUCTION 
S e a g u l l s on and around a i r p o r t runways r e p r e s e n t a s i g n i f i c a n t h a z a r d f o r a i r c r a f t . 
S e a g u l l s are i n v o l v e d i n more than 50 p e r c e n t o f the b i r d s t r i k e s w i t h commerc ia l and 
m i l i t a r y a i r c r a f t (Thorpe , 1975 ) . Of t h e s e s e a g u l l s t r i k e s , more t h a n h a l f o c c u r d u r 
i n g l a n d i n g , t a k e o f f or t a x i i n g (Nemergut , 1 9 7 3 ) . 

S t e p s to c o n t r o l g u l l s , and o t h e r problem b i r d s p e c i e s i n v o l v e e n v i r o n m e n t a l m o d i f i c a 
t i o n s , making the a i r p o r t l e s s a t t r a c t i v e t o b i r d s , and d i s p e r s a l i n d u c i n g p r o c e d u r e s 
( B l o k p o e l , 1976) . The most common methods used to d i s p e r s e g u l l s , or o t h e r problem 
s p e c i e s , on an a i r p o r t runway i n c l u d e d r i v i n g a v e h i c l e toward t h e group o f g u l l s , 
w h i l e p l a y i n g t h e i r d i s t r e s s c a l l l o u d l y . P y r o t e c h n i c s are a l s o f r e q u e n t l y d i s c h a r g e d , 
c a u s i n g loud n o i s e s . A l t h o u g h t h e s e , and o t h e r forms o f h a r a s s m e n t w i l l u s u a l l y cause 
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l o a f i n g g u l l s t o d i s p e r s e , they o f t e n r e t u r n r a t h e r q u i c k l y . H a b i t u a t i o n to the 
f r i g h t e n i n g s t i m u l i i s a l s o commonly o b s e r v e d whether they be p y r o t e c h n i c s or d i s 
t r e s s c a l l s ( B l o k p o e l , 1976; S t o u t et al.^ 1975) . 

R e s e a r c h , suppor ted by the U . S . A i r F o r c e B i r d A i r s t r i k e H a z a r d (BASH) program has 
been conducted to d e v e l o p new d i s p e r s a l p r o c e d u r e s and to e v a l u a t e the r e l a t i v e 
e f f e c t i v e n e s s o f a l t e r n a t i v e d i s p e r s a l p r o c e d u r e s . P r o l o n g e d and i n t e n s i v e s t u d i e s 
of the communicat ion o f g u l l s ( S t o u t and B r a s s , 1969; S t o u t , 1975; G a l u s h a and S t o u t , 
1977; Amlaner and S t o u t , 1978) u s i n g f e a t h e r e d models (dummies) o f g u l l s , mounted 
i n d i f f e r e n t d i s p l a y p o s t u r e s , i n d i c a t e d t h a t body p o s i t i o n was a v e r y i m p o r t a n t 
i n f o r m a t i o n a l e lement i n g u l l communica t ion . As a consequence we have d e v e l o p e d 
models o f s e a g u l l s w h i c h are e f f e c t i v e i n d i s p e r s i n g c o n s p e c i f i c s from the s i t e s 
where the models are dep loyed ( S t o u t et al.y 1 9 7 5 ) . G u l l s r e t u r n to s i t e s where 
models are l e f t i n p o s i t i o n much l e s s f r e q u e n t l y t h a n they do the same a r e a s a f t e r 
the models are removed. The models have remained e f f e c t i v e d u r i n g c o n t i n u o u s d e p l o y 
ment o f three to s i x months . 

The work p r e s e n t e d i n t h i s paper i s a f i r s t s t e p i n e v a l u a t i n g the r e l a t i v e e f f e c t i v e 
nes s of d i s p e r s a l i n d u c i n g s t i m u l i , u s i n g r a d i o t r a n s m i t t e r ECG as a measure o f the 
g u l l s response t o e a c h s t i m u l u s . The l a b o r a t o r y s t u d i e s r e p o r t e d here w i l l be c o n 
t i n u e d and ex tended to i n c l u d e r e l e v a n t f i e l d e x p e r i m e n t s . 

M A T E R I A L S A ND METHODS 
Ten r i n g - b i l l e d g u l l s {Larus delawarensis) were c a p t u r e d and m a i n t a i n e d i n t h e l a b o r a 
t o r y . E x p e r i m e n t a l b i r d s were t r a n s f e r r e d i n d i v i d u a l l y t o the room where a l l t r i a l s 
were c o n d u c t e d . T h i s e x p e r i m e n t a l room was 4 x 2 .5 x 2 .75 m, and had two p e r c h e s , 
c o n s i s t e n t l y used by the g u l l s . 

A t r a n s m i t t e r was d e s i g n e d and c o n s t r u c t e d ( s i m i l a r to S m i t h , 1974, e x c e p t t h a t i t 
was c r y s t a l c o n t r o l l e d ) t h a t o p e r a t e d on the commerc ia l FM b a n d . A s t a n d a r d h i g h 
f i d e l i t y t u n e r was used as t h e r e c e i v e r . The f r e q u e n c y modula ted s i g n a l was r e c o r d e d 
on m a g n e t i c t a p e . L a t e r , the tape r e c o r d e d s i g n a l was demodulated u s i n g a phase 
l o c k e d loop c i r c u i t t o r e p r o d u c e the ECG s i g n a l . The demodulated ECG was f e d i n t o 
a S c h m i t t t r i g g e r i n p u t o f a PDP8e l a b o r a t o r y computer . The computer was t r i g g e r e d 
on the QRS component o f the E C G , and programmed to c a l c u l a t e the h e a r t r a t e , i n b e a t s 
min"^, from the a v e r a g e of f i v e s u c c e s s i v e QRS i n t e r v a l s . The r e s u l t s were p l o t t e d 
on a g r a p h i c s t e r m i n a l and p h o t o g r a p h e d . 

The t r a n s m i t t e r s were p o t t e d i n u r e t h a n e foam and we ighed 25 to 30 g , i n c l u d i n g 
l i t h i u m b a t t e r i e s . A t r a n s m i t t e r was mounted on t h e g u l l ' s b a c k , j u s t b e h i n d the 
n e c k , u s i n g a c h e s t h a r n e s s . S a f e t y p i n e l e c t r o d e s were a t t a c h e d through the s k i n 
j u s t below the n e c k , and i n the m i d d l e o f the b a c k . A f t e r an i n i t i a l a t t e m p t t o 
r e j e c t the t r a n s m i t t e r , i t was a c c e p t e d w i t h i n a few m i n u t e s to s e v e r a l h o u r s , and 
the b i r d s f l e w and appeared t o behave n o r m a l l y i n the l a b o r a t o r y . 

A f t e r mount ing the t r a n s m i t t e r on a b i r d , i t was p l a c e d i n the e x p e r i m e n t a l room 
u n t i l the end o f e x p e r i m e n t a t i o n w i t h t h a t b i r d . Soon a f t e r a c c e p t a n c e ( c e s s a t i o n 
o f s t r u g g l i n g ) , h e a r t r a t e s d e c r e a s e d to t h e i r m i n i m a l , b a s e l i n e v a l u e s (160 to 
250 b e a t s m i n " ^ ) , and remained r e l a t i v e l y s t a b l e . The b i r d s were l e f t i n the e x p e r i 
m e n t a l room f o r a t l e a s t one n i g h t b e f o r e e x p e r i m e n t s b e g a n . 

T r i a l s i n v o l v e d the a p p l i c a t i o n o f one o f t h r e e p r o c e d u r e s shown t o be e f f e c t i v e i n 
c a u s i n g d i s p e r s a l of g u l l s i n the f i e l d . The s t i m u l i i n c l u d e d : (a) P l a y b a c k o f the 
p r e - r e c o r d e d d i s t r e s s c a l l ( a t 90 dB , 1 m from the s p e a k e r ) . (b) P l a c i n g a f i b e r 
g l a s s model o f a dead r i n g - b i l l e d g u l l a t the s i t e most f r e q u e n t l y used by the g u l l 
f o r s i t t i n g , r e s t i n g , p r e e n i n g , e t c . (c ) E x p l o d i n g a f i r e c r a c k e r i n the room w i t h 
the g u l l . 
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H e a r t r a t e s were r e c o r d e d b e f o r e and d u r i n g the a p p l i c a t i o n o f a s t i m u l u s , and 
r e c o r d i n g s were u s u a l l y c o n t i n u e d a f t e r the s t i m u l u s had been a p p l i e d u n t i l the h e a r t 
r a t e had s t a b i l i z e d . The b e h a v i o r o f the e x p e r i m e n t a l g u l l was m o n i t o r e d u s i n g c l o s e d 
c i r c u i t TV. A d e s c r i p t i o n of t h e b i r d ' s b e h a v i o r was r e c o r d e d s i m u l t a n e o u s l y w i t h 
h e a r t r a t e on t h e o t h e r t r a c k of a s t e r e o t a p e . 

RESULTS 
F i g u r e 1 shows the e f f e c t s o f v a r i o u s d i s t u r b a n c e s on the h e a r t r a t e o f a r i n g -
b i l l e d g u l l . I n f i g . 1 the d i s t u r b a n c e s and f l i g h t b e h a v i o r were a l l f o l l o w e d by a 
r a p i d r e t u r n o f the h e a r t r a t e to i t s b a s e l i n e r a t e . 

^ ^ C Γ ^ 

F i g . 1. Changes i n the h e a r t r a t e o f a r i n g - b i l l e d g u l l i n 
re sponse to v a r i o u s human d i s t u r b a n c e s . (1) N o i s e 
o u t s i d e room, (2) hand waved i n f r o n t o f window, 
(3 -5) g u l l f l e w from one end o f the room to t h e o t h e r 
and l a n d e d , (6) e x p e r i m e n t e r wa lked i n t o the room and 
l e f t i m m e d i a t e l y , (7-11) g u l l f l e w around room. 

F i g u r e 2A shows the r e s p o n s e of a g u l l a t 1 to the e x p e r i m e n t e r ' s e n t r y i n t o the 
room, f o l l o w e d by an immediate e x i t . The g u l l f l e w v e r y b r i e f l y i n r e s p o n s e and then 
s e t t l e d down. P r i o r t o the e x p e r i m e n t e r ' s w a l k i n g i n t o the room the h e a r t r a t e had 
remained a t about 300 b e a t s min~^ . I t r e t u r n e d t o 300 b e a t s min"-^ w i t h i n 90 s o f 
the e x p e r i m e n t e r ' s e x i t . However , the h e a r t r a t e c o n t i n u e d to d e c r e a s e be low the 
p r e c e d i n g b a s e l i n e . S t a r t i n g w i t h 2 and e n d i n g w i t h 3 i n F i g . 2A, a d i s t r e s s c a l l 
was p l a y e d back a t 90 dB f o r one min . The h e a r t r a t e a c c e l e r a t e d from about 250 
b e a t s min"-^ t o somewhat more than 350 b e a t s min"-^ w i t h t r a n s i e n t i n c r e a s e s t o as 
h i g h as 450 b e a t s min""^. The b i r d d i d not f l y d u r i n g or a f t e r the p l a y b a c k o f t h e 
d i s t r e s s c a l l . V e r y s h o r t l y a f t e r the d i s t r e s s c a l l was turned o f f a t 3 , the h e a r t 
r a t e r e t u r n e d t o i t s p r e s t i m u l u s l e v e l , and t h e n c o n t i n u e d t o d e c r e a s e t o l e v e l s 
v a r y i n g between 200 and 250 b e a t s min"-^. The i n i t i a l r e s p o n s e o f the f i f t h d i s t r e s s 
c a l l ( F i g . 2C) was w a l k i n g and then s i t t i n g , w i t h a moderate i n c r e a s e i n h e a r t r a t e 
u n t i l the s t i m u l u s was turned o f f . F o l l o w i n g s t i m u l u s c e s s a t i o n , the h e a r t r a t e 
r a p i d l y d e c r e a s e d t o a r e l a t i v e l y c o n s t a n t , p r e s t i m u l u s r a t e . I n g e n e r a l the a c c e l 
e r a t i o n i n h e a r t r a t e was s m a l l e r f o r the f i f t h p l a y b a c k , than the p r e c e d i n g r e s p o n s e s . 
Each of the f i v e p l a y b a c k s r e s u l t e d i n p r o g r e s s i v e l y d e c l i n i n g h e a r t r a t e s , thus 
showing h a b i t u a t i o n t o p l a y b a c k o f the d i s t r e s s c a l l . 

The e f f e c t o f p y r o t e c h n i c s on h e a r t r a t e i s i l l u s t r a t e d i n F i g . 3 , w h i c h b e g i n s 
w i t h the g u l l f l y i n g to the f l o o r a t 1. D u r i n g 2 i t i s s i t t i n g a t r e s t on the f l o o r . 
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F i g . 2 . The e f f e c t s o f the (A) f i r s t , (B) s e c o n d , and (C) f i f t h 
p l a y b a c k s o f r i n g - b i l l e d g u l l d i s t r e s s c a l l s on the 
h e a r t r a t e o f a r i n g - b i l l e d g u l l . The d i s t r e s s c a l l 
i s turned on at 2 and o f f a t 3 i n each f i g u r e . 
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At 3 , a f i r e c r a c k e r was s l i p p e d under the door o f i t s room b u t d i d not go o f f . The 
b i r d f l e w up to a p e r c h and i t s h e a r t r a t e r a p i d l y r e t u r n e d to n o r m a l . A second 
f i r e c r a c k e r was s l i p p e d under the door a t 4 and the h e a r t r a t e i n c r e a s e d b r i e f l y and 
began t o d e c r e a s e when the f i r e c r a c k e r e x p l o d e d a t 5 . 
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3 . The e f f e c t o f the e x p l o s i o n o f a f i r e c r a c k e r on the 
h e a r t r a t e o f a r i n g - b i l l e d g u l l . The f i r e c r a c k e r 
e x p l o d e d a t 5 . 

The e f f e c t o f a f i b e r g l a s s model (dummy) o f a dead r i n g - b i l l e d g u l l on the h e a r t 
r a t e of the e x p e r i m e n t a l g u l l i s shown i n F i g . 4A. The e x p e r i m e n t e r e n t e r e d the 
g u l l ' s room a t 4 and p l a c e d a f i b e r g l a s s model on i t s f a v o r e d p e r c h . The g u l l f l e w 
back and f o r t h between p e r c h e s ( 5 - 9 ) . 10 r e p r e s e n t s a ' r u n ' i n h e a r t r a t e unaccom
p a n i e d by f l i g h t and i t t h e n s i t s on the o t h e r p e r c h , w h i l e the h e a r t r a t e remained 
e l e v a t e d above t h e b a s a l r a t e f o r the remainder o f the r e c o r d i n g , w i t h ' r u n s ' i n 
h e a r t r a t e unaccompanied by f l i g h t or w a l k i n g a t 12 and 13 . As n e i t h e r e n t r y i n t o 
the e x p e r i m e n t a l room, nor l e a v i n g o t h e r n o v e l o b j e c t s caused such p r o l o n g e d i n c r e a s e s 
i n h e a r t r a t e , i t seems apparent t h a t the p r o l o n g e d p e r i o d o f t ime u n t i l the h e a r t 
r a t e r e t u r n e d to a r e s t i n g l e v e l was a r e s p o n s e t o the model o f a dead g u l l . A 
s i m i l a r s low r e t u r n to a b a s a l r a t e f o r a d i f f e r e n t g u l l i s s een i n F i g s . 4B and C . 
Each approach toward the model ( 2 , 3 , 4 and 5) was accompanied by s h o r t term i n c r e a s e s 
i n h e a r t r a t e , w h i l e i t g e n e r a l l y remained h i g h e r than the u s u a l b a s a l r a t e f o r 
t h i s g u l l (200 b e a t s m i n " ^ ) . 

D I S C U S S I O N 
I n c r e a s e s i n the h e a r t r a t e o f g u l l s , i n r e s p o n s e t o t h r e a t e n i n g s t i m u l i have been 
n o t e d by Kanwisher et al, (1978) i n r e s p o n s e t o human sounds and movements , and i n 
re sponse to the approach o f humans by B a l l and Amlaner (1980, t h i s v o l u m e ) , Kanwisher 
et al, (1978) a l s o d e s c r i b e d an i n c r e a s e i n h e a r t r a t e t h a t o c c u r r e d j u s t b e f o r e the 
g u l l f l e w . The p t a r m i g a n ( G a b r i e l s e n , 1979) r e s p o n d s t o d i s t u r b a n c e by r e m a i n i n g 
m o t i o n l e s s , d e p e n d i n g on i t s c r y p t i c c o l o r a t i o n f o r p r o t e c t i o n , and e x p e r i e n c e s a 
h e a r t r a t e d e c r e a s e when d i s t u r b e d . T h u s , i t appears t h a t h e a r t r a t e changes t h a t 
o c c u r i n t h r e a t e n i n g s i t u a t i o n s are c o r r e l a t e d w i t h the a n i m a l ' s b e h a v i o r most l i k e l y 
t o f o l l o w . I n t e r p r e t e d i n t h i s l i g h t , a more p r o l o n g e d i n c r e a s e i n h e a r t r a t e f o r 
g u l l s i s i n d i c a t i o n o f an i n c r e a s e d r e a d i n e s s t o e s c a p e or f l e e . 

We observed i n c r e a s e s i n h e a r t r a t e i n t h e r i n g - b i l l e d g u l l p r i o r t o f l i g h t and i n 
response to d i s t u r b a n c e s and t h r e a t e n i n g s t i m u l i as d i d Kanwisher et al, (1978) and 
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F i g . 4 . The e f f e c t o f a f i b e r g l a s s model o f a dead r i n g - b i l l e d 
g u l l on the h e a r t r a t e o f a r i n g - b i l l e d g u l l . 
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B a l l and Amlaner (1980, t h i s volume) f o r the h e r r i n g g u l l . F o r r i n g - b i l l e d g u l l s , 
the h e a r t r a t e a c c e l e r a t e s to 600 b e a t s min"^ j u s t b e f o r e t a k e o f f i n the l a b o r a t o r y . 
Upon l a n d i n g , the r a t e r a p i d l y r e t u r n s to b a s e l i n e l e v e l s . Changes i n r e s p o n s e to 
o t h e r d i s t u r b a n c e s can r e s u l t i n a c c e l e r a t i o n t o as much as 600 b e a t s min ^ w i t h o u t 
subsequent f l i g h t . However, the h e a r t r a t e r e t u r n s to b a s a l r a t e s , o f t e n w i t h i n 
30 s o f the c e s s a t i o n o f the d i s t u r b a n c e . T h u s , i t i s l i k e l y t h a t s t i m u l i w h i c h 
r e s u l t i n a p r o l o n g e d e l e v a t i o n of h e a r t r a t e , keep the g u l l more p h y s i o l o g i c a l l y 
ready f o r e s c a p e . 

The e f f e c t s o f s t i m u l i n o r m a l l y used f o r d i s p e r s i n g g u l l s from a i r p o r t s may be com
pared i n t h e i r tendency t o c a u s e p r o l o n g e d e l e v a t i o n s i n h e a r t r a t e . From the d a t a 
p r e s e n t e d i n t h i s p a p e r , i t i s apparent t h a t the d i s t r e s s c a l l o f r i n g - b i l l e d g u l l s 
r a i s e d the h e a r t r a t e of t h i s s p e c i e s d u r i n g p l a y b a c k ( F i g . 2 ) . However, the h e a r t 
r a t e r e t u r n e d to p r e s t i m u l a t i o n l e v e l s s h o r t l y a f t e r the c a l l was t u r n e d o f f . 
H a b i t u a t i o n ( F i g . 2) was a l s o a p p a r e n t i n the r e s p o n s e s o f h e a r t r a t e to s e q u e n t i a l 
p l a y b a c k s o f the d i s t r e s s c a l l . I n n a t u r a l s i t u a t i o n s , g u l l s u s u a l l y d i s p e r s e d from 
the s i t e of d i s t r e s s c a l l p l a y b a c k , b u t o f t e n r e t u r n e d t o t h i s s i t e w i t h i n one or 
two min ( S t o u t et al,, 1975) . The l i m i t e d , l o n g e r term d i s p e r s a l e f f e c t i v e n e s s o f 
the d i s t r e s s c a l l c o r r e l a t e s w e l l w i t h i t s v e r y s h o r t term e l e v a t i o n o f h e a r t r a t e s . 

P y r o t e c h n i c s a l s o caused e l e v a t i o n i n h e a r t r a t e ( F i g . 3 ) . However t h i s i n c r e a s e was 
r a t h e r s h o r t l i v e d , as the h e a r t r a t e r e t u r n e d to b a s e l i n e r e l a t i v e l y q u i c k l y . Loud 
n o i s e s i n the f i e l d are o f t e n i g n o r e d by g u l l s , e s p e c i a l l y i f t h e y are r e p e a t e d v e r y 
f r e q u e n t l y . There i s a l s o no l o n g t e r m e f f e c t o f the p y r o t e c h n i c d e v i c e s on the d i s 
p e r s a l o f g u l l s , or k e e p i n g them from r e t u r n i n g to the d i s p e r s a l s i t e . 

The models o f dead g u l l s deve loped f o r use i n d i s p e r s a l o f g u l l s from a i r p o r t s were 
the most e f f e c t i v e o f t h r e e s t i m u l i u s e d , i n m a i n t a i n i n g p r o l o n g e d e l e v a t i o n s i n the 
h e a r t r a t e ( F i g . 4 ) . L a b o r a t o r y b e h a v i o r a l r e s p o n s e s to the models i n c l u d e d a v o i d i n g 
the a r e a where the model was p l a c e d , a larm c a l l i n g , and c o n t i n u o u s f l y i n g from p e r c h 
t o p e r c h . These r e s p o n s e s were not o b s e r v e d as a re sponse t o the o t h e r two s t i m u l i , 
or d u r i n g any o t h e r p a r t of the e x p e r i m e n t s o t h e r than i n the p r e s e n c e o f the m o d e l . 
The a c c e l e r a t i o n o f the h e a r t r a t e as the g u l l approached a model ( F i g . 4) f u r t h e r 
demonstra ted the ' t h r e a t e n i n g ' e f f e c t s o f the m o d e l . The p r o l o n g e d e l e v a t i o n o f 
h e a r t r a t e c o r r e l a t e s v e r y w e l l w i t h the o b s e r v e d l o n g t e r m d i s p e r s a l e f f e c t i v e n e s s 
o f the m o d e l s . 

T h i s i s a p r e l i m i n a r y r e p o r t o f the e f f e c t s o f d i s p e r s a l i n d u c i n g s t i m u l i on g u l l s . 
We s u g g e s t t h a t the e f f e c t i v e n e s s of t h e s e s t i m u l i can be m e a n i n g f u l l y compared by 
e v a l u a t i n g t h e i r r e s p e c t i v e i m p a c t s on h e a r t r a t e . U s i n g t h e s e t e c h n i q u e s , i t i s 
our p l a n t o d e v e l o p more e f f e c t i v e a u d i t o r y and v i s u a l s t i m u l i , f o r use i n g u l l 
d i s p e r s a l . The work w i l l be c o n t i n u e d and expanded by comparing the e f f e c t s o f 
t h e s e d i s p e r s a l i n d u c i n g s t i m u l i on h e a r t r a t e s o f g u l l s i n f i e l d s t u d i e s . 
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Abstract — Some g i a n t t o r t o i s e s (Geochelone gigantea) m i g r a t e 
to t h e r e l a t i v e l y s h a d e l e s s c o a s t d u r i n g the r a i n y s e a s o n to 
o b t a i n t h e s e a s o n a l f l u s h o f food w h i c h r e s u l t s i n m i g r a n t 
f e m a l e s l a y i n g l a r g e r c l u t c h e s than t h o s e t o r t o i s e s t h a t s t a y 
i n l a n d . The m i g r a n t s f a c e the c o n f l i c t o f m a x i m i z i n g food 
i n t a k e and m i n i m i z i n g the r i s k o f dea th from o v e r h e a t i n g . 
I n t e r n a l body t empera ture was measured u s i n g r a d i o p i l l s ; 
o t h e r o b s e r v a t i o n s were made o f ambient t e m p e r a t u r e , c r i t i c a l 
thermal maximum, sward h e i g h t , t o r t o i s e d e n s i t y and body s i z e 
d i s t r i b u t i o n o f g r a z i n g t o r t o i s e s i n r e l a t i o n to d i s t a n c e from 
the n e a r e s t shade c e n t e r . The r e s u l t s a r e : ( i ) on c o o l days 
t o r t o i s e s are a c t i v e a l l day b u t on h o t days t h e y shade a t 
midday , ( i i ) CTMax i s 3 6 - 3 8 0 C , ( i i i ) l a r g e r t o r t o i s e s spend 
l o n g e r i n the s h a d e , ( i v ) the need to shade imposes l i m i t a t i o n s 
on f e e d i n g r a n g e , (v) d i f f e r e n t s i z e t o r t o i s e s do not have 
d i f f e r e n t s i z e f e e d i n g r a n g e s . 

INTRODUCTION 
The g i a n t t o r t o i s e s Geochelone gigantea o f A l d a b r a A t o l l are d i v i d e d i n t o t h r e e 
i s o l a t e d p o p u l a t i o n s . Two o f t h e s e are r e l a t i v e l y s e d e n t a r y , b u t a p r o p o r t i o n o f 
the t h i r d , which i n h a b i t s the i s l a n d o f Grande T e r r e , m i g r a t e to the c o a s t each 
r a i n y s eason ( S w i n g l a n d and L e s s e l l s , 1979 ) . The m i g r a n t t o r t o i s e s b e n e f i t from 
t h e i r a c t i v i t y through a c c e s s t o the s e a s o n a l f l u s h o f c o a s t a l v e g e t a t i o n w h i c h 
responds more q u i c k l y t o the s t a r t o f the r a i n s t h a n the v e g e t a t i o n i n l a n d . As a 
r e s u l t , m i g r a n t f e m a l e s are a b l e to l a y l a r g e r c l u t c h e s than t h e i r c o n s p e c i f i c s who 
have remained i n l a n d . 

However t h e r e a r e d i s a d v a n t a g e s f o r m i g r a n t s on the c o a s t . The r a i n y s e a s o n i s the 
h o t t e s t t ime of y e a r and i n the c o a s t a l a r e a t h e r e are o n l y i s o l a t e d shade c e n t e r s , 
o f t e n s i n g l e t r e e s , t o which the t o r t o i s e s must r e t i r e d u r i n g the h e a t o f the d a y . 
R i s k o f o v e r h e a t i n g not o n l y l i m i t s the maximum d i s t a n c e from each c e n t e r a t w h i c h 
the t o r t o i s e s can f e e d , but t h e r e i s a l s o e v i d e n c e t h a t c o m p e t i t i o n f o r shade r e s u l t s 
i n the d e a t h o f the s m a l l e r t o r t o i s e s , p a r t i c u l a r l y the f e m a l e s ( S w i n g l a n d and 
L e s s e l l s , 1979) . I n d e e d , d e a t h from o v e r e x p o s u r e i s the major a p p a r e n t cause o f 
d e a t h . 
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RESULTS 
The i n t e r n a l body t empera ture o f t o r t o i s e s f o l l o w s a r e g u l a r d a i l y c y c l e ( F i g . 1) 
w i t h maximum t e m p e r a t u r e s b e i n g r e a c h e d i n the a f t e r n o o n and minimum t e m p e r a t u r e s 
i n the e a r l y m o r n i n g . The d e t a i l s o f t h e d a i l y c y c l e depend on b o t h t o r t o i s e body 
w e i g h t and ambient t e m p e r a t u r e . The t e m p e r a t u r e r e c o r d s c l e a r l y show t h a t , as 
m i g h t be e x p e c t e d , the s m a l l e r t o r t o i s e s have a lower thermal c a p a c i t y t h a n t h e i r 
l a r g e r c o n s p e c i f i c s , and h e a t up and c o o l down f a s t e r . 

Measurements o f t h r e e d y i n g t o r t o i s e s s u g g e s t t h a t the CTMax o f g i a n t t o r t o i s e s i s 
36-38^0 ( c f . CTMAx o f 3 9 . 8 - 4 3 . 3 ° C f o r Chelodina longioollis (Webb and W i t t e n , 1 9 7 3 ) ) . 
T o r t o i s e s sometimes d i e o f o v e r h e a t i n g s e v e r a l hours a f t e r e n t e r i n g shade; t h e tem
p e r a t u r e r e c o r d f o r the l a r g e s t t o r t o i s e s u g g e s t s t h a t t h i s i s the r e s u l t o f a c o n 
t i n u i n g r i s e i n body t emperature a t t h i s t i m e . Thus t o r t o i s e s must c e a s e f e e d i n g 
and seek shade a t such a t ime t h a t t h e i r body t e m p e r a t u r e does n o t ultimately e x c e e d 
some c r i t i c a l l e v e l . 

On warm ( c l o u d l e s s ) days (upper t r a c e i n F i g . 1 ) , the t o r t o i s e s must seek shade 
d u r i n g the h o t t e s t p a r t o f t h e d a y . Due to t h e i r lower thermal c a p a c i t i e s , s m a l l 
t o r t o i s e s c o o l down more r a p i d l y i n t h e a f t e r n o o n and have a l o n g e r a c t i v e f e e d i n g 
p e r i o d than l a r g e t o r t o i s e s a t t h i s t ime o f d a y . However, l a r g e t o r t o i s e s do not 
have a c o r r e s p o n d i n g g a i n i n t h e morn ing; a l t h o u g h t h e i r body t e m p e r a t u r e s r i s e 
more s l o w l y , t h e i r t e m p e r a t u r e s c o n t i n u e t o r i s e a f t e r they have s o u g h t s h a d e , and 
they must t h e r e f o r e seek shade a t the same t ime as (and t h e r e f o r e lower i n t e r n a l 
t empera ture than) s m a l l e r t o r t o i s e s . 

On c o o l ( c l o u d y ) days ( lower t r a c e i n F i g . 1) t h e r e i s no need f o r t o r t o i s e s t o seek 
shade ; the maximum ambient t empera ture i s l e s s than t h e i r CTMax, and t h e r e f o r e 

As the r a i n y season p r o g r e s s e s and the c o a s t a l v e g e t a t i o n i s d e p l e t e d the t o r t o i s e s 
r e t u r n t o f e e d on t h e i n l a n d v e g e t a t i o n where shade and n e s t s i t e s are more a b u n d a n t . 

Whi le an i n d i v i d u a l i s on the c o a s t i t f a c e s the c o n f l i c t between m a x i m i z i n g food 
i n t a k e and m i n i m i z i n g the r i s k o f d e a t h from o v e r h e a t i n g . T h i s paper i s concerned 
w i t h t h i s c o n f l i c t and the i n f l u e n c e o f i n t e r n a l body t emperature on t o r t o i s e b e h a v i o r . 
I t forms p a r t o f a l a r g e r s t u d y c o n c e r n i n g the e c o l o g y o f the g i a n t t o r t o i s e 
( S w i n g l a n d , 1977, 1978; Bourn and C o e , 1978; S w i n g l a n d and C o e , 1978, 1979; C o e , 
Bourn and S w i n g l a n d , 1979; S w i n g l a n d and L e s s e l l s , 1979; Gould and S w i n g l a n d , i n 
p r e s s ; Coe and S w i n g l a n d , i n p r e s s ) . 

METHODS 
B i o t e l e m e t r y measurements o f i n t e r n a l body t empera ture were made by F r a z i e r ( 1 9 7 1 ) . 
Seven t o r t o i s e s were f e d r a d i o p i l l s (Mackay, 1968) w h i c h t r a n s m i t t e d a s i g n a l whose 
f r e q u e n c y v a r i e d l i n e a r l y w i t h i n t e r n a l body t e m p e r a t u r e . The r a d i o s i g n a l was 
d e t e c t e d by an antenna a t t a c h e d t o the a n i m a l ' s c a r a p a c e and c o n v e r t e d by a r e c e i v e r 
t o a g a l v a n o m e t e r d e f l e c t i o n c a l i b r a t e d i n d e g r e e s C e l s i u s . A t h e r m i s t o r probe was 
a l s o f i x e d to the top o f the c a r a p a c e and p r o t e c t e d w i t h a s m a l l s u n - s h i e l d . T h i s 
measured the a i r t empera ture i m m e d i a t e l y around the a n i m a l . The s e v e n i n d i v i d u a l s 
were f o l l o w e d from t h r e e t o f o u r t e e n days and t h e i r i n t e r n a l and e x t e r n a l body tem
p e r a t u r e s de termined a t r e g u l a r i n t e r v a l s . 

O b s e r v a t i o n s were a l s o made o f the C r i t i c a l Thermal Maximum (CTMax); the t e m p e r a t u r e 
a t w h i c h an i n d i v i d u a l becomes i n c a p a b l e o f e s c a p i n g the c o n d i t i o n s c o n t r i b u t i n g to 
i t s death ( H e a t w o l e , 1976) , and o f sward h e i g h t , t o r t o i s e d e n s i t y , and the body s i z e 
d i s t r i b u t i o n of g r a z i n g t o r t o i s e s i n r e l a t i o n to d i s t a n c e from the n e a r e s t shade 
c e n t e r . 
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TEMPERATURE 

12 
T IME [Hours] 

^•'ig. 1. The i n t e r n a l body t e m p e r a t u r e s o f g i a n t t o r t o i s e s i n 
r e l a t i o n t o ambient t e m p e r a t u r e ( a f t e r F r a z i e r , 1 9 7 1 ) . 
Upper t r a c e s : warm ( c l o u d l e s s ) day; lower t r a c e s : 
c o o l ( c l o u d y ) d a y , i n t e r n a l body t e m p e r a t u r e o f t o r 
t o i s e s when a c t i v e a n d i n a c t i v e - β - ; the w e i g h t s o f 
i n d i v i d u a l s are g i v e n i n k i l o g r a m s n e x t t o each r e c o r d ; 
ambient t e m p e r a t u r e . - . x . . . . 

i n d i v i d u a l s do not r i s k d e a t h from o v e r h e a t i n g even when t h e i r body t e m p e r a t u r e 
r e a c h e s the maximum ambient t e m p e r a t u r e . T o r t o i s e s o f d i f f e r e n t s i z e s d i f f e r o n l y 
i n the t ime a t w h i c h they r e a c h t h e i r maximum i n t e r n a l t e m p e r a t u r e , the t ime l a g 
between ambient and i n t e r n a l b e i n g l o n g e r i n l a r g e r i n d i v i d u a l s . I n the e a r l y r a i n y 
season t h e r e are c l o u d y p e r i o d s o f t h r e e t o f o u r days when the t o r t o i s e s do n o t s t o p 
f e e d i n g d u r i n g the m i d d l e o f the d a y . I n d i v i d u a l s may move f u r t h e r and f u r t h e r from 
shade and on t h e s e o c c a s i o n s up t o 50 p e r c e n t o f t h e t o r t o i s e s may l e a v e a shade 
c e n t e r and be r e p l a c e d by o t h e r s ( S w i n g l a n d and L e s s e l l s , 1 9 7 9 ) . 

The h e i g h t o f the s i n g l e s p e c i e s Sporobolus virginicus g r a s s sward i n c r e a s e s o n l y 
s l i g h t l y a t d i s t a n c e s up t o 450 m from s h a d e . Beyond t h i s d i s t a n c e t h e h e i g h t o f 
the sward i n c r e a s e s more a b r u p t l y ( F i g . 2 ) . C o n c o m i t a n t l y , the g r a z i n g d e n s i t y o f 
t o r t o i s e s d e c r e a s e s away from the shade c e n t e r ( F i g . 2 ) . There i s no d i s c e r n i b l e 
t r e n d i n body s i z e s o f t h e t o r t o i s e s f e e d i n g on t h e g r a s s s w a r d , i . e . s m a l l t o r t o i s e s 
do n o t f e e d f u r t h e r from the shade than l a r g e r i n d i v i d u a l s or vice versa. E q u a l l y , 
t h e r e i s no sex d i f f e r e n c e i n t h i s r e s p e c t . M o r e o v e r , i n d i v i d u a l t o r t o i s e s do not 
tend t o f e e d a t a s i m i l a r d i s t a n c e from shade on s u c c e s s i v e d a y s . 

D I S C U S S I O N 
The r e s u l t s o f the b i o t e l e m e t r y measurements o f i n t e r n a l body t e m p e r a t u r e show t h a t 
whereas t o r t o i s e s on c l o u d y days are n o t a t r i s k from o v e r h e a t i n g , t o r t o i s e s on 
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GRAZING 20 Η 
DENSITY 
1% of total 

presentí 10-| 

HEIGHT OF 
GRASS SWARD 

(cm) 

SHADE 250 500 

DISTANCE FROM SHADE (ml 

F i g . 2 . G r a z i n g d e n s i t y and h e i g h t o f the g r a s s sward i n 
r e l a t i o n to d i s t a n c e from s h a d e . G r a z i n g d e n s i t y 
o b s e r v a t i o n s were made on f i v e s e p a r a t e mornings and 
f i v e samples o f sward h e i g h t were t a k e n a t e a c h d i s 
t a n c e from s h a d e . · mean. V e r t i c a l l i n e s i n d i c a t e 
95 p e r c e n t c o n f i d e n c e l i m i t s f o r the mean. 

c l o u d l e s s days must seek shade i n t h e m i d d l e o f the day i n o r d e r t o p r e v e n t t h e i r 
i n t e r n a l body temperature becoming d a n g e r o u s l y c l o s e to t h e i r CTMax. I n a d d i t i o n 
l a r g e t o r t o i s e s appear t o spend l o n g e r i n the shade e a c h day t h a n t h e i r s m a l l e r c o n 
s p e c i f i c s . The d i s t r i b u t i o n o f g r a z i n g t o r t o i s e s and the h e i g h t o f v e g e t a t i o n i n 
r e l a t i o n to the d i s t a n c e from shade c l e a r l y r e f l e c t the l i m i t a t i o n imposed on the 
t o r t o i s e s by t h i s need to r e t u r n to s h a d e . M o r e o v e r , s i n c e the h e i g h t o f v e g e t a t i o n 
i n c r e a s e s away from the s h a d e , each t o r t o i s e f a c e s a d e c i s i o n i n a l l o c a t i n g i t s t ime 
between t r a v e l l i n g and f e e d i n g i n o r d e r to maximize i t s f ood i n t a k e ; the more t ime 
t h a t an i n d i v i d u a l spends t r a v e l l i n g , the t a l l e r the v e g e t a t i o n i t may f e e d on , b u t 
t h e s h o r t e r t h e t ime a v a i l a b l e f o r f e e d i n g . I n v iew o f the a p p a r e n t d i f f e r e n c e s i n 
the t o t a l t ime a v a i l a b l e f o r t r a v e l l i n g and f e e d i n g and the l i k e l y d i f f e r e n c e s i n 
w a l k i n g r a t e and food i n t a k e i n r e l a t i o n t o v e g e t a t i o n h e i g h t between the d i f f e r e n t 
s i z e t o r t o i s e s , i t i s s u r p r i s i n g t h a t t h e r e are no d i f f e r e n c e s i n the d i s t a n c e t h a t 
d i f f e r e n t s i z e t o r t o i s e s f e e d from s h a d e . 
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A q u e s t i o n t h a t remains unanswered i s why the t o r t o i s e s do not f e e d a t n i g h t , f o r 
the t o r t o i s e s do not r e t u r n to the shade c e n t e r a t t h i s t i m e , b u t remain i n a c t i v e 
( a s l e e p ? ) wherever they happen to be on the g r a s s sward a t d u s k . I t i s u n l i k e l y 
tha t the t o r t o i s e s are s u f f i c i e n t l y d i s c r i m i n a t i n g g r a z e r s t h a t they cannot f e e d 
e f f i c i e n t l y a t low l i g h t i n t e n s i t i e s , nor do t h e y have any enemies t h a t would make 
f e e d i n g at n i g h t d a n g e r o u s . The b i o t e l e m e t r y r e c o r d s show t h a t , even i f d i g e s t i o n 
i s t emperature dependent , the t o r t o i s e s cannot be p r e v e n t e d from f e e d i n g by low 
r a t e s o f d i g e s t i o n on warm n i g h t s b e c a u s e i n t e r n a l body t e m p e r a t u r e s are as h i g h as 
when f e e d i n g d u r i n g c o o l days (see F i g . 1 ) . The p o s s i b i l i t y remains t h a t t h e i r r a t e 
o f i n t a k e i s l i m i t e d i n some way by a ' d i g e s t i v e b o t t l e n e c k ' (Kenward and S i b l y , 
1977) u n r e l a t e d to i n t e r n a l t e m p e r a t u r e . W i t h o u t f u r t h e r i n f o r m a t i o n on t h e i r r a t e 
o f d i g e s t i o n i n r e l a t i o n to body t e m p e r a t u r e , and on the p a t t e r n o f food i n t a k e on 
c o o l days when they are f r e e t o f e e d f o r up to t w e l v e h o u r s c o n t i n u o u s l y , i t i s 
i m p o s s i b l e t o make an adequate a s se s sment o f t h i s s u g g e s t i o n . 
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Abstract — Salmon m i g r a t i n g up an e s t u a r y undergo p r o f o u n d 
p h y s i o l o g i c a l changes i n t r a n s f e r r i n g from s e a w a t e r t o f r e s h w a t e r . 
R e n a l f u n c t i o n f o r example , changes from a w a t e r c o n s e r v a t i o n 
c o n d i t i o n t o extreme d i u r e s i s . I t i s no t c l e a r i n the w i l d , 
whether salmon chose to move t h r o u g h s a l i n i t y g r a d i e n t s s l o w l y 
or r a p i d l y . I n o r d e r to examine t h e s e changes a two c h a n n e l 
u l t r a s o n i c t r a n s m i t t e r i s b e i n g d e v e l o p e d . 

S a l i n i t y and t empera ture changes w i l l be c o n t i n u o u s l y m o n i t o r e d 
u s i n g an i o n s e l e c t i v e membrane t r a n s d u c e r and s m a l l t h e r m i s 
t o r s r e s p e c t i v e l y . The o u t p u t o f t h e s e t r a n s d u c e r s w i l l be dc 
v o l t a g e l e v e l s wh ich w i l l be c o n v e r t e d to f r e q u e n c y and i m p r e s s e d 
upon an o s c i l l a t o r w i t h a c e n t e r f r e q u e n c y o f 77 K H z . T h i s 
paper d e s c r i b e s the development o f t h i s d e v i c e . 

INTRODUCTION 
U l t r a s o n i c t r a n s m i s s i o n s have been used t o t e l e m e t e r e n v i r o n m e n t a l d a t a ( S t a s k o and 
P i n c o c k , 1977) and p h y s i o l o g i c a l p a r a m e t e r s from f i s h i n the w i l d ( I r e l a n d and 
K a n w i s h e r , 1978; P r i e d e , 1978 ) . They have a l s o been w i d e l y used w i t h g r e a t s u c c e s s 
i n t r a c k i n g (Hawkins et al,j 1974; Young et al.^ 1976; S t a s k o , 1 9 7 5 ) . The o n l y 
e n v i r o n m e n t a l p a r a m e t e r s m o n i t o r e d so f a r u s i n g t e l e m e t r y are p r e s s u r e and t empera
t u r e ( I r e l a n d and K a n w i s h e r , 1978) . T h i s p a p e r d e s c r i b e s a method o f m o n i t o r i n g 
s a l i n i t y and t emperature from f i s h i n e s t u a r i e s u s i n g u l t r a s o n i c t e l e m e t r y . 

PHYSIOLOGY 
F o r a n i m a l s t o s u r v i v e i n an a q u a t i c e n v i r o n m e n t , t h e i r p h y s i o l o g y must be c a p a b l e 
o f o s m o t i c and i o n i c r e g u l a t i o n i n r e l a t i o n to t h e i r s u r r o u n d i n g s w h i c h may be f r e s h 
w a t e r , s eawater o r an i n t e r m e d i a t e b r a c k i s h medium. The A t l a n t i c sa lmon (Salmo salar 
L . ) i s a complex a n i m a l t h a t s u r v i v e s i n b o t h f r e s h w a t e r and s a l i n e e n v i r o n m e n t s . 
I n s e a w a t e r , the sa lmon d r i n k s i n l a r g e v o l u m e s . I t keeps f l u i d l o s s e s low by e x c r e t 
i n g s m a l l q u a n t i t i e s o f c o n c e n t r a t e d u r i n e w h i c h c o n t a i n e x c e s s magnesium s u l p h a t e 
i o n s d i s s o l v e d i n i t . E x c e s s sodium and c h l o r i d e i o n s are l o s t by d i f f u s i o n t h r o u g h 
the g i l l s u r f a c e s . I n f r e s h w a t e r , the sa lmon d r i n k s l e s s and o b t a i n s s o l u t e s from 
food and through i n c r e a s e d d i f f u s i o n through g i l l s u r f a c e s . E x c e s s w a t e r i s e x c r e t e d 
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as d i l u t e u r i n e . The t r a n s i t i o n from t h e mar ine t o the f r e s h w a t e r env ironment t h e r e 
f o r e e n t a i l s profound p h y s i o l o g i c a l a d j u s t m e n t s and i t i s by means o f t e l e m e t r y t h a t 
we hope to determine the t ime course o f t h e s e a d j u s t m e n t s . 

SYSTEM 
F i g u r e 1 i s the sys tem d iagram which shows how s a l i n i t y and t e m p e r a t u r e a r e c o n v e r t e d 
to f r e q u e n c y p u l s e s . The p r e s e n t d e s i g n c o n v e r t s s a l i n i t y d a t a t o f r e q u e n c i e s between 
1-10 KHz and temperature d a t a t o f r e q u e n c i e s between 300 and 800 H z . These f r e q u e n 
c i e s are a l t e r n a t e l y c o n n e c t e d by the s w i t c h to the c a r r i e r o s c i l l a t o r . The t r a c k e r 
w i l l t h e r e f o r e h e a r two d i s t i n c t l y d i f f e r e n t t o n e s from the t r a c k i n g r e c e i v e r . The 
demodulated o u t p u t o f the r e c e i v e r w i l l be f i l t e r e d and c o n v e r t e d to v o l t a g e l e v e l s 
f o r d a t a p r o c e s s i n g . F i g u r e 4 i s a c i r c u i t d iagram o f t h e t r a n s m i t t e r . 

sensor 

s e n s o r 

s u b c a r r i e r 
o s c i l l a t o r h 

A 

s u b c a r r i e r 
o s c i l l a t o r 

Β 

t i m i n g 
c o n t r o l 

A OR Β e a r n e r 
o s c i l l a t o r 

power 
a m p l i f i e r 

F i g . 1. S c h e m a t i c o f two channe l u l t r a s o n i c t r a n s m i t t e r . 

TRANSDUCER 

Temperature i s c o n v e r t e d u s i n g a t h e r m i s t o r bead (1 .5 mm d i a m e t e r and 5 mm l o n g ) 
mounted on the h o u s i n g o f the t r a n s m i t t i n g t a g . The r e s i s t a n c e o f the t h e r m i s t o r 
v a r i e s l i n e a r l y over a wide r a n g e o f t e m p e r a t u r e s i n t h i s c i r c u i t . The range o f 
i n t e r e s t i s 0 t o 1 5 ° C . 

S a l i n i t y i s m o n i t o r e d by a P e r s p e x c e l l shown i n F i g . 2 . T h i s c e l l , b a s e d on the 
d e s i g n o f t h e f l o w c e l l s a l i n o m e t e r by W i l s o n ( W i l s o n , 1971) , has two chambers which 
are f i l l e d w i t h a s e a w a t e r s o l u t i o n o f known c o n c e n t r a t i o n . The top ends o f the 
c e l l s are f i t t e d w i t h membranes o f w h i c h one i s s e l e c t i v e l y permeable t o a n i o n s and 
the o t h e r to c a t i o n s . S i l v e r - S i l v e r C h l o r i d e e l e c t r o d e s are g l u e d i n t o the chambers . 
A f a c e p l a t e w i t h h o l e s o f the same d i a m e t e r as t h e chambers i s screwed o n t o the c e l l . 
Rubber ' 0 ' r i n g s between t h e membranes and the f r o n t p l a t e s e a l t h e c h a m b e r s . F i g u r e 
2B shows the f a c e p l a t e . 

The o u t p u t o f the t r a n s d u c e r i n m i l l i v o l t s i s g i v e n b y : 

( 1 ) 

where Κ = E m p i r i c a l c o n s t a n t 
R = Gas c o n s t a n t ^ 
Τ = Temperature i n d e g r e e s K e l v i n Κ 
F = F a r a d a y ' s c o n s t a n t 
Si = C o n c e n t r a t i o n o f s o l u t i o n s e a l e d i n chambers 
5*2 = C o n c e n t r a t i o n o f s o l u t i o n under t e s t . 
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r r r — • 

X 

(A) 
F i g . 2 . T r a n s d u c e r . 

(B ) 

R e s u l t s o b t a i n e d from a t y p i c a l t r a n s d u c e r are g i v e n i n Tab le 1. The r e s u l t s were 
o b t a i n e d w i t h the t r a n s d u c e r p l a c e d i n t e s t s o l u t i o n s o f d i f f e r e n t s a l i n i t y w h i c h 
were a l s o measured u s i n g a G o l d b e r g p o c k e t r e f r a c t o m e t e r . The t e s t s o l u t i o n s were 
c o n t i n u o u s l y s t i r r e d and t h e o u t p u t o f the t r a n s d u c e r was measured w i t h a m i l l i v o l t -
meter i n s e r i e s w i t h a 18 ΜΩ r e s i s t o r . C u r r e n t s drawn a c r o s s the membranes were 
t h e r e f o r e o f nanoampere l e v e l s . 

T a b l e 1 . 
C o n c e n t r a t i o n o f s o l u t i o n i n chambers — I40/00 

S a l i n i t y o f medium 
0/00 

Mean o u t p u t o f 
t r a n s d u c e r 

mV 

34 .5 - 9 . 2 

25 - 5 . 2 6 

23 - 4 . 1 3 

17 - 0 . 9 6 

14 2 .13 

8 6 . 8 

7 9 . 6 

4 13 .93 

3 15 .53 

2 24 .9 

F i g u r e 3 i s a p l o t o f t h e t r a n s d u c e r o u t p u t a g a i n s t the l o g a r i t h m o f the c o n c e n t r a 
t i o n . The s l o p e o f t h i s l i n e i s - 2 5 . 3 5 L i n e a r R e g r e s s i o n o f the d a t a y i e l d s a c o r r e 
l a t i o n c o e f f i c i e n t o f 0 . 9 9 . 

SUB CARRIER OSCILLATOR (SCO) 

The a n a l o g o u t p u t s o f each t r a n s d u c e r a r e a m p l i f i e d and used t o c o n t r o l t h e v o l t a g e 
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F i g . 3 . C h a r a c t e r i s t i c c u r v e o f s a l i n i t y t r a n s d u c e r . 

c o n t r o l l e d o s c i l l a t o r ( V C O ) . The p r e s e n t sys tem u s e s CD 4046 as V C O s . These c h i p s 
were chosen f o r t h e i r s t a b i l i t y and l i n e a r i t y o v e r a wide range o f c o n t r o l v o l t a g e s . 
With the VCOs c o n t r o l l e d by t h e r a i l v o l t a g e i . e . 2 .8 V , the SCO o u t p u t s are 3 . 3 KHz 
and 300 Hz f o r the s a l i n i t y and t emperature c h a n n e l s r e s p e c t i v e l y . 

GATING ASSEMBLY 

The SCO o u t p u t s are f e d i n t o a s w i t c h which i s c o n t r o l l e d by a l o c a l o s c i l l a t o r t h a t 
p u t s out h a l f s econd p u l s e s . The s w i t c h c o n n e c t s e a c h c h a n n e l a l t e r n a t e l y t o the 
c a r r i e r o s c i l l a t o r . 

CARRIER OSCILLATOR AND OUTPUT STAGE 

The c a r r i e r o s c i l l a t o r i s a t r a n s i s t o r s t a g e w i t h the c o l l e c t o r c i r c u i t i n d u c t i v e l y 
c o u p l e d i n t o t h e b a s e o f T l ( F i g . 4 ) . The c o l l e c t o r c i r c u i t i s tuned by a s l u g i n 
the c o i l . The o u t p u t o f t h i s o s c i l l a t o r i s a s i n e wave o f a m p l i t u d e t w i c e t h e v o l t a g e 
between the c o l l e c t o r and e m i t t e r a t 77 K H z . O u t p u t i s f e d i n t o a C l a s s Β a m p l i f i e r 
which a m p l i f i e s the i n p u t and i n d u c t i v e l y f e e d s the u l t r a s o n i c c r y s t a l w h i c h i s a 
p i e z o e l e c t r i c c e r a m i c c y l i n d e r 3 mm l o n g , 12.75 mm d i a m e t e r and 2 .45 mm t h i c k . The 
c r y s t a l r e s o n a t e s a t 77 KHz w i t h an o u t p u t o f 15 V peak t o p e a k . The s y s t e m when 
m i n i a t u r i z e d , w i l l be d r i v e n by a 2 .8 V l i t h i u m b a t t e r y . 

RECEIVER 
A b a t t e r y o p e r a t e d r e c e i v e r and d a t a a c q u i s i t i o n module are under d e v e l o p m e n t . We 
hope t o decode t h e f r e q u e n c i e s by c o n v e r t i n g to v o l t a g e s w h i c h , when p l o t t e d on t h e 
a p p r o p r i a t e c a l i b r a t i o n c u r v e , w i l l p r o v i d e s a l i n i t y and t e m p e r a t u r e d a t a . 
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analogue input 

$ 0 

Lĵ  = 400 turns 38swg 
L2 = 15 turns 38swg 
n,:n»::1:2 

F i g . 4 . C i r c u i t d iagram o f two c h a n n e l u l t r a s o n i c t r a n s m i t t e r . 

F r e s h w a t e r e v a l u a t i o n and t r i a l s on the Lüne e s t u a r y ( U . K . ) are p l a n n e d f o r l a t e 
s p r i n g and summer o f 1979. We hope to have q u a n t i t a t i v e a s s e s s m e n t o f t h e t r a n s 
m i t t i n g t a g i n terms o f r a n g e , l i f e e x p e c t a n c y and r e l i a b i l i t y t o g e t h e r w i t h a 
c l e a r e r p i c t u r e o f salmon m i g r a t i o n . 

Ackncwledgements — T h i s p i l o t s t u d y i s s u p p o r t e d by a NERC g r a n t t o D r . I . G . P r i e d e . 
We would l i k e t o e x p r e s s our g r a t i t u d e to M r . Ro land Smi th f o r making the p r o t o t y p e 
t r a n s d u c e r , M r . A . L u c a s and M r . B . D u t h i e f o r t h e i r h e l p w i t h the v i s u a l p r e s e n t a 
t i o n and M r s . L . E m s l i e f o r t y p i n g the m a n s u c r i p t . 
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Abstraot — The w i l d l i f e r a d i o t r a c k i n g program of the S e r e n g e t i 
N a t i o n a l Park i n T a n z a n i a d u r i n g 1971 to 1973 i s d e s c r i b e d . 
R a d i o t r a n s m i t t e r s were used on 14 s p e c i e s — l i o n , l e o p a r d , 
w i l d e b e e s t , b u f f a l o , t o p i , g i r a f f e , e l e p h a n t , two h y r a x s p p . , 
h y a e n a , j a c k a l , v u l t u r e , and two t o r t o i s e s p p . -- and the c o n 
t r i b u t i o n o f r a d i o t r a c k i n g t o the s t u d i e s o f t h e s e s p e c i e s 
i s summarized. O b s e r v a t i o n o f t h e a n i m a l s p l a y e d a l a r g e p a r t 
i n t h e s e s t u d i e s . Many o f the t r a n s m i t t e r s were r e c o v e r e d and 
r e u s e d . A few recommendat ions c o n c e r n i n g r a d i o t r a c k i n g i n 
w i l d l i f e r e s e a r c h a r e made. 

INTRODUCTION 
The S e r e n g e t i N a t i o n a l Park i n T a n z a n i a i s famous f o r i t s huge h e r d s o f m i g r a t o r y 
w i l d e b e e s t , z e b r a and g a z e l l e s , f o r i t s w ide open g r a s s p l a i n s o v e r w h i c h t h e s e 
herds wander i n the wet s e a s o n , and f o r i t s v a r i e t y o f l a r g e p r e d a t o r s p e c i e s . I t 
i s c o n s i d e r e d by many p e o p l e t o be the f i n e s t w i l d l i f e a r e a i n t h e w o r l d . Among 
t h o s e who h o l d t h i s v i e w are t h e b i o l o g i s t s who have worked a t the S e r e n g e t i R e s e a r c h 
I n s t i t u t e ( S . R . I . ) , an o r g a n i z a t i o n s e t up by T a n z a n i a N a t i o n a l P a r k s i n 1966, w i t h 
two main o b j e c t i v e s o f d i s c o v e r i n g and d e s c r i b i n g the e c o l o g y o f the S e r e n g e t i 
r e g i o n , and p r o v i d i n g i n f o r m a t i o n on w h i c h s c i e n t i f i c management o f the N a t i o n a l 
Park can be b a s e d . A t any one t i m e , about 15 b i o l o g i s t s from s e v e r a l d i f f e r e n t p a r t s 
o f the w o r l d , i n c l u d i n g our h o s t c o u n t r y T a n z a n i a , were engaged i n t h i s work, on 
d i f f e r e n t p r o j e c t s w h i c h f i t t e d i n w i t h S . R . I . * s o v e r a l l r e s e a r c h o b j e c t i v e s . 

Our t a s k was made c h a l l e n g i n g as w e l l a s s t i m u l a t i n g by the s c a l e . How does one 
f i n d one w i l d e b e e s t i n a herd o f a hundred thousand? How does one f i n d an e l e p h a n t 
which may be a lmost anywhere i n the t h i r t e e n thousand km^ o f the N a t i o n a l P a r k , or 
o u t s i d e i t ? How does one f i n d out what an a n i m a l i s up to a t n i g h t ? There were 
many a s p e c t s o f our v a r i o u s p r o j e c t s where we needed t o be a b l e t o do s u c h t h i n g s , 
and as a r e s u l t o f a g r a n t f o r r a d i o t r a c k i n g i n 1970 we were a b l e t o do them. 
The d o n o r s , M r . R o y a l L i t t l e and the New York Z o o l o g i c a l S o c i e t y , g e n e r o u s l y p r o 
v i d e d funds s u f f i c i e n t f o r a l a r g e s c a l e r a d i o t r a c k i n g program, a s p e c t s o f wh ich 
a r e summarized b e l o w . 

Our r a d i o t r a c k i n g program d i f f e r e d from most i n t h a t o b s e r v a t i o n was a l s o i m p o r t a n t . 
We d i d not s i m p l y put l a r g e numbers o f t r a n s m i t t e r s on a n i m a l s and o b t a i n l a r g e 
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numbers of f i x e s and l i n e s on maps; i n g e n e r a l we f i t t e d a s m a l l e r number o f t r a n s 
m i t t e r s and used them to f i n d and o b s e r v e those a n i m a l s . We c o n s i d e r e d t h a t fewer 
f i x e s but w i t h d a t a on b e h a v i o r and r e p r o d u c t i o n , on f e e d i n g and h a b i t a t , were 
l i k e l y to be of more v a l u e . I n most c a s e s , r a d i o t r a c k i n g s u p p l i e d e x t r a i n f o r m a 
t i o n to answer s p e c i f i c q u e s t i o n s a r i s i n g i n the c o u r s e o f s t u d i e s which were 
a l r e a d y under way. 

I n t h i s paper I s h a l l d e s c r i b e b r i e f l y our equipment needs and how they were met, 
o u t l i n e the v a r i e t y o f p r o j e c t s and s p e c i e s on w h i c h we made use o f r a d i o t r a c k i n g , 
and make some g e n e r a l i z a t i o n s b a s e d on r a d i o t r a c k i n g w i l d l i f e i n the S e r e n g e t i . 

EQUIPMENT 
The two prime r e q u i r e m e n t s o f our r a d i o t r a c k i n g equipment were r e l i a b i l i t y through 
thorough f i e l d t e s t i n g , and i n t e r c h a n g e a b i l i t y . A l l f i e l d workers want r e l i a b i l i t y 
i n t h e i r equipment; b u t our need was p r o b a b l y g r e a t e r than a v e r a g e b e c a u s e o f the 
degree o f i s o l a t i o n from t e c h n i c a l e x p e r t i z e . To send f a u l t y equipment from the 
S e r e n g e t i f o r r e p a i r s i n Europe or N o r t h A m e r i c a would have caused huge d e l a y s , 
was ted d a y s , a d m i n i s t r a t i v e p r o b l e m s , and p r o b a b l y u l c e r s . To h a v e t r a n s m i t t e r s 
f a i l i n the f i e l d would have caused the same problems o f l o s t t ime and l o s t d a t a 
as anywhere e l s e . 

We a l s o wanted our equipment t o be i n t e r c h a n g e a b l e , so t h a t i f one s c i e n t i s t ' s 
r e c e i v e r f a i l e d he c o u l d use a n o t h e r ' s , and so t h a t a t r a n s m i t t e r c o u l d be used f o r 
any s p e c i e s or p r o j e c t i n need o f o n e . We t h e r e f o r e s e t t l e d f o r a s t a n d a r d f r e q u e n c y 
(148.5 kHz) t r a n s m i t t e r and r e c e i v e r f o r a l m o s t a l l p u r p o s e s . We chose the SM2 
(or f o r s m a l l s p e c i e s , the SMI) t r a n s m i t t e r and r e c e i v e r m a n u f a c t u r e d by AVM I n s t r u 

ment C o . , Champaign , I l l i n o i s , w i t h M a l l o r y ZM12 (or sometimes l a r g e r ) mercury 
b a t t e r i e s . B a t t e r y l i f e was on the who le p o o r , p r o b a b l y b e c a u s e o f shipment and 
s t o r a g e p r o b l e m s , bu t the t r a n s m i t t e r p e r f o r m a n c e was g e n e r a l l y h i g h . 

T h i s s t a n d a r d i z a t i o n n a t u r a l l y r e s u l t e d i n some l o s s o f e f f i c i e n c y . F o r e x a m p l e , 
a lower f r e q u e n c y would p r o b a b l y have g i v e n l o n g e r range i n rough or t h i c k l y v e g e 
t a t e d t e r r a i n . A g a i n , b e c a u s e a mammal as l a r g e as an e l e p h a n t c o u l d c a r r y enough 
b a t t e r i e s to power an SM2 t r a n s m i t t e r f o r a c e n t u r y (or l o n g e r than the l i f e t i m e 
o f the i n v e s t i g a t o r or h i s s u b j e c t ) , i t would have been i n some ways more e f f i c i e n t 
to have used a h i g h e r - p o w e r , l o n g e r - r a n g e t r a n s m i t t e r . But then i t c o u l d n o t h a v e 
been used on a j a c k a l i n s t e a d , i f t h a t was the g r e a t e s t need by the t ime the s p e c i a l l y 
ordered t r a n s m i t t e r had a r r i v e d . A t t h a t t ime t h e r e was no s t a n d a r d , r e l i a b l e , 
f i e l d - t e s t e d t r a n s m i t t e r f o r l a r g e mammals, so we opted f o r i n t e r c h a n g e a b i l i t y and 
r e l i a b i l i t y , r a t h e r than maximum r a n g e . Most t r a c k i n g was by means o f a 3 -e l ement 
y a g i a n t e n n a , e i t h e r h e l d by hand above a v e h i c l e , or s t r a p p e d to an a i r c r a f t w i n g 
s t r u t . 

PROJECTS EMPLOYING RADIO TRACKING 
LIONS AND LEOPARDS 

My own r e s e a r c h on l i o n s {Fanthera leo) and l e o p a r d s {Panthera parous) p r o b a b l y 
b e n e f i t t e d most from r a d i o t r a c k i n g . I n i n v e s t i g a t i n g t h e i r s o c i a l o r g a n i z a t i o n 
and e c o l o g y , s i m p l y t o f i n d t h e p r e d a t o r s and t h e i r k i l l s was t h e m a j o r p r o b l e m . 
R a d i o t r a c k i n g r e s u l t e d i n a t h r e e - or f o u r - f o l d i n c r e a s e i n the number o f l i o n s 
s een p e r d a y , w h i l e t h e r a t e o f l e o p a r d s i g h t i n g s r o s e from around one per t h r e e 
weeks to one or two p e r d a y . I n a d d i t i o n , I c o u l d f i n d and f o l l o w them a t n i g h t . 
Other a d v a n t a g e s r e s u l t e d from b e i n g a b l e t o f i n d the same i n d i v i d u a l s r e l i a b l y and 
r e g u l a r l y , f o r example b e i n g a b l e t o r e l a t e t h e i r d a i l y movements , h u n g e r , h u n t i n g 
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s u c c e s s and r e p r o d u c t i v e per formance ( B y g o t t , Hanby and B e r t r a m , i n p r e p a r a t i o n ) . 
A f u r t h e r a d v a n t a g e , p a r t i c u l a r l y s t r i k i n g i n the c a s e o f l e o p a r d s , was t h a t the 
an ima l s r a p i d l y became much b e t t e r h a b i t u a t e d t o v e h i c l e s t h r o u g h r e p e a t e d p e a c e f u l 
c o n t a c t s w i t h m i n e . Not o n l y c o u l d I a p p r o a c h and o b s e r v e a l e o p a r d much c l o s e r 
b e c a u s e i t would l e t me, b u t a l s o I c o u l d o b s e r v e i t s h u n t i n g a t t e m p t s from much 
f u r t h e r away, s e c u r e i n the knowledge t h a t I c o u l d a lways f i n d i t a g a i n i f i t d i s 
a p p e a r e d . 

Because I needed t o f i n d and o b s e r v e e a c h a n i m a l , 8 l i o n s and 2 l e o p a r d s r a d i o 
c o l l a r e d was the maximum I c o u l d manage . I n f a c t I r a r e l y had a s many, b e c a u s e o f 
problems m a i n l y w i t h b a t t e r y f a i l u r e a n d , a t f i r s t , w i t h a n i m a l s s h e d d i n g t h e i r 
c o l l a r s . A t o t a l o f 34 c o l l a r s were put on l i o n s and l e o p a r d s o v e r t h e 3 y e a r 
p e r i o d , and 31 o f them t a k e n o f f a g a i n , 18 by me and 13 by the l i o n or l e o p a r d . I 
ch ipped open a l l r e c o v e r e d c o l l a r s to r e p l a c e b a t t e r i e s ; i n 20 out o f 22 c a s e s the 
t r a n s m i t t e r c o u l d be used a g a i n s a t i s f a c t o r i l y . Improved c o l l a r d e s i g n , from a 
r i g i d a c r y l i c r i n g to f l e x i b l e machine b e l t i n g , r e s u l t e d i n fewer c o l l a r b r e a k a g e s 
(Ber tram, 1976a) . 

WILDEBEEST 

The S e r e n g e t i w i l d e b e e s t (Connochaetes taurinus) p o p u l a t i o n , o v e r a m i l l i o n s t r o n g , 
are m i g r a t o r y , moving t o t h e open g r a s s p l a i n s i n t h e wet s e a s o n and t h r o u g h t h e 
woodlands i n t h e d r y . Two p r o j e c t s i n v o l v i n g w i l d e b e e s t i n v e s t i g a t e d t h e d e t a i l s 
o f t h e i r movements . 

I n g l i s (1976) p l a c e d r a d i o c o l l a r s on 16 a n i m a l s and t r a c k e d them from the a i r over 
an e i g h t month p e r i o d . He showed t h a t t h e i r a v e r a g e f i x - t o - f i x d a i l y r a t e o f t r a v e l 
was about 3 .75 km day"-^. They went f a s t e r when a p p r o a c h i n g or l e a v i n g the p l a i n s , 
and s lower when on t h e p l a i n s where"they o s c i l l a t e d back and f o r t h w i t h i n i n d i v i 
d u a l l y d i s t i n c t r a n g e s , dependent on f i n d i n g w a t e r and g r e e n f o r a g e . T h e i r huge 
herds appeared t o be f l u i d e n t i t i e s , w i t h no f i x e d s u b g r o u p i n g s w i t h i n them ( I n g l i s , 
1976) . 

K r e u l e n (1975) f o l l o w e d some o f t h e s e r a d i o c o l l a r e d i n d i v i d u a l s on t h e ground as 
p a r t o f h i s p r o j e c t o f e x a m i n i n g the h a b i t a t r e q u i r e m e n t s o f t h e s p e c i e s . The r a d i o 
p r o v i d e d a l a b e l , w i t h o u t w h i c h i t would have b e e n i m p o s s i b l e t o t e l l t h a t he was 
o b s e r v i n g t h e same p a r t o f the moving m a s s . W i l d e b e e s t were f o l l o w e d f o r c o n t i n u o u s 
p e r i o d s o f a week, and d a t a c o l l e c t e d on a w e a l t h o f e n v i r o n m e n t a l f e a t u r e s , on 
food and f e e d i n g b e h a v i o r , on a c t i v i t y p a t t e r n s , and on i n t e r a c t i o n s w i t h o t h e r 
s p e c i e s ( K r e u l e n , p e r s o n a l c o m m u n i c a t i o n ) . 

OTHER UNGULATES 

I n the c o u r s e o f h i s s t u d y o f b u f f a l o (Synoerus oaffer), S i n c l a i r (1977) needed to 
i n v e s t i g a t e the home r a n g e s o f the b i g b r e e d i n g h e r d s , t o d i s c o v e r how d i s t i n c t t h e s e 
r a n g e s were from t h o s e o f n e i g h b o r i n g h e r d s , and how much e n e r g y the a n i m a l s used 
i n l o c o m o t i o n about t h e i r r a n g e . By r a d i o t r a c k i n g two f e m a l e b u f f a l o i n n e i g h b o r 
i n g herds f o r a lmos t a y e a r , he showed t h a t t h e r e was a l m o s t no o v e r l a p i n t h e two 
r a n g e s ; t h a t the herds moved about 2 .7 km day~^; and t h a t i n d o i n g so they consumed 
a q u a n t i t y o f e n e r g y a p p r o x i m a t e l y t h r e e t i m e s t h a t o f t h e b a s a l m e t a b o l i c e n e r g y 
o f i n a c t i v e a n i m a l s . 

Topi (DamaHscus korrigvun) i n t h e S e r e n g e t i , a r e m a i n l y s e d e n t a r y , u n l i k e t h e i r 
c l o s e r e l a t i v e s the w i l d e b e e s t . Duncan (1975) r a d i o c o l l a r e d two f e m a l e t o p i t o 
d e t e r m i n e , on the r a r e o c c a s i o n s t h a t they l e f t t h e i r t e r r i t o r i e s , what made them 
go and where they went t o . I n v a s i o n o f the a r e a by dense masses o f g r a z i n g , m i g r a t i n g 
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w i l d e b e e s t was the main cause o f the u s u a l l y temporary d e p a r t u r e s o f t h e t o p i , who 
moved up t o 20 km away. 

M e j i a was c a r r y i n g out a s t u d y o f g i r a f f e (Giraffa came topardalis) s o c i a l b e h a v i o r 
i n the S e r e n g e t i , as p a r t o f wh ich he wanted t o f o l l o w changes i n s o c i a l i n t e r a c t i o n s 
between mothers and t h e i r c a l v e s a t i n t e r v a l s as the c a l v e s grew u p . Because g i r a f f e s 
move over l a r g e a r e a s and b e c a u s e they p r o v i d e h i g h t r a n s m i t t i n g s t a t i o n s , r a d i o 
t r a c k i n g was b o t h n e c e s s a r y and p r o d u c t i v e i n e n a b l i n g M e j i a to l o c a t e h i s m o t h e r -
c a l f p a i r as r e q u i r e d ( C . M e j i a , p e r s o n a l c o m m u n i c a t i o n ) . 

ELEPHANTS AND HYRAXES 

E l e p h a n t (Loxodonta africana) b u l l s are u s u a l l y found a p a r t from the f a r - r a n g i n g 
b r e e d i n g h e r d s , the young males s e p a r a t i n g from them a t 10-12 y e a r s o l d ( H e n d r i c h s 
and H e n d r i c h s , 1971) . C r o z e showed t h a t the p r o c e s s o f s e p a r a t i o n was n o t t h e 
sudden and i r r e v e r s i b l e one i t had p r e v i o u s l y been t h o u g h t to b e . When the y o u n g e s t 
member of a b u l l group was f i t t e d w i t h a r a d i o c o l l a r , he i m m e d i a t e l y l e f t h i s 
companions and headed back to j o i n up a g a i n as an i n t e g r a t e d member o f a f a m i l y u n i t . 
He had c l e a r l y run b a c k to mother and her r e l a t i v e s , and he remained w i t h them f o r 
a month b e f o r e l e a v i n g to j o i n a b u l l group a g a i n (H . C r o z e , p e r s o n a l communica
t i o n ) . 

The b e h a v i o r and e c o l o g y o f h y r a x e s (Heterohyrax brucei and Procavia Johnstoni), 
r o d e n t - l i k e members o f t h e e l e p h a n t f a m i l y , were s t u d i e d by Hoeck (1975 ) . They 
i n h a b i t t h e g r a n i t e o u t c r o p s ( k o p j e s ) d o t t e d l i k e i s l a n d s t h r o u g h o u t t h e S e r e n g e t i . 
By t r a p p i n g and r a d i o c o l l a r i n g s e v e r a l h y r a x e s , Hoeck was a b l e t o show t h a t they 
t r a v e l a t i n t e r v a l s between the members o f c l o s e l y a d j a c e n t k o p j e g r o u p s , bu t t h a t 
t h e r e i s a lmos t no exchange between the h y r a x p o p u l a t i o n s o f k o p j e s more d i s t a n t 
than a few hundred m e t e r s (H. Hoeck , p e r s o n a l c o m m u n i c a t i o n ) . They a r e p r o b a b l y 
d e t e r r e d b o t h by t h e r i s k o f p r e d a t i o n en r o u t e , and by the t e r r i t o r i a l b e h a v i o r o f 
the h y r a x c o l o n y a t t h e i r d e s t i n a t i o n . 

HYAENAS AND J A C K A L S 

S t r i p e d hyaenas (Hyaena vulgaris) are s c a r c e , n o c t u r n a l and e l u s i v e i n t h e S e r e n g e t i , 
compared w i t h the s p o t t e d hyaena (Crocuta crocuta) w h i c h Kruuk (1972) showed t o be 
a c l a n - l i v i n g p a c k - h u n t i n g s p e c i e s . I n f o r m a t i o n c o u l d o n l y be o b t a i n e d on s t r i p e d 
hyaenas by r a d i o c o l l a r i n g them, and t r a c k i n g them d u r i n g t h e i r n o c t u r n a l w a n d e r i n g s . 
Kruuk (1976) found t h a t t h e y were o m n i v o r o u s , m a i n l y s c a v e n g i n g b u t a l s o e a t i n g 
i n s e c t s , f r u i t s and s m a l l v e r t e b r a t e p r e y , and t h a t they t r a v e l l e d an a v e r a g e o f 
19 km per n i g h t i n the c o u r s e o f t h e i r f o r a g i n g , w i t h i n home r a n g e s o f 40-70 km^. 

Lamprecht found t h a t the b l a c k - b a c k e d j a c k a l (Canis mesomelas) a p p a r e n t l y o c c u p i e s 
a r a t h e r s i m i l a r n i c h e . By r a d i o t r a c k i n g them he showed t h a t t h e y are a l s o omni 
v o r o u s , bu t t h a t t h e y do t h e i r f o r a g i n g w i t h i n much s m a l l e r t e r r i t o r i e s t h a n t h o s e 
o f h y a e n a s . Most a d u l t j a c k a l s remained t h r o u g h o u t the y e a r i n t h e i r t e r r i t o r i e s , 
b r e e d i n g t h e r e d u r i n g J u l y t o September ( J . L a m p r e c h t , p e r s o n a l c o m m u n i c a t i o n ) . 

VULTURES 

R U p p e l l ' s g r i f f o n v u l t u r e (Gyps ruppelli) i s one o f the s i x v u l t u r e s p e c i e s i n the 
S e r e n g e t i . I t b r e e d s on t h e G o l c l i f f s o u t s i d e the park t o the e a s t , b u t f e e d s 
m a i n l y on c a r a c a s e s l e f t i n the wake o f the m i g r a t i n g h e r d s o f w i l d e b e e s t and z e b r a . . 
By f i t t i n g r a d i o t r a n s m i t t e r s t o two v u l t u r e s , C . P e n n y c u i c k , ( p e r s o n a l communica
t i o n ) was a b l e t o show t h a t t h e b i r d s can commute g r e a t d i s t a n c e s (up t o 135 km 
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CONCLUSIONS 
R a d i o t r a c k i n g i s a t e c h n i q u e , not an end i n i t s e l f . O b t a i n i n g f i x e s on a n i m a l s ' 
l o c a t i o n s i s o n l y one p o s s i b l e p r o d u c t o f t h e t e c h n i q u e . What i s i m p o r t a n t i s what 
the s c i e n t i s t does w i t h the i n f o r m a t i o n on l o c a t i o n s , and he can u s u a l l y do a g r e a t 
d e a l more w i t h i t i f he can o b s e r v e t h e a n i m a l and so c o l l e c t f u r t h e r i n f o r m a t i o n 
on i t s immediate e n v i r o n m e n t , i t s companions , and i t s (and t h e i r ) f e e d i n g and s o c i a l 
b e h a v i o r . Knowing where an a n i m a l went becomes a g r e a t d e a l more i n t e r e s t i n g and 
u s e f u l i f one a l s o knows why i t went t h e r e . I n many c a s e s , u s i n g r a d i o t r a c k i n g 
can h e l p i n p r o v i d i n g d a t a on b o t h p o i n t s . 

Our r a d i o t r a c k i n g program i l l u s t r a t e s some o f the v a r i e t y o f ways i n w h i c h r a d i o 
t r a c k i n g can b e n e f i t w i l d l i f e s t u d i e s . One t y p e o f a d v a n t a g e i s i n i n c r e a s i n g the 
e f f i c i e n c y o f f i n d i n g any a n i m a l o f the s t u d y s p e c i e s to o b s e r v e , as shown by the 
l i o n , l e o p a r d and hyaena p r o j e c t s . A second a d v a n t a g e i s i n e n a b l i n g t h e s c i e n t i s t 
t o f i n d p a r t i c u l a r i n d i v i d u a l s f o r o b s e r v a t i o n a t r e g u l a r i n t e r v a l s , as i n the l i o n , 
h y r a x , t o p i , g i r a f f e , b u f f a l o and j a c k a l s t u d i e s . I n t h e s e c a s e s , s e a r c h i n g would 
p r o b a b l y r e v e a l the a n i m a l e v e n t u a l l y , b u t would w a s t e an enormous amount o f t i m e . 
I n some c a s e s , however , t h e a n i m a l would n o t be found a t a l l w i t h o u t r a d i o t r a c k i n g . 
T h i s can be b e c a u s e the a n i m a l i s c o m p l e t e l y h i d d e n by i t s env ironment ( t o r t o i s e 
and l e o p a r d p r o j e c t s ) ; or b e c a u s e t h e a n i m a l i s h i d d e n among a m u l t i t u d e o f i t s 
companions ( w i l d e b e e s t ) ; or b e c a u s e t h e a n i m a l has moved t o o f a r away ( v u l t u r e s , 
par excellence^ and p a r t i c u l a r l y w i l d e b e e s t and e l e p h a n t s t u d i e s ) . A f a i l u r e t o 
f i n d an a n i m a l u s u a l l y t e l l s one n o t h i n g , o f t e n not even the r e a s o n f o r t h e f a i l u r e . 

Range or t e r r i t o r y s i z e s compi l ed w i t h o u t a f a i r l y h i g h degree of c e r t a i n t y o f d i s 
c o v e r i n g the a n i m a l wherever i t i s a r e i n e v i t a b l y r a t h e r t e n u o u s . My b e s t known 
l i o n p r i d e p r o v i d e d an e x a m p l e . A f t e r s t a r t i n g to r a d i o t r a c k I c o u l d f i n d them 
every day (whereas p r e v i o u s l y I m i g h t have managed, w i t h i n f i n i t e l y more e f f o r t , 
on perhaps one day i n t h r e e , had t h e i r r a n g e been known r e l i a b l y ) . On o n l y one 
o c c a s i o n , out o f s e v e r a l h u n d r e d , I t r a c k e d the r a d i o c o l l a r e d l i o n e s s o f t h i s p r i d e 
f a r o u t s i d e her p r i d e ' s a r e a , and w e l l o u t s i d e my s t u d y a r e a , t o f i n d h e r e v e n t u a l l y 
10 km beyond her normal t e r r i t o r y . W i t h o u t r a d i o t r a c k i n g I would n o t even have 
s u s p e c t e d such e x c u r s i o n s . 

I have touched on two o t h e r l e s s o b v i o u s a d v a n t a g e s o f r a d i o t r a c k i n g . One i s i n 
b e i n g a b l e t o w a t c h a n i m a l s from much f u r t h e r away b e c a u s e t h e r e i s no r i s k o f 

from the b r e e d i n g c l i f f s ) and a t c o n s i d e r a b l e speeds (80 km i n l e s s than 9 h ) . 
They do so e n t i r e l y by g l i d i n g , an e f f i c i e n t form o f t r a v e l w h i c h g i v e s them a com
p e t i t i v e edge over the t e r r e s t r i a l s c a v e n g e r s ( H o u s t o n , 1979; P e n n y c u i c k , 1979) . 

TORTOISES 

As an i n t e r e s t i n g s i d e l i n e , I f i t t e d r a d i o t r a n s m i t t e r s t o two t o r t o i s e s , a n i m a l s 
w h i c h are a l m o s t i n v i s i b l e among l o n g v e g e t a t i o n . One , a h i n g e b a c k t o r t o i s e 
(Kinixys belliana) remained f o r 2 y e a r s w i t h i n the 190 m a r e a where she was f i r s t 
f o u n d . The t o r t o i s e a e s t i v a t e d i n a f a v o r i t e h o l e under a rock i n the dry s e a s o n s , 
from whence she emerged t o p o t t e r about h e r r a n g e i n the wet s e a s o n s , a t a maximum 
s u s t a i n e d speed of 12 m h"-^. I t was o b v i o u s t h a t t h i s t o r t o i s e knew w e l l t h e g e o 
graphy o f her range (Ber tram, i n p r e s s , a ) . The second t o r t o i s e , a l a r g e l e o p a r d 
t o r t o i s e (Geochelone pardalis) was found 7 .5 km e a s t o f S . R . I . A f t e r f i t t i n g h e r 
w i t h a t r a n s m i t t e r she was r e l e a s e d a t S . R . I . She remained nearby f o r 3^ m o n t h s , 
then s t a r t e d t r a v e l l i n g when the r a i n s commenced, and i n 53 days went back 7 .5 km 
to w i t h i n 50 m o f h e r c a p t u r e p o i n t . She o v e r s h o t , b u t r e t u r n e d t o s t a y w i t h i n 
2 km of t h i s p o i n t f o r the n e x t 4 | months ( B e r t r a m , i n p r e s s , b ) . Thus t o r t o i s e s 
seem to know t h e i r home and to be a b l e t o f i n d t h e i r way home. 
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l o s i n g them permanent ly ( l i o n , l e o p a r d , and hyaena s t u d i e s ) . The o t h e r i s i n h a b i 
t u a t i n g the animal so t h a t i t can be observed from much c l o s e r ( l e o p a r d p r o j e c t 
p a r t i c u l a r l y ) . 

RECOMMENDATIONS 
I n c o n n e c t i o n w i t h w i l d l i f e s t u d i e s , I s h o u l d l i k e to make f i r s t a p l e a and then 
f o u r p r a c t i c a l recommendat ions . The p l e a i s t h a t a s i m p l e s m a l l s t a n d b y t r a n s m i t t e r 
sys tem be d e v i s e d t o be i n c o r p o r a t e d w i t h the main t r a n s m i t t e r s y s t e m . I t need n o t 
g i v e long r a n g e , b u t needs t o be r e l i a b l e enough so t h a t the a n i m a l or i t s c o l l a r 
can be found by an i n t e n s i v e s e a r c h f o l l o w i n g the l o s s o f the main s i g n a l . A few 
months* v a l u a b l e d a t a on an i n d i v i d u a l w i t h w h i c h c o n t a c t i s s u d d e n l y l o s t becomes 
l e s s u s e f u l , and not knowing the cause o f the l o s s o f s i g n a l h i n d e r s making i m p r o v e 
ments . A spare s m a l l t r a n s m i t t e r , perhaps s w i t c h e d on by the f a i l u r e o f the main 
one , would overcome t h i s p r o b l e m . I t would p r o a b l y not add t o the expense o f t h e 
p r o j e c t e i t h e r , b e c a u s e more c o l l a r s would be r e t r i e v e d to be r e u s e d . Our b u s i e s t 
t r a n s m i t t e r i n the S e r e n g e t i f u n c t i o n e d c o n s e c u t i v e l y on a hyaena and t h r e e l i o n s , 
and was s t i l l r e u s a b l e a g a i n a f t e r i t s 2i y e a r s o f i n t e r m i t t e n t u s e . 

For the w i l d l i f e f i e l d worker e n g a g i n g i n r a d i o t r a c k i n g work , I would make the 
f o l l o w i n g recommendat ions , on the b a s i s o f our S e r e n g e t i e x p e r i e n c e , t o complement 
the u s u a l t e c h n i c a l a d v i c e . 

1. I t i s w e l l worth c a r r y i n g a t l e a s t one s p a r e r a d i o c o l l a r w i t h you a l w a y s , f o r 
two r e a s o n s . One i s t h a t b r i e f o p p o r t u n i t i e s may a r i s e to r e p l a c e a d y i n g c o l l a r 
or f i t a new o n e . The second i s t h a t you a lways have i n hand the o p p o r t u n i t y to 
check t h e per formance o f your equipment a t o n c e , and so d e t e c t and o f t e n remedy 
d e f e c t s i n i t w i t h o u t d e l a y . 

2 . I t i s a lways w o r t h w h i l e t o t ime r o u t i n e l y t h e s i g n a l r a t e o f each t r a n s m i t t i n g 
a n i m a l , t h e r e b y g e t t i n g advance w a r n i n g o f impending b a t t e r y f a i l u r e . 

3 . I t i s wor th p u t t i n g r a d i o c o l l a r s o n t o more t h a n one a n i m a l o f a s o c i a l g r o u p , 
i f p o s s i b l e , so t h a t t h e group can s t i l l be found d e s p i t e the l o s s o f s i g n a l s from 
one o f them. 

4 . I t i s w e l l wor th d e a l i n g w i t h a l l a n i m a l s as g e n t l y and q u i e t l y as p o s s i b l e , so 
t h a t they can be observed c l o s e l y and w i t h o u t d i s t u r b a n c e , and so t h a t c o l l a r s can 
be f i t t e d or removed e a s i l y . 

I s h a l l c o n c l u d e by c i t i n g an example from my work which i l l u s t r a t e s t h e s e recom
m e n d a t i o n s . I no ted one morning t h a t the s i g n a l r a t e from one o f my r a d i o c o l l a r e d 
l e o p a r d s was s l o w i n g down, d e n o t i n g b a t t e r y f a i l u r e (Recommendation 2 ) . I t had t a k e n 
me 6 months o r i g i n a l l y t o f i n d h e r and t o g e t c l o s e enough t o d a r t and c o l l a r h e r , 
and I needed t o g e t more d a t a from h e r . I d i d not have a s p a r e c o l l a r w i t h me 
(Recommendation 1) b e c a u s e e a r l i e r I had s e i z e d an o p p o r t u n i t y t o put i t on a n o t h e r 
a n i m a l . So I t r a c k e d a l i o n e s s w i t h a f u n c t i o n i n g c o l l a r and i m m o b i l i z e d h e r 
(Bertram, 1976b) w i t h a low d o s e . She was a good a p p r o a c h a b l e a n i m a l (Recommenda
t i o n 4) so the low dose was s u f f i c i e n t and she t h e r e f o r e came round q u i c k l y (Bertram 
and K i n g , 1976) . A n o t h e r l i o n e s s i n h e r p r i d e a l s o wore a r a d i o c o l l a r (Recommen
d a t i o n 3) so I knew t h a t I would be a b l e t o f i n d the p r i d e a g a i n . I r e t u r n e d t o the 
l e o p a r d , who f e a r l e s s l y (Recommendation 4) a l l o w e d me t o approach and d a r t h e r , and 
f i t the l i o n e s s * c o l l a r . As a r e s u l t no d a t a were l o s t , o n l y a few hours and a 
few m i l l i g r a m s o f a n e s t h e t i c . The whole p r o c e d u r e was o n l y p o s s i b l e b e c a u s e t h e s e 
recommendations were f o l l o w e d , e x c e p t t o t h e e x t e n t t h a t my s p a r e t r a n s m i t t e r was 
n o t i n my c a r b u t round t h e neck o f a s p a r e l i o n e s s . 
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Aokncwledgements — I am g r a t e f u l t o t h e D i r e c t o r s and s t a f f o f T a n z a n i a N a t i o n a l 
Parks and the S e r e n g e t i R e s e a r c h I n s t i t u t e f o r p e r m i s s i o n , a s s i s t a n c e and f a c i l i t i e s 
f o r my r e s e a r c h i n the S e r e n g e t i . T h i s i s S . R . I . P u b l i c a t i o n N o ; 275. I am i n d e b t e d 
to my co -workers f o r a c c o u n t s o f t h e i r r a d i o t r a c k i n g work, i n some c a s e s unpub
l i s h e d , and I a p o l o g i s e f o r the c a s e s where no doubt I have not done f u l l j u s t i c e 
to i t . I am g r a t e f u l f o r f i n a n c i a l s u p p o r t from the N a t u r a l Env ironment R e s e a r c h 
C o u n c i l , t h e R o y a l S o c i e t y , and the A f r i c a n W i l d l i f e L e a d e r s h i p F o u n d a t i o n . 
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Abstraot — D u r i n g a two y e a r f i e l d s t u d y i n S o u t h A f r i c a , a l l 
members o f a community o f l e s s e r b u s h b a b i e s (Galago senegalensis 
moholi) w i t h i n a 1 X 1 km s t u d y a r e a were c a p t u r e d , i n d i v i d u 
a l l y marked, and r e c a p t u r e d a t r e g u l a r i n t e r v a l s . D a i l y s i g h t 
i n g s o f r a d i o t a g g e d a n i m a l s a t t h e i r s l e e p i n g s i t e s o f f e r e d a 
r e l i a b l e b a s i s f o r mapping i n d i v i d u a l home r a n g e s . An a n a l y s i s 
o f s o c i a l c o n t a c t and d i s p e r s a l d u r i n g t h i s r e l a t i v e l y g r e g a r i o u s 
phase o f the d a i l y a c t i v i t v c y c l e i s supplemented by q u a n t i t a 
t i v e d a t a from d i r e c t o b s e r v a t i o n a t n i g h t w i t h the a i d of red 
l i g h t , i n c l u d i n g 57 n i g h t s on w h i c h s i n g l e b u s h b a b i e s were 
f o l l o w e d t h r o u g h o u t the a c t i v e p e r i o d . A b a s i c s y s t e m o f male 
and f e m a l e t e r r i t o r i a l i t y be tween w e l l e s t a b l i s h e d i n d i v i d u a l s 
of the same s e x i s o b s c u r e d by a complex p a t t e r n o f r a n g i n g and 
s o c i a l c o n t a c t e x h i b i t e d by lower r a n k i n g a n i m a l s . P e r i o d i c 
' m a t i n g ' and ' r e m o v a l ' m i g r a t i o n s are d e s c r i b e d b r i e f l y . D e s 

p i t e the p r e d o m i n a n t l y s o l i t a r y h a b i t s o f t h i s s p e c i e s , s o c i a l 
i n t e r r e l a t i o n s h i p s are s i m i l a r t o t h o s e found w i t h i n ' a g e - g r a d e d 
m a l e ' groups o f more g r e g a r i o u s p r i m a t e s . 

INTRODUCTION 
The ' n o c t u r n a l s o l i t a r y p r o s i m i a n s ' ( b u s h b a b i e s , l o r i s e s , t a r s i e r s , and some lemurs) 
share a number o f b a s i c s o c i a l c h a r a c t e r i s t i c s , y e t f o u r d i s t i n c t t y p e s o f o r g a n i z a 
t i o n a r e a p p a r e n t and c l e a r i n t e r s p e c i f i c (and p r o b a b l y i n t r a s p e c i f i c ) d i f f e r e n c e s 
e x i s t w i t h i n each t3φe ( C h a r l e s - D o m i n i q u e , 1 9 7 8 ) . With r a d i o t r a c k i n g the f i e l d 
worker can now c o l l e c t s y s t e m a t i c r e c o r d s and so can compare s o c i a l s y s t e m s q u a n t i 
t a t i v e l y , even w i t h s e c r e t i v e s p e c i e s i n dense v e g e t a t i o n and on d i f f i c u l t t e r r a i n . 
The n o c t u r n a l p r o s i m i a n s a r e p a r t i c u l a r l y s u i t a b l e s u b j e c t s f o r r a d i o t r a c k i n g and 
i t has t h e r e f o r e been p o s s i b l e t o examine t h e i r s o c i a l o r g a n i z a t i o n i n depth ( C h a r l e s -
Dominique , 1977a, 1977b) . 

B a s i c i n f o r m a t i o n on the b e h a v i o r and e c o l o g y o f l e s s e r b u s h b a b i e s , Galago senegalen
sis moholi^ h a s been o b t a i n e d i n a p r e v i o u s s t u d y ( B e a r d e r , 1969; Bearder and D o y l e , 
1974a) and a s e r i e s o f d y a d i c i n t r o d u c t i o n s i n the l a b o r a t o r y h a s i l l u s t r a t e d the 

^Department o f S o c i a l S t u d i e s , O x f o r d P o l y t e c h n i c , H e a d i n g t o n , O x f o r d , U . K . 
^Department o f A n t h r o p o l o g y , U n i v e r s i t y C o l l e g e London , Cower S t r e e t , London, U . K . 
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n a t u r e o f r e c o g n i t i o n and s o c i a l s t a t u s between i n d i v i d u a l s (Bearder and D o y l e , 
1974b) . T h i s a r t i c l e examines the s o c i a l b e h a v i o r o f w i l d Galago senegalensis i n 
the n o r t h e r n T r a n s v a a l w i t h p a r t i c u l a r r e f e r e n c e to f i v e measures o f s o c i a l c o n t a c t : 
( i ) s o c i a l i n t e r a c t i o n s a t n i g h t ; ( i i ) m i g r a t i o n p a t t e r n s ; ( i i i ) o r g a n i z a t i o n o f 

home r a n g e s ; ( i v ) dayt ime s l e e p i n g a s s o c i a t i o n s ; and (v) m a t i n g b e h a v i o r . 

STUDY AREA AND METHODS 
A f l a t , e a s i l y a c c e s s i b l e a r e a o f open t h o r n v e l d was chosen on t h e farm *Mosdene*, 
the s i t e o f a p r e v i o u s s t u d y , i n the n o r t h e r n T r a n s v a a l , S o u t h A f r i c a ( 2 8 ° 4 7 ' E : 
2 4 ° 3 5 ' S ) . The broken v e g e t a t i o n , w i t h a canopy a p p r o x i m a t e l y 3-5 m h i g h , was s u f f i 
c i e n t l y homogeneous t o a l l o w ample o p p o r t u n i t i e s f o r bushbaby i m m i g r a t i o n and e m i g r a 
t i o n and to min imize the e f f e c t s o f v e g e t a t i o n t y p e upon r a n g i n g b e h a v i o r . The p r e 
dominant t r e e s were Acacia karroo^ A, tortilis s u b s p . heteracantha. A, nilotica 
s u b s p . kraussiana and Euclea undulata. S a p l i n g s o f the same s p e c i e s t o g e t h e r w i t h 
Diospyros lyciodes and Maytenus heterophylla dominated the s p a r s e u n d e r s t o r e y . The 
c l i m a t e was c h a r a c t e r i z e d by wet summers ( O c t o b e r - M a r c h ) and p r e d o m i n a n t l y dry 
w i n t e r s ( M a y - A u g u s t ) w i t h an a v e r a g e a n n u a l r a i n f a l l o f 610 mm (1914-1977) ( E . A . 
G a l p i n , p e r s o n a l c o m m u n i c a t i o n ) . The o n l y o t h e r p r i m a t e s p e c i e s on the farm was 
the v e r v e t monkey, Cercopitheous aethiops. 

Bushbab ie s were c a p t u r e d w i t h m o d i f i e d C h a r d o n n e r e t b i r d t r a p s a f t e r a p r o c e d u r e 
d e s c r i b e d by C h a r l e s - D o m i n i q u e and Bearder ( 1 9 7 9 ) . Up t o 15 t r a p s were d i s t r i b u t e d 
t h r o u g h o u t a 1 x 1 km main ' s t u d y a r e a ' . A l l b u s h b a b i e s t a k e n i n t h e s e t r a p s were 
c o n s i d e r e d as the main ' s t u d y a n i m a l s ' , even i f t h e y h a b i t u a l l y moved beyond the 
a r t i f i c i a l l i m i t s o f the s t u d y a r e a . F u l l t ime m o n i t o r i n g o f b e h a v i o r i n r e l a 
t i o n t o s e l e c t e d e n v i r o n m e n t a l v a r i a b l e s was c o n d u c t e d between A u g u s t , 1975 and 
A u g u s t , 1977. 

T r a p p i n g was c o n t i n u e d u n t i l no unmarked i n d i v i d u a l s c o u l d be found w i t h i n the s t u d y 
a r e a . W e i g h t , r e p r o d u c t i v e c o n d i t i o n and s t a n d a r d measurements were n o t e d f o r e a c h 
a n i m a l . Longterm mark ing was a c h i e v e d w i t h coded e a r - n o t h h e s and by d y e - m a r k i n g or 
f u r - c l i p p i n g the t a i l t o e n s u r e i d e n t i f i c a t i o n by day or n i g h t even when no t r a n s 
m i t t e r was f i t t e d . Repea ted t r a p p i n g programs p r o v i d e d a u s e f u l means o f m o n i t o r i n g 
p h y s i c a l changes w i t h i n the p o p u l a t i o n and o f mark ing r e c r u i t s . T r a p p i n g was g r a 
d u a l l y e x t e n d e d i n t o o t h e r r e g i o n s b y way o f a c o n t r o l . 

The r a d i o equipment c o n s i s t e d o f 20 AVM SMI t r a n s m i t t e r s o f d i f f e r e n t f r e q u e n c i e s 
powered by M a l l o r y MP 675 HT2 b a t t e r i e s . A p o r t a b l e LA 12 r e c e i v e r ( f r e q u e n c y r a n g e 
148 .000-148 .650 MHz) was used w i t h a 3 e l ement Y a g i a n t e n n a . The t r a n s m i t t e r and 
b a t t e r y were mounted w i t h an a c r y l i c c a s i n g onto an i n c o n s p i c u o u s r e v e r s e d l e a t h e r 
b e l t l i n e d w i t h smooth P o l y v i n y l c h l o r i d e (PVC) w h i c h c o v e r e d the a n t e n n a w i r e . The 
b e l t was f i t t e d l o o s e l y around the a n i m a l ' s w a i s t and was h e l d t o g e t h e r by an e a s i l y 
a p p l i e d and s u i t a b l y c a m o u f l a g e d b r a s s r i v e t . The t o t a l w e i g h t o f the r a d i o p a c k a g e 
was e v e n t u a l l y reduced to 8 . 0 g and i t s use was r e s t r i c t e d to b u s h b a b i e s i n e x c e s s 
of 170 g . The e f f e c t i v e r e c e p t i o n d i s t a n c e was 200-300 m and t h e a v e r a g e l i f e o f 
the t r a n s m i t t e r b a t t e r y was 2 m o n t h s . I t p r o v e d p o s s i b l e to keep w o r k i n g t r a n s m i t t e r s 
on a t l e a s t some o f t h e b u s h b a b i e s t h r o u g h o u t the s t u d y owing to the e a s e w i t h w h i c h 
they c o u l d be t r a p p e d , the r e l i a b i l i t y o f the t r a n s m i t t e r s and the f a c i l i t y w i t h 
w h i c h i t was p o s s i b l e t o remove and r e p l a c e an o l d b a t t e r y . Not one t r a n s m i t t e r 
f a i l e d d u r i n g a combined t o t a l t r a n s m i s s i o n p e r i o d o f 9 . 5 y e a r s . 

Up to 20 r a d i o t a g g e d i n d i v i d u a l s and t h e i r companions were i d e n t i f i e d a t t h e i r 
s l e e p i n g p l a c e s , w i t h the a i d o f b i n o c u l a r s , i n e a c h w o r k i n g day f o r 12 months 
between O c t o b e r , 1975 and September , 1976. L e s s r e g u l a r s p o t l o c a t i o n s were made 
a t n i g h t u s i n g a red f l a s h l i g h t w h i c h produced a b r i l l i a n t t a p e t a l r e f l e c t i o n . A t 
t h i s t ime c o n t i n u o u s a l l - n i g h t o b s e r v a t i o n s o f s e l e c t e d i n d i v i d u a l s were c o n d u c t e d 
a t a p p r o x i m a t e l y 10 day i n t e r v a l s , when b e h a v i o r , p o s i t i o n and ambient t e m p e r a t u r e 
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RESULTS 
F o r t y - e i g h t b u s h b a b i e s were seen w i t h i n the s t u d y a r e a and 2 a d u l t males were i n t r o 
duced e x p e r i m e n t a l l y d u r i n g the 2 y e a r p e r i o d . S e v e n t y - t h r e e t r a n s m i t t e r b e l t s , 
h a v i n g an a v e r a g e w o r k i n g l i f e o f 48 d a y s , were f i t t e d t o 37 o f t h e s e a n i m a l s t o 
y i e l d over 9000 p o s i t i o n a l r e c o r d s . The m a j o r i t y o f t h e s e s i g h t i n g s i n v o l v e d s l e e p 
i n g s i t e r e c o r d s (n = 4202) and 10 min p l o t s o b t a i n e d d u r i n g 57 a l l - n i g h t o b s e r v a 
t i o n s (n = 3 4 5 6 ) . The remainder are a c c o u n t e d f o r by i n d e p e n d e n t s p o t - l o c a t i o n s a t 
n i g h t In = 1172) and by c a p t u r e s (n = 2 6 0 ) . 

I n e v i t a b l y some b u s h b a b i e s were s t u d i e d more i n t e n s i v e l y t h a n o t h e r s and f l u c t u a t i o n s 
i n the p o p u l a t i o n s t r u c t u r e ensured t h a t the m a j o r i t y Were f o l l o w e d f o r d i f f e r e n t 
l e n g t h s o f t i m e . F o r e x a m p l e , the a d u l t / s u b a d u l t p o p u l a t i o n o f 31 a n i m a l s a t the 
s t a r t o f the s t u d y g a i n e d 10 b u t l o s t 21 i n d i v i d u a l s b e f o r e t h e end; t h e r e m a i n i n g 
20 i n c l u d e d o n l y 13 s u r v i v o r s from the o r i g i n a l community . Such r e c r u i t m e n t and 
l o s s c a u s e s f r e q u e n t s o c i a l change and i t i s t h e r e f o r e d e s i r a b l e t o s e l e c t a s t u d y 
p e r i o d l o n g enough t o a l l o w c o l l e c t i o n o f a s u f f i c i e n t l y l a r g e sample o f o b s e r v a 
t i o n s y e t s h o r t enough t o ensure a r e a s o n a b l e d e g r e e o f s o c i a l s t a b i l i t y . T h u s , a l l 
s i g h t i n g s o f t h e b e s t s t u d i e d b u s h b a b i e s are used to d e t e r m i n e a r e a s o n a b l e measure 
o f home r a n g e and to d e m o n s t r a t e m i g r a t i o n , whereas t h e n a t u r e o f home r a n g e r e l a 
t i o n s h i p i s shown f o r o n l y the f i r s t s p r i n g and summer s e a s o n s when c l i m a t i c and 
p o p u l a t i o n f l u c t u a t i o n s were low and the p o s s i b l e a d v e r s e e f f e c t s o f o b s e r v e r i n t e r 
f e r e n c e were a t a minimum. D e t a i l s o f s o c i a l change t h r o u g h t ime a r e not c o n s i d e r e d 
h e r e . 

S O C I A L STATUS 

L a b o r a t o r y i n t r o d u c t i o n s show t h a t ' s t r a n g e r s ' o f the same a g e / s e x c l a s s are g e n e r 
a l l y i n c o m p a t i b l e whereas companions o f s i m i l a r s t a t u s , h a v i n g matured t o g e t h e r , may 
show l i t t l e m u t u a l a n t a g o n i s m . A d u l t f e m a l e s a r e f i e r c e l y a g g r e s s i v e towards s t r a n g e 
a d u l t f e m a l e s , sometimes f i g h t i n g t o the d e a t h . A d u l t m a l e s i n t r o d u c e d t o one 
ano ther by removal o f a p a r t i t i o n be tween t h e i r home c a g e s show m u t u a l a t t a c k , o f t e n 
i n f l i c t i n g s e r i o u s i n j u r i e s w i t h o u t r e s o r t to v o c a l i z a t i o n s c h a r a c t e r i s t i c o f s u b 
m i s s i o n . M a t u r i n g m a l e s e v e n t u a l l y dominate a l l f e m a l e s a f t e r a p e r i o d o f a m b i g u i t y 
when they a r e s u b a d u l t . I t seems t h e r e f o r e t h a t s t a t u s i s p r i m a r i l y de termined by 
age and s e x b u t i t i s m o d i f i e d b y p r e v i o u s a s s o c i a t i o n s , f a m i l i a r i t y w i t h t h e e n v i r o n 
ment and i n d i v i d u a l d i f f e r e n c e s i n a g g r e s s i v e n e s s ( B e a r d e r and D o y l e , 1 9 7 4 b ) . 

was sampled e v e r y 10 m i n . I n the second h a l f o f the s t u d y the number o f t r a n s m i t t e r s 
i n use a t any one t ime was r e d u c e d , w i t h a consequent r e d u c t i o n i n the number o f 
a n i m a l s i d e n t i f i e d d u r i n g the d a y . With fewer a n i m a l s to f o l l o w i t became p o s s i b l e 
to s t a b i l i z e a l l - n i g h t o b s e r v a t i o n s t o week ly i n t e r v a l s and to examine i n more 
d e t a i l the a c t i v i t y and r a n g i n g h a b i t s o f p a r t i c u l a r i n d i v i d u a l s . L o s s o f d a t a on 
the s t u d y p o p u l a t i o n was a v o i d e d by a c o n t i n u a l s h i f t i n emphas i s from one p a r t o f 
the s t u d y a r e a t o a n o t h e r by f i t t i n g t r a n s m i t t e r s i n a new s e c t o r and removing o l d 
ones e v e r y 2 m o n t h s . 

The p o s i t i o n s o f numbered s l e e p i n g t r e e s and t h o s e marked a t 10 min i n t e r v a l s d u r i n g 
c o n t i n u o u s o b s e r v a t i o n s were measured by p a c i n g the ground i n r e l a t i o n t o t h e n e a r e s t 
i n t e r s e c t i o n s o f p a t h w a y s . E a c h t r e e was s u b s e q u e n t l y p l o t t e d on a l a r g e s c a l e 
a e r i a l p h o t o g r a p h (1 cm = 7 .8 m) and i t s l o c a t i o n c o n v e r t e d i n t o a 6 f i g u r e g r i d 
r e f e r e n c e u s i n g an o v e r l a y g r i d to a s c a l e o f 25 x 25 m. A l l o t h e r p o s i t i o n a l p l o t s 
were r e c o r d e d t o w i t h i n the n e a r e s t 25 x 25 m s q u a r e a t the t ime o f s i g h t i n g by 
r e f e r r i n g t o a s m a l l a e r i a l p h o t o g r a p h h a v i n g the a p p r o p r i a t e g r i d . T r a v e l d i s t a n c e s 
c o u l d be measured a c c u r a t e l y from the l a r g e s c a l e map and a r e a s were c a l c u l a t e d u s i n g 
a p l a n i m e t e r . 
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Females i n the w i l d d i s p l a y e d to one a n o t h e r near 'border z o n e s ' i n some c a s e s 
( v o c a l e x c h a n g e s — ' b a r k s ' ) b u t a s s o c i a t e d a m i c a b l y i n o t h e r s . No o b v i o u s b e h a v i o r a l 
d i s t i n c t i o n c o u l d be made between a d u l t s and s u b a d u l t s , d e s p i t e s i g n s o f d i f f e r e n c e s 
i n rank . W i l d males which appeared t o d i s p l a y a c o n t i n u o u s g r a d a t i o n i n p h y s i c a l 
c h a r a c t e r i s t i c s c o u l d be grouped i n t o d i s t i n c t c a t e g o r i e s r e f l e c t i n g d i f f e r e n c e s i n 
t h e i r s o c i a l b e h a v i o r and a g e . The d e s c r i p t i v e terms o f C h a r l e s - D o m i n i q u e (1972) 
f o r s o c i a l c l a s s e s i n Galago demidovii have been employed a l t h o u g h they are not 
s t r i c t l y c o m p a r a b l e . I n G. senegalensis 3 c a t e g o r i e s were d i s t i n g u i s h e d on t h e 
b a s i s o f 218 e n c o u n t e r s i n v o l v i n g known m a l e s : 

'Central A' — males wh ich dominate or d i s p l a c e a l l o t h e r b u s h b a b i e s they meet a t 
n i g h t w h i l e showing t e r r i t o r i a l b e h a v i o r towards n e i g h b o r i n g h i g h r a n k i n g m a l e s . 

A dominant bushbaby c a n be d e f i n e d as one w h i c h i n i t i a t e s s o c i a l c o n t a c t or a g o n i s m . 
A s u b m i s s i v e an imal g e n e r a l l y d e s c e n d s , u t t e r i n g c h a r a c t e r i s t i c v o c a l i z a t i o n , and 
i f n o t chased may s i t q u i e t l y on t h e ground u n t i l the o t h e r moves o n . 

' A ' ma le s f a l l a t the upper end o f the s i z e / w e i g h t r a n g e ; t h e y have w e l l d e v e l o p e d 
g l a n d u l a r a r e a s on t h e t h r o a t and scro tum and a c h a r a c t e r i s t i c s m e l l o f the u r i n e 
and p e l a g e . They e x h i b i t b o l d a s s e r t i v e movements d u r i n g range ' p a t r o l s ' wh ich 
i n v o l v e v o c a l e x c h a n g e s ( b a r k s ) w i t h a d j a c e n t A male s and they g a i n p r i o r a c c e s s 
t o f e m a l e s and s l e e p i n g s i t e s . 

'Central B' — n o n - t e r r i t o r i a l m a l e s w h i c h are m u t u a l l y i n t o l e r a n t d u r i n g s o c i a l 
e n c o u n t e r s , d i s p l a c i n g one a n o t h e r w i t h i n a l i n e a r dominance h i e r a r c h y . 

' B ' ma le s occupy the m i d d l e t o upper end o f the s i z e / w e i g h t r a n g e . They show v a r i o u s 
degrees o f g l a n d u l a r development and do not have a d i s t i n c t i v e s m e l l . They are s u b 
m i s s i v e towards A males a t a l l t i m e s , r a r e l y e m i t t i n g b a r k s w h i c h are n e v e r g i v e n 
i n the c o n t e x t o f b o r d e r e x c h a n g e s . 

Svbadults/juveniles — ma le s w h i c h e x h i b i t a m i c a b l e s o c i a l c o n t a c t w i t h a l l o t h e r 
s o c i a l c l a s s e s . 

A MEASURE OF HOME RANGE 

As a measure o f relative home range s i z e and p o s i t i o n , the 'minimum s l e e p i n g a r e a ' 
i s d e f i n e d a s t h e a r e a o f a convex p o l y g o n e n c l o s i n g the outermost s l e e p i n g s i t e s 
s een to be used by an i n d i v i d u a l d u r i n g a p e r i o d o f s o c i a l s t a b i l i t y . F i g u r e s 1 
and 2 show 9 examples o f the minimum s l e e p i n g a r e a (heavy l i n e s ) f o r w e l l - s t u d i e d 
b u s h b a b i e s i n r e l a t i o n t o the t o t a l s i g h t i n g s o f each an imal outside the mating 
season. D e t a i l s o f t h e i n t e n s i t y of s a m p l i n g f o r the f o u r s o c i a l c l a s s e s are p r e 
s e n t e d i n Table 1. 

F i g u r e 1 d e p i c t s the movements and s p o t - l o c a t i o n s o f f o u r b u s h b a b i e s o f d i f f e r e n t 
a g e , s e x and o r i g i n which remained more or l e s s s e d e n t a r y d u r i n g the t ime t h e y were 
known. With one n o t a b l e e x c e p t i o n (male M; not shown i n F i g . 1) t h e r e was c o n s i d e r 
a b l e s i m i l a r i t y between the minimum s l e e p i n g a r e a o f s e d e n t a r y a n i m a l s (a^) and the 
a r e a w h i c h would i n c l u d e all p o i n t s o f r e s i g h t i n g , the 'minimum home r a n g e ' (a^) 
(Möhr, 1947; L a y n e , 1954) . The a v e r a g e degree o f o v e r l a p ( a i / a 2 p e r c e n t ) , e x c l u d i n g 
male M, was 83 p e r c e n t (N = 12; S . E . = 3 . 3 7 ; range 5 8 - 9 6 ) . I n s p i t e o f t h e d i f f e r e n t 
sample s i z e s of s l e e p i n g s i t e r e c o r d s (51-265) t h e s l e e p i n g a r e a s o f A and Β ma le s 
a r e c l e a r l y l a r g e r than t h o s e o f f e m a l e s and j u v e n i l e s . 

The s l e e p i n g a r e a o f male Μ was u n u s u a l , c o v e r i n g o n l y 42 p e r c e n t o f h i s minimum 
home range even though i t was b a s e d upon the g r e a t e s t number o f d a i l y o b s e r v a t i o n s 
( 2 6 5 ) . T h i s male was p a r t i c u l a r l y s low to adopt 'new' s l e e p i n g t r e e s (one d i s c o v e r e d 
e v e r y 5 . 3 days o f t r a c k i n g compared t o a range o f one e v e r y 1.4 to 2 .9 days f o r o t h e r 
Β m a l e s ) . 
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(α) 
o 100 200m 

F i g . 1. S l e e p i n g a r e a s (heavy l i n e s ) o f s e d e n t a r y b u s h b a b i e s i n r e l a t i o n 
t o t h e i r t o t a l known movements and s p o t - l o c a t i o n s , O c t o b e r , 1975-
A u g u s t , 1977. The s q u a r e r e p r e s e n t s the 1 χ 1 km s t u d y a r e a . 
Clumping o f symbols i n d i c a t e s the i n t e n s i t y o f range u s e . (a ) Β 
m a l e , X (N = 3 4 9 ) . (b) A m a l e , Ρ (N = 354) ; Β male Q2 (N = 5 7 1 ) ; 
F e m a l e , H2 (N = 1 9 7 ) . Note the r e l a t i v e s i z e o f the s l e e p i n g 
a r e a s o f each s o c i a l c l a s s . 
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F i g . 2 . Examples o f s l e e p i n g a r e a s h i f t s by l e s s e r b u s h b a b i e s 
i n r e s p o n s e t o m a j o r changes i n t h e s o c i a l e n v i r o n m e n t . 
New range = heavy broken l i n e s , (a) D i s a p p e a r a n c e o f 
n e i g h b o r i n g f e m a l e s : Female S ( s l e e p i n g l o c a t i o n s : 
n i = 6 3 , n2 = 106) ; Female Τ (ηχ = 140, n2 = 2 2 ) . 
(b) D i s a p p e a r a n c e o f A male and change o f s t a t u s : Male 
W (n^ = 74, n2 = 8 4 ) . Death o f a t e r r i t o r i a l n e i g h b o r : 
A m a l e , TW ( n j = 9 3 , n2 = 7 1 ) . ( c ) D i s a p p e a r a n c e o f 
a n e i g h b o r i n g f emale and independence from mother : 
Female P2 (ηχ = 100, n2 = 4 7 ) . 
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P o t e n t i a l d i s t o r t i o n s i n s a m p l i n g are i l l u s t r a t e d i n F i g . 2 , w h i c h shows range 
s h i f t s i n r e s p o n s e t o major a l t e r a t i o n s i n p o p u l a t i o n s t r u c t u r e ( u n p u b l i s h e d d a t a ) . 
These i n c l u d e ( i ) d i s a p p e a r a n c e o f n e i g h b o r i n g r i v a l s ( S , T , TW); ( i i ) independence 
o f a young female from h e r mother ( P 2 ) ; and ( i i i ) a change i n s t a t u s from Β male t o 
A male (W). Once a g a i n , s l e e p i n g a r e a s measured b e f o r e or a f t e r the s h i f t p r o v i d e d 
a r e a l i s t i c e s t i m a t e o f the a r e a a c t u a l l y t r a v e r s e d ( n i / n 2 p e r c e n t : 84; S . E . = 4 . 3 8 ; 
range 6 1 - 1 0 0 ) . 

The g r e a t a d v a n t a g e o f the minimum s l e e p i n g a r e a method f o r t h i s s p e c i e s i s t h a t i t 
reduces the b i a s o f unequa l s a m p l i n g by u s i n g o n l y the most e a s i l y o b s e r v e d f e a t u r e 
o f range u s e ( s l e e p i n g l o c a t i o n ) and one t h a t i s l e a s t l i k e l y t o show s h o r t term 
v a r i a b i l i t y . 

MIGRATION PATTERNS 

The pronounced e f f e c t s o f s o c i a l change upon t h e a p p a r e n t s i z e o f home r a n g e s a r e 
f u r t h e r i l l u s t r a t e d t h r o u g h c o n s i d e r a t i o n o f m i g r a t i o n . The d i s p l a c e m e n t o f f emale 
P2 can be c o n s i d e r e d as a minor m i g r a t i o n w h i c h was the most e x t e n s i v e o b s e r v e d i n 
t h e c a s e o f a f e m a l e . M a l e s , however , p e r i o d i c a l l y showed more e x t e n s i v e m i g r a t i o n 
o f two k i n d s which are d e f i n e d f o l l o w i n g the t e r m i n o l o g y o f Baker ( 1 9 7 8 ) . 

Mating Season Migrations 

B u s h b a b i e s i n t h e s t u d y a r e a e x h i b i t e d e s t r u s s y n c h r o n y , showing two b r i e f e s t r u s 
peaks e a c h y e a r spaced i n s u c h a way t h a t a f e m a l e c o u l d p o t e n t i a l l y r e a r two s e t s 
o f t w i n s w i t h i n the s p r i n g and summer p r i o r t o the o n s e t o f d r o u g h t and c o l d . The 
s t a r t o f e s t r u s was u s u a l l y c l e a r l y i n d i c a t e d by v a g i n a l s w e l l i n g and r u p t u r e o f the 
membranes v h i c h s e a l e d the o p e n i n g d u r i n g a n e s t r u s . P o s t - p a r t u m e s t r u s a l s o o c c u r r e d . 
E s t r u s , m a t i n g and a s s o c i a t e d b e h a v i o r was o b s e r v e d e a c h y e a r between May 5 and 
J u n e 13 and between September 14 and O c t o b e r 5 . W i t h i n t h e s e p e r i o d s m a l e s were 
found t o make wide r a n g i n g movements i n t o a r e a s where they had not p r e v i o u s l y been 
s e e n , where they a s s o c i a t e d w i t h f e m a l e s w h i c h they d i d n o t u s u a l l y c o n t a c t ( F i g . 3 ) . 

Male A p r o v i d e d s e v e r a l examples o f m a t i n g s e a s o n m i g r a t i o n s , some o f w h i c h were 
f o l l o w e d i n d e t a i l on two c o n s e c u t i v e n i g h t s o f c o n t i n u o u s o b s e r v a t i o n ( F i g . 3 a ) . 
T h i s male v i s i t e d a t l e a s t 3 f e m a l e s up t o 1.2 km a p a r t w i t h i n 10 d a y s . He moved 
and s l e p t as much as 700 m away from h i s normal s l e e p i n g a r e a , t o w h i c h he r e t u r n e d 
t o r e - e s t a b l i s h s e d e n t a r y a c t i v i t y a f t e r the e s t r u s p e r i o d had e n d e d . These g r e a t l y 
i n c r e a s e d movements p r o b a b l y r e s u l t e d from o l f a c t o r y s i g n a l s r e l e a s e d by t h e f e m a l e . 
They can be d e f i n e d as ' r e g u l a r , c a l c u l a t e d e x p l o r a t o r y and r e t u r n m i g r a t i o n s ' o f 
s h o r t d u r a t i o n w h i c h s e r v e to i n c r e a s e a m a l e ' s p o t e n t i a l r e p r o d u c t i v e s u c c e s s . 
F u r t h e r examples o f t h i s type o f m i g r a t i o n , i n c l u d i n g t h a t o f a A m a l e , a r e shown 
i n F i g . 3b ( see M a t i n g B e h a v i o u r ) . 

Pre-reproductive Migrations 

S i x b u s h b a b i e s (5 m a l e s 1 unsexed) moved i n t o the s t u d y area as a d u l t s or s u b a d u l t s . 
Four o f t h e s e became c o m p l e t e l y i n t e g r a t e d i n t o the s o c i a l s y s t e m ( i n c l u d i n g Q 2 ; 
F i g . 1) w h i l e two remained f o r a few days and were n o t s een s u b s e q u e n t l y . F o u r 
j u v e n i l e / s u b a d u l t ma le s (R, B2 , M2, N 2 ) , p r e s e n t a t the s t a r t o f t h e s t u d y , d i s 
appeared s h o r t l y b e f o r e r e a c h i n g a d u l t h o o d , s u g g e s t i n g t h a t they may have moved as 
p a r t o f a p r e - r e p r o d u c t i v e m i g r a t i o n . On the o t h e r h a n d , a f u r t h e r two male s ( A , 
G2) matured w i t h i n the range o f t h e i r b i r t h . 

ORGANIZATION OF RANGES 

The r e l a t i v e p o s i t i o n s o f home r a n g e s b a s e d on minimum s l e e p i n g a r e a s d u r i n g O c t o b e r , 
1 9 7 5 - A p r i l , 1976 are shown s e p a r a t e l y f o r e a c h s o c i a l c l a s s i n F i g . 4 . 
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F i g . 3 . Examples o f m i g r a t i o n by male b u s h b a b i e s away from 
s l e e p i n g a r e a s measured i n the months i m m e d i a t e l y p r e c e d i n g 
and f o l l o w i n g m a t i n g . Note t h e u n u s u a l , s h o r t term, 
e x c u r s i o n s to v i s i t e s t r o u s f e m a l e s w e l l o u t s i d e t h e 
normal r a n g e . 
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F i g . 4 . R e l a t i v e p o s i t i o n and s i z e o f s l e e p i n g a r e a s f o r f o u r bushbaby 
s o c i a l c l a s s e s d u r i n g the f i r s t s p r i n g and summer o f the s t u d y 
( O c t o b e r , 1 9 7 5 - A p r i l , 1976) supplemented by l a t t e r o b s e r v a t i o n s 
i n a few c a s e s (males K 2 , G 2 , N2; f e m a l e s L E , H 2 , J 2 ) . (a) A 
m a l e s (F2 was k i l l e d a t an e a r l y d a t e ) . (b) Β ma le s (note the 
e x c e p t i o n a l l y s m a l l a r e a o f male M ) . ( c ) F e m a l e s , (d) S u b a d u l t 
m a l e s . 
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The p a t t e r n o f f emale ranges v a r i e s between t h o s e w h i c h are more or l e s s s e p a r a t e , 
and t h o s e which are a l m o s t e n t i r e l y c o n g r u o u s . I n f a c t t h i s appears to be an a g e -
s t r u c t u r e d p a t t e r n . The r a n g e s of f i v e parous f e m a l e s ( C , H , N , Q, LE) o v e r l a p p e d 
t o a s m a l l e x t e n t , i f a t a l l , whereas the r a n g e s o f f i v e n u l l i p a r o u s f e m a l e s ( G , S , 
T, Y , Z) e x t e n s i v e l y o v e r l a p p e d those o f ' o l d e r ' f e m a l e s . The r e l a t i v e age o f the 
remainder c o u l d not be d e t e r m i n e d . 

I n v i ew o f the t e r r i t o r i a l b e h a v i o r o f A male s i t i s not s u r p r i s i n g t h a t t h e i r ranges 
show l i t t l e o v e r l a p , a l t h o u g h some i s t o be e x p e c t e d i n o r d e r t o a l l o w r e c i p r o c a l 
a s s e s s m e n t through o l f a c t i o n ( C h a r l e s - D o m i n i q u e , 1977, 1 9 7 8 ) . The ranges o f s u b 
a d u l t m a l e s appear to be d i s t r i b u t e d a t random, sometimes showing e x t e n s i v e o v e r l a p . 
I t i s the complex o v e r l a p p i n g arrangement o f the ranges o f Β m a l e s w h i c h i s perhaps 
t h e most i n t e r e s t i n g . 

Measurement o f home range a r e a was o n l y a t t e m p t e d i n the c a s e o f r a d i o t a g g e d i n d i 
v i d u a l s wh ich were s een on more than 30 days i n the s p r i n g and summer. T a b l e 2 
compares home range s i z e w i t h a s e c o n d measure o f r a n g i n g ( t r a v e l speed) i n r e l a t i o n 
t o the s i z e and w e i g h t o f each c l a s s . No s i g n i f i c a n t v a r i a t i o n s were found between 
parous and n u l l i p a r o u s f e m a l e s , which are t h e r e f o r e lumped t o g e t h e r . 

T a b l e 2 . 
P h y s i c a l c h a r a c t e r i s t i c s and r a n g e s i z e o f G . senegalensis 
( O c t o b e r , 1 9 7 5 - A p r i l , 1976) compared w i t h mean t r a v e l speed 

f o r e a c h s o c i a l c l a s s 

Head Body Weight^ Home r a n g e ^ Mean t r a v e l speed^ 
l e n g t h l e n g t h m h ~ l 

cm cm g ha moon no moon 

C e n t r a l A 4 .6 11.9 226 11 .0 157 70 
males 4 . 5 - 4 . 7 11-13 208-242 9 . 5 - 1 5 . 6 65-211 63-85 

Ν = 5 Ν = 5 Ν = 5 Ν = 4 Ν = 3 Ν = 3 

C e n t r a l Β 4 .6 11 .8 211 15.9 159 84 
m a l e s 4 . 5 - 4 . 7 11-12 202-224 9 . 9 - 2 2 . 9 75-240 47-168 

Ν = 8 Ν = 8 Ν = 8 Ν = 7 Ν = 9 Ν = 7 

Females 4 .4 11 .8 200 6 . 7 109 78 
4 . 1 - 4 . 7 11-13 177-221 4 . 4 - 1 1 . 7 45-180 27-140 

Ν = 13 Ν = 13 Ν = 13 Ν = 11 Ν = 8 Ν = 11 

S u b a d u l t 4 .5 11 .6 189 6 .9 83 95 
ma le s 4 . 4 - 4 . 6 11-12 183-195 74-98 67-108 

Ν = 5 Ν = 5 Ν = 5 Ν = 1 Ν = 3 Ν = 3 

^When more than one measurement was taken f o r e a c h an imal 
g i v e n . 

^Based on 34-142 d a i l y s i g h t i n g s p e r an imal (Mean 84, S . E . 
^Based on 413 h o f d i r e c t o b s e r v a t i o n , O c t o b e r , 1975-May, 

t h e a v e r a g e f i g u r e i s 

6 . 1 4 , S . D . 2 9 . 4 7 ) . 
1977 ( e x c l u d i n g m i g r a t i o n s ) , 

Two s i z e groups a r e a p p a r e n t : A and Β m a l e s were s i g n i f i c a n t l y l a r g e r t h a n f emale s 
and s u b a d u l t males on t h e b a s i s o f head l e n g t h (F = 7 .54 df 1, 29 Ρ < 0 . 0 5 ) . However, 
a l t h o u g h Β m a l e s were e q u i v a l e n t i n s i z e t o A m a l e s , they were s i g n i f i c a n t l y l i g h t e r 
i n w e i g h t ( F = 5 .35 df 1, 11 Ρ < 0 . 0 5 ) , w h i c h i s i n a c c o r d w i t h t h e i r s o c i a l s t a t u s . 

Female r a n g e s were s i m i l a r i n s i z e t o t h a t o f a s i n g l e s u b a d u l t male whose movements 
were w e l l documented. These r a n g e s were c o n s i d e r a b l y s m a l l e r t h a n t h o s e o f A or Β 
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males (Mann-Whitney U t e s t : n j = 10, n2 = 12; U = 4; Ρ < 0 . 0 0 1 ) , the r a n g e s o f Β 
males t e n d i n g to be p a r t i c u l a r l y l a r g e . The v a l i d i t y o f t h i s d i f f e r e n c e i s s t r e n g 
thened through measurement o f p a t h l e n g t h d u r i n g d i r e c t o b s e r v a t i o n . The speed o f 
t r a v e l o f a l l c l a s s e s was much the same when t h e r e was no moon v i s i b l e . Once the 
moon r o s e , f e m a l e s (and s u b a d u l t m a l e s ) showed l i t t l e change i n the e x t e n t o f t h e i r 
movement b u t o l d e r m a l e s t r a v e l l e d s i g n i f i c a n t l y f u r t h e r e a c h h o u r , b o t h i n r e l a t i o n 
t o f emales (8 f e m a l e s , 11 m a l e s : U = 18, Ρ < 0 .025) and to t h e i r movements d u r i n g 
p e r i o d s w i t h o u t a moon (n i = 10, n2 = 11; U = 14; Ρ < 0 . 0 1 ) . 

A MEASURE OF ASSOCIATION 

I n t e r r e l a t i o n s h i p s between ranges become c l e a r when they a r e v iewed i n c o n j u n c t i o n 
w i t h knowledge o f the degree o f s o c i a l c o n t a c t between i n d i v i d u a l s . B u s h b a b i e s 
f l u c t u a t e between a s o l i t a r y a c t i v e phase and a g r e g a r i o u s r e s t i n g phase d u r i n g 
each 24 h p e r i o d and t h e r e f o r e a p a r t i c u l a r l y s u i t a b l e i n d e x o f a s s o c i a t i o n i s p r o 
v i d e d by the f o r m u l a a = 2 N / n i + n2 where n j + n2 r e p r e s e n t the number o f t imes t h a t 
a p a i r o f b u s h b a b i e s were seen i n the day t ime and Ν the number o f t imes t h e y were 
s l e e p i n g t o g e t h e r (see S c h a l l e r , 1972, p . 3 6 ) . The r e s u l t i n g p a t t e r n o f a s s o c i a t i o n 
i s i l l u s t r a t e d i n F i g . 5 . 

Females w i t h o v e r l a p p i n g home ranges are t h o s e w h i c h a s s o c i a t e e i t h e r r e g u l a r l y or 
o c c a s i o n a l l y ( f emale s Τ and Ν were s een t o g e t h e r once a t a l a t e r d a t e ) . L a t e r obser 
v a t i o n s conf i rmed t h a t f e m a l e / f e m a l e a s s o c i a t i o n s were i n f a c t k i n groups showing 
v a r i o u s degrees o f s t a b i l i t y . Thus the t o l e r a n c e n o t e d between female companions 
i n the l a b o r a t o r y and the i n t o l e r a n c e o f s t r a n g e r s i s c l e a r l y r e l a t e d to t h e sys tem 
o f s o c i a l s p a c i n g o p e r a t i n g i n the w i l d . 

A l l m a l e s a s s o c i a t e w i t h f e m a l e s on a r e g u l a r b a s i s (shown by the many c o n n e c t i n g 
l i n e s between m a l e s and f e m a l e s ) b u t a p a r t from a s s o c i a t i o n s i n v o l v i n g j u v e n i l e s or 
s u b a d u l t s , m a l e s n e v e r s l e e p t o g e t h e r . I t s h o u l d be n o t e d t h a t c e n t r a l Β ma le s main 
t a i n s o c i a l l i n k s w i t h f e m a l e s wh ich may be more e x t e n s i v e than t h o s e o f c e n t r a l A 
males (male J f o r example was s een w i t h 6 f e m a l e s whereas Ρ s l e p t w i t h 5 ) . 

The p i c t u r e t o emerge when t h e home r a n g e s o f each s o c i a l c l a s s a r e super imposed i s 
shown i n F i g . 6 . Only a n i m a l s w h i c h come i n t o e x t e n s i v e c o n t a c t w i t h t h e r a n g e o f 
a s i n g l e A male are i n c l u d e d f o r the sake o f c l a r i t y . I n t h i s c a s e t h e A male 
' c o n t r o l s ' 5 f e m a l e s and t o l e r a t e s 3 Β males whose r a n g e s e x t e n d i n a l l d i r e c t i o n s , 
b r i n g i n g them i n t o c o n t a c t w i t h a d j a c e n t ' g r o u p s ' . 

MATING BEHAVIOR 

C o n s i d e r i n g t h a t c e r t a i n l a r g e males ' d e f e n d ' a t e r r i t o r y ( P i t e l k a , 1959) a g a i n s t 
encroachment by dominant n e i g h b o r s w h i l e a l l o w i n g f r e e a c c e s s to s u b o r d i n a t e males 
o f a s i m i l a r s i z e , i t i s s a f e t o assume t h a t the de fended r e s o u r c e i s n o t , f o r 
e x a m p l e , food b u t p r o b a b l y f e m a l e s . I n t h a t c a s e i t m i g h t be p r e d i c t e d t h a t Β males 
would be e x c l u d e d from m a t i n g i n some o t h e r way . A t f i r s t s i g h t the m a t i n g s e a s o n 
m i g r a t i o n noted above and the s e x u a l deve lopment o f Β males seems t o c o n t r a d i c t t h i s 
c o n c l u s i o n . No c o r r e l a t i o n s c o u l d be f o u n d , f o r e x a m p l e , between s o c i a l p o s i t i o n , 
and the s i z e o f the s c r o t u m . An answer i s p r o v i d e d by o b s e r v a t i o n s o f m a t i n g and 
a s s o c i a t e d b e h a v i o r w h i c h are d e s c r i b e d b r i e f l y . 

V i s i t s by males t o e s t r o u s f e m a l e s become i n c r e a s i n g l y f r e q u e n t u n t i l , a t t h e peak 
of e s t r u s , a c l u s t e r o f males may form around each f e m a l e . D e s p i t e the c o n f u s i o n 
o f a l m o s t c o n t i n u o u s c h a s i n g and r e p e a t e d v o c a l i z a t i o n s , i t was once p o s s i b l e t o 
d i s c e r n a d i s t i n c t o r g a n i z a t i o n w i t h i n a c l u s t e r o f marked a n i m a l s . The f e m a l e and 
t h e r e s i d e n t A male remained t o g e t h e r i n t h e c e n t e r surrounded by 3 r e s i d e n t and 2 
immigrant m a l e s , i n c l u d i n g an A male from an a d j a c e n t t e r r i t o r y . The group d i s p e r s e . 
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F i g . 5 . S o c i a l c o n t a c t between b u s h b a b i e s i n the s t u d y a r e a , 
O c t o b e r , 1 9 7 5 - A p r i l , 1976. Each a n i m a l i s r e p r e s e n t e d 
a t the c e n t e r o f i t s s l e e p i n g a r e a by i t s i n i t i a l and 
a symbol a p p r o p r i a t e to i t s s o c i a l c l a s s . L i n e t h i c k 
n e s s i s p r o p o r t i o n a l t o the d e g r e e o f a s s o c i a t i o n 
between i n d i v i d u a l s a t s l e e p i n g s i t e s ( I n d e x c a l c u l a t e d 
f o r b u s h b a b i e s s e e n on > 25 d a y s ) . F i v e ' g r o u p s ' can 
be d i s t i n g u i s h e d , e a c h c e n t e r e d upon a s i n g l e A m a l e , 
w i t h Β males making c o n t a c t s be tween g r o u p s . 
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F i g . 6 . The i n t e r r e l a t i o n s h i p o f s l e e p i n g a r e a s f o r a s i n g l e 
group o f b u s h b a b i e s c e n t e r e d around an A m a l e , O c t o b e r , 
1 9 7 5 - A p r i l , 1976. Male Ρ c o n t r o l s f i v e f e m a l e s from 
two s e p a r a t e a s s o c i a t i o n s and t o l e r a t e s t h r e e Β m a l e s 
w h i c h are f r e e to v i s i t f e m a l e s f a l l i n g under the 
c o n t r o l o f n e i g h b o r i n g A m a l e s . 

a t dawn and no f u r t h e r i n t e r e s t was shown towards the f emale on t h e f o l l o w i n g e v e n i n g . 
I t seems l i k e l y t h a t Β ma le s w i l l o n l y o b t a i n a chance to mate i f t h e r e s i d e n t 
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D I S C U S S I O N 
S i g h t i n g s o f a l l i n d i v i d u a l s w i t h i n the s t u d y a r e a can be e x p l a i n e d i n terms o f 
s l o w l y e v o l v i n g home range movements and two t y p e s o f m i g r a t i o n . I t a p p e a r s t h a t 
a l l b u s h b a b i e s t end t o be s e d e n t a r y f o r l o n g p e r i o d s w i t h i n an e s t a b l i s h e d s o c i a l 
s y s t e m . The p a t t e r n o f female t e r r i t o r i a l i t y e n s u r e s t h a t f e m a l e s a r e s p a c e d out 
f a i r l y e v e n l y i n s u i t a b l e h a b i t a t s , no doubt showing range e x p a n s i o n and c o n t r a c t i o n 
w i t h i n c e r t a i n l i m i t s depending on p o p u l a t i o n d e n s i t y . D i s p l a c e m e n t s o f f e m a l e s 
were l i m i t e d to s h o r t range s h i f t s i n t o a d j a c e n t a r e a s t h a t had been r e c e n t l y v a c a t e d . 
The movements o f A males are s i m i l a r l y i n f l u e n c e d by the p r e s e n c e o f a g g r e s s i v e 
n e i g h b o r s and marked changes i n t h e i r t e r r i t o r i e s were a l s o r e l a t e d t o t h e d e a t h or 
d i s a p p e a r a n c e o f r i v a l s . Β males on the o t h e r h a n d , through d o m i n a t i o n of f e m a l e s 
and a c t i v e a v o i d a n c e o f d i r e c t c o n f l i c t w i t h A m a l e s , are a b l e to e x p l o i t l a r g e 
r a n g e s which are n o t r e s t r i c t e d by s o c i a l p r e s s u r e s . M a t u r i n g m a l e s are f r e e t o 
e x t e n d t h e i r ranges i n any d i r e c t i o n and t o e s t a b l i s h r e g u l a r c o n t a c t w i t h f e m a l e s . 
I t i s no t t h e r e f o r e s u r p r i s i n g t h a t t h e s e b u s h b a b i e s were the ones to m i g r a t e . 

The s e l e c t i v e p r e s s u r e s a c t i n g upon f e m a l e s , w h i c h have e n c o u r a g e d t e r r i t o r i a l 
d e f e n c e , are p r o b a b l y concerned w i t h a c c e s s t o e n v i r o n m e n t a l r e s o u r c e s w h i c h c o n t r i 
b u t e towards maximum f i t n e s s f o r t h e m s e l v e s and t h e i r o f f s p r i n g . The r a n g i n g p a t 
t e r n s o f m a l e s are more l i k e l y t o be m a i n l y de termined by s e x u a l s e l e c t i o n . E a c h 
f e m a l e w i t h i n the s t u d y a r e a a s s o c i a t e d w i t h a s i n g l e A male (pr imary c o n s o r t male) 
who was p r o b a b l y a b l e t o i n s e m i n a t e h i s ' c o n t r o l l e d ' f emale or f e m a l e s on most 
o c c a s i o n s . The r e m a i n i n g males were f a c e d w i t h t h r e e o p t i o n s : they c o u l d a t t e m p t 
t o f i n d an e s t r o u s f emale t h a t was t e m p o r a r i l y unguarded; they c o u l d w a i t t h e i r t u r n 
t o r e a c h the top o f the l o c a l s o c i a l h i e r a r c h y , o r ; they c o u l d m i g r a t e , w i t h a chance 
o f f i n d i n g an a r e a where the o p p o r t u n i t i e s f o r s u c c e s s f u l r e p r o d u c t i o n would be 
i n c r e a s e d . There i s e v i d e n c e t h a t all t h r e e t h e o r e t i c a l s t r a t e g i e s were i n f a c t 
adopted by Β male s i n t h e s t u d y a r e a ( s e c o n d a r y c o n s o r t m a l e s ) . 

The use o f new s e t s o f s l e e p i n g s i t e s by an i n d i v i d u a l , wh ich s i g n i f i e d a r a n g e 
s h i f t , o f t e n o c c u r r e d a b r u p t l y and i n v a r i a b l y c o i n c i d e d w i t h an a l t e r a t i o n i n the 
s o c i a l e n v i r o n m e n t . The mechanisms u n d e r l y i n g the r a p i d a p p r e c i a t i o n o f a v a c a n c y 
are p o o r l y u n d e r s t o o d b u t the e l e g a n t r a d i o t r a c k i n g s t u d y o f C h a r l e s - D o m i n i q u e 
(1978) i n the c a s e o f Galago alleni d e m o n s t r a t e s t h a t u r i n e w a s h i n g i s i m p o r t a n t 
and v o c a l i z a t i o n s , p a r t i c u l a r l y ' v o c a l a d v e r t i s e m e n t s ' or ' s p a c i n g c a l l s ' , a r e a l s o 
i n v o l v e d . I n t h i s c o n t e x t i t i s i n t e r e s t i n g t h a t the most o b v i o u s b o u t s o f u r i n e 
w a s h i n g and o l f a c t o r y i n v e s t i g a t i o n s een i n G , senegalensis took p l a c e i n s l e e p i n g -
t r e e s , wh ich were sometimes v i s i t e d and checked s y s t e m a t i c a l l y d u r i n g the c o u r s e o f 
a n i g h t ( p e r s o n a l o b s e r v a t i o n ) . I t i s q u i t e p o s s i b l e t h a t t h i s p r o v i d e s i n f o r m a t i o n 
c o n c e r n i n g the i d e n t i t y o f b u s h b a b i e s w h i c h s l e p t t h e r e and the r e c e n c y o f t h e i r 
l a s t v i s i t ( S c h i l l i n g , 1979) . There a r e s e v e r a l p o s s i b l e r e a s o n s f o r the use o f 
p e r i p h e r a l s l e e p i n g s i t e s b u t communicat ion near t e r r i t o r i a l b o u n d a r i e s may c e r t a i n l y 
be i n v o l v e d . 

F i e l d and l a b o r a t o r y d a t a on the s o c i a l s t a t u s o f known-age b u s h b a b i e s p r o v i d e e v i 
dence t h a t p o s i t i o n w i t h i n the male h i e r a r c h y i s l a r g e l y dependent on r e l a t i v e age 
and i t f o l l o w s t h a t A males are the o l d e s t ma le s i n a community . I t i s t e m p t i n g to 
compare t h i s s y s t e m o f ordered r e p r o d u c t i o n i n a s o l i t a r y f o r a g i n g s p e c i e s w i t h the 
' a g e - g r a d e d male g r o u p s ' o f more g r e g a r i o u s p r i m a t e s ( E i s e n b e r g , M u c k e n h i r n and 
Rudran , 1 9 7 2 ) . L e s s e r b u s h b a b i e s are e f f e c t i v e l y d i v i d e d i n t o ' g r o u p s ' c o n s i s t i n g 
o f s e v e r a l a d u l t f e m a l e s and t h e i r o f f s p r i n g w h i c h have r e g u l a r c o n t a c t w i t h a 
s i m i l a r number o f a d u l t ma le s o r g a n i z e d by l i n e a r dominance b a s e d on a g e . T h i s 
s o c i a l o r g a n i z a t i o n shows remarkable c o n v e r g e n c e w i t h t h a t o f the b r u s h - t a i l possum 

' c o n t r o l ' male i s p r e v e n t e d from b e i n g p r e s e n t . The o b s e r v a t i o n t h a t even an A male 
w i l l e n c r o a c h upon a n e i g h b o r i n g t e r r i t o r y a t the peak o f e s t r u s may s u g g e s t t h a t 
t h i s p o s s i b i l i t y i s sometimes r e w a r d e d . 
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{Trichosurus vulpécula) i n A u s t r a l i a ( W i n t e r , 1975) . I t a l s o s h a r e s i m p o r t a n t c h a r 
a c t e r i s t i c s w i t h the s o c i e t i e s o f o t h e r n o c t u r n a l p r o s i m i a n s , y e t each s p e c i e s so 
f a r examined shows d i s t i n c t i v e v a r i a t i o n s ( see C h a r l e s - D o m i n i q u e , 1977; M a r t i n , 
1972) . I d e n t i f i c a t i o n o f the r e a s o n s f o r s i m i l a r i t i e s and d i f f e r e n c e s i n s o c i a l 
b e h a v i o r depends upon d e t a i l e d s t u d i e s , w h i c h , i n the c a s e o f mammals, are o f t e n o n l y 
p o s s i b l e w i t h the a i d o f r a d i o t r a c k i n g . 
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Abstract — R a d i o t r a c k i n g t e c h n i q u e s have been employed as p a r t 
o f the s t u d y t o i n v e s t i g a t e the r o l e o f b a d g e r s i n t h e t r a n s 
m i s s i o n of b o v i n e t u b e r c u l o s i s . The a d v a n t a g e s and d i s a d v a n 
t a g e s o f u s i n g t r a p s , s n a r e s or n e t s f o r c a t c h i n g b a d g e r s are 
d i s c u s s e d . Ketamine h y d r o c h l o r i d e a d m i n i s t e r e d i n t r a m u s c u l a r l y 
h a s proved t o be s a f e and e f f e c t i v e f o r i m m o b i l i z a t i o n . C r y s t a l 
c o n t r o l l e d r a d i o t r a n s m i t t e r s i n c o r p o r a t i n g i n t e r n a l i r o n d u s t 
c o r e antennas have produced s a t i s f a c t o r y r e s u l t s . V a r i o u s 
methods o f e n c a p s u l a t i o n and a t t a c h m e n t o f t r a n s m i t t e r s are 
d e s c r i b e d . Hand p o r t a b l e equipment w i t h an H - A d c o c k a n t e n n a 
i s used f o r r a d i o t r a c k i n g . Some a s p e c t s o f f i e l d s t r a t e g y 
and s o u r c e s of e r r o r are d e s c r i b e d . The v a l u e o f r a d i o t r a c k 
i n g f o r i n v e s t i g a t i n g home r a n g e and movements o f b a d g e r s i s 
i l l u s t r a t e d b y comparing i n f o r m a t i o n o b t a i n e d from r a d i o t a g g e d 
b a d g e r s w i t h t h a t o b t a i n e d by b a i t m a r k i n g . 

INTRODUCTION 
When i t became known i n 1971 t h a t b a d g e r s (Metes metes L . ) m i g h t be a r e s e r v o i r o f 
b o v i n e t u b e r c u l o s i s , t h e M i n i s t r y of A g r i c u l t u r e was f a c e d w i t h s e v e r a l q u e s t i o n s c o n 
c e r n i n g the e c o l o g y and b e h a v i o r o f b a d g e r s . Why, f o r i n s t a n c e , i s t u b e r c u l o s i s (TB) 
m a i n l y r e s t r i c t e d t o the s o u t h w e s t o f E n g l a n d ? How i s i t l i k e l y t o s p r e a d b o t h among 
b a d g e r s and from b a d g e r s t o c a t t l e ? A l s o , w i t h the need to implement c o n t r o l measures 
a g a i n s t b a d g e r s , how e x t e n s i v e s h o u l d such c o n t r o l o p e r a t i o n s be around farms where 
TB breakdowns were a t t r i b u t e d t o b a d g e r s ? Some a s p e c t s o f t h e s e q u e s t i o n s c o u l d o n l y 
be answered by f i e l d i n v e s t i g a t i o n s o f the b e h a v i o r , r a n g e and movements o f b a d g e r s . 

Th i s s t u d y began i n 1975 s h o r t l y a f t e r the commencement o f the M i n i s t r y ' s c u r r e n t 
g a s s i n g program. The main o b j e c t i v e was t o r e v e a l a s p e c t s o f b a d g e r e c o l o g y and 
b e h a v i o r r e l a t e d to t h e i r r o l e i n the t r a n s m i s s i o n o f T B . A l o n g t e r m s t u d y a r e a was 
s e l e c t e d i n the C o t s w o l d s where b o v i n e TB was a p e r s i s t e n t and s e r i o u s p r o b l e m . 
R a d i o t r a c k i n g would c l e a r l y be t h e most i m p o r t a n t r e s e a r c h t e c h n i q u e . We had the 
advantage t h a t some y e a r s e a r l i e r the MAFF had s e t up a f o x s t u d y i n Wales and r a d i o 
t r a c k i n g equipment had been d e v e l o p e d f o r t h i s work . A comple te s y s t e m o f r e c e i v e r , 
d i r e c t i o n a l a n t e n n a and t r a n s m i t t e r s had b e e n d e s i g n e d , d e v e l o p e d and b u i l t by the 
l a t e Gordon A s h w e l l ( T a y l o r and L l o y d , 1 9 7 8 ) . He d e v i s e d a t r a n s m i t t e r w i t h the 
a d v a n t a g e o f an i r o n - d u s t core loop a n t e n n a t h a t c o u l d be e n c a p s u l a t e d w i t h the r e s t 
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of the components . T h i s a v o i d e d the problem o f w a t e r p e n e t r a t i o n through c o n n e c t i n g 
l e a d s and made t r a n s m i t t e r a t t a c h m e n t e a s i e r . T h i s d e s i g n had been w e l l p r o v e n i n 
work on f o x e s and i n a m o d i f i e d v e r s i o n , f o r r a t s , so t h e r e was no d i f f i c u l t y i n 
a d a p t i n g i t f o r use on b a d g e r s . 

CATCHING AND HANDLING BADGERS 
The methods o f c a p t u r e i n c l u d e d t r a p p i n g , s n a r i n g , and n e t t i n g . Whichever method 
i s used the i n t e n t i o n s h o u l d be to c a t c h , h a n d l e , and r e l e a s e the an imal w i t h the 
l e a s t p o s s i b l e s t r e s s . Cage t r a p s produce b e s t r e s u l t s i n the summer months when 
f o o d f o r b a d g e r s i s i n s h o r t s u p p l y . Traps are p l a c e d near the h o l e s o f a s e t t , 
wh ich showed s i g n s o f b a d g e r a c t i v i t y , w i t h the e n t r a n c e f a c i n g the h o l e ( F i g . l a ) . 
The f l o o r of the t r a p s h o u l d be f i r m l y bedded down i n t h e s o i l to make i t s t e a d y . 
A t r i p cord i s used a s a t r i g g e r mechanism and p e a n u t s are used f o r b a i t . Wi th 
p r e - b a i t i n g , the o v e r a l l s u c c e s s r a t e o f cage t r a p s i n the s t u d y a r e a i s one c a p t u r e 
per s i x t r a p - n i ¿ h t s , b u t i n mid summer s u c c e s s r a t e s b e t t e r than one c a p t u r e per two 
t r a p - n i g h t s have been a c h i e v e d . 

-Trap bedded in level 
near hole 

F i g . l a . Cage t r a p s e t f o r b a d g e r s . 

S n a r e s are more e f f i c i e n t and e a s i e r t o h a n d l e then cage t r a p s and i n our o p i n i o n 
cause l e s s s t r e s s to c a p t i v e a n i m a l s when used c o r r e c t l y . An a v e r a g e o f one c a p t u r e 
per t h r e e s n a r e - n i g h t s h a s been a c h i e v e d and s n a r e s work w e l l a t a l l t imes o f the 
y e a r . A l a r g e d i a m e t e r loop s e t low on a run w i l l u s u a l l y c a t c h a b a d g e r around the 
body ( F i g . l b ) . T h i s i s more s u c c e s s f u l than a s m a l l e r l o o p s e t h i g h w i t h the i n t e n 
t i o n o f c a t c h i n g round the n e c k . An a n g l e - i r o n s t a k e i s used to anchor the s n a r e 
which s h o u l d be p l a c e d where a c a p t u r e d an imal cannot become e n t a n g l e d i n b r a n c h e s , 
s a p l i n g s or o t h e r o b s t r u c t i o n s . S n a r e s s h o u l d be v i s i t e d as f r e q u e n t l y as p o s s i b l e 
or i d e a l l y k e p t under c o n t i n u o u s o b s e r v a t i o n . I n more t h a n 50 c a p t u r e s u s i n g s n a r e s 
t h e r e have n o t been any i n j u r i e s , whereas t e e t h and c laws are sometimes damaged i n 
t r a p s . 

T h i r t y - o n e c a p t u r e s have been made u s i n g a hand n e t . A l a r g e 1.25 m g a p e , f i s h e r 
man's l a n d i n g net w i t h a s t r e n g t h e n e d frame i s u s e d . T h i s i s p e r h a p s the b e s t method 
i n terms o f i n d u c i n g l e a s t s t r e s s on the a n i m a l . An a d v a n t a g e w i t h t h i s method i s 
t h a t s e l e c t e d i n d i v i d u a l s may be c a u g h t , ( e . g . t o r e c a p t u r e a r a d i o t a g g e d i n d i v i d u a l 
f o r t r a n s m i t t e r rep lacement b e f o r e the b a t t e r i e s e x p i r e ) . T h i s method i s o n l y 
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F i g . l b . S n a r e s e t f o r b a d g e r s . 

s u i t a b l e f o r u s e on open g r o u n d . Depending on the uneven n a t u r e o f the t e r r a i n , 
approach may be made e i t h e r on f o o t by two p e o p l e , one w i t h the n e t and the o t h e r 
w i t h a p o w e r f u l handlamp, or a l t e r n a t i v e l y , t h e i n i t i a l approach may be made u s i n g 
a v e h i c l e . 

I t i s n e c e s s a r y t o r e s t r a i n a b a d g e r i n o r d e r t o a d m i n i s t e r an a n e s t h e t i c . A f o r k e d 
s t i c k may be h e l d o v e r t h e s h o u l d e r s o f a s n a r e d or n e t t e d b a d g e r , and a number o f 
wooden rods p a s s e d t h r o u g h t h e mesh may be u s e d t o r e s t r i c t t h e movements o f a t rapped 
b a d g e r . Ketamine h y d r o c h l o r i d e ( ' V e t a l a r ' ) i s w i d e l y used f o r a n e s t h e s i a o f d o m e s t i c 
a n i m a l s and h a s proved v e r y s u i t a b l e f o r b a d g e r s . Hunt (1976) and M a c k i n t o s h et al* 
(1976) s u c c e s s f u l l y used 15-20 mg kg"^ i n t r a m u s c u l a r l y to i m m o b i l i z e b a d g e r s , the 
l a t t e r a u t h o r s reconmending i n j e c t i o n i n t o t h e t h i g h f o r b e s t r e s u l t s . I n a sample 
o f 194 b a d g e r s i m m o b i l i z e d w i t h ke tamine d u r i n g our s t u d i e s t h e r e were no m o r t a l i 
t i e s or a p p a r e n t i l l e f f e c t s , A mean dose o f 30 .8 mg kg"^ was u s e d t o produce a 
mean t ime t o f u l l r e l a x a t i o n o f 1 min 45 s w i t h a mean t ime t o r e c o v e r y o f 44 m i n . 
The w e i g h t o f c a p t i v e b a d g e r s h a s to be e s t i m a t e d b u t k e t a m i n e a p p e a r s t o have a 
wide s a f e t y m a r g i n . T h u s , a dose o f a p p r o x i m a t e l y 30 mg kg~^ p r o d u c e s f u l l r e l a x a 
t i o n f o r a p e r i o d o f a p p r o x i m a t e l y 45 m i n . T h i s i s s u f f i c i e n t t ime to f i t a t r a n s 
m i t t e r , mark w i t h e a r t a g s and a t a t t o o , as w e l l as take b l o o d and o t h e r s a m p l e s . 

TRANSMITTER C H A R A C T E R I S T I C S AND ENCAP S U L A T I O N 
A c r y s t a l c o n t r o l l e d t r a n s m i t t e r e m i t t i n g a p u l s e d s i g n a l i s u s e d . A comple te 
d e s c r i p t i o n o f t h i s t r a n s m i t t e r i s g i v e n by T a y l o r and L l o y d ( 1 9 7 8 ) , The r a d i o 
f r e q u e n c y was i n the range 102 .285-102 ,315 MHz, though we have now changed to the 
new 104 .6-105 MHz band a l l o c a t e d by the Home O f f i c e i n B r i t a i n . I n d i v i d u a l t r a n s 
m i t t e r s can be i d e n t i f i e d b y t h e i r r a d i o f r e q u e n c y , and by d i f f e r e n t p u l s e r e p e t i t i o n 
r a t e s . C o n f u s i o n i n t r a n s m i t t e r i d e n t i t y can a r i s e when two t r a n s m i t t e r s o f s i m i l a r 
f r e q u e n c y are u s e d i n t h e same a r e a . W i t h the t y p e o f r e c e i v e r used t h i s can be 
overcome by t u n i n g to t h e z e r o b e a t f r e q u e n c y o f one t r a n s m i t t e r w h i l e s t i l l l i s t e n 
i n g t o t h e a u d i b l e s i g n a l o f the o t h e r . An e x p l a n a t i o n o f t h i s i s g i v e n i n T a y l o r 
and L l o y d ( 1 9 7 8 ) . A 2000 mAh mercury b a t t e r y g i v e s c o n t i n u o u s t r a n s m i s s i o n f o r 
about 400 d a y s , b u t t h i s w i l l depend on a number o f v a r i a b l e s such as p u l s e l e n g t h 
and r e p e t i t i o n r a t e . I n our e x p e r i e n c e the w o r k i n g l i f e n e v e r matches the c a l c u l a t e d 
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F i g . 2 a . T r a n s m i t t e r and b e t a l i g h t a t t a c h m e n t by h a r n e s s . 

t h e o r e t i c a l l i f e , due p a r t l y to t h e unknown q u a l i t y and l i m i t e d s h e l f l i f e o f mer
cury c e l l s , so i t i s a d v i s a b l e to r e c o v e r t r a n s m i t t e r s i n good t i m e . H a r d i n g et al. 
(1976) d e s c r i b e a means o f c h e c k i n g b a t t e r y r e l i a b i l i t y by X - r a y e x a m i n a t i o n . 

I n h i l l y t e r r a i n , our t r a n s m i t t e r s g i v e an e f f e c t i v e range of up to 1 km. T h i s i s s u f f 
c i e n t f o r r a d i o t r a c k i n g b a d g e r s i n t h i s r e g i o n where a n i m a l movements are n o r m a l l y 
c o n t a i n e d w i t h i n an a r e a o f about 50 h a . L i m i t e d t r a n s m i s s i o n range reduces o v e r l a p 
where i t i s i n t e n d e d t o work w i t h s e v e r a l a n i m a l s i n the same s t u d y a r e a . S i g n a l 
p e n e t r a t i o n through the ground i s g o o d , t r a n s m i t t e r s h a v i n g b e e n l o c a t e d and r e c o v e r e d 
from depths o f up t o 2 m. 

The t r a n s m i t t e r i n c o r p o r a t e s a s w i t c h i n g c i r c u i t w h i c h e n a b l e s p u l s e l e n g t h and 
r e p e t i t i o n r a t e t o be p r e d e t e r m i n e d , so a l l o w i n g economy o f b a t t e r y l i f e and a s s i s 
t a n c e i n i n d i v i d u a l t r a n s m i t t e r i d e n t i f i c a t i o n through d i f f e r e n t r e p e t i t i o n r a t e s . 
Changes i n p i t c h caused by movement o f the t r a n s m i t t e r p a c k a g e a g a i n s t the body o f 
a b a d g e r can convey a d d i t i o n a l i n f o r m a t i o n to the t r a c k e r . W i t h e x p e r i e n c e i t i s 
p o s s i b l e to d i s t i n g u i s h s i g n a l s c h a r a c t e r i s t i c s o f a w a l k i n g or r u n n i n g b a d g e r , and 
to check t h a t a b a d g e r be low ground s t i l l h a s i t s t r a n s m i t t e r a t t a c h e d (or i s s t i l l 
a l i v e ) by s tamping on the ground above the s e t t . The d i s t u r b a n c e c a u s e s a badger t o 
s t i r w i t h a consequent change i n the p i t c h o f t h e s i g n a l . 

V a r i o u s e n c a p s u l a t i n g m e d i a have been t r i e d . I f a b e t a l i g h t i s t o be i n c o r p o r a t e d 
w i t h the t r a n s m i t t e r then a c l e a r medium i s r e q u i r e d . An a d v a n t a g e o f c l e a r media 
i s t h a t o l d b a t t e r i e s may be more e a s i l y c u t o u t and the t r a n s m i t t e r r e - e n c a p s u l a t e d 
w i t h new o n e s . With an i n t e r n a l c o i l a n t e n n a , t h e t y p e o f e n c a p s u l a n t used can 
markedly a f f e c t the p r o p e r t i e s o f the r a d i o s i g n a l g e n e r a t e d and t r a n s m i t t e r t u n i n g . 
The t ype o f e n c a p s u l a n t used i s t h e r e f o r e i m p o r t a n t i n m i n i m i z i n g c a p a c i t i v e l o a d i n g 
on t h e c o i l a f t e r e n c a p s u l a t i o n . 

METHODS OF ATTACHMENT 
As the d i a m e t e r o f a b a d g e r ' s neck i s a lmos t the same as t h a t o f i t s head i t was 
c o n s i d e r e d t h a t a h a r n e s s would be the b e s t method o f t r a n s m i t t e r a t t a c h m e n t (see 
Kruuk, 1 9 7 8 ) . S e v e r a l d i f f e r e n t d e s i g n s and m a t e r i a l s were t r i e d on c a p t i v e and 
w i l d b a d g e r s . The most s u c c e s s f u l was c o n s t r u c t e d o f s p l i t rawhide w i t h n o n c o r r o -
s i v e f i t t i n g s . T h i s was t a i l o r made to f i t e a c h i n d i v i d u a l b a d g e r ( F i g . 2 a ) . How
e v e r , the problems o f l o s s and a b r a s i o n c o u l d not be c o m p l e t e l y overcome . 
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I m p l a n t a t i o n was c o n s i d e r e d a s an a l t e r n a t i v e b u t i t was d e c i d e d t o t r y a s i m p l e 
c o l l a r b e f o r e t a k i n g t h i s s t e p . The f i r s t few c o l l a r s used proved v e r y s u c c e s s f u l , 
and o f the 17 f i t t e d to w i l d b a d g e r s none has been l o s t and a b r a s i o n does n o t o c c u r . 
C e r t a i n m o d i f i c a t i o n s had t o be made t o t r a n s m i t t e r e n c a p s u l a t i o n f o r c o l l a r a t t a c h 
ment and i t was a l s o n e c e s s a r y t o e n c a p s u l a t e t h e b e t a l i g h t s e p a r a t e l y and mount i t 
on top o f t h e c o l l a r ( F i g . 2 b ) . The h e a v i e r t r a n s m i t t e r p a c k a g e h o l d s t h e b e t a l i g h t 
i n t h i s p o s i t i o n . H o l e s are d r i l l e d t h r o u g h the t r a n s m i t t e r p a c k a g e w h i c h i s f i x e d 
t o the c o l l a r w i t h b r a s s b o l t s . The head o f each b o l t must be f i l e d down to make 
a f l u s h f i t t i n g on the i n s i d e o f the c o l l a r when the nut on the o u t s i d e i s t i g h t e n e d . 

Encapsulated 
betalight 

-Totally encapsulated 
transmitter 

F i g . 2b . T r a n s m i t t e r and b e t a l i g h t a t t a c h m e n t by c o l l a r . 

The c o l l a r i s made from a s t r i p o f s p l i t rawhide 300 mm l o n g , 22 mm wide and 4 mm 
t h i c k . Copper r i v e t s are used t o a t t a c h a square r e c e s s e d b r a s s b u c k l e . A h o l e 
may be punched when the c o l l a r i s f i t t e d . As a rough g u i d e the c o l l a r s h o u l d be 
t i g h t e n e d u n t i l i t i s j u s t p o s s i b l e to s l i p two f i n g e r s be tween t h e c o l l a r and 
neck o f t h e b a d g e r . I n n e r edges o f t h e c o l l a r are f i l e d smooth t o remove sharp 
c o r n e r s and t h e l e a t h e r t r e a t e d w i t h e i t h e r n e a t s f o o t o i l or Hydrophane (made by 
Hydrophane L a b s . L t d . ) to s o f t e n and p r e s e r v e i t . C o l l a r s r e c o v e r e d a f t e r p e r i o d s 
o f up t o s e v e n months showed v e r y l i t t l e s i g n o f w e a r . A l t h o u g h t h e l e a t h e r becomes 
ha rd a f t e r a t ime i t h a s by t h e n taken the shape o f the neck and does n o t c a u s e 
any i r r i t a t i o n o r d i s c o m f o r t t o t h e a n i m a l . S p l i t rawhide has t h e a d v a n t a g e o f 
b e i n g r e a s o n a b l y s u p p l e , w h i l e the l a y e r o f untanned l e a t h e r t h r o u g h the m i d d l e 
p r e v e n t s s t r e t c h i n g . 

We b e l i e v e t h a t b a d g e r s q u i c k l y become accus tomed to w e a r i n g a c o l l a r and no o v e r t l y 
abnormal b e h a v i o r h a s been o b s e r v e d as a r e s u l t o f f i t t i n g a t r a n s m i t t e r i n t h i s 
way. The c o l l a r , comple te w i t h a l l a t t a c h m e n t s w e i g h s 150 g . T h i s i s a p p r o x i m a t e l y 
one and h a l f p e r c e n t o f t h e w e i g h t o f an a d u l t b a d g e r and w e l l w i t h i n t h e f i v e 
p e r c e n t l i m i t s u g g e s t e d as a maximum by Macdona ld ( 1 9 7 8 ) . 

TRACKING 
I n our work r a d i o t r a c k i n g i s e s s e n t i a l l y used as an a i d i n v i s u a l l y l o c a t i n g b a d g e r s 
so t h a t d i r e c t o b s e r v a t i o n s may be made. T h i s h a s been termed ' p r e d i c t i v e ' t r a c k i n g 
(Macdona ld , 1978) . A p o r t a b l e s e t o f equipment i s used c o n s i s t i n g o f a s i x - c h a n n e l 



654 C. L . Cheeseman and P. 7. Mallinson 

r e c e i v e r p l u s a hand h e l d H-Adcock a n t e n n a . A t the 102 .3 MHz w a v e l e n g t h the H-Adcock 
antenna i s p o s s i b l y a l i t t l e cumbersome b u t i t has good g a i n and d i r e c t i o n a l p r o p e r 
t i e s . One d i s a d v a n t a g e i s t h a t i t h a s two n u l l s and i t i s n o t i m m e d i a t e l y p o s s i b l e 
to d e c i d e whether the s o u r c e i s i n f r o n t o f or b e h i n d the b e a r i n g o f each n u l l . 
The problem o f r e c i p r o c a l n u l l s can be overcome by moving to a new p o s i t i o n and 
t a k i n g a new b e a r i n g . T e l e s c o p i c e l ements are used to make the a n t e n n a c o l l a p s i b l e 
f o r e a s i e r t r a n s p o r t a t i o n . F u l l s p e c i f i c a t i o n s and d e t a i l s o f c o n s t r u c t i o n o f t h e 
H-Adcock antenna are g i v e n i n T a y l o r and L l o y d (1978 ) . 

Once a b e a r i n g has been o b t a i n e d , the o b s e r v e r w a l k s a l o n g t h e l i n e o f the b e a r i n g 
u n t i l s i g n a l s t r e n g t h i n d i c a t e s t h a t the b a d g e r i s n e a r . A b e t a l i g h t i s a v e r y 
u s e f u l a i d i n v i s u a l l o c a t i o n . H e m i s p h e r i c a l b e t a l i g h t s 25 mm i n d i a m e t e r and 
800 yL i n b r i g h t n e s s a r e used f o r b a d g e r s . P r o t e c t i o n and a means o f mount ing on 
t h e c o l l a r i s p r o v i d e d by e n c a p s u l a t i n g the b e t a l i g h t i n c l e a r c a s t i n g r e s i n . B e t a -
l i g h t s can be seen a t up t o 100 m w i t h the naked eye and up t o 300 m w i t h 7 x 50 
b i n o c u l a r s . B e h a v i o r a l o b s e r v a t i o n s are made u s i n g i n f r a red b i n o c u l a r s from a 
d i s t a n c e o f 50-150 m. 

A c o n s i d e r a b l e degree o f o b s e r v e r s t e a l t h i s r e q u i r e d and i t i s i m p o r t a n t to wear 
s o f t c l o t h i n g so t h a t movements are s i l e n t . Approach s h o u l d a lways be made up wind 
and i f p o s s i b l e the movements o f a b a d g e r s h o u l d be a n t i c i p a t e d i n o r d e r t o a v o i d 
l e a v i n g o n e ' s s c e n t a c r o s s i t s p a t h . 

Woodland, p a r t i c u l a r l y c o n i f e r o u s p l a n t a t i o n s , t ends to p o l a r i z e r a d i o waves v e r t i 
c a l l y which are n o r m a l l y h o r i z o n t a l l y p o l a r i z e d thus the H-Adcock antenna must be 
h e l d v e r t i c a l l y . I f r e c e p t i o n i s d i f f i c u l t and v e r t i c a l p o l a r i z a t i o n i s s u s p e c t e d 
t h e antenna may be t i l t e d t o the h o r i z o n t a l mode t o o b t a i n a s t r o n g e r s i g n a l . Under 
t h e s e c o n d i t i o n s i t i s d i f f i c u l t t o o b t a i n an a c c u r a t e b e a r i n g b u t h a v i n g e s t a b 
l i s h e d the c a u s e o f the problem i t may be p o s s i b l e t o move t o a new l o c a t i o n where 
c o n d i t i o n s are b e t t e r f o r normal r e c e p t i o n . A d e t a i l e d a c c o u n t o f o t h e r s o u r c e s o f 
e r r o r i n b e a r i n g a c c u r a c y i s g i v e n i n T e s t e r ( 1 9 7 1 ) . A l t h o u g h we have t r i e d t o 
convey a few o f the more fundamenta l a s p e c t s o f b a d g e r r a d i o t r a c k i n g s t r a t e g y , 
f u l l c o v e r a g e o f f i e l d a p p l i c a t i o n and t e c h n i q u e i s beyond the s cope o f t h i s p a p e r . 
However, we would emphas ize t o newcomers t h a t r a d i o t r a c k i n g a l w a y s i n v o l v e s a m u l 
t i t u d e o f u n e x p e c t e d d i f f i c u l t i e s w h i c h can o n l y be overcome w i t h p a t i e n c e and 
e x p e r i e n c e . F u r t h e r p r a c t i c a l g u i d a n c e i s g i v e n i n T a y l o r and L l o y d (1978 ) . 

RESULTS 
A s h o r t a c c o u n t o f some o f the r e s u l t s o f t h i s work i s g i v e n i n order t o i l l u s t r a t e 
t h e v a l u e o f r a d i o t r a c k i n g as a r e s e a r c h t o o l i n the s t u d y o f b a d g e r s . Badgers a r e 
s o c i a l c a r n i v o r e s l i v i n g t o g e t h e r i n groups o f up t o t w e l v e i n d i v i d u a l s . E a c h 
s o c i a l group o c c u p i e s a t e r r i t o r y w i t h a main s e t t as i t s h e a d q u a r t e r s . (The term 
' t e r r i t o r y ' i s u sed h e r e to d e s c r i b e t h e a r e a de fended by a s o c i a l group o f b a d g e r s , 

w h i l e 'home r a n g e ' i s used t o d e s c r i b e the a r e a used by an i n d i v i d u a l b a d g e r . ) 
T e r r i t o r i a l b o u n d a r i e s are marked by a s e r i e s o f l a t r i n e s w h i c h a r e a l s o used by 
n e i g h b o r i n g groups and p r o v i d e a m u t u a l l y r e s p e c t e d boundary m a r k e r . By b a i t m a r k i n g 
i t i s p o s s i b l e t o d e l i n e a t e the t e r r i t o r y o f each s o c i a l group (Kruuk, 1978 ) . A 
b a i t o f p e a n u t s and honey (very a t t r a c t i v e t o b a d g e r s ) i s mixed w i t h an i n d i g e s t i b l e 
c o l o r e d p l a s t i c m a r k e r . D i f f e r e n t main s e t t s i n an a r e a a r e f e d b a i t c o n t a i n i n g 
d i f f e r e n t c o l o u r e d m a r k e r s . Subsequent r e c o v e r i e s o f markers i n the f e c e s show 
which l a t r i n e s b a d g e r s from each s e t t have v i s i t e d . More c o n c l u s i v e r e s u l t s a r e 
o b t a i n e d i f t h i s i s done i n the s p r i n g when, a t the t ime o f b r e e d i n g , t e r r i t o r y 
mark ing i s a t a peak . The t e r r i t o r y o f each s o c i a l group w i l l become a p p a r e n t when 
the r e s u l t s are p l o t t e d on a map ( F i g . 3 ) . T e r r i t o r i e s are n o t , however , e n t i r e l y 
e x c l u s i v e , s i n c e t h e r e s u l t s show t h a t b a d g e r s w i l l t r a n s g r e s s t e r r i t o r i a l b o u n d a r i e s . 
T h i s can be seen where b a i t markers from group Β were found i n one l a t r i n e on the 
o p p o s i t e boundary o f group C . A l s o , d r o p p i n g s are somtimes found c o n t a i n i n g two 
d i f f e r e n t m a r k e r s , i n d i c a t i n g t h a t a b a d g e r has v i s i t e d two main s e t t s . 
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F i g . 3 . T e r r i t o r i e s o f b a d g e r s o c i a l groups and home r a n g e s 
o f i n d i v i d u a l b a d g e r s r e v e a l e d by b a i t m a r k i n g and 
r a d i o t r a c k i n g r e s p e c t i v e l y . L e t t e r e d c i r c l e s r e p r e 
sen t main s e t t s ; l a r g e d o t s are l a t r i n e s ; s t r a i g h t 
l i n e s from t h e main s e t t s i n d i c a t e t h o s e l a t r i n e s 
where b a i t markers were r e c o v e r e d ; home r a n g e s o f 
i n d i v i d u a l b a d g e r s from s e t t s A , Β and C are shown 
by d o t t e d , c o n t i n u o u s and b r o k e n l i n e s r e s p e c t i v e l y . 

F i g u r e 3 a l s o shows t h e home r a n g e s o f some i n d i v i d u a l b a d g e r s from e a c h o f t h e s e 
t h r e e s o c i a l groups as r e v e a l e d by r a d i o t r a c k i n g . E a c h b a d g e r was o b s e r v e d o v e r 
a p e r i o d o f n o t l e s s t h a n 60 d a y s , w h i c h was d e m o n s t r a t e d t o be s u f f i c i e n t , i f 
f r e q u e n t o b s e r v a t i o n s were made, t o r e v e a l t h e main a r e a s o f an i n d i v i d u a l ' s home 
range a t any s e a s o n o f the y e a r . From r a d i o t r a c k i n g r e s u l t s i t i s e v i d e n t t h a t 
male b a d g e r s o f t e n have l a r g e r home ranges t h a n f e m a l e s and u t i l i z e most i f not a l l 
o f the s o c i a l group t e r r i t o r y r e v e a l e d by b a i t m a r k i n g . T h i s i s i n c o n t r a s t t o 
K r u u k ' s (1978) f i n d i n g s i n Wytham Wood, O x f o r d s h i r e , U . K . , where a l l male and f emale 
members o f a s o c i a l group c o v e r e d more or l e s s t h e same home r a n g e . I n the b r e e d i n g 
s e a s o n m a l e s may make s a l l i e s o u t s i d e t h e i r group t e r r i t o r y , p r o b a b l y t o mate w i t h 
f emale s i n n e i g h b o r i n g s o c i a l g r o u p s . Such a movement i s s e e n i n t h e shaded a r e a 
of the home range o f male 2 i n F i g . 3 . Kruuk (1978) s u g g e s t e d t h a t males sometimes 
occupy two o t h e r w i s e s e p a r a t e s o c i a l group t e r r i t o r i e s . An example o f t h i s i s s een 
i n the c a s e o f male G5 whose home range c o v e r e d t h e t e r r i t o r i e s o f groups Β and C . 
Male GIO r e p r e s e n t s an u n u s u a l example o f d i f f e r e n t movements . When f i r s t c a u g h t 
t h i s i n d i v i d u a l was r e s i d e n t i n the main s e t t w i t h o t h e r members o f s o c i a l group B . 
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A f t e r a s h o r t p e r i o d o f t i m e , u n f o r t u n a t e l y n o t l o n g enough to f i n d out i t s normal 
home r a n g e , t h i s b a d g e r took up r e s i d e n c e i n an o u t l y i n g h o l e i n an a r e a o f the 
boundary between Group Β and Group A . F o r the f o l l o w i n g few weeks he l i v e d a s o l i 
t a r y e x i s t e n c e i n a r e l a t i v e l y s m a l l a r e a , m a i n l y around farm b u i l d i n g s , b e f o r e 
becoming v e r y i l l and e v e n t u a l l y d y i n g . F o s t mortem e x a m i n a t i o n r e v e a l e d t h a t t h i s 
b a d g e r had been s u f f e r i n g from b o v i n e t u b e r c u l o s i s , which m i g h t e x p l a i n the u n u s u a l 
b e h a v i o r o b s e r v e d . 

These r e s u l t s s e r v e to i l l u s t r a t e t h a t much more d e t a i l e d i n f o r m a t i o n i s o b t a i n a b l e 
u s i n g r a d i o t r a c k i n g i n c o n j u n c t i o n w i t h v i s u a l o b s e r v a t i o n . The b a i t mark ing 
method a lone g i v e s o n l y an i m p r e s s i o n o f t h e way b a d g e r s o c i a l groups are s p a t i a l l y 
o r g a n i z e d . I t i s n e c e s s a r y t o use r a d i o t r a c k i n g i n o r d e r to u n d e r s t a n d the com
p l e x way i n which members o f each group u t i l i z e t h e a v a i l a b l e h a b i t a t . However , the 
s u c c e s s o f r a d i o t r a c k i n g w i l l depend u l t i m a t e l y on the equipment used w h i c h needs 
t o be r o b u s t and r e l i a b l e . T r a n s m i t t e r s must c o n t i n u e t;o o p e r a t e f o r l o n g p e r i o d s , 
and a means o f t r a n s m i t t e r a t t a c h m e n t w h i c h w i l l n o t o n l y l a s t b u t c a u s e no d i s c o m 
f o r t to the animal must be d e v e l o p e d . There i s s t i l l a g r e a t d e a l o f s cope f o r 
r e f i n e m e n t o f t r a n s m i t t e r d e s i g n , c o n s t r u c t i o n and means o f a t t a c h m e n t , as w e l l as 
t h e p r a c t i c a l a p p l i c a t i o n o f r a d i o t r a c k i n g i n the f i e l d . 
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Abstract — 36 r a d i o t a g g e d r a t s were t r a c k e d i n t h r e e s e p a r a t e 
f a r m l a n d a r e a s and t h e i r r a n g e o f movements r e l a t e d to the 
s p a t i a l and tempora l d i s t r i b u t i o n o f food s o u r c e s . I n a r a b l e 
f a r m l a n d where r a t s l i v e d i n h e d g e r o w s , movements i n w i n t e r 
were i n i t i a l l y r e s t r i c t e d and near to e s t a b l i s h e d b a i t p o i n t s . 
Removal o f the b a i t caused an i n c r e a s e i n the r a n g e o f move
ments w i t h a maximum r e c o r d e d j o u r n e y o f 3 . 3 km i n a s i n g l e 
n i g h t . R a t s a s s o c i a t e d w i t h food s t o r e s i n farm b u i l d i n g s i n 
w i n t e r a l s o showed v e r y r e s t r i c t e d movements . S e v e r a l i n d i v i 
d u a l s were found to v i s i t farm b u i l d i n g s r e g u l a r l y i n w i n t e r 
from up to 700 m d i s t a n t . J u v e n i l e r a t s i n summer were shown 
d a i l y t o move s m a l l d i s t a n c e s from b u i l d i n g s t o f e e d i n an 
a d j a c e n t f i e l d o f growing g r a i n . The i m p l i c a t i o n s o f t h i s 
s t u d y f o r c o n t r o l are d i s c u s s e d . 

INTRODUCTION 
Found i n a wide r a n g e o f t e r r e s t r i a l h a b i t a t s , t h e brown r a t (Rattus norvegicus 
Berkenhout) i s a f r e q u e n t p e s t o f b o t h r u r a l and urban s i t u a t i o n s . A l t h o u g h e s t a b 
l i s h e d r a t p o p u l a t i o n s i n a g r i c u l t u r a l p r e m i s e s can be s u c c e s s f u l l y c o n t r o l l e d , i n v a 
s i o n may o c c u r a g a i n w i t h i n a few months . L a c k o f i n f o r m a t i o n on t h e r a n g e s o f i n d i 
v i d u a l r a t s t o g e t h e r w i t h the i n a d e q u a c i e s o f t r a p - b a s e d s t u d i e s o f t h i s s p e c i e s , 
which i s d i f f i c u l t to r e c a p t u r e , prompted i n v e s t i g a t i o n u s i n g r a d i o t r a c k i n g t e c h 
n i q u e s . Work r e p o r t e d h e r e was c o n d u c t e d on t h r e e a r a b l e farms i n s o u t h e a s t e r n 
E n g l a n d t o examine the range o f movements o f r a t s i n f a r m l a n d and to r e l a t e them 
to the use o f i d e n t i f i e d food s o u r c e s . 

M E T H O D S 
R a d i o equipment was s p e c i a l l y d e s i g n e d by G . E . A s h w e l l and i s f u l l y d e s c r i b e d 
e l sewhere ( T a y l o r and L l o y d , 1 9 7 8 ) . R a t s were c a p t u r e d i n w i r e * B l e d o r b e r r y ' cage 
t r a p s , or smoked, f e r r e t e d or dug out o f t h e i r b u r r o w s . W h i l e i m m o b i l i z e d i n a 
P e r s p e x h o l d i n g b o x , each r a t was a n e s t h e t i z e d w i t h m e t h o x y f l u o r a n e (*Penthrane*) 
b e f o r e a t r a n s m i t t e r , a t t a c h e d to a p l a s t i c or n y l o n c o l l a r , was f i t t e d round i t s 
n e c k . Completed c o l l a r s we ighed between 8 and 9 g and o n l y r a t s w e i g h i n g upward o f 
200 g (10 weeks o l d ) were r a d i o t a g g e d . C o l l a r s on l a r g e r a t s a l s o c a r r i e d ' b e t a l i g h t s * 

657 



658 Α . R. Hardy and Κ. D. Taylor 

f o r v i s u a l t r a c k i n g a t n i g h t . When f u l l y r e c o v e r e d (15-30 min) r a t s were r e l e a s e d 
a t t h e i r p o i n t o f c a p t u r e . 

T r a c k i n g was done on f o o t u s i n g a h a n d h e l d d i r e c t i o n a l H - a d c o c k a n t e n n a ( T a y l o r 
and L l o y d , 1978) . L o c a t i o n s o f moving r a t s were a c c u r a t e t o w i t h i n 15 m; p o s i t i o n a l 
f i x e s on s t a t i o n a r y an imal s and v i s u a l f i x e s were more a c c u r a t e . Maximum t r a n s m i t t e r 
range was 400 m b u t t r a c k i n g was n o r m a l l y u n d e r t a k e n a t d i s t a n c e s o f l e s s than 60 m 
w i t h o u t d i s t u r b a n c e t o the r a t s ( T a y l o r , 1978; T a y l o r and Quy , 1978) . T r a n s m i t t e r 
l i f e v a r i e d up to 7 m o n t h s . S u c c e s s i v e r a d i o f i x e s were t a k e n a t minimum i n t e r v a l s 
o f 10 o r 15 m i n u t e s . P i t c h v a r i a t i o n was used to i d e n t i f y a c t i v i t y by t r a n s m i t t e r 
b e a r i n g r a t s ( T a y l o r and L l o y d , 1978 ) . 

Twenty-one r a t s i n open farmland were s t u d i e d on a l a r g e a r a b l e and d a i r y farm i n 
Hampshire . P l a i n wheat was p r o v i d e d a t c o v e r e d b a i t p o i n t s i n September to p r o v i d e 
a s t a b l e food s u p p l y t o r a t s l i v i n g i n h e d g e r o w s . B a i t was removed i n J a n u a r y and 
r a d i o t r a c k i n g was performed between November and A p r i l ( T a y l o r , 1 9 7 8 ) . A t a s m a l l 
a r a b l e and d a i r y farm i n S u r r e y , 10 r a t s were s t u d i e d around farm b u i l d i n g s . A d d i 
t i o n a l food was not p r o v i d e d and a n i m a l s were t r a c k e d from O c t o b e r to F e b r u a r y . 
R a d i o t a g g e d r a t s were o b s e r v e d d i r e c t l y through i n f r a - r e d b i n o c u l a r s (De Oude D e l f t 
I R H 6 M L ) . A l i m i t e d s t u d y was made o f j u v e n i l e r a t s on a s m a l l mixed farm i n S u r r e y 
from J u n e to A u g u s t . M i n i a t u r e t r a n s m i t t e r s w e i g h i n g 3 .5 g were used to t a g 5 r a t s 
w e i g h i n g about 100 g , a p p r o x i m a t e l y 6 weeks o l d ( T a y l o r and L l o y d , 1978) . 

RESULTS 
ARABLE FARÍ4LAND 

R a t s i n a r a b l e f a r m l a n d showed l i n e a r ranges p r i m a r i l y o r i e n t e d a l o n g hedgerows i n 
w h i c h t h e i r h o m e s i t e burrows were s i t e d ( T a y l o r , 1 9 7 8 ) . Male s r a n g e d more w i d e l y 
t h a n f emale s as s een c l e a r l y i n F i g s , 1 and 2; mean range l e n g t h ( S t i c k e l , 1954) 
f o r 7 males was 660 m, and f o r 10 f e m a l e s , 340 m, H o m e s i t e s were changed f r e q u e n t l y 
and f o r reasons g e n e r a l l y not known e x c e p t i n r e s p o n s e t o o t h e r i n d i v i d u a l s . A l t h o u g h 
most movements o c c u r r e d i n c o v e r w i t h i n or b e s i d e h e d g e r o w s , s e v e r a l r a t s r e g u l a r l y 
c r o s s e d up t o 500 m o f open ground away from c o v e r (male 5B i n F i g . 1 ) . 

Many observed movements c o u l d be r e l a t e d to the a v a i l a b i l i t y o f f o o d . I n i t i a l l y when 
s u r p l u s wheat was p r o v i d e d i n the b a i t b o x e s , r a t s showed r e s t r i c t e d r a n g e s and were 
r a r e l y recorded more than 100 m from t h e i r h o m e s i t e s . However when b a i t was removed, 
ranges were e x t e n d e d w i t h a maximum r e c o r d e d j o u r n e y o f 3 . 3 km i n a s i n g l e n i g h t 
( T a y l o r and Quy, 1 9 7 8 ) . Two males r e g u l a r l y v i s i t e d farm b u i l d i n g s from h o m e s i t e s 
500 m d i s t a n t f o l l o w i n g b a i t r e m o v a l , b u t f a i l e d t o become e s t a b l i s h e d . F o u r r a t s 
( 2 m a l e , 2 f emale ) s p e n t many h o u r s , presumably f e e d i n g , i n a k a l e f i e l d where 
they took r e f u g e i n s i n g l e e n t r a n c e ' r e s t i n g ' b u r r o w s . A n o t h e r f emale f e d n i g h t l y 
on sown b a r l e y and earthworms i n an open c u l t i v a t e d f i e l d , 200 m d i s t a n t from her 
h o m e s i t e . A d d i t i o n a l food s o u r c e s i d e n t i f i e d were a s l u r r y p i t (3 r a t s ) , c a t t l e 
f e e d i n b u i l d i n g s , h o u s e h o l d compost , s p o i l e d g r a i n and r o t t i n g m a i z e . 

Most r a t s s p e n t d a y l i g h t h o u r s s l e e p i n g i n t h e i r burrows and d i d n o t become a c t i v e 
u n t i l s u n s e t or j u s t a f t e r ( T a y l o r , 1 9 7 8 ) . The n e x t one to two hours were g e n e r a l l y 
spent i n the v i c i n i t y o f the h o m e s i t e b e f o r e moving away and a peak o f a c t i v i t y was 
observed 4 to 5 h a f t e r s u n s e t ( F i g . 3 ) . R e t u r n t o h o m e s i t e s o f t e n o c c u r r e d i n the 
s u c c e e d i n g 4 h . D i u r n a l a c t i v i t y was shown by t h r e e r a t s (two o c c a s i o n a l l y , one 
p r e d o m i n a n t l y ) w h i c h were n e v e r r e c o r d e d more t h a n two m e t e r s from c o v e r . 

FARM BUILDINGS 

I n c o n t r a s t to t h o s e i n open f a r m l a n d , r a t s a s s o c i a t e d w i t h farm b u i l d i n g s o c c u p i e d 
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2A (47days) ^ 5B(55days) ^ 10 (44 d a y s ) 

w o o d h e d g e f e n c e b u i l d i n g 

F i g . 1. P a r t o f the a r a b l e s t u d y a r e a showing the o b s e r v e d 
ranges o f t h r e e male r a t s (2A, 5B , 1 0 ) . 

s m a l l home r a n g e s (mean range l e n g t h 65 m f o r 5 males and one f e m a l e ) . Around the 
b u i l d i n g s the l o n g e s t r a n g e , 110 m, r e p r e s e n t s o n l y 8 .7 p e r c e n t o f t h e maximum 
r e c o r d e d r a n g e l e n g t h i n open f a r m l a n d ( T a y l o r , 1 9 7 8 ) . Ranges o f 5 r a t s a r e shown 
i n F i g . 4 t o g e t h e r w i t h t h e l o c a t i o n s o f m a j o r f o o d s o u r c e s on t h e f a r m . A h i g h 
degree o f o v e r l a p was r e c o r d e d w i t h 5 m a l e s and two f e m a l e s u s i n g t h e same a r e a o f 
m e a l - b i n sheds and an a d j a c e n t hay b a r n (A and D, F i g . 4 ) . H o m e s i t e s , n o r m a l l y a d j a 
c e n t to or under f o o d s t o r e s , were changed l e s s f r e q u e n t l y t h a n i n h e d g e r o w s . T h i s 
was u s u a l l y i n r e s p o n s e t o d i s t u r b a n c e w i t h i n the b u i l d i n g s , e . g . f o l l o w i n g the 
c l e a r a n c e o f a n i m a l pens i n w h i c h i t l i v e d , male 6 moved out o f the d a i r y and e s t a b 
l i s h e d a new h o m e s i t e i n a h a y shed 60 m away ( F i g . 4 ) . 
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F i g . 2 . P a r t o f the a r a b l e s t u d y a r e a showing the o b s e r v e d 
r a n g e s o f 7 f emale r a t s ( 1 , 3A, 4A, 5 , 6D, 7A, 9 A ) . 
Not a l l r a t s were t r a c k e d c o n c u r r e n t l y . The same 
c o n v e n t i o n s are used as i n F i g . 1. 

A l l r a t s were n o c t u r n a l and w h i l e a c t i v e showed l i t t l e movement away from food 
s t o r e s . D i r e c t o b s e r v a t i o n s ( t h r o u g h i n f r a red v i e w i n g equipment) r e v e a l e d t h a t 
a n i m a l s r e s t e d f o r l o n g p e r i o d s . R a t s s p e n t most t ime i n or around m e a l - b i n sheds 
where they f ed on crushed g r a i n and s p i l l a g e ( F i g . 5 ) . B a l e s o f hay and s t r a w p r o 
v i d e d b o t h h o m e s i t e s by day and food by n i g h t . O n l y two o f 9 t a g g e d r a t s used a 
g r a n a r y shed i n w h i c h was s t o r e d b u l k w h e a t . Some i n d i v i d u a l s were o c c a s i o n a l l y 
observed e a t i n g g r a s s b e s i d e the farm b u i l d i n g s . L i t t l e t ime was s p e n t i n open 
h a b i t a t s away from b u i l d i n g s ( F i g . 5 ) . D e s p i t e c o n s i d e r a b l e o v e r l a p of ranges 
(38 r a t s were t rapped i n a s m a l l a r e a around the b u i l d i n g s d u r i n g an 18 week p e r i o d ) 
l i t t l e i n t e r a c t i o n was observed between r a t s and few a g o n i s t i c s h r i e k s were h e a r d 
a t n i g h t . 

Two p e r i p h e r a l r a t s were t r a p p e d b e s i d e a s t r e a m , 70 m from the main farm b u i l d i n g s 
( F i g . 4 ) . Male 15B s u b s e q u e n t l y had i t s h o m e s i t e i n hay b a l e s a t a s t a b l e 375 m 
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F i g . 3 . A c t i v i t y o f t h r e e r a t s (males 2 and 6, f e m a l e 5) i n 
a r a b l e f a r m l a n d i n December. P o o l e d d a t a f o r 602 
r a d i o f i x e s taken a t 15 min i n t e r v a l s . 

d i s t a n t from and o v e r l o o k i n g the farm on w h i c h i t was t r a p p e d . I t was n e v e r observed 
a g a i n a t the o r i g i n a l f arm. M a l e 11, a l a r g e r a t w e i g h i n g 560 g , l i v e d i n an i s o 
l a t e d s traw b a r n , surrounded by p a s t u r e , 750 m down the v a l l e y from i t s s i t e o f 
c a p t u r e . However s e v e r a l r e t u r n v i s i t s were made t o the o r i g i n a l f a r m . T h i s r a t 
was observed to l e a v e the v i c i n i t y o f i t s h o m e s i t e b a r n two to t h r e e hours a f t e r 
dusk and t o c r o s s open p a s t u r e t o a s t r e a m b a n k . Running b e s i d e t h e s t r e a m , the 
male covered 750 m i n 35 min to r e a c h t h e o u t s k i r t s o f the o r i g i n a l farm where i t 
f e d i n woodland from a f e e d i n g s t a t i o n f o r p h e a s a n t s {Fhasianus colohious L . ) . The 
s u c c e e d i n g day was u s u a l l y s p e n t i n a h o m e s i t e a d j a c e n t to i t s c a p t u r e p o i n t b e f o r e 
r e t r a c i n g i t s p a t h t o t h e s t r a w b a r n the n e x t n i g h t . I n December, t h i s dominant r a t 
e s t a b l i s h e d a new h o m e s i t e on the o r i g i n a l farm i n hay b a l e s d i s p l a c i n g the s m a l l e r 
male 2 , 310 g , w h i c h moved t o a new h o m e s i t e 60 m away from the b u i l d i n g s ( F i g . 4 ) . 

F i v e young r a t s (95-130 g ) , t r a p p e d a t v a r i o u s p l a c e s near b u i l d i n g s on a t h i r d 
s t u d y f a r m , were f i t t e d w i t h m i n i a t u r e t r a n s m i t t e r s . They a l l used the same home-
s i t e and were assumed t o be s i b l i n g s . I n i t i a l l y , r a t s moved s h o r t d i s t a n c e s around 
t h e farm b u i l d i n g s where t h e r e was l i m i t e d f o o d i n l a s t y e a r ' s hay and s t r a w b a l e s . 
Soon a l l s t a r t e d f o r a g i n g r e g u l a r l y i n a f i e l d o f growing b a r l e y up t o 200 m from 
t h e i r h o m e s i t e . R a t s a lways moved s i n g l y and a c c e s s was by a w e l l marked run t h a t 
was a l s o used by a d u l t r a t s ( F i g . 6 ) . F o r a g i n g was i n i t i a l l y a t any t ime o f day or 
n i g h t . R a t s f r e q u e n t l y went i n t o t h e b a r l e y i n the m i d a f t e r n o o n and r e t u r n e d a f t e r 
d a r k . L a t e r , t h e i r h a b i t s became more n o c t u r n a l . A p a r t from t h e i r h o m e s i t e , j u v e n i l e 
r a t s never v i s i t e d o t h e r farm b u i l d i n g s where s t o c k were f e d and f o o d was a p p a r e n t l y 
p l e n t i f u l . These b u i l d i n g s were o c c u p i e d by unmarked r a t s . L a t e r o n , the f e m a l e 
moved to a burrow under a t r e e stump b e s i d e the b a r l e y f i e l d . She never moved more 
than 15 m away and p r o b a b l y had a l i t t e r . 
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F i g . 4. Map showing the o b s e r v e d r a n g e s o f f emale 1 and 4 
male ( 2 , 6 , 12 , 15) r a t s around farm b u i l d i n g s i n the 
second s t u d y a r e a . R a t s were t r a c k e d c o n c u r r e n t l y . 
Food s t o r e s , l a b e l l e d A - E , are i d e n t i f i e d i n F i g . 5 . 
Two p e r i p h e r a l r a t s (males 11 and 15B) were t r a p p e d a t 
( V ) . 

I n g e n e r a l , a d v e r s e weather c o n d i t i o n s appeared t o have l i t t l e e f f e c t on the move
ments of r a t s i n a r a b l e f a r m l a n d . However, around farm b u i l d i n g s r a t s were c l e a r l y 
l e s s a c t i v e on b r i g h t m o o n l i g h t n i g h t s . Most a n i m a l s were o b s e r v e d s h e l t e r i n g under 
sheds and a s s o c i a t e d h a r b o r a g e . Snow, l y i n g t o a depth o f 15 cm, a l s o appeared t o 
reduce a c t i v i t y o u t s i d e farm b u i l d i n g s . No t r a c k s were s een and r e g u l a r runs were 
unused . 

DISCUSSION 
Most r a t s t h a t were r a d i o t r a c k e d had i d e n t i f i a b l e food s o u r c e s t h a t were r e l a t e d 
t o farming and many o f the o b s e r v e d movements were from h o m e s i t e to food s o u r c e . 
T h i s s t u d y shows t h a t r a t s near e s t a b l i s h e d food s o u r c e s h a v e s m a l l r a n g e s w h i l e 
animals i n open f a r m l a n d range w i d e l y i n r e s p o n s e t o lower f o o d a v a i l a b i l i t y . Range 
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F i g . 5 . Recorded h a b i t a t l o c a t i o n s o f 8 r a t s (7 m a l e s , 
1 f e m a l e ) around the farm a t minimum i n t e r v a l s o f 
10 m i n . A l l r a t s were a c t i v e and away from t h e i r 
h o m e s i t e s . Food s t o r e s , A - E a r e i n d i c a t e d i n F i g . 4 . 

s i z e was a l s o shown to v a r y i n d i r e c t l y w i t h the a v a i l a b i l i t y o f food f o r Rattus 
exulans P e a l e r a d i o t r a c k e d i n s u g a r c a n e ( L i n d s e y et al,j 1973; N a s s , 1977 ) . I n 
a d d i t i o n , males ranged more w i d e l y t h a n f e m a l e s as was found i n the p r e s e n t s t u d y . 

A l t h o u g h some r a t s i n the f i e l d p o p u l a t i o n s r e g u l a r l y v i s i t e d farm b u i l d i n g s , o n l y 
a l a r g e dominant a n i m a l , male 11 i n the second s t u d y a r e a , became e s t a b l i s h e d . I t 
i s p o s s i b l e t h a t s o c i a l i n t e r a c t i o n s by r e s i d e n t r a t s p r e v e n t e d p e r i p h e r a l i n d i v i 
d u a l s moving i n ( C a l h o u n , 1962) . N i g h t v i s i o n equipment i s c l e a r l y i m p o r t a n t t o 
supplement d a t a from r a d i o t r a c k i n g w h i c h p i n p o i n t s an an imal i n b o t h s p a c e and t ime 
but does n o t r e v e a l what i t i s d o i n g . However , d i f f i c u l t y was e x p e r i e n c e d around 
and w i t h i n b u i l d i n g s where i n d i v i d u a l r a t s were s een i n f r e q u e n t l y . 

P r e d a t i o n may be v e r y i m p o r t a n t t o r a t p o p u l a t i o n s , b o t h around b u i l d i n g s and i n 
more open h a b i t a t s . Recorded movements were l a r g e l y c o n f i n e d to c o v e r b u t wide 
r a n g i n g i n d i v i d u a l s may be more a t r i s k . F i v e out o f 21 r a t s t r a c k e d i n hedgerows 
were k i l l e d by p r e d a t o r s (2 s t o a t Mustela erminea L . , 2 f o x Vulpes vulpes L . and 
1 c a t Felis oatus L . ) and i t i s n o t a b l e t h a t b o t h p e r i p h e r a l ma le s i n t h e second 
s t u d y a r e a were k i l l e d by f o x e s . 

Lower r e c o r d e d a c t i v i t y under b r i g h t m o o n l i g h t p r o b a b l y r e d u c e s t h e r i s k o f p r e d a 
t i o n . C a t s and tawny owls {Strix aluoo L . ) were r e g u l a r l y o b s e r v e d h u n t i n g round 
t h e farm b u i l d i n g s . S a n d e r s o n and S a n d e r s o n (1964) found t h a t Rattus mülleri J e n t i n k 
c o n f i n e d movements i n M a l a y a n f o r e s t to heavy c o v e r under b r i g h t m o o n l i g h t . N a s s , 
Hood and L i n d s e y (1971) r e p o r t t h a t the removal o f h a r b o r a g e when h a r v e s t i n g s u g a r 
cane was f o l l o w e d by r a p i d p r e d a t i o n o f f i e l d d w e l l i n g Rattus exulans. 

The s t u d i e s r e p o r t e d h e r e have c l e a r i m p l i c a t i o n s f o r t h e c o n t r o l o f i n f e s t i n g r a t 
p o p u l a t i o n s . I n d i v i d u a l s show a much g r e a t e r r a n g e o f movement than p r e v i o u s l y 
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F i g . 6 . The range c o v e r e d by 5 s i b l i n g r a t s (1 f e m a l e , 4 m a l e s ) 
marked w h i l e young and f o l l o w e d i n the t h i r d s t u d y 
a r e a f o r around two months (poo led d a t a from over 500 
p o s i t i o n a l f i x e s ) . (1) Homes i t e under e lm stump 
15-24 J u n e ; (2) h o m e s i t e i n hay b a l e s 25 J u n e - 3 A u g u s t ; 
(3) h o m e s i t e o f f e m a l e , 20 J u l y - 3 A u g u s t . 

r e c o g n i z e d . B u i l d i n g s may be r e g u l a r l y v i s i t e d by f i e l d l i v i n g r a t s up t o 500 m 
d i s t a n t . I f r a t p o p u l a t i o n s a r e c o n t r o l l e d i n the b u i l d i n g s a l o n e p o t e n t i a l immi
g r a n t s are a l r e a d y i n c o n t a c t and r a p i d r e i n f e s t a t i o n may take p l a c e . T h i s may 
e x p l a i n why p r o t r a c t e d t r e a t m e n t s are sometimes n e c e s s a r y . However f i e l d p o p u l a 
t i o n s a t low d e n s i t i e s , p a r t i c u l a r l y males may l e a v e v e r y few r a t s i g n s ( T a y l o r , 
1978; G r e a v e s , p e r s o n a l communicat ion) w h i c h are n o t e a s i l y d e t e c t e d and thus t r e a t 
ment o f such p o p u l a t i o n s i s d i f f i c u l t . I n v e s t i g a t i o n s o f p e r i p h e r a l r a t movements 
f o l l o w i n g the removal o f a d j a c e n t p o p u l a t i o n s c o n t i n u e w i t h p a r t i c u l a r emphas i s on 
the d i s p e r s a l o f j u v e n i l e r a t s . 

Acknoüledgements — We are p a r t i c u l a r l y i n d e b t e d to the l a t e G . E . A s h w e l l who d e s i g n e d 
and b u i l t our o r i g i n a l r a d i o equ ipment . We thank P . Fox and R . Quy f o r i n v a l u a b l e 
h e l p i n the f i e l d and R . S t o c k a l l f o r making many o f the t r a n s m i t t e r s . 
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Abstract — A method o f l o n g t e r m , c o n t i n u o u s d e t e r m i n a t i o n o f 
f r e e r a n g i n g r o d e n t a c t i v i t y b a s e d upon d e t e c t i n g g r o s s p o s t u r a l 
c h a n g e s i s d e s c r i b e d . G r o s s p o s t u r a l changes produce f r e q u e n c y 
m o d u l a t i o n i n a s m a l l , i n e x p e n s i v e t r a n s m i t t e r t h a t i s a l s o 
s u i t a b l e f o r r a d i o t r a c k i n g . The s e n s i t i v i t y o f t h i s method 
a l l o w s the f i n e s t r u c t u r e o f a c t i v i t y p a t t e r n s t o be r e s o l v e d 
t o an e x t e n t not p r e v i o u s l y p o s s i b l e . A f u l l s i z e d t e m p l a t e o f 
a t r a n s m i t t e r i s i n c l u d e d . 

INTRODUCTION 
The many v i g o r o u s b e h a v i o r s , i . e . , l o c o m o t i o n , c l i m b i n g , d i g g i n g , g r a z i n g , e t c . p e r 
formed by r o d e n t s d u r i n g t h e i r a c t i v e p e r i o d s n e c e s s a r i l y i n v o l v e changes i n p o s t u r e . 
R e l a t i v e to the p o s t u r a l changes t h a t o c c u r d u r i n g r e s t and s l e e p , t h o s e t h a t o c c u r 
d u r i n g a c t i v e p e r i o d s are f r e q u e n t and g r o s s (Knowlton et al,j 1968) . By d e t e c t i n g 
and r e c o r d i n g c o n t i n u o u s l y t h e s e g r o s s p o s t u r a l c h a n g e s , a d e t a i l e d r e c o r d o f v i r 
t u a l l y a l l v i g o r o u s a c t i v i t y can be o b t a i n e d . A t e l e m e t r y s y s t e m e m p l o y i n g t h i s 
p r i n c i p l e h a s been used to o b t a i n l o n g t e r m , c o n t i n u o u s r e c o r d s o f t h e d i e l a c t i v i t y 
p a t t e r n s o f s e v e r a l s p e c i e s o f f r e e r a n g i n g r o d e n t s , p r i m a r i l y , Neotoma fuscipes^ 
Percmyscus californicus and Microtus californious (Kawai , 1 9 7 3 ) . F i g u r e 1 shows 
the p a t t e r n s f o r 10 c o n s e c u t i v e days from i n d i v i d u a l s o f each o f t h e s e s p e c i e s . 
Such p r e c i s e d a t a a l l o w the f o r m u l a t i o n and t e s t i n g o f d e t a i l e d h y p o t h e s e s c o n c e r n 
i n g the e f f e c t s o f b i o t i c and a b i o t i c v a r i a b l e s on a c t i v i t y . F u r t h e r m o r e , b e c a u s e 
v i g o r o u s a c t i v i t y per se i s d e t e c t e d , r a t h e r t h a n o n l y t h a t s e t o f a c t i v i t i e s 
i n v o l v i n g l o c o m o t i o n — which d i f f e r s i n c o m p o s i t i o n and i m p o r t a n c e from s p e c i e s t o 
s p e c i e s — s u c h d a t a may be e s p e c i a l l y u s e f u l i n c o m p a r a t i v e s t u d i e s . 

THE TRANSMITTER 
The t r a n s m i t t e r c i r c u i t ( F i g . 2) i s a b l o c k i n g o s c i l l a t o r w i t h a band w i d t h o f 
about 3 MHz and a b l o c k i n g f r e q u e n c y o f from 10 to 20 Hz ( see Mackay , 1968 ) . These 
t r a n s m i t t e r s are d e s i g n e d t o o p e r a t e i n the FM e n t e r t a i n m e n t b a n d , 88-108 MHz w i t h 
a t y p i c a l duty c y c l e o f 5 p e r c e n t . The t r a n s m i t t e r s are worn as c o l l a r s . A s i n g l e 
w i r e loop f u n c t i o n s as the tuned c i r c u i t i n d u c t o r , l o o p a n t e n n a and means o f a t t a c h 
ment . The c o l l a r i s a t t a c h e d by b r e a k i n g the l o o p , f i t t i n g i t around the a n i m a l ' s 
neck and r e s o l d e r i n g , s i m i l a r to the method d e s c r i b e d by Mech et al, ( 1965) . 

667 
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TO, «00 0̂ 6« ««Od xma teoo ̂ m-x'i^ 

F i g . 1. R e p r e s e n t a t i v e a c t i v i t y p a t t e r n s o f Neotoma fusoipeSy 
Peromyscus californicus and Microtus californicus, 

56-130 KOHMS 

2.2-4.7 uF 

M P S 2369 
+ 1.5 VDC 

91-33 PF 

F i g , 2 . S c h e m a t i c d i a g r a m o f t r a n s m i t t e r c i r c u i t . 

T r a n s m i t t e r s are c o n s t r u c t e d over a wide s i z e r a n g e . T h e i r w e i g h t and l o n g e v i t y are 
de termined p r i m a r i l y by the s i z e o f t h e b a t t e r y u s e d . T r a n s m i t t e r s s u i t a b l e f o r 
m o u s e - s i z e d a n i m a l s , 15-90 g , w e i g h t 1 . 1 - 2 . 0 g and t r a n s m i t f o r a p p r o x i m a t e l y 12 d a y s . 
Those f o r r a t - s i z e d a n i m a l s , 90-500 g , w e i g h t 3 . 5 - 7 g and t r a n s m i t a p p r o x i m a t e l y 
55 d a y s . T a b l e 1, i s a l i s t o f parameters o f t r a n s m i t t e r s t h a t have per formed s u c 
c e s s f u l l y i n the f i e l d . The components f o r t h e s e t r a n s m i t t e r s c o s t l e s s t h a n US $ 4 . 0 0 
per u n i t . 

When used i n c o n j u n c t i o n w i t h a hand h e l d , FM band t r a n s i s t o r r a d i o e q u i p p e d w i t h a 
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12 mm 82 pF S 13 1.1 g 12 Onyohomys torridus (17 g) 

15 mm 75 pF S 13 1.3 g 12 Peromysoiis californicus (35 g) 

20 mm 56 pF S 13 1.7 g 12 Dipodomys agilis (50 g ) 

25 mm 45 pF S 76 3 .5 g 55 Cittelujs mohavensis (100 g ) 

33 mm 39 pF S 76 4 . 0 g 55 Neotoma fuscipes (300 g) 

38 mm 33 pF S 76 5 .5 g 55 Otospermophilus heecheyi (500 g) 

1/4 wave whip a n t e n n a , the r e c e p t i o n range i s from 30 t o 100 m. T h i s p e r f o r m a n c e 
has been c o n s i s t e n t i n t h i c k b r u s h a t the b o t t o m o f a deep canyon where most f i e l d 
e x p e r i m e n t s have been c o n d u c t e d . Per formance i n the d e s e r t i s g e n e r a l l y about 30 
p e r c e n t b e t t e r . T r a n s m i s s i o n from underground depends e n t i r e l y upon l o c a l s o i l type 
and w a t e r c o n t e n t . R a d i o l o c a t i o n i s r e a d i l y a c c o m p l i s h e d by means o f a FM r e c e i v e r 
equipped w i t h a t e l e s c o p i c whip a n t e n n a . I n i t i a l l y , the f u l l y e x t e n d e d a n t e n n a i s 
h e l d v e r t i c a l l y and s u s p e c t e d l o c a t i o n s o f the a n i m a l are i n v e s t i g a t e d u n t i l a s t r o n g 
s i g n a l i s o b t a i n e d . The antenna i s t h e n swept i n the h o r i z o n t a l p l a n e so t h a t a 
n u l l can be d e t e c t e d . I f no n u l l i s f o u n d , i . e . , i f the s i g n a l i s so s t r o n g t h a t 
the a u d i o o u t p u t i s s a t u r a t e d w i t h the a n t e n n a i n any p o s i t i o n , t h e n t h e l e n g t h o f 
the a n t e n n a i s d e c r e a s e d and the p r o c e d u r e i s r e p e a t e d . D e c r e a s i n g t h e l e n g t h o f 
the an tenna h a s the e f f e c t o f d e c r e a s i n g the r a d i o f r e q u e n c y g a i n o f the r e c e i v e r . 
A t c l o s e r a n g e , l e s s than 10 m, o n l y a few cm o f a n t e n n a may s u f f i c e . Once a n u l l i s 
d e t e c t e d , the a n i m a l i s l o c a t e d by s t a n d a r d t r i a n g u l a t i o n p r o c e d u r e t o an a c c u r a c y 
o f about 10 d e g r e e s . 

D E T E R M I N A T I O N OF ACTIVITY 
The ' c l i c k * r a t e o f the t r a n s m i t t e r i s t o a l a r g e e x t e n t d e t e r m i n e d by the t ime c o n 
s t a n t o f RC2 ( F i g . 2 ) . However, ' s t r a y ' c a p a c i t a n c e be tween the a n i m a l and the t r a n s 
m i t t e r a l s o a f f e c t s the ' c l i c k ' r a t e s u c h t h a t an i n c r e a s e i n the a n i m a l to t r a n s 
m i t t e r c a p a c i t a n c e d e c r e a s e s the b l o c k i n g f r e q u e n c y . P u l s e s p a c i n g ( the i n t e r v a l 
between t h e o n s e t o f two c o n s e c u t i v e c l i c k s ) ( G r a f , 1970) i s about 10 p e r c e n t s h o r t e r 
when the t r a n s m i t t e r i s i n i n t i m a t e c o n t a c t w i t h the a n i m a l i n the ' e x t r e m e c u r l e d ' 
p o s t u r e t h a n i n the ' e x t r e m e e x t e n d e d ' p o s t u r e s ( F i g . 3 ) , when the b u l k o f the t r a n s 
m i t t e r hangs f r e e l y from the a n i m a l ' s n e c k . I t i s t h e r e f o r e p o s s i b l e t o e s t a b l i s h a 
p u l s e s p a c i n g t h r e s h o l d . The c r o s s i n g o f w h i c h r e p r e s e n t s a 'head down' t o a 'head 
up ' movement. T h i s p o s t u r a l change i s i d e n t i f i e d and i s u sed as the c r i t e r i o n f o r 
a c t i v i t y . By means o f a p p r o p r i a t e e l e c t r o n i c s ( S h i e l d s , 1976) ( F i g . 4) i t i s p o s 
s i b l e t o measure a u t o m a t i c a l l y the d u r a t i o n o f e a c h p u l s e s p a c i n g and on t h a t b a s i s , 
to de termine c o n t i n u o u s l y whe ther the a n i m a l i s i n a ' c u r l e d ' or ' e x t e n d e d ' p o s t u r e . 
S i n c e the p u l s e s p a c i n g i s about 75 ms , any movement t h a t c a u s e s t h e a n i m a l t o be i n 
an ' e x t e n d e d ' p o s t u r e f o r more than 75 ms w i l l be d e t e c t e d , i . e . , the s a m p l i n g r a t e 
f o r p o s t u r a l c h a n g e , and h e n c e , a c t i v i t y , i s the same as t h e b l o c k i n g r a t e o f the 
t r a n s m i t t e r , about 14 H z . Because the p u l s e s p a c i n g changes i n s t a n t a n e o u s l y w i t h 
changes i n p o s t u r e , a c o n t i n u o u s , l o n g t e r m r e c o r d o f s p l i t s e c o n d r e s o l u t i o n can be 
o b t a i n e d . The d i s c r i m i n a t i n g s y s t e m i s c a p a b l e o f a n a l y z i n g any s i g n a l t h a t l a s t s 
l o n g e r than s e v e n c o n s e c u t i v e p u l s e s p a c i n g s — about 1/2 s . Depending upon t h e p u l s e 
s p a c i n g s , one or more o u t p u t s o f the d i s c r i m i n a t i n g c i r c u i t s are a c t i v a t e d , i n d i c a t 
i n g t h a t the a n i m a l i s : (1) p r e s e n t b u t n o t a c t i v e , (2) a c t i v e , o r (3) n o i s e i s b e i n g 

T a b l e 1. 
T r a n s m i t t e r component v a l u e s and p a r a m e t e r s f o r v a r i o u s l y s i z e d 
r o d e n t s . T r a n s m i t t e r s to o p e r a t e a t 90 MHz. L i f e span (days ) 

f o r t r a n s m i t t e r s u s i n g b a t t e r i e s w i t h s o l d e r i n g t a b s 

Loop Tank B a t t e r y T r a n s m i t t e r L i f e R e p r e s e n t a t i v e r o d e n t s 
d iameter c a p a c i t o r w e i g h t span 
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T R A N S M I T T E R P U L S E S P A C I N G S 

•Noise' Cur led ' Th resho ld E x t e n d e d ' 'No Signal-

Ignit ion 
transients, 
voice 
b r e a k - i n 

Single 
transients, 
lights switches, 
etc. 

RECORDED 
OUTPUTS 

PSD1 
CNutse'l mm O F F NOISE 

PSD2 
CCurled") O F F ^ S ^ á ^ f ^ ^ ^ ^ ^ ^ . ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ PRESENT 

PSD3 
(•Present") wmmmmmmm ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 

OFF 

A N D 
Circuit O F F OFF ACTIVE 

F i g . 3 . P o s t u r e s a s s o c i a t e d w i t h t r a n s m i t t e r p u l s e s p a c i n g s . 

S I G N A L 
C O N D I T I O N I N G 

P U L S E 
S P A C I N G 
D I S C R I M I N A T I O N 

F M B A N D 
A M P L I F I E R P U L S E 

R E C E I V E R A U D I O F R E Q U E N C Y 
S I G N A L 

A M P L I F I E R S H A P E R 

P U L S E S P A C I N G D ISC 
1 N O I S E ^ ' N O I S E ' O U T P U T 

( N O R M A L L Y O F F ) NOISE-
EVENT PEN 

P U L S E S P A C I N G D ISC 
2 - ' C U R L E D ' ' C U R L E D ' O U T P U T 

( N O R M A L L Y O N ) 

P U L S E S P A C I N G D ISC 
3 P R E S E N T ' 

A N D 
C I R C U I T 

• A C T I V E -
E V E N T P E N 

' P R E S E N T - O U T P U T 
( N O R M A L L Y O F F ) •PRESENT-

EVENT PEN 

F i g . 4 . B l o c k d iagram o f p u l s e s p a c i n g d i s c r i m i n a t o r c i r c u i t . 

r e c e i v e d . The ^present* , ^ a c t i v e * and *noise* o u t p u t s o p e r a t e pens on a m u l t i c h a n n e l 
e v e n t r e c o r d e r o p e r a t i n g a t a c h a r t speed o f 3" (7 .6 cm) h"-^. An a c c u r a c y o f 1 min 
i s r e a d i l y o b t a i n e d . 

MONITORING ANIMALS IN THE FIELD 
I n t h e f i e l d a n i m a l s are m o n i t o r e d by r e c e i v e r s l o c a t e d w i t h i n t h e i r home r a n g e s . 
Power i s s u p p l i e d t o and a u d i o f r e q u e n c y s i g n a l s o b t a i n e d f rom, t h e s e r e c e i v e r s by 
means o f t h r e e - w i r e s h i e l d e d c a b l e s . Because * t r a n s i s t o r * r a d i o s are d e s i g n e d to 
o p e r a t e over a wide v o l t a g e range and the a u d i o f r e q u e n c y o u t p u t h a s a v e r y low 
impedance (8 Ω ) , v o l t a g e drop and e l e c t r o n i c n o i s e on l o n g c a b l e s i s no t a p r o b l e m . 
C a b l e s as l ong as 400 m have been e n p l o y e d s u c c e s s f u l l y . L a r g e c o f f e e cans make 
e x c e l l e n t c o n t a i n e r s f o r r e c e i v e r s i n the f i e l d . They can be made c o m p l e t e l y w a t e r 
t i g h t and b e i n g good * l i t t e r m i m i c s * , a t t r a c t l i t t l e a t t e n t i o n from p o t e n t i a l v a n d a l s . 
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IN THE FUTURE 
The methods d e s c r i b e d i n t h i s paper are o n l y a f i r s t s t e p i n u s i n g e l e c t r o n i c s to 
mon i tor f r e e r a n g i n g r o d e n t s . There i s l i t t l e doubt t h a t d i s c r e t e b e h a v i o r s , e . g . , 
l o c o m o t i o n , f e e d i n g , e t c . , cause unique p a t t e r n s o f t r a n s m i t t e r m o d u l a t i o n , and 
t h a t by u s i n g computer a n a l y s i s s i m i l a r t o t h a t used to r e c o g n i z e EEG p a t t e r n s , 
these p a t t e r n s c o u l d be a u t o m a t i c a l l y r e c o g n i z e d and r e c o r d e d . D a t a o f t h i s t y p e 
would add immeasurably to our u n d e r s t a n d i n g o f o v e r - a l l b i o - e n e r g e t i c s t r a t e g i e s and 
the way i n w h i c h d i f f e r e n t s p e c i e s p a r t i t i o n t h e i r energy b u d g e t s . 

I t may w e l l be t h a t the most e f f i c i e n t approach t o o b t a i n i n g even more d e t a i l e d d a t a 
than can be o b t a i n e d by the methods d e s c r i b e d i n t h i s paper i s t o c o n c e n t r a t e , n o t 
on the d e s i g n and c o n s t r u c t i o n o f more s o p h i s t i c a t e d t r a n s m i t t e r s , b u t on more s o p h i s 
t i c a t e d methods o f a n a l y z i n g the w e a l t h o f i n f o r m a t i o n t h a t i s c o n t a i n e d i n the 
s i g n a l s from the r e l i a b l e , s i m p l e , and i n e x p e n s i v e t r a n s m i t t e r s used i n t h i s s y s t e m . 

GETTING STARTED 
Many i n v e s t i g a t o r s d i s m i s s s m a l l mammal t e l e m e t r y b e c a u s e they b e l i e v e i t would be 
too e x p e n s i v e or complex . A l s o , o b t a i n i n g s p e c i a l i z e d components may p r e s e n t a 

The type o f antenna used depends upon the s i z e o f the a r e a t o be m o n i t o r e d . S m a l l 
l oop antennas o f about 1/4 wave l e n g t h i n d i a m e t e r are used to m o n i t o r s p e c i f i c 
l o c a t i o n s , such as n e s t s i t e s . These an tennas a r e h o r i z o n t a l and a l m o s t a lways 
v e r y c l o s e t o the g r o u n d . W i t h i n the loop r e c e p t i o n i s c o n t i n u o u s . Maximum a r e a 
coverage i s o b t a i n e d by u s i n g an o m n i - d i r e c t i o n a l v e r t i c a l 1/2 wave l e n g t h or g r e a t e r 
whip a n t e n n a . A s i n g l e r e c e i v e r o f a v e r a g e q u a l i t y can g i v e good c o v e r a g e o f a c i r c l e 
about 30 m i n r a d i u s . W i t h i n t h i s d i s t a n c e s i g n a l dropout from an a c t i v e a n i m a l 
r a r e l y l a s t s l o n g e r t h a n one m i n u t e . I f more t h a n one r e c e i v e r i s u s e d , c o v e r a g e 
i s c o n s i d e r a b l y improved . Three r e c e i v e r s may be a r r a n g e d so t h a t s i g n a l drop out 
r a r e l y o c c u r s . 

However, i n g e n e r a l the most e f f e c t i v e use o f t ime and m a t e r i a l s i s t o use two 
r e c e i v e r s , one ' s i t e ' r e c e i v e r to m o n i t o r a c t i v i t y i n and around the a n i m a l ' s main 
n e s t and one ' a r e a ' r e c e i v e r to o b t a i n the w i d e s t p o s s i b l e c o v e r a g e . T h i s a r r a n g e 
ment g i v e s p r e c i s e d a t a c o n c e r n i n g the manner i n w h i c h the an imal use s i t s n e s t , 
i n c l u d i n g the o n s e t and c e s s a t i o n o f a c t i v i t y , and a l s o a l l o w s one to e l i m i n a t e the 
p o s s i b i l i t y t h a t the an imal i s i n a c t i v e a t some o t h e r l o c a t i o n when away from the 
n e s t b e i n g m o n i t o r e d by the ' s i t e ' r e c e i v e r . 

RELIABILITY OF THE METHOD 
For 12 y e a r s — u n t i l i t was d e s t r o y e d by a b r u s h f i r e i n 1978, I l i v e d a t my s t u d y 
s i t e . T h i s e n a b l e d me t o keep the d i s c r i m i n a t i n g e l e c t r o n i c s and r e c o r d i n g e q u i p 
ment i n my l i v i n g room, w h i l e m o n i t o r i n g a n i m a l s 30 to 400 m from my r e s i d e n c e . 
T h i s a l l o w e d me t o make hundreds o f compar i sons between the a u d i o s i g n a l from one 
of the f i e l d r e c e i v e r s (as d i s p l a y e d on an o s c i l l o s c o p e ) and t h e o u t p u t o f the d i s 
c r i m i n a t i n g sys tem and so to i m m e d i a t e l y v e r i f y the a c t u a l b e h a v i o r o f the a n i m a l 
by means o f r a d i o t r a c k i n g . 

The o n l y o c c u r r e n c e o f ambiguous d a t a was i m m e d i a t e l y a f t e r heavy r a i n s when M, 
califovnicus a c t i v e i n v e r y wet g r a s s , a p p a r e n t l y became s o a k e d , c a u s i n g d r a s t i c 
changes i n the t r a n s m i t t e r p u l s e s p a c i n g s . S i m i l a r e v e n t s h a v e n o t o c c u r r e d w i t h 
P . califovnicus or 71/. fuscipes, Both o f t h e s e a n i m a l s s t a y i n t h e i r n e s t s d u r i n g 
heavy r a i n s and a p p a r e n t l y move c a r e f u l l y enough t o a v o i d g e t t i n g wet when f o r a g i n g 
immedia te ly a f t e r r a i n s . 
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F i g , 5 . T r a n s i s t o r t e s t c i r c u i t . BAT = b a t t e r y ( S - 7 6 ) , TS = 
t r a n s i s t o r s o c k e t , FBL = f eedback l o o p , C l = tank 
c a p a c i t o r (39 p F ) , C2 = t i m i n g c a p a c i t o r ( 3 . 3 m F ) , 
R = r e s i s t o r (100 Κ Ω ) , CBE = c o l l e c t o r , b a s e and 
e m i t t e r o f t r a n s i s t o r . Diagram i s f u l l - s i z e d and 
may be used as a t e m p l a t e . 

The c i r c u i t can be c o n v e r t e d t o a t r a n s m i t t e r s u i t a b l e f o r r a t - s i z e d a n i m a l s by 
l e a v i n g out the t r a n s i s t o r s o c k e t and * condens ing* the r e s t o f the c i r c u i t . Do n o t 
be a f r a i d to r e a r r a n g e the geometry o f the components t o o b t a i n optimum p a c k a g i n g . 
C o n s t r u c t i o n i s g r e a t l y s i m p l i f i e d i f the components ( e x c e p t the b a t t e r y ) are g l u e d 
t o g e t h e r w i t h a c y a n a c r y l a t e g l u e b e f o r e s o l d e r i n g commences. A f t e r s o l d e r i n g i s 
c o m p l e t e , the e n t i r e t r a n s m i t t e r must be p o t t e d w i t h s e v e r a l t h i n l a y e r s o f *Q-dope* 
( p o l y s t y r e n e d i s s o l v e d i n a c e t o n e ) and t h e n f i n a l l y w i t h 5 min epoxy used s p a r i n g l y . 
Never a t t empt t o b u i l d a t r a n s m i t t e r w i t h a t r a n s i s t o r t h a t has n o t been t e s t e d ! 
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p r o b l e m . H o p e f u l l y , the t r a n s m i t t e r shown i n F i g . 5 w i l l a l l e v i a t e many o f these 
problems and encourage persons w i t h o n l y a s l i g h t knowledge o f e l e c t r o n i c s t o a t t e m p t 
r a d i o t r a c k i n g . F i g u r e 5 i s a f u l l - s i z e d t e m p l a t e of a c i r c u i t used t o t e s t the p e r 
formance o f i n d i v i d u a l t r a n s i s t o r s . C o n s t r u c t e d as shown the c i r c u i t w i l l o p e r a t e 
a t about 90 MHz. Do not be concerned i f your components are not the e x a c t p h y s i c a l 
s i z e o f the ones i n the t e m p l a t e . V i r t u a l l y any c o m b i n a t i o n o f good q u a l i t y compon
e n t s w i l l work i n t h i s s i z e d t r a n s m i t t e r . The b e s t t r a n s i s t o r f o r t h i s c i r c u i t seems 
to be a M o t o r o l a MPS 2369, an economy p l a s t i c package t r a n s i s t o r t h a t c o s t s about 
US $ 0 . 5 0 . However, a h i g h p e r c e n t a g e o f many t y p e s o f r a d i o f r e q u e n c y a m p l i f i e r s 
o r h i g h speed s w i t c h i n g t r a n s i s t o r s w i l l work . S i l v e r - o x i d e b a t t e r i e s can be o b t a i n e d 
i n h e a r i n g a i d o r photography s t o r e s . With c a r e , i t i s p o s s i b l e to s o l d e r d i r e c t l y 
to t h e s e b a t t e r i e s . One must use a good f l u x and p o l i s h the a r e a w i t h s a n d i n g paper 
j u s t p r i o r to s o l d e r i n g . A l t e r n a t i v e l y , b a t t e r i e s w i t h s o l d e r i n g t a b s may be s p e c i a l l y 
o r d e r e d . 
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Abstract — Because of the l a r g e s i z e o f the A f r i c a n e l e p h a n t , 
t r a n s l o c a t i o n s have to be done u s i n g j u v e n i l e a n i m a l s . The 
s o c i a l s t r u c t u r e o f the e l e p h a n t herd r a i s e s doubt about the 
s u c c e s s o f such a v e n t u r e . The p r e s e n t s t u d y c o n c e r n s a t r a n s 
l o c a t i o n o f j u v e n i l e e l e p h a n t s and i n d i c a t e s t h a t they had 
r e a s o n a b l y s m a l l home r a n g e s i n the s h o r t t erm, b u t t h a t they 
are a f f e c t e d by human d i s t u r b a n c e . The e l e p h a n t s d e v e l o p e d 
a f u n c t i o n a l group s t r u c t u r e i n d i c a t i n g t h a t such a t r a n s 
l o c a t i o n can be s u c c e s s f u l . 

I N T R O D U C T I O N 

I t has become common p r a c t i c e i n A f r i c a to r e l o c a t e or r e i n t r o d u c e l a r g e mammals to 
a r e a s from which they have been p r e v i o u s l y e x t e r m i n a t e d . However , t h e r e are no 
r e p o r t s on r e l o c a t i n g e l e p h a n t s , p r o b a b l y due t o the d i f f i c u l t i e s imposed by t h e i r 
l a r g e s i z e . F o r t h i s r e a s o n any a t t e m p t a t s u c h r e l o c a t i o n must i n v o l v e s u b a d u l t s 
or j u v e n i l e s . However, e l e p h a n t s have e v o l v e d a w e l l d e v e l o p e d s o c i a l s y s t e m i n 
which j u v e n i l e s are p r o t e c t e d and remain i n w e l l d e f i n e d f a m i l y groups w i t h i n a herd 
(Buss and S m i t h , 1966) . The e f f e c t o f removing the a d u l t s from a herd on the b e h a v i o r 
and s u r v i v a l o f l one groups o f j u v e n i l e s h a s n e v e r been documented. The p r e s e n t 
s t u d y was aimed a t e s t a b l i s h i n g the e f f e c t s on b e h a v i o r o f r e l o c a t i n g j u v e n i l e groups 
of e l e p h a n t s d u r i n g the r e e s t a b l i s h m e n t o f t h i s s p e c i e s i n a p r i v a t e game r e s e r v e i n 
the T r a n s v a a l . 

M A T E R I A L A N D M E T H O D S 

STUDY AREA 

The S a b i Sand Game R e s e r v e c o n s i s t s o f a group of u n f e n c e d p r i v a t e l y owned farms 
o p e r a t e d a s a c o n s e r v a t i o n u n i t o f a p p r o x i m a t e l y 300 km^. The a r e a a d j o i n s the 
Kruger N a t i o n a l Park and has the f u l l complement o f game o c c u r r i n g i n the T r a n s v a a l 
L o w v e l d . E l e p h a n t o c c u r r e d t h r o u g h o u t the a r e a i n the p a s t and lone b u l l s s t i l l 
o c c u r . N a t u r a l l y b r e e d i n g herds h a v e , however , not been r e s i d e n t i n the a r e a f o r 
a t l e a s t 50 y e a r s . The R e s e r v e c e n t e r s on about 2 4 ° S , 3 1 ° E . I t has a mean e l e v a 
t i o n o f 1200 m, v a r y i n g from about 100 to 1300 m. Three h i g h p o i n t s w i t h i n 3 km of 
each o t h e r r i s e to 66 and 88 m above the s u r r o u n d i n g t e r r a i n w h i c h i s r e l a t i v e l y 
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l e v e l and c u t by a number o f d r a i n a g e l i n e s f l o w i n g to t h e Sand R i v e r , wh ich i s the 
most important f e a t u r e o f the topography ( F i g . 1 ) . The a r e a i s t r a n s v e r s e d by roads 
and t r a c k s but as most o f t h e s e were made s i n c e the l a s t a e r i a l s u r v e y , f i x e d p o i n t s 
on the map are s c a r c e . The c o m b i n a t i o n o f f l a t t e r r a i n and l a c k o f f i x e d p o i n t s 
t h e r e f o r e , makes t r i a n g u l a t i o n from r a d i o s i g n a l s d i f f i c u l t . 

SABI S A N D R E S E R V E 

F i g , 1. Map o f the S a b i Sand r e s e r v e showing the main d r a i n a g e 
l i n e s . 

The v e g e t a t i o n of the a r e a i s d i v e r s e ( F i g . 2) c o n s i s t i n g o f r e a s o n a b l y dense wood
land dominated by Acacia i n the d r a i n a g e l i n e s , and mixed Combretwn on the r i d g e s 
i n b e t w e e n . G r a s s c o v e r ranges from e x t r e m e l y dense on the d o l o r i t e s o i l s , to s p a r s e 
on the g r a n i t e d e r i v e d s o i l s on the r i d g e s . 

ANIMALS 

Two groups o f e l e p h a n t s are a t p r e s e n t b e i n g s t u d i e d . Group 1, c o n s i s t i n g o f 2 d 
and 5 9 , was i n t r o d u c e d i n 1977, c o l l a r marked and r e l e a s e d , b u t o n l y s p o r a d i c 
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S A B I S A N D R E S E R V E 

SKETCH-MAP OF l>mNCII»AL VELO TYPES 

F i g . 2 . S k e t c h map o f the main v e g e t a t i o n t y p e s o f the S a b i 
Sand r e s e r v e . 
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o b s e r v a t i o n s were made u n t i l F e b r u a r y , 1979 when one an imal was c a u g h t and f i t t e d 
w i t h a r a d i o t r a n s m i t t e r . Group 2 (2 d and 7 9 ) was i n t r o d u c e d i n A p r i l , 1978. 
A f t e r a q u a r a n t i n e p e r i o d o f one month t h r e e o f the e l e p h a n t s were i m m o b i l i z e d , 
r a d i o t r a n s m i t t e r s f i t t e d and the e l e p h a n t s were t h e n i m m e d i a t e l y r e l e a s e d . A l l 
the e l e p h a n t s were e s t i m a t e d t o be between 5 and 9 y e a r s o f age when t h e y were i n t r o 
duced but d i d not o r i g i n a t e from the same f a m i l y group or h e r d . 

TRACKING 

The 84 Mhz r a d i o t r a c k i n g sys tem used was d e s i g n e d by the S o u t h A f r i c a n C o u n c i l f o r 
S c i e n t i f i c and I n d u s t r i a l R e s e a r c h ( C S I R ) . T r a c k i n g was done on t h r e e c o n s e c u t i v e 
days e v e r y month, t h e e l e p h a n t s ' p o s i t i o n b e i n g de termined e v e r y hour f o r e i g h t 
c o n s e c u t i v e h o u r s . E l e p h a n t s were l o c a t e d by d r i v i n g through the a r e a u n t i l a s i g 
n a l was r e c e i v e d , and b e a r i n g s were then taken from f i x e d p o i n t s on a 1:50 ,000 map 
o f the a r e a u s i n g a hand h e l d y a g i antenna and a compass . The p o s i t i o n o f the e l e 
phant was de termined by t r i a n g u l a t i o n , 

RESULTS 
The a r e a o c c u p i e d by the e l e p h a n t s a t each t r a c k i n g p e r i o d i s i l l u s t r a t e d i n F i g . 3 . 
The range covered i n O c t o b e r i s d e r i v e d from a few r a d i o f i x e s and some v i s u a l s i g h t 
i n g s . I t i s c l e a r t h a t the e l e p h a n t s have used r e l a t i v e l y s m a l l a r e a s (mean = 
3.9 km^) d u r i n g any s p e c i f i c month. Mean d a i l y d i s t a n c e s c o v e r e d was 4.7 km and 
mean h o u r l y d i s t a n c e c o v e r e d 2 . 3 km w i t h the l o n g e s t d i s t a n c e measured i n one 8 h 
p e r i o d b e i n g 9 km. 

Group 2 has remained m a i n l y i n Corribretum woodland b u t t h i s i s p o s s i b l y c o i n c i d e n t a l 
as Group 1 h a s not shown t h i s t e n d e n c y . Both groups have a lways s t a y e d near w a t e r 
a l t h o u g h t h i s f a c t o r i s not i m p o r t a n t a t p r e s e n t , w i t h w a t e r b e i n g w e l l d i s t r i b u t e d 
and p l e n t i f u l d u r i n g the s t u d y p e r i o d . 

One f a c t o r not shown by t h e f i g u r e s i s i m p o r t a n t , namely human d i s t u r b a n c e . A l l 
the a r e a s i n which t h e e l e p h a n t s o f Group 2 were found up to December, were prone 
to d i s t u r b a n c e , whereas t h e a r e a o c c u p i e d by Group 1 was n o t . The l a t t e r group had 
remained i n t h e i r a r e a f o r about 2 y e a r s . 

I t becomes c l e a r from t r a c k i n g d a t a and v i s u a l s i g h t i n g s t h a t i n each c a s e the 
groups s t a y e d t o g e t h e r and d e v e l o p e d f a m i l y b o n d s . Three i n d i v i d u a l s have d i s a p p e a r e d 
from Group 2 and a n o t h e r i s known t o have b e e n c a u g h t by a l i o n . 

DISCUSSION 
EQUIPMENT 

The equipment has f u n c t i o n e d s a t i s f a c t o r i l y and the t r a n s m i t t e r s s t i l l i n use are 
o p e r a t i n g w e l l a f t e r 11 m o n t h s . F a i l u r e s t o da te have been a s c r i b e d t o f a u l t y 
m o u n t i n g . A c c u r a c y o f the sys t em i s adequate f o r t h e s t u d y as p o s i t i o n s can be 
de termined t o w i t h i n 1 km^ on b e a c o n t r a n s m i t t e r s , and t h e i r r a n g e v a r i e s from 2 
t o 10 km depending on t e r r a i n . The main drawback a t p r e s e n t i s t h e s i z e o f t h e 
y a g i r e c e i v i n g antenna w h i c h c a u s e s c o n s i d e r a b l e i n c o n v e n i e n c e i n the t h i c k l y wooded 
a r e a where the work i s b e i n g done . 

ANIMALS 

V e r y few d e t a i l e d s t u d i e s o f h a b i t a t r e q u i r e m e n t s f o r e l e p h a n t s have been d e t e r m i n e d . 
D o u g l a s - H a m i l t o n (1971) r e p o r t e d on a r a d i o t r a c k i n g s t u d y o f E a s t A f r i c a n e l e p h a n t 
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SABI SAND R E S E R V E 

F i g . 3 . Ranges o f the e l e p h a n t s i n e a c h month o f the s t u d y 
( O c t o b e r i s an a p p r o x i m a t e r a n g e from v i s u a l r e c o r d s ) . 

and showed t h a t home r a n g e s v a r i e d between 23 km^ and 330 km^, w i t h d a i l y changes 
o f p o s i t i o n b e i n g between 2.9 and 21 .4 km. I n t h e same a r e a d i f f e r e n t f a m i l y groups 
had d i f f e r i n g movement p a t t e r n s and he i n t e r p r e t e d t h e s e i n terms o f t h e n e r v o u s n e s s 
o f the groups and showed t h a t some groups were a f f e c t e d b y human d i s t u r b a n c e . 

I n the most d e t a i l e d s t u d y to d a t e , L e u t h o l d (1977) gave mean home r a n g e s o f 303 and 
281 km^ f o r males and f e m a l e s r e s p e c t i v e l y , w i t h the s m a l l e s t r a n g e s b e i n g 41 and 
50 km^ f o r t h e two s e x e s , b u t h i s d a t a d i d n o t a l l o w the d e t e r m i n a t i o n o f d a i l y 
movements. 

The d a t a i n F i g . 3 i n d i c a t e t h a t e a c h m o n t h ' s home r a n g e i s d i s c r e t e , a l t h o u g h p o s 
s i b l y s e g r e g a t i n g i n t o two a r e a s . The whole r a n g e i s n o t c o n s i d e r e d a home r a n g e 
a s t h e an imal s have not tended t o r e t u r n t o t h e i r o l d h a u n t s . The mean m o n t h l y 
home range i s much s m a l l e r t h a n t h a t r e p o r t e d by D o u g l a s - H a m i l t o n (1971) b u t the 
d a i l y movements (8 h p e r i o d ) a r e somewhat l a r g e r t h a n t h o s e he f o u n d . U s i n g h i s 
r e a s o n i n g t h i s s u g g e s t s t h a t the h a b i t a t i s most s u i t a b l e . 

A l t h o u g h the e l e p h a n t s were most f r e q u e n t l y found i n Combretum v e l d i t i s thought 
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t h a t t h i s i s f o r t u i t o u s as most o f the R e s e r v e p r o v i d e s adequate h a b i t a t as d e s c r i b e d 
i n the l i t e r a t u r e (Van Wyk and F a i r a l l , 1966; Laws and P a r k e r , 1968; Wing and B u s s , 
1970) . W a t e r , a l t h o u g h i m p o r t a n t f o r e l e p h a n t s , has not been shown to a f f e c t h a b i 
t a t c h o i c e i n the p r e s e n t s t u d y b e i n g f r e e l y a v a i l a b l e and w e l l d i s t r i b u t e d i n the 
R e s e r v e . 

The i n f l u e n c e o f human d i s t u r b a n c e was p o s s i b l y the m a j o r f a c t o r i n f l u e n c i n g the 
movements of Group 2 , as t h i s group g r a d u a l l y moved out o f an a r e a where t h e r e was 
c o n t i n u o u s t r a f f i c and h u n t i n g w h i l e Group 1 h a s e v i d e n t l y b e e n much more s t a b l e i n 
the r e l a t i v e l y q u i e t a r e a they have o c c u p i e d s i n c e b e i n g r e l e a s e d . 

The d a t a o b t a i n e d t o date i n d i c a t e t h a t j u v e n i l e e l e p h a n t s d e v e l o p a f u n c t i o n a l 
group s t r u c t u r e when r e l o c a t e d , and i n d i c a t e t h a t they can be s u c c e s s f u l l y r e e s t a b 
l i s h e d i f s u i t a b l e s a n c t u a r y a r e a s are a v a i l a b l e . 
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Abstract — The roe deer (Capreolus capreolus L . ) e x h i b i t s 
temporary t e r r i t o r i a l b e h a v i o r i n d u c e d by s e x u a l a c t i v i t y and 
de fends h i s t e r r i t o r y f o r o n l y p a r t o f the y e a r . U s i n g r a d i o 
t r a c k i n g we have s t u d i e d the e f f e c t o f the f o r e s t s t r u c t u r e s 
upon t e r r i t o r i a l b e h a v i o r and r e l a t i o n s h i p s between b u c k s . 
Q u a l i t a t i v e and q u a n t i t a t i v e a n a l y s e s o f movements have been 
made a c c o r d i n g to the square method o f S c h n e i d e r et al, (1971) 
and by speed a n a l y s i s . The r e s u l t s show the deve lopment o f 
t e r r i t o r i a l b e h a v i o r by s t a g e s , f a s t e r i n e a r l y s p r i n g t h a n 
i n w i n t e r (1 .58 ± 0 .05 km h"! v e r s u s 0 .57 ± 0 .05 km h~^ SEM) which 
r e s u l t s i n an i n c r e a s e o f s p r i n g home range w h i c h i s more 
i m p o r t a n t when home ranges are l o c a t e d i n t h i c k wood t h a n i n 
c l e a r f o r e s t . S t r u c t u r e does not i n f l u e n c e the mean speed 
l o c o m o t i o n (1 .402 ± 0 .109 km h"^ i n t h i c k wood v e r s u s 1.684 ± 
0.085 km h" l S t a n d a r d E r r o r o f the Mean (SEM) i n f o r e s t ) . The 
r e l a t i o n s between n e i g h b o r i n g bucks are more d i f f i c u l t i n 
t h i c k wood than i n c l e a r wood so t h e r e i s a l a r g e c o n t r o l a r e a 
t o a s s u r e h i s i n t e g r a t e t e r r i t o r y . 

INTRODUCTION 
For a w i l d mammal, l o c o m o t i o n p l a y s an e s s e n t i a l p a r t i n i t s a d a p t a t i o n to the 
e n v i r o n m e n t . I t s s u r v i v a l depends on many f a c t o r s , e . g . f e e d i n g , b r e e d i n g , p r e d a t o r s . 
Q u a l i t a t i v e v a r i a t i o n o f t empora l or s p a t i a l f e a t u r e s o f the env ironment or the 
n a t u r e of i n t e r or i n t r a s p e c i f i c r e l a t i o n s h i p s may a l s o e x e r t an e f f e c t on the a n i m a l ' s 
b e h a v i o r . The n o t i o n o f t e r r i t o r i a l i t y from Burt (1943) t h a t we have c o n s i d e r e d i n 
t h i s s t u d y i s v e r y w e l l c o r r e l a t e d w i t h the c y c l e o f g e n i t a l a c t i v i t y and i n the roe 
deer (Capreolus capreolus L . ) , i n v o l v e s e c o l o g i c a l and b e h a v i o r a l a d a p t a t i o n s which 
a r e e x p r e s s e d as i n c r e a s i n g a g g r e s s i o n between b u c k s . 

A c c o r d i n g to S t - G i r o n s and S t - G i r o n s (1959) , we can c o n s i d e r two c a t e g o r i e s o f 
t e r r i t o r i a l b e h a v i o r . (1) C o n t i n u o u s t e r r i t o r i a l b e h a v i o r r e l a t e d t o p r i m a r y f u n c t i o n s 
( f e e d i n g , d r i n k i n g ) . (2) Temporary t e r r i t o r i a l b e h a v i o r i n d u c e d by s e x u a l a c t i v i t y . 
The l a t t e r b e h a v i o r r e s u l t s i n r a p i d development o f i n t r a s p e c i f i c r e l a t i o n s h i p s 
between mammals. 

The roe buck b e l o n g s t o t h e second c a t e g o r y and d e f e n d s h i s t e r r i t o r y f o r o n l y p a r t 
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of the y e a r . T h i s i n c r e a s e o f a g g r e s i v i t y c o r r e s p o n d s to a s i g n i f i c a n t i n c r e a s e o f 
androgen s e c r e t i o n and h a s a p r o f o u n d e f f e c t on p o p u l a t i o n d e n s i t y and s t r u c t u r e . 

I n t h i s s t u d y , we a t t e m p t e d t o show the e f f e c t o f the s t r u c t u r e o f the f o r e s t upon 
the t e r r i t o r i a l b e h a v i o r and r e l a t i o n s h i p s between b u c k s . I n the C h i z é F o r e s t we 
have an a u t o m a t i c c o n t i n u o u s r a d i o t r a c k i n g sys t em based upon t r i a n g u l a t i o n (Deat 
et al,y 1980, t h i s v o l u m e ) . The f o r e s t i s an European temperate d e c i d u o u s b i o m e . 
The major t r e e s p e c i e s are oak (Quercus s p . ) , b e e c h (Fagus sylvatioa) and d i f f e r e n t 
c o n i f e r s (Pinus maritinaj P . sylvestris), I n t h i s s t u d y , we have t a k e n i n t o a c c o u n t 
o n l y f o u r d i f f e r e n t t y p e s o f f o r e s t s t r u c t u r e : (1) c u t t i n g b a c k , w i t h many s t u b s ; 
(2) brushwood w h i c h i s the n a t u r a l development o f c u t t i n g back w i t h some g l a d e s and 
where an imals f i n d food and l a i r s ; (3) copsewood; and (4) f o r e s t . 

The r e g u l a r i t y of the b e a r i n g s (one p o i n t e v e r y 4 m i n ) , and a l a r g e sample s i z e 
(12,000 per month) p e r m i t t e d the a p p l i c a t i o n o f a c o r r e c t i o n f a c t o r w h i c h de termined 
the r a t e of u t i l i z a t i o n and f r e q u e n c y o f use o f the home r a n g e by e a c h b u c k . T h i s 
method i s s i m i l a r t o t h a t a p p l i e d by S c h n e i d e r , Mech and T e s t e r (1971) and t a k e s 
i n t o a c c o u n t the p r e c i s i o n o f the s y s t e m . 

RESULTS 
The winter home range has been s t u d i e d i n r e l a t i o n to the use o f d i f f e r e n t s t r u c t u r e s 
of the b i o t o p e by the b u c k s . I n w i n t e r , the s i z e o f the range v a r i e d from 26 to 
39 ha ( F i g . 1 ) . The mean s i z e o f w i n t e r range i s 31 .70 ± 1.55 ha S t a n d a r d E r r o r o f 
t h e Mean ( S E M ) . The mean s i z e o f the home r a n g e s e s t a b l i s h e d i n copsewood and f o r e s t 
i s l a r g e r than f o r home r a n g e s l o c a t e d i n t h i c k wood, 34 .6 ± 2 v e r s u s 28 .8 ± 1.3 ha 
(SEM) . 

I n e a r l y s p r i n g we r e c o r d e d a s i g n i f i c a n t i n c r e a s e i n the s i z e o f home range f o r 
one buck (no . 258) who l i v e d i n t h i c k wood ( from 31.51 to 65 .24 ha) and a s m a l l e r 
i n c r e a s e on another buck ( n o . 285) i n copsewood (from 24.49 to 35 .95 h a ) . A t the 
same t ime males began t o be a g g r e s s i v e and t h i s b e h a v i o r p l a y s a d e c i s i v e p a r t i n 
the e s t a b l i s h m e n t o f a t e r r i t o r y . One r e s u l t was an i n c r e a s e i n l o c o m o t o r y a c t i v i t y . 
The p a t t e r n o f l o c o m o t i o n became more l i n e a r ( F i g . 2) . The bucks wa lked q u i c k l y 
round t h e i r home r a n g e s w i t h a r a p i d i n c r e a s e of t h e i r mean s p e e d . The mean speed 
of f e e d i n g movements was i n the same o r d e r i n w i n t e r as i n e a r l y s p r i n g , b u t t e r r i 
t o r i a l movements were f a s t e r (0 .57 ± 0 .05 km h~^ d u r i n g f e e d i n g movements v e r s u s 
1.58 ± 0 .05 km h""-̂  d u r i n g t e r r i t o r i a l movements ) . 

A q u a l i t a t i v e a n a l y s i s o f the home range use movements a l l o w s the d i s s o c i a t i o n o f 
f e e d i n g , b e d d i n g and t e r r i t o r i a l movements . The q u a n t i t a t i v e a n a l y s i s o f the u t i l i 
z a t i o n of home range d u r i n g f e e d i n g and r e s t i n g shows t h a t t h e r e i s a t endency t o 
c o n c e n t r a t e around t h e c e n t e r o f the home range whereas t e r r i t o r i a l b e h a v i o r p r e 
dominated a t the p e r i p h e r y ( F i g . 3 ) . S t r u c t u r e o f the b i o t o p e had no e f f e c t on the 
l o c o m o t i o n speed (Tab le 1 ) . T e r r i t o r i a l t r a v e l s were as f a s t i n dense undergrowth 
(such as t h i c k wood) as i n c l e a r f o r e s t (1 .402 ± 1.109 v e r s u s 1.684 ± 0 .098 km h ' ^ SEM) 
The mean l o c o m o t i o n speed r e c o r d e d on roads and p a t h s f o r two bucks (1 .882 ± 0 .166 
f o r buck n o . 185 and 1.739 ± 0 .085 f o r buck n o . 258) are not s i g n i f i c a n t l y d i f f e r 
e n t from those r e c o r d e d i n any o f t h e f o r e s t t y p e s . 

D I S C U S S I O N 
An i n c r e a s e i n a g g r e s s i o n c o r r e s p o n d s to a change i n the e t h o l o g i c a l r e l a t i o n s h i p s 
between b u c k s . These r e l a t i o n s v a r y w i t h the e c o l o g i c a l c h a r a c t e r i s t i c s o f the b i o 
t o p e . I n c l e a r s t r u c t u r e s (copsewood, f o r e s t , c u t t i n g b a c k , meadow) bucks are e a s i l y 
a b l e to l o c a t e o t h e r t e r r i t o r i a l bucks b e c a u s e they can u s e a l l t h e i r s e n s e s ( v i s i o n , 
s m e l l and h e a r i n g ) (Mauget and S e n p é r é , 1978) . 

The development o f home range s i z e i n s p r i n g i s a consequence o f t e r r i t o r i a l b e h a v i o r . 
T h i s new a r e a c o r r e s p o n d s t o a zone w h i c h i s f r e q u e n t e d o n l y d u r i n g t h i s new 
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n" buck 

131 

185 

dates 

9 / Θ / 7 4 - 9 / 9 / 7 4 

27/2/75-31/3/75 

•orest structure 

o o 
o o 

size of 
home range !ha) 

3 0 . 7 5 

29 .49 

186 24/10/75-4/1/76 
o o o o o o 
o o o o o o 38 .95 

258 29/1/76-26/2/76 31.51 

280 10/9/77-23/11/77 35 .70 

481 20/12/78-20/1/79 26.60 

487 20/12/78-5 /1 /79 2 6 . 4 0 

635 29/11/78-20/1/79 
o o o o o o o 
o o o o o o o 34.10 

cutting back 

brushwood l̂ jjjlT 

copsewood 

forest °°°° 
o o o o 

meadow 

F i g . 1. W i n t e r home range s i z e o f bucks l i v i n g i n d i f f e r e n t 
f o r e s t s t r u c t u r e s . 

l ocomotory a c t i v i t y . A q u a l i t a t i v e a n a l y s i s o f home range u t i l i z a t i o n (Sempere , 
1979) h a s shown t h a t a l l l a i r s (day l a i r s and n i g h t l a i r s ) are l o c a t e d i n the c e n t e r 
o f t h e home range (which c o r r e s p o n d s t o the w i n t e r home r a n g e ) . 

The r e l a t i o n s between n e i g h b o r i n g bucks and the b o u n d a r i e s o f t h e i r t e r r i t o r i e s are 
w e l l d e f i n e d . T h i s t e r r i t o r i a l b e h a v i o r r e s u l t s i n a w e l l d e f i n e d and r e l a t i v e l y 
narrow p e r i p h e r a l a r e a . I n c o n t r a s t i f a buck l i v e s i n t h i c k wood the r e l a t i o n s w i t h 
h i s n e i g h b o r are hampered by dense f o r e s t s t r u c t u r e and t h e a n i m a l s can use o n l y two 
s ense s ( s m e l l and h e a r i n g ) ; t h e n , the l o c a l i z a t i o n o f n e i g h b o r i n g b u c k s i s v e r y 
d i f f i c u l t . I n t h i s c a s e i t i s n e c e s s a r y f o r bucks to e s t a b l i s h a l a r g e c o n t r o l a r e a 
on the p e r i p h e r y o f t h e i r home range i n order to a s s u r e t h e i r i n t e g r a l t e r r i t o r y . 
T h i s c o n t r o l may be m a i n t a i n e d t h r o u g h a network o f t r a i l s w h i c h e n a b l e bucks to 
p r o g r e s s as q u i c k l y i n t h i c k wood as i n c l e a r f o r e s t s t r u c t u r e s . 

The m a n i f e s t a t i o n s o f t e r r i t o r i a l b e h a v i o r f o l l o w an i n c r e a s e i n t e s t o s t e r o n e s e c r e 
t i o n ( S h o r t and Mann, 1966; Bramley , 1970; B a r t h et al, y 1975; Sempéré, 1978 ) . T h i s 
demonstra tes t h e c l o s e r e l a t i o n s h i p between hormonal r e g u l a t i o n , b e h a v i o r and b i o t o p e 
t h a t we can summarize as the E c o - E t h o - P h y s i o l o g y o f t h e roe b u c k . 



682 Α . Sempéré 

• 

nocturnal movement 
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F i g . 2 . Locomotory a c t i v i t y o f buck N o . 258. (a ) F e e d i n g move
ments i n w i n t e r , (b) T e r r i t o r i a l movements i n e a r l y 
s p r i n g . 
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F i g . 3 . P e r i p h e r a l p a t t e r n o f t e r r i t o r i a l movements around 
t h e s p r i n g home r a n g e . 
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T a b l e l A . 
Buck 258 (20-2 -- 28-2) w i n t e r » s s p e e d i n g moves 

D i s t a n c e (km) Time (mn) Speed (km h ' ^ ) Mean speed (km h" 

0 .180 20 0 .540 
0 .450 49 0 .551 
0 .360 45 0 ,480 
0.075 8 0 .562 
0 .180 12 0 .900 
0 .070 8 0 .525 
0 .180 16 0 .675 ± 0 .570 
0 .150 16 0 .562 ± 0 .05 
0 .500 53 0 .566 
0 .400 80 0 .300 

T a b l e I B . 
Buck 258 e a r l y s p r i n g t e r r i t o r i a l moves i n c u t t i n g back 

D i s t a n c e (km) Time (mn) Speed (km h"! ) Mean speed (km h" 

0 .180 8 1.350 
0 .270 16 1.012 
0 .510 20 1.530 
0 .300 16 1.125 
0 .390 12 1.950 
0 .450 16 1.687 
0 .300 20 0 .900 1.442 ± 0 .136 
0 .150 8 1.125 
0 .450 12 2 .250 
0 .300 12 1.500 

T a b l e I C . 
Buck 258 e a r l y s p r i n g t e r r i t o r i a l moves i n t h i c k wood 

D i s t a n c e (km) Time (mn) Speed (km h " l ) Mean speed (km h" 

0 .300 16 1.125 
0 .230 12 1.150 
0 .150 8 1.125 
0 .360 12 1.800 
0 .320 16 1.200 1.402 ± 0 .109 
0 .480 24 1.200 
0 .300 12 1.500 
0 .330 12 1.650 
0 .390 20 1.170 
0 .420 12 2 .100 
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T a b l e I D . 
Buck 258 e a r l y s p r i n g t e r r i t o r i a l moves i n copsewood 

D i s t a n c e (km) Time (mn) Speed (km h~ Mean speed (km h"l) 

0 .270 12 1.350 
0 .360 12 1.800 
0 .210 8 1.575 
0 .300 16 1.125 
0 .290 16 1.087 
0 .300 16 1.125 1.243 ± 0 .073 
0 .180 8 1.350 
0 .450 20 1.350 
0 .300 12 1 .500 
0 .390 20 1.170 

T a b l e I E . 
Buck 258 e a r l y s p r i n g t e r r i t o r i a l moves i n f o r e s t 

D i s t a n c e (km) Time (mn) Speed (km h' •1) Mean speed (km h"l) 

0.180 8 1.350 
0 .270 8 2.025 
0 .330 16 1.237 
0 .300 12 1.500 
0 .240 8 1.800 
0 .210 8 1.575 1.684 ± 1 0.098 
0 .150 4 2 .250 
0 .360 12 1.800 
0 .240 8 1.800 
0 .300 12 1.500 
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Abstract — The red f o x has been the s u b j e c t o f a number of 
r a d i o t r a c k i n g s t u d i e s . These have produced a v a r i e t y o f 
r e s u l t s , b u t most s t u d i e s have s u g g e s t e d t h a t the s p e c i e s i s 
t e r r i t o r i a l . T h i s paper p r e s e n t s some p r e l i m i n a r y r e s u l t s o f 
a s t u d y i n an urban a r e a o f B r i s t o l , U . K . The p a t t e r n s o f 
d i s t r i b u t i o n and home r a n g e s o f b r e e d i n g v i x e n s are shown. 
Here the b r e e d i n g f e m a l e s have o v e r l a p p i n g home r a n g e s , and 
e x h i b i t l i t t l e , i f any , t e r r i t o r i a l b e h a v i o r . The r e s u l t s 
are compared w i t h t h o s e from o t h e r s t u d i e s and some t e n t a t i v e 
i d e a s t o e x p l a i n t h i s p a t t e r n o f d i s t r i b u t i o n d i s c u s s e d . 
C u r r e n t work i s d e s i g n e d t o i n v e s t i g a t e the p a t t e r n o f r e s o u r c e 
u t i l i z a t i o n by the urban f o x . 

INTRODUCTION 
Foxes are a common e lement o f the f a u n a o f many towns and c i t i e s i n B r i t a i n . H a r r i s 
(1977) d e s c r i b e d the d i s t r i b u t i o n and h a b i t a t p r e f e r e n c e s o f f o x e s i n London , and 
c o n t i n u e d the a c c o u n t s o f T e a g l e (1967) and Beames (1972) i n d e s c r i b i n g the spread 
o f the f o x p o p u l a t i o n i n London . H a r r i s a l s o r e v i e w e d the l i t e r a t u r e on the o c c u r 
rence o f l a r g e r mammals i n N o r t h Amer ican and c o n t i n e n t a l E u r o p e a n c i t i e s . He c o n 
c luded t h a t the urban f o x was a B r i t i s h phenomenon. However, t h i s i s n o t e n t i r e l y 
t r u e , s i n c e f o x e s are found i n some European c i t i e s , such as S t o c k h o l m ( R . J . B e r r y , 
p e r s o n a l communicat ion) and Copenhagen ( J . C o t t o n , p e r s o n a l c o m m u n i c a t i o n ) , w h i l e 
B r o s s e t (1975) d e s c r i b e d the f o o d h a b i t s o f f o x e s l i v i n g i n t h e S e n a r t f o r e s t on 
the o u t s k i r t s o f P a r i s . The European urban f o x p o p u l a t i o n s a t p r e s e n t do not appear 
t o be as w i d e s p r e a d as those i n B r i t a i n . 

H a r r i s (1977) a l s o d e s c r i b e d the s i t e s s e l e c t e d f o r n a t a l dens i n London; he c o n 
c l u d e d t h a t a q u i e t suburban b a c k garden was the most f a v o r e d s i t e , the cubs b e i n g 
born under r a i s e d garden s h e d s , summerhouses, or i n e a r t h s dug i n banks i n g a r d e n s . 
O t h e r n a t a l s i t e s were found under p o r t a b l e h u t s , such as t h o s e used on b u i l d i n g 
s i t e s or as s c h o o l room e x t e n s i o n s , where d i s t u r b a n c e was l i m i t e d t o the w o r k i n g d a y . 

S i n c e September , 1977 the a u t h o r has been s t u d y i n g f o x e s i n the urban a r e a s o f 
B r i s t o l . I n the suburbs b u i l t i n the l a s t f i f t y y e a r s , wh ich c o n s i s t m a i n l y o f s e m i 
de tached h o u s e s , the s e l e c t i o n o f n a t a l s i t e s conforms w i t h the d a t a from L o n d o n . 
I n the o l d e r , V i c t o r i a n p a r t s o f B r i s t o l , many l i t t e r s o f cubs are b o r n under the 
H . B .- Y 

685 



686 S. Harris 

f l o o r b o a r d s o f o c c u p i e d and u n o c c u p i e d h o u s e s , a c c e s s b e i n g g a i n e d t h r o u g h broken 
a i r b r i c k s . I n one i n s t a n c e , cubs were b o r n under the f l o o r b o a r d s o f the k i t c h e n 
of an o c c u p i e d h o u s e ; t h e r e was a broken f l o o r board i n the k i t c h e n and the f o x e s 
e n t e r e d and l e f t the k i t c h e n v i a the c a t - f l a p . These f o x e s were t o l e r a t e d by t h e 
r e s i d e n t s ; i n c l u d i n g a c a t and dog a l s o i n the h o u s e . 

With the urban f o x p o p u l a t i o n l i v i n g i n s u c h c l o s e p r o x i m i t y t o man and h i s p e t s , 
t h e r e i s a p o t e n t i a l l y s e r i o u s s i t u a t i o n i n the e v e n t o f an e p i z o o t y of r a b i e s . 
The p r e s e n t s t u d y i s d e s i g n e d t o examine some o f the f a c t o r s t h a t m i g h t a f f e c t t h e 
spread of r a b i e s i n an urban f o x p o p u l a t i o n , i n p a r t i c u l a r f o x movement p a t t e r n s and 
r e s o u r c e u t i l i z a t i o n , and a d a p t a t i o n s o f f o x s o c i a l o r g a n i z a t i o n t o such a d i v e r s i 
f i e d h a b i t a t . B r i s t o l i s an i d e a l s t u d y a r e a s i n c e i t c o n t a i n s a v a r i e t y o f urban 
h a b i t a t s w i t h i n a r e l a t i v e l y s m a l l a r e a . The p r e s e n t p a p e r d e s c r i b e s the p r e l i m i n 
ary r e s u l t s o f a s t u d y o f the d i s t r i b u t i o n o f b r e e d i n g f e m a l e s and t h e i r n a t a l e a r t h s 
on one s t u d y a r e a i n a n o r t h w e s t suburb o f B r i s t o l , U . K . T h i s a r e a c o n s i s t s p r e 
dominant ly o f S e m i d e t a c h e d h o u s e s , i n t e r s p e r s e d w i t h p l a y i n g f i e l d s , a l l o t m e n t s , a 
cemetery and p i e c e s of was te g r o u n d . 

M E T H O D S 
A d u l t f o x e s were c a u g h t i n *Hunter Humane* f o x t r a p s (W. F l a n a g a n & S o n , L t d . , L i v e r 
p o o l , U . K . ) , m o d i f i e d by removing the t r e a d l e , and by s n a r i n g , by d r i v i n g them out o f 
cover i n t o n e t s , or by p o k i n g them out from under sheds w i t h d r a i n rods and c a t c h i n g 
them i n p u r s e n e t s . They were i m m o b i l i z e d w i t h an i n t r a m u s c u l a r i n j e c t i o n o f 1 ml 
o f 100 mg ml"^ k e t a m i n e h y d r o c h l o r i d e ( ' V e t a l a r * , P a r k e , D a v i s & C o . , Gwent , U . K . ) . 
The a n i m a l s were t a g g e d w i t h numbered w h i t e p l a s t i c ' r o t o t a g s * ( D a l t o n S u p p l i e s L t d . , 
H e n l e y - o n - T h a m e s , O x f o r d s h i r e , U . K . ) , and f i t t e d w i t h r a d i o c o l l a r s on 173 MHz. 
These c o n t a i n e d two M a l l o r y ' D u r a c e l l * 1.35 V mercury b a t t e r i e s (RM12R). The c o l l a r 
c o n s i s t e d o f a p i e c e o f c a r b a t t e r y e a r t h i n g s t r a p , which a l s o f u n c t i o n e d as the 
antenna (as d e s c r i b e d i n M a c d o n a l d , 1978); the comple te t r a n s m i t t e r u n i t and c o l l a r 
weighed a p p r o x i m a t e l y 200 g . T r a n s m i t t e r l i f e a v e r a g e d f o u r m o n t h s . 

S t a n d a r d body p a r a m e t e r s were r e c o r d e d , the a n i m a l aged by i n c i s o r wear ( H a r r i s , 
1978a) , and t h e c o n d i t i o n o f the a n i m a l , p r e s e n c e o f o l d bone f r a c t u r e s ( H a r r i s , 
1978b) and any d i s t i n g u i s h i n g marks n o t e d . P r i o r t o r e l e a s e the an imal was r e t u r n e d 
t o i t s e a r t h or l e f t i n the t r a p to r e c o v e r f u l l y from the a n e s t h e t i c . 

The f o x e s were t r a c k e d on f o o t u s i n g an LA12 r e c e i v e r (AVM I n s t r u m e n t C o . , Champaign , 
I l l i n o i s 61820, U . S . A . ) , w i t h a t h r e e - e l e m e n t hand h e l d Y a g i a n t e n n a . I f the a n i m a l 
moved out o f t h e c i t y , r e c e p t i o n r a n g e exceeded 1 km i n open f a r m l a n d ; amongst s e m i 
de tached and d e t a c h e d h o u s i n g a r e a s the range was r e d u c e d t o 200 t o 300 m. 

R a d i o t a g g e d f o x e s s p e n t much o f t h e i r t ime i n the b a c k g a r d e n s o f h o u s e s . T r a c k i n g 
was done from the road o u t s i d e the h o u s e , u s u a l l y a t a range o f l e s s t h a n 50 m. 
I f the a n i m a l ' s e x a c t p o s i t i o n was i n d o u b t , c r o s s - b e a r i n g s were taken from o t h e r roadi 
around t h a t b l o c k o f h o u s e s , or by g o i n g i n t o a nearby back g a r d e n . When an an imal 
was moving around i n a b l o c k o f h o u s e s , i t was p o s s i b l e t o de termine from s i g n a l 
s t r e n g t h , n o i s e s from the a n i m a l , and by t a k i n g a number o f b e a r i n g s around the b l o c k 
o f h o u s e s , not o n l y which garden t h e an imal was i n , b u t a l s o i t s approx imate p o s i 
t i o n i n the g a r d e n . When p o s s i b l e , a n i m a l s were o b s e r v e d , u s i n g O l d D e l f t PB4DS P a s 
s i v e B i n o c u l a r s o r IRH-6ML I n f r a red B i n o c u l a r s ( O l d D e l f t E n g l a n d L t d . , S u r r e y , U . K . ) 
F i e l d d a t a were r e c o r d e d on a p o c k e t d i c t a p h o n e . 

RESULTS 
The home r a n g e s o f s e v e n a d u l t b r e e d i n g f emale s are shown i n F i g . 1. Home range 
s i z e v a r i e d from 25.7 t o 78 .2 h a (mean 45 .4 ± 6 ,9 h a ) . A d u l t f e m a l e s would a l s o 
o c c a s i o n a l l y move up t o 350 m o u t s i d e t h e i r e s t a b l i s h e d r a n g e ; t h e s e movements were 



Distribution of Foxes in an Urban Area 687 

F i g . 1. Home r a n g e s o f s e v e n b r e e d i n g v i x e n s ( s o l i d l i n e s ) 
i n an urban a r e a o f B r i s t o l . The f o u r n o r t h e r l y 
an imal s were s t u d i e d between A p r i l and September , 
1978, the t h r e e s o u t h e r l y a n i m a l s between O c t o b e r , 
1978 and J a n u a r y , 1979. The r a n g e o f one b a r r e n 
v i x e n i s shown w i t h a b r o k e n l i n e . A number o f o t h e r 
b r e e d i n g v i x e n s i n t h i s a r e a were n o t s t u d i e d . The 
g r i d l i n e s are one k i l o m e t e r a p a r t . 
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e i t h e r made q u i c k l y t o a s p e c i f i c p o i n t , presumably a known food s o u r c e , and were 
f o l l o w e d by a d i r e c t r e t u r n to the normal r a n g e , or were s low movements out from 
t h e u s u a l r a n g e , f e e d i n g en r o u t e . R e l a t i v e l y few a d u l t dog f o x e s have been s t u d i e d , 
b u t the l i m i t e d d a t a a v a i l a b l e s u g g e s t t h a t the range o f the dog f o x conforms c l o s e l y 
to t h a t o f the b r e e d i n g f e m a l e . W i t h i n each b r e e d i n g range a d d i t i o n a l b a r r e n f emale s 
may have been p r e s e n t ; a maximum o f two on each range was r e c o r d e d . These b a r r e n 
f e m a l e s were u s u a l l y y e a r l i n g s . I n suburban London, H a r r i s (1979) found t h a t up to 
52 p e r c e n t o f y e a r l i n g v i x e n s were b a r r e n . Most o f the b a r r e n y e a r l i n g s s t u d i e d , 
o c c u p i e d o n l y p a r t o f the range o f the b r e e d i n g f e m a l e . 

There were e x c e p t i o n s to t h i s g e n e r a l p a t t e r n . Female 17, shown i n F i g . 1, was a 
f o u r y e a r o l d b a r r e n a n i m a l . She o c c u p i e d p a r t o f the r a n g e s o f two b r e e d i n g f e m a l e s , 
one a y e a r o l d and one two y e a r s o l d . Female 17 spent much o f h e r t ime w i t h a three 
y e a r o l d dog f o x t h a t was the mate o f the y e a r l i n g v i x e n . She o f t e n moved around 
w i t h the dog f o x o r l a y up w i t h him and was o n l y r a r e l y e n c o u n t e r e d w i t h the y e a r l 
i n g v i x e n , b u t would u t i l i z e the same l y i n g - u p p l a c e s as the two y e a r o l d v i x e n , 
though not n e c e s s a r i l y a t the same t i m e . I b e l i e v e t h a t the two b r e e d i n g v i x e n s 
were the d a u g h t e r s o f N o . 17 o f p r e v i o u s y e a r s , and the dog f o x , then the mace o f 
the y e a r l i n g v i x e n , had been the mate o f N o . 17 i n p r e v i o u s y e a r s . Female 17 ranged 
over 48 .5 h a . 

An imal s from a d j a c e n t groups would share f e e d i n g s i t e s , p a r t i c u l a r l y g a r d e n s i n 
which the h o u s e h o l d e r would s u p p l y food i n abundance . Up to t h r e e b r e e d i n g f e m a l e s 
have been c a u g h t a t a s i n g l e t r a p p o i n t . B r e e d i n g f e m a l e s would range up t o and 
p a s t the n a t a l s i t e s o f o t h e r f e m a l e s , and n a t a l dens c o u l d be v e r y c l o s e ; i n London 
t h e r e was one i n s t a n c e o f two s e p a r a t e l i t t e r s o f cubs b e i n g r e a r e d i n a d j a c e n t 
gardens ( S . H a r r i s , u n p u b l i s h e d d a t a ) . I n p a r t s o f B r i s t o l f i v e l i t t e r s o f cubs 
per square k i l o m e t e r have been r e c o r d e d . 

D I S C U S S I O N 
There have been a number o f s t u d i e s on red f o x home r a n g e s , and t h e s e have produced 
a v a r i e t y o f r e s u l t s . The most c o n s p i c u o u s f e a t u r e o f the p r e s e n t s t u d y i s t h e o v e r 
l a p p i n g p a t t e r n o f the home r a n g e s . L l o y d (1977) a l s o r e p o r t e d t h a t r a n g e s were 
m o s t l y o v e r l a p p i n g and n o n - e x c l u s i v e , a l t h o u g h s m a l l a r e a s , such as i n the v i c i n i t y 
o f c u b b i n g d e n s , c o u l d h a v e been e x c l u s i v e . Browne (1978) s u g g e s t e d t h a t v i x e n s 
guarded the den w i t h young c u b s , b u t o t h e r w i s e were n o t t e r r i t o r i a l , and would t r a v e l 
f r e e l y through t e r r i t o r i e s o c c u p i e d by o t h e r p a i r s . Most o t h e r s t u d i e s found t h a t 
a d u l t v i x e n s were t e r r i t o r i a l , a t l e a s t i n the b r e e d i n g s e a s o n ( S c o t t , 1943, 1947; 
A b i e s , 1969, 1975; S a r g e a n t , 1972; Montgomery, 1974; S torm and Montgomery, 1975; 
N i e w o l d , 1976; Storm et al,y 1976; J o h n s o n and S a r g e a n t , 1977; M a c d o n a l d , 1977, 
1980) . P h i l l i p s (1971) e v e n found e v i d e n c e f o r t e r r i t o r i e s b e i n g e s t a b l i s h e d by a 
number o f f o x e s i n a 5 . 3 ha e n c l o s u r e . 

S e v e r a l a u t h o r s have d e s c r i b e d o c c a s i o n a l movements o u t s i d e the e s t a b l i s h e d home 
r a n g e ; A b i e s (1969) no ted such u n e x p l a i n e d t r i p s and Niewold (1974) found t h a t 
twe lve out o f twenty r a d i o t r a c k e d a d u l t f o x e s e v e r y now and then made e x c u r s i o n s . 
N iewold l i s t e d f o u r t y p e s o f movement o u t s i d e the home r a n g e ; one o f t h e s e c o n s i s t e d 
o f i r r e g u l a r and q u i c k l y performed t r i p s , o f t e n d i r e c t e d towards s p e c i f i c f o o d 
s o u r c e s , e s p e c i a l l y by l a c t a t i n g v i x e n s . S i m i l a r movements were o b s e r v e d i n the 
p r e s e n t s t u d y . Niewold found t h a t the f o x would remain a t the food s o u r c e f o r a 
number o f h o u r s . Many a u t h o r s have d e s c r i b e d numbers o f a d u l t f o x e s e x p l o i t i n g a 
s i n g l e food s u p p l y e . g . A l e x a n d e r et al, (1967) o b s e r v e d up t o f i v e f o x e s a t one 
t ime i n a lambing p a d d o c k . Browne ( p e r s o n a l communicat ion) s u g g e s t e d t h a t when a 
v i x e n w i t h cubs c r o s s e d the home r a n g e o f a n e i g h b o r i n g b r e e d i n g v i x e n , i t was u s u a l l y 
t o hunt a t a r a b b i t c o l o n y , such a food s o u r c e b e i n g a b s e n t on h e r own r a n g e . 

I n the urban a r e a , f o x e s e a t a d i v e r s i t y o f food t y p e s . The major i t e m s c o n s i s t o f 
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s m a l l b i r d s and food put out by the r e s i d e n t s , e i t h e r f o r the f o x e s , or f o r b a d g e r s , 
b i r d s , hedgehogs and s q u i r r e l s ; t h i s i s supplemented by worms, i n s e c t s , f r u i t and 
d o m e s t i c p e t s ( S . H a r r i s , u n p u b l i s h e d d a t a ) . Such f o o d s o u r c e s are b o t h r e a d i l y 
a v a i l a b l e and w i d e l y d i s p e r s e d t h r o u g h o u t the u r b a n a r e a , b u t they a r e v a r i a b l e 
l o c a l l y i n t h e i r a v a i l a b i l i t y . Food put out f o r the f o x e s i s u s u a l l y dependent 
upon t h a t p a r t i c u l a r house h a v i n g some s u i t a b l e s c r a p s , and even when a v a i l 
a b l e , h o u s e h o l d s c r a p s are o f v e r y v a r i a b l e c a l o r i f i c v a l u e . A l s o the amount 
o f food put o u t f o r the b i r d s depends on the s e v e r i t y o f the w e a t h e r on a p a r t i c u l a r 
day , and the i n t e n s i t y o f the p u b l i c i t y from b i r d p r o t e c t i o n s o c i e t i e s . S m a l l b i r d s 
are c a u g h t and e a t e n p r e d o m i n a n t l y d u r i n g the n e s t i n g and m o u l t i n g p e r i o d s . Thus 
even though food o f some s o r t can be found i n the m a j o r i t y o f the gardens i n the 
urban a r e a on most n i g h t s o f the y e a r , t h e q u a n t i t y and c a l o r i f i c v a l u e o f the food 
a v a i l a b l e from each p a r t i c u l a r garden i s v a r i a b l e and d i f f i c u l t t o p r e d i c t . The 
d i v e r s e p a t t e r n o f food a v a i l a b i l i t y i n the urban a r e a would be d i f f i c u l t t o d e f e n d , 
and t h i s may e x p l a i n why t h e f o x e s i n B r i s t o l are not m a i n t a i n i n g a r i g i d t e r r i t o r i a l 
s y s t e m . I n an a n a l o g o u s s i t u a t i o n , Kruuk and Hewson (1978) found t h a t o t t e r s 
(Lutra lutra) l i v i n g on the S c o t t i s h c o a s t had o v e r - l a p p i n g home r a n g e s , and they 
s u g g e s t e d t h a t such an arrangement was a f u n c t i o n o f r e s o u r c e d e f e n d a b i l i t y . The 
p a t t e r n o f r e s o u r c e e x p l o i t a t i o n by u r b a n f o x e s i s c u r r e n t l y b e i n g examined i n an 
a t t e m p t t o e x p l a i n t h i s p a t t e r n o f o v e r - l a p p i n g home r a n g e s . 

Aokncwledgements — T h i s work was c a r r i e d out w h i l e i n r e c e i p t o f a g r a n t from the 
Nature C o n s e r v a n c y C o u n c i l , which i s g r a t e f u l l y a c k n o w l e d g e d . 
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Abstract — T h i s paper a t t e m p t s to answer the q u e s t i o n s : what 
happens to the young f o x e s w h i c h l e a v e t h e i r p a r e n t a l group 
and why do they d i s p e r s e ? D e t a i l e d r a d i o t r a c k i n g d a t a , 
r e c o r d e d over f o u r months are d e s c r i b e d and these show how a 
m a t u r i n g f emale red f o x e s t a b l i s h e d and abandoned s e v e r a l 
d i f f e r e n t home r a n g e s . S e v e r a l h y p o t h e s e s f o r the r e a s o n s 
why t h i s d i s p e r s a l o c c u r r e d are o u t l i n e d and d i s c u s s e d . 

I t has r e c e n t l y been shown t h a t , i n some h a b i t a t s , f o x e s are t e r r i t o r i a l and l i v e 
i n groups o f one male and s e v e r a l f e m a l e s ( M a c d o n a l d , 1977, 1 9 8 0 ) . Group s i z e s o f 
more than s i x a d u l t s have n e v e r been found and most o f them are s m a l l e r ; and a l t h o u g h 
not a l l v i x e n s b r e e d , more cubs are produced i n many y e a r s t h a n are i n c o r p o r a t e d 
i n t o the group and, o f t h e s e , most males and some f e m a l e s are c o m p e l l e d to d i s p e r s e . 
One o f many i n t e r e s t i n g q u e s t i o n s i s what happens t o the young f o x e s w h i c h are n o t 
absorbed i n t o t h e i r p a r e n t a l group? So f a r , t h i s q u e s t i o n h a s not been answered at 
a b e h a v i o r a l l e v e l , a l t h o u g h s e v e r a l p o p u l a t i o n s t u d i e s have shown t r e n d s i n d i s p e r 
s a l ( e . g . Storm et al.^ 1976) . 

T h i s paper d e s c r i b e s , i n d e t a i l , the movements o f a f e m a l e red f o x o f known o r i g i n . 
One o f s i x cubs b o r n i n an urban g a r d e n i n O x f o r d , U . K . , was o b s e r v e d i n t h i s g a r d e n 
p r i o r t o b e i n g t r a p p e d i n mid September , 1978, when about s i x months o l d . The f o x 
(number V I 8 ) was equ ipped w i t h a t r a n s m i t t e r i n c o r p o r a t i n g a mercury s w i t c h , i n d i 
c a t i n g movement by changes i n p u l s e r a t e , and t h i s a l l o w e d d e t e r m i n a t i o n o f b o t h 
l o c a t i o n and a c t i v i t y . ( T r a n s m i t t e r was produced by T e l e m e t r y Sys tems I n c . , Model 
N o . L T 4 3 - 2 T M - L D - M - M S . ) Over a p e r i o d o f f o u r months the v i x e n was t r a c k e d on more 
than 60 n i g h t s , b o t h by c a r ( u s i n g a r o o f mounted Y a g i antenna) and on f o o t ( u s i n g 
a h a n d - h e l d d i p o l e a n t e n n a ) . D i r e c t o b s e r v a t i o n s were f r e q u e n t l y o b t a i n e d u s i n g 
b i n o c u l a r s and image i n t e n s i f y i n g e q u i p m e n t . L o c a t i o n and a c t i v i t y were m o n i t o r e d 
c o n t i n u o u s l y t h r o u g h o u t the n i g h t and r a d i o f i x e s were r e c o r d e d on a l a r g e s c a l e 
map. F i g u r e 1 shows the r a d i o l o c a t i o n s r e c o r d e d , and temporary home r a n g e b o r d e r s 
drawn u s i n g the ' C o n v e x H u l l ' method . (The Convex H u l l i s t h e s m a l l e s t convex p o l y 
gon c o n t a i n i n g a l l t h e r a d i o f i x e s — Southwood, 1966. ) A l t h o u g h t h i s method can be 
c r i t i c i z e d (see M a c d o n a l d , B a l l and Hough, 1980, t h i s v o l u m e ) , i t s use i s a p p r o p r i a t e 
i n t h i s case as t h e s e b o r d e r s were c o n f i r m e d by d i r e c t o b s e r v a t i o n s . I n i t i a l l y the 
f o x moved about w i t h i n i t s n a t a l range ( F i g . 2 A ) , e s t a b l i s h i n g v e r y d i s t i n c t b o r d e r s , 
o u t s i d e w h i c h i t d i d not v e n t u r e d u r i n g the f i r s t 5 weeks o f t r a c k i n g . 
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Range D a t e s o f N o . days A r e a 

O c c u p a t i o n E x c u r s i o n s o c c u p i e d ( h e c t a r e s ) 

1 18 S e p t . 78 t o 15 N o v . 78 8 O c t . 78 58 31 .8 
( c a p t u r e d ) 26 O c t . 78 

9 N o v . 78 
13 N o v . 78 
14 N o v . 78 

2 15 Nov . 78 to 30 Nov . 78 15 N o v . 78 15 32 .4 
20 N o v . 78 
26 N o v . 78 
28 N o v . 78 
30 N o v . 78 

3 30 N o v . 78 to 5 D e c . 78 3 D e c . 78 5 64 

4 5 D e c . 78 t o 4 J a n . 79 ( k i l l e d ) 11 D e c . 78 30 28 
12 D e c . 78 

4 J a n . 79 

Another s h o r t e x c u r s i o n o c c u r r e d on 9 November, 1978, and on 13 November, 1978 t h e 
v i x e n embarked on a much l o n g e r one , t r a v e l l i n g t o a r e a s more t h a n 4 km from range 1, 
and r e m a i n i n g a p p r o x i m a t e l y 1 km o u t s i d e her n a t a l range d u r i n g t h e f o l l o w i n g day 
b e f o r e r e t u r n i n g v e r y q u i c k l y a t d u s k . T h i s r e t u r n t o h e r n a t a l r a n g e was b r i e f , 
as she p a s s e d a l o n g i t s n o r t h e r n edge and down to a r e a 2 ( F i g . 2 B ) . 

The f o x never r e t u r n e d t o h e r n a t a l range b u t e s t a b l i s h e d a c l e a r l y d e f i n e d a r e a 
0 .5 km w e s t , w h i c h was a l m o s t i d e n t i c a l i n a r e a to the f i r s t r a n g e ( see T a b l e 1 ) . 
What provoked t h i s d i s p e r s a l i s unknown, b u t some p o s s i b i l i t i e s w i l l be d i s c u s s e d 
l a t e r . For 10 days t h i s v i x e n t h e n appeared t o become e s t a b l i s h e d w i t h i n a r e a 2 . 
D u r i n g a n i g h t when t h e r e were f r e q u e n t d i s t u r b a n c e s , two o t h e r f o x e s were o b s e r v e d ; 
t h e s e were s een c h a s i n g each o t h e r i n an a g g r e s s i v e manner, and b o t h were b a r k i n g 
l o u d l y . They a l s o i n d i v i d u a l l y chased the r a d i o t a g g e d f o x on s e v e r a l o c c a s i o n s , 
w h i c h r e s u l t e d i n a l l t h r e e f o x e s r u n n i n g a l o n g main r o a d s . The f emale t h e n s p e n t 
most o f the r e s t o f t h i s n i g h t i n a c t i v e i n a d r a i n w h i c h she had used d a i l y s i n c e 
moving t o t h i s a r e a . The f o l l o w i n g n i g h t the f emale l e f t t h i s a r e a ( t r a v e l l i n g 
about 4 km) and e x p l o r e d a r e a 3 ( F i g . 2C) b e f o r e r e t u r n i n g t o a r e a 2 q u i c k l y , j u s t 
b e f o r e dawn. Three n i g h t s l a t e r she a g a i n l e f t a r e a 2 and s p e n t the day s l e e p i n g 
j u s t s o u t h o f a r e a 3 , and a f t e r b r i e f l y r e t u r n i n g t o a r e a 2 (from 01 .25 t o 0 2 . 0 0 ) 
she r e t u r n e d once a g a i n t o t h e a r e a i n w h i c h she had s l e p t the p r e v i o u s d a y . She 
was s e e n , b r i e f l y , w h i l e b e i n g f o l l o w e d by ano ther f o x , and s u b s e q u e n t l y moved v e r y 
q u i c k l y w e s t , e x p l o r i n g a r e a 4 ( F i g . 2 D ) , b e f o r e r e t u r n i n g t o a r e a 3 . A f t e r a few 
days i n a r e a 3 , t h e v i x e n moved t o a r e a 4 and by 10 December, 1978 i t was c l e a r 
t h a t the home range shown i n F i g . 2D was becoming e s t a b l i s h e d . A p a r t from one 

O b s e r v a t i o n s were o f t e n made o f i n t e r a c t i o n s between t h i s r a d i o t a g g e d f emale and a 
male cub (number D17) from the same l i t t e r , wh ich was a l s o e q u i p p e d w i t h a r a d i o 
c o l l a r . T h i s male s h a r e d a v e r y s i m i l a r home r a n g e (M. Newdick , p e r s o n a l communica
t i o n ) ; b o t h t h e s e f o x e s were o f t e n seen f e e d i n g from f i s h and c h i p wrappers d i s c a r d e d 
i n the s t r e e t s . No a g g r e s s i v e e n c o u n t e r s were s e e n , w h i c h s u g g e s t s t h a t t h i s male 
d i d not d i r e c t l y p r e c i p i t a t e the e n s u i n g changes i n the f e m a l e ' s b e h a v i o r . On 8 
and 26 O c t o b e r , 1978 the v i x e n l e f t home range 1, making s h o r t e x c u r s i o n s b e f o r e 
r e t u r n i n g ; these and a l l o t h e r e x c u r s i o n s are i l l u s t r a t e d i n F i g . 2 , w h i l e t h e i r d a t e s 
are shown i n T a b l e 1. 

T a b l e 1. 
The d a t e s o f o c c u p a t i o n , e x c u r s i o n s from and a r e a s o f home r a n g e s 
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e x c u r s i o n back i n the d i r e c t i o n o f a r e a 1, and her subsequent r e t u r n to a r e a 4, t h e 
v i x e n ' s range seemed to have s t a b i l i z e d once a g a i n . However, on 4 J a n u a r y , 1979, 
the f o x was l o c a t e d about 5 km n o r t h w e s t o f a r e a 4 . By t h i s t ime i t was c l e a r t h a t 
she was a l r e a d y r e t u r n i n g from an e x c u r s i o n . W i t h i n 20 min she was w i t h i n 200 m 
o f the edge o f a r e a 4, bu t was t r a p p e d and k i l l e d a t t h i s p o i n t by a gamekeeper . 

D I S C U S S I O N 
I n i t i a l l y , the f o x moved w i t h i n i t s n a t a l r a n g e , bu t s u b s e q u e n t l y l e f t t h i s a r e a , 
e s t a b l i s h i n g and abandoning s e v e r a l o t h e r r a n g e s . The movements w h i c h l e d t o t h e 
e s t a b l i s h m e n t o f t h e s e r a n g e s , were i n c o n t r a s t t o the f e e d i n g e x c u r s i o n s n o t e d by 
Niewold (1974 ) . 

There are many p o s s i b l e r e a s o n s why a f o x may l e a v e i t s home r a n g e : 

1. E x p u l s i o n by a dominant f o x : I t i s p o s s i b l e t h a t a n o t h e r f o x , e i t h e r from w i t h i n 
i t s own group or from o u t s i d e , f o r c e d the r a d i o c o l l a r e d f o x t o l e a v e h e r n a t a l 
r a n g e . However, no a g g r e s s i v e e n c o u n t e r s were o b s e r v e d i n r a n g e 1, and a l t h o u g h i t 
i s p o s s i b l e she was f o r c e d to l e a v e , t h e o b s e r v a t i o n s s u g g e s t t h i s d i d not h a p p e n . 
One t h i n g i s c l e a r : e x c u r s i o n s tended t o o c c u r i n the l a s t few days o f o c c u p a n c y o f 
a home r a n g e , and t h e s e e x c u r s i o n s tended t o be t o a r e a s t o w h i c h t h e f o x s u b s e 
q u e n t l y moved. I t i s t h e r e f o r e p o s s i b l e t h a t a g g r e s s i v e e n c o u n t e r s d i d o c c u r i n 
r a n g e 1, b u t were not s een ; i n a r e a 2 the f e m a l e was seen b e i n g c h a s e d , and s u b 
s e q u e n t l y l e f t t h i s a r e a . 

2 . L e f t i n s e a r c h o f a mate : A l t h o u g h i t i s unknown i f the v i x e n was s e x u a l l y mature 
a t the t ime o f d i s p e r s a l , a t s i x months i t i s l i k e l y t h a t she was (Layne and McKeon, 
1956) . I n range 2 she was s een on s e v e r a l o c c a s i o n s w i t h a l a r g e male f o x . A l l 
i n t e r a c t i o n s seen were a m i c a b l e , and the f emale took g r e a t i n t e r e s t i n the u r i n a t i o n 
s i t e s o f the ma le ; s e v e r a l t imes she i n v e s t i g a t e d the m a l e ' s marks and a l s o marked 
over them. T h i s double marking has been d e s c r i b e d by Rothman and Mech (1979) i n 
w o l v e s as a common event d u r i n g p a i r f o r m a t i o n . 

The male was a l s o s een f o l l o w i n g , b u t n o t c h a s i n g , the f e m a l e ; t h i s o f t e n o c c u r s 
p r i o r t o m a t i n g i n the red f o x (Macdona ld , 1977) , and so a t t h i s t ime i t seemed 
l i k e l y t h a t t h e f emale had p a i r e d w i t h t h i s m a l e . However, i t became o b v i o u s t h i s 
was not the c a s e when she l a t e r l e f t t h i s a r e a . 

3 . A s h o r t a g e o f s a f e dayt ime r e s t i n g p l a c e s : T h i s may be an i m p o r t a n t f a c t o r i n 
d e t e r m i n i n g the u s e f u l n e s s o f a r a n g e t o a f o x . I t i s p o s s i b l e t h a t t h e l o s s o f a l l 
s a f e dayt ime r e s t i n g p l a c e s ( f o r example , t o dominant a n i m a l s w i t h i n t h e group) 
c o u l d f o r c e a f o x t o l e a v e a r a n g e . A f t e r a p p r o x i m a t e l y h a l f o f the e x c u r s i o n s w i t 
n e s s e d , the f o x s t i l l used the same dayt ime s l e e p i n g l o c a t i o n s upon r e t u r n i n g , wh ich 
s u g g e s t s i t was n o t the l o s s o f dayt ime r e s t i n g s i t e s t h a t caused t h i s f o x to d i s 
p e r s e . 

4 . D i s p e r s e d i n s e a r c h o f a more p r o f i t a b l e a r e a i n terms o f f o o d s u p p l y : No m a t t e r 
how ' g o o d ' a home range may b e , i t i s a lways p o s s i b l e t h a t someth ing b e t t e r e x i s t s 
e l s e w h e r e , and so you would e x p e c t t h a t a f o x would o c c a s i o n a l l y e x p l o r e o u t s i d e i t s 
r a n g e ; the d a t a f o r t h i s v i x e n do not s u p p o r t or d i s p r o v e t h i s h y p o t h e s i s . 

5 . The d i r e c t e f f e c t s o f w e a t h e r e x t r e m e s : Maximum and minimum t e m p e r a t u r e s were 
examined f o r the days on w h i c h e x c u r s i o n s o c c u r r e d . A l t h o u g h no c l e a r p i c t u r e 
emerged, they s u g g e s t t h a t ex tremes o f t empera ture may be a c o n t r i b u t i n g f a c t o r . 

These d a t a i l l u s t r a t e t h e c o m p l e x i t y o f the s o c i a l b e h a v i o r o f red f o x e s , and show 
how l i t t l e we c u r r e n t l y u n d e r s t a n d about t h e i r s o c i a l s y s t e m . The f a i l u r e o f t h i s 
f o x ' s b e h a v i o r to f i t any s i n g l e h y p o t h e s i s n o t o n l y i l l u s t r a t e s the e x p a n s i v e gaps 



696 Ν. G. Hough 

i n our u n d e r s t a n d i n g , but a l s o the n e c e s s i t y f o r f u r t h e r d e t a i l e d s t u d y o f t h e 
b e h a v i o r o f i n d i v i d u a l f o x e s . 

Aokncwledgements — I am g r a t e f u l to the f o l l o w i n g f o r t h e i r h e l p and a d v i c e : C . J . 
Amlaner , J r . , N . J . B a l l , D . W. M a c d o n a l d , M. T . Newdick , S . A . R o l l s , Mr . and M r s . 
Dubber and M r . and M r s . Ward. F i g u r e 1 was k i n d l y drawn by O x f o r d U n i v e r s i t y P r e s s . 
T h i s work was funded i n p a r t by the M e d i c a l R e s e a r c h C o u n c i l . 
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Abstract — The a c t i v i t y rhythm o f t h e f o x , Vulpes vulpes, i s 
c h a r a c t e r i z e d by synchrony w i t h s u n s e t and s u n r i s e . T h i s 
rhythm i s p o l y p h a s i c w i t h a s l i g h t d i u r n a l a c t i v i t y p e r i o d 
c o r r e l a t e d w i t h the r e t u r n to the main burrow a r e a . The b e g i n 
n i n g o f n o c t u r n a l a c t i v i t y i s c l o s e l y c o r r e l a t e d w i t h s u n s e t 
and i n 50 p e r c e n t of the o b s e r v a t i o n s c e s s a t i o n o c c u r s i n the 
hour b e f o r e s u n r i s e , b u t the f o x can e x h i b i t d i u r n a l a c t i v i t y 
two hours a f t e r s u n r i s e . The d u r a t i o n o f t h i s d i u r n a l a c t i v i t y 
v a r i e s depending on the t ime the f o x p r e v i o u s l y had s p e n t 
i n c a p t i v i t y . The home r a n g e o f the a d u l t male f o x d e t e r m i n e d 
i n the C h i z é F o r e s t d u r i n g the b r e e d i n g s e a s o n i s about 500 h a . 
V a r i a t i o n s o b s e r v e d i n the 3 a n i m a l s d u r i n g the s t u d y p e r i o d 
can be r e l a t e d to the age and the d u r a t i o n of the a n i m a l ' s 
c a p t i v i t y . I n e a c h c a s e t h e a r e a was not used e q u a l l y by t h e 
f o x b u t the range c o n s i s t e d o f a s e r i e s o f pathways w h i c h 
c o n n e c t h i g h l y used a r e a s . 

INTRODUCTION 
I n the red f o x , t h e b r e e d i n g s e a s o n o c c u r s d u r i n g the w i n t e r t i m e : i n t h e m a l e , t h e 
p lasma t e s t o s t e r o n e l e v e l s t a r t s to i n c r e a s e a t the end o f autumn, the maximum l e v e l 
i s reached i n F e b r u a r y . From A p r i l t o November i n the C h i z é F o r e s t (west F r a n c e ) 
there i s a p e r i o d o f s e x u a l i n a c t i v i t y . D u r i n g the b r e e d i n g p e r i o d we have s t u d i e d 
the a c t i v i t y rhythm and the home range o f 3 a d u l t male f o x e s equ ipped w i t h r a d i o 
c o l l a r s and a u t o m a t i c a l l y r a d i o t r a c k e d d u r i n g two m o n t h s . The r a d i o t r a c k i n g 
system of the C h i z é F o r e s t h a s been d e s c r i b e d by (Deat et al,^ 1980, t h i s v o l u m e ) . 
The l a r g e number o f r a d i o l o c a t i o n s (maximum: 360 24 h"-^) f a v o r s the u s e o f a c o n 
t i n u o u s r e c o r d i n g s y s t e m . The method used to d e t e r m i n e the home range c o n s i s t e d o f 
c o n n e c t i n g the p e r i p h e r a l l o c a t i o n s o b t a i n e d on a t r a c k i n g map summariz ing s e v e r a l 
d a i l y t r a c k i n g maps . Thus , the home range s u r f a c e i s de termined d u r i n g the whole 
p e r i o d o f the a n i m a l ' s a c t i v i t y . The a n i m a l ' s home range and i t s u t i l i z a t i o n can 
be r e p r e s e n t e d by the square method ( e . g . Sempere , 1979) on t h e roe d e e r . The 
a c t i v i t y rhythm d e t e r m i n a t i o n h a s been c a r r i e d out by r e c o r d i n g t h e number o f minutes 
t h a t t h e f o x was m o t i o n l e s s or m o v i n g , f o r e v e r y hour o f t h e d a y . Thus we o b t a i n e d 
f o r each f o x , e v e r y day and e v e r y h o u r , the amount o f t ime spent a t r e s t and m o v i n g . I n 
order t o c o r r e c t p o s s i b l e m i s t a k e s owing t o s i g n a l l o s s the a c t u a l a c t i v i t y has 
been e x p r e s s e d a s p e r c e n t a g e o f t ime a c t i v e i n r e l a t i o n to t h e t ime a t r e s t . S i g n a l 
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l o s s may r e s u l t e i t h e r from movements too q u i c k t o be r e c o r d e d or from movements 
made i n f o r e s t zones where t h e r a d i o r e c e p t i o n was p o o r . Data from p a r t i c u l a r t imes 
o f day have been summed to g i v e an o v e r a l l a c t i v i t y rhythm f o r the whole e x p e r i m e n t . 

HOME RANGE 
The s i z e o f f o x home r a n g e s v a r i e s c o n s i d e r a b l y , as r e v e a l e d by t h e r a d i o t r a c k i n g . 
S a r g e a n t (1972) d e l i m i t s 3 home r a n g e s o f r e s p e c t i v e l y 645 h a , 796 h a , and 858 h a ; 
the g r e a t e s t a r e a was found by Storm et al. (1976) w i t h 960 h a and the s m a l l e s t by 
A b i e s (1969a) : 57 .5 h a . The l a t t e r e x p l a i n s t h a t the r a n g e v a r i a b i l i t y may be c o r r e 
l a t e d t o food a v a i l a b i l i t y ( l a r g e r home r a n g e s i n p o o r e r a r e a s ) . Our r e s u l t s ( F i g . 1 ) , 
488 ha ( f o x 3 0 0 ) , 464 ha ( f o x 621) and 600 h a ( f o x 726) are w i t h i n the l i m i t s q u o t e d 
i n the l i t e r a t u r e . Of the t h r e e f o x e s , two a n i m a l s had a s i m i l a r s i z e home r a n g e , 
the t h i r d ( f o x 726) had a l a r g e r home r a n g e ; we can e x p l a i n t h i s d i f f e r e n c e by the 
b e h a v i o r o f the an imal o b s e r v e d on the d a i l y t r a c k i n g map. T h i s f o x was a s u b a d u l t 
w i t h o u t a p r e v i o u s l y s e c u r e d home r a n g e , caught as a cub i n the f o r e s t and r e l e a s e d 

Number of radio f i xes HI 3 
• 4-7 
• 8 and more 

Fence 
Roads 
Home range imits 

F i g . 1. Home range o f the t h r e e a d u l t male f o x e s N o . 300 
(488 h a ) . N o . 621 (464 ha) and N o . 726 (394 ha) d u r i n g 
two months o f r a d i o t r a c k i n g i n w i n t e r . 
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when a d u l t ( a f t e r f i v e months o f c a p t i v i t y ) . T h i s a n i m a l e x h i b i t e d e x p l o r a t o r y 
a c t i v i t y w i t h l o n g t r e k s a l o n g the roads and p a t h s o f the f o r e s t and around the 
f e n c e ; a f t e r 15 days o f e x p l o r a t o r y a c t i v i t y , he s e t t l e d i n an a r e a o f the f o r e s t , 
394 ha i n s i z e . F o x e s 300 and 621 were c a u g h t as a d u l t s , t h e i r g r e a t s t a b i l i t y i n 
the f o r e s t s u g g e s t t h a t they may have r e t u r n e d to t h e i r p r e v i o u s home r a n g e s . F o r 
f o x 300 (one day o f c a p t i v i t y ) t h i s r e o c c u p a t i o n i s i m m e d i a t e , b u t f o r f o x 621 (one 
y e a r o f c a p t i v i t y ) t h i s r e o c c u p a t i o n o c c u r s a f t e r s e v e r a l d a y s . The home r a n g e s o f 
the f o x e s were not o c c u p i e d homogeneous ly . The home r a n g e s c o n s i s t e d o f a s e r i e s 
o f pathways w h i c h c o n n e c t h i g h l y used a r e a s . These t h r e e home r a n g e s were c o n t i g u o u s 
and never o v e r l a p p e d ; we can suppose t h a t , i n t h i s p e r i o d o f the r e p r o d u c t i v e c y c l e 
t h e r e i s t e r r i t o r i a l b e h a v i o r and the a r e a used i s a t e r r i t o r y . T h u s , the t o t a l 
a r e a n e c e s s a r y d u r i n g the r e p r o d u c t i o n p e r i o d i s about 500 h a ; i f we c o n s i d e r a 
s o c i a l s t r u c t u r e as d e s c r i b e d by Macdona ld (1980) f o r some h a b i t a t s i n G r e a t B r i t a i n 
(1 m a l e , 1 dominant v i x e n and 2 or 3 s u b o r d i n a t e v i x e n ) we c a n e s t i m a t e t h a t the 
f o x p o p u l a t i o n d e n s i t y i n the C h i z é F o r e s t i s about one f o x f o r 100 h a . However , 
Macdonald s t r e s s e s the i n t r a s p e c i f i c v a r i a t i o n i n f o x b e h a v i o r , so t h e s e f i g u r e s may 
n o t a p p l y to t h e C h i z é F o r e s t . 

ACTIVITY RHYTHM 
The t h r e e f o x e s e x h i b i t e d d i u r n a l p o l y p h a s i c l ocomotor a c t i v i t y rhythms ( F i g . 2 ) . 
The a c t i v i t y o c c u r s g e n e r a l l y d u r i n g the n i g h t and e x h i b i t s two maxima: a t s u n s e t 
and s u n r i s e . These o b s e r v a t i o n s are comparable to t h o s e o f A b i e s (1969b) and 
H i m l e r and Tembrock (1972) . However, we have o b s e r v e d t h a t the a c t i v i t y d u r i n g the 
d i u r n a l phase i s more i m p o r t a n t i n the two a n i m a l s wh ich were h e l d i n c a p t i v i t y f o r 
l o n g e r t i m e s . Fox 621 (one y e a r o f c a p t i v i t y ) was a c t i v e more o f t e n d u r i n g the 
l i g h t p h a s e than f o x 726 ( f i v e months o f c a p t i v i t y ) w h i l e f o x 300, r e l e a s e d imme
d i a t e l y a f t e r h i s c a p t u r e , e x h i b i t e d n e g l i g i b l e l i g h t phase a c t i v i t y . There was a 
c l o s e c o r r e l a t i o n between the b e g i n n i n g and the end o f n o c t u r n a l a c t i v i t y and s u n 
s e t and s u n r i s e ( F i g . 3 ) . N o c t u r n a l a c t i v i t y b e g i n s d u r i n g the hour f o l l o w i n g 
s u n s e t f o r 60 p e r c e n t o f the o b s e r v a t i o n s , and ends i n the hour p r e c e d i n g s u n r i s e 
f o r 50 p e r c e n t o f the o b s e r v a t i o n s b u t the f o x may e x h i b i t d i u r n a l a c t i v i t y two 
hours a f t e r s u n r i s e . T h i s d i u r n a l a c t i v i t y c o n s i s t s o f s u c c e s s i v e burrow changes 
o c c u r r i n g i n the m o r n i n g . D i f f e r e n c e s i n a c t i v i t y rhythm can be r e l a t e d to i n d i 
v i d u a l v a r i a b i l i t y and we o b s e r v e d t h a t , a l t h o u g h a l l t h r e e f o x e s e x h i b i t e d a c t i v i t y 
rhythms s y n c h r o n i z e d w i t h the d a y - n i g h t c y c l e , no two a n i m a l s behaved the same. 
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N o . 300 

N o . 621 

N o . 726 

8H0URS(6.M.TJ 

F i g . 2 . A c t i v i t y rhythm o f t h e a d u l t male f o x e s N o s . 300, 
621 and 726 d u r i n g the b r e e d i n g s e a s o n , e x p r e s s e d 
as p e r c e n t a g e o f a c t i v e f i x e s / r e s t i n g f i x e s . 
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F i g . 3 . B e g i n n i n g and end o f n o c t u r n a l a c t i v i t y f o r the t h r e e 
a d u l t male f o x e s d u r i n g the b r e e d i n g s e a s o n i n r e l a 
t i o n to s u n s e t and s u n r i s e e x p r e s s e d as a p e r c e n t a g e 
o f the o b s e r v a t i o n s i n the f i r s t , s econd or t h i r d 
hour b e f o r e or a f t e r s u n s e t or s u n r i s e . 
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Abstract — Movements and d a i l y a c t i v i t y p a t t e r n s o f the s t o a t , 
Mustela erminea^ were examined by r a d i o t r a c k i n g . Four ma le s 
were s e l e c t e d to e x e m p l i f y movement p a t t e r n s o f t e r r i t o r i a l 
and n o n - t e r r i t o r i a l i n d i v i d u a l s and a l s o s e a s o n a l v a r i a t i o n s 
i n d a i l y a c t i v i t y p a t t e r n s . S h o r t e r or l o n g e r s p e l l s o f 
a c t i v i t y , g e n e r a l l y l a s t i n g f o r 10 t o 45 min , a l t e r n a t e d w i t h 
p e r i o d s o f r e s t . There was a s e a s o n a l change i n d a i l y a c t i 
v i t y ; the s t o a t s tended to be n o c t u r n a l i n w i n t e r and d i u r n a l 
i n summer. The i n c r e a s e d d i u r n a l a c t i v i t y i n summer was a s s o 
c i a t e d w i t h i n c r e a s e d movements , whereas the d u r a t i o n o f h u n t 
i n g a c t i v i t y d u r i n g dayt ime and n i g h t t i m e was l e s s d i f f e r e n t . 

INTRODUCTION 
The e c o l o g y o f a s t o a t p o p u l a t i o n i n s o u t h e r n Sweden i s b e i n g examined . R a d i o 
t r a c k i n g i s used when e x a m i n i n g the s p a t i a l d i s t r i b u t i o n o f the s t o a t s and t h e i r 
d a i l y a c t i v i t y p a t t e r n . T h i s paper r e p o r t s on the movements and d a i l y a c t i v i t y o f 
f o u r male s t o a t s s e l e c t e d t o i l l u s t r a t e s e a s o n a l v a r i a t i o n s and d i f f e r e n c e s i n move
ments o f t e r r i t o r i a l and n o n - t e r r i t o r i a l i n d i v i d u a l s . 

STUDY AREA AND METHODS 
The i n v e s t i g a t i o n was c a r r i e d out i n t h e R e v i n g e a r e a o f s o u t h e r n Sweden. T h i s a r e a 
of about 4000 h a , w h i c h i s used f o r m i l i t a r y t r a i n i n g and c a t t l e g r a z i n g , c o n t a i n s 
e x t e n s i v e m a r s h e s . These are the f a v o r e d h a b i t a t s o f the s t o a t s . So f a r 18 i n d i v i 
dua l s t o a t s ( n i n e males and n i n e f e m a l e s ) have been r a d i o t r a c k e d . Two k i n d s o f 
t r a n s m i t t e r c o l l a r s (27 MHz) were u s e d , a 2 - b a t t e r y model f o r m a l e s and a 1 - b a t t e r y 
model f o r f e m a l e s . T r a n s m i t t e r c i r c u i t r y was i d e n t i c a l t o t h a t d e s c r i b e d by T e s t e r , 
Warner and C o c h r a n (1964) . The w e i g h t s o f the t r a n s m i t t e r s were about 10 and 6 g 
r e s p e c t i v e l y , i . e . about 4 p e r c e n t o f the s t o a t s ' body w e i g h t . B a t t e r y l i f e was 
g e n e r a l l y 7-10 days and the s i g n a l s were o b t a i n e d w i t h i n a d i s t a n c e o f about 300 m, 
by use o f a p o r t a b l e r e c e i v e r . The a n i m a l s were g e n e r a l l y t r a c k e d c o n t i n u o u s l y . 
D u r i n g some p e r i o d s , e s p e c i a l l y a t n i g h t , the s i g n a l s were o b t a i n e d on a tape 
r e c o r d e r . The t imer s w i t c h r e c o r d e d the s i g n a l s f o r 20-30 s e v e r y 5 m i n . From the 
c h a r a c t e r o f the s i g n a l s , c o n s t a n t or c h a n g i n g i n v o l u m e , p e r i o d s o f l o c o m o t o r 
a c t i v i t y were d i s t i n g u i s h e d from p e r i o d s o f r e s t . 

703 



704 S, Erlinge 

When e n t e r i n g deeper p a r t s o f rodent t u n n e l s the s i g n a l s d i s a p p e a r e d . I n a l l c a s e s 
the s i g n a l s were l o s t f o r p e r i o d s s h o r t e r or equa l i n l e n g t h to p e r i o d s r e c o r d e d 
f o r locomotor a c t i v i t y when the s i g n a l s were c o n t i n u o u s l y o b t a i n e d . T h e r e f o r e the 
p e r i o d s when the s i g n a l s d i s a p p e a r e d f o r l e s s than 90 min were c o n s i d e r e d to be 
a c t i v i t i e s a s s o c i a t e d w i t h h u n t i n g i n deeper p a r t s o f the t u n n e l s y s t e m . 

RESULTS AND DISCUSSION 
One s u b a d u l t male was r a d i o t r a c k e d i n F e b r u a r y , 1975. He e x p l o i t e d an a r e a c o n 
t a i n i n g wet meadows p o p u l a t e d by w a t e r v o l e s . Arvícola terrestris L . ( F i g . 1 ) . No 
o t h e r s t o a t s were i n t h a t a r e a a t t h i s t ime as was e v i d e n t from snow t r a c k i n g . 
Dur ing the f i r s t day the male moved about 600 m and then s t a y e d f o r the r e s t o f the 
t r a c k i n g p e r i o d ( seven d a y s ) w i t h i n a v e r y r e s t r i c t e d a r e a . D u r i n g the f i r s t f o u r 
days he e x p l o i t e d a c o l o n y o f w a t e r v o l e s and hunted f o r them i n t h e i r underground 
t u n n e l s . He then moved about 50 m t o a n o t h e r c o l o n y . When r a d i o t r a c k i n g was 
f i n i s h e d I examined t h e e x p l o i t e d a r e a s by d i g g i n g up p a r t s o f the t u n n e l s y s t e m s . 
The s t o a t had o c c u p i e d the v o l e s ' n e s t and improved the n e s t c o v e r i n g w i t h f u r from 
c a p t u r e d and consumed v o l e s . C l o s e to the n e s t , where the s t o a t had spent the l a s t 
t h r e e d a y s , a h a l f - e a t e n v o l e was found and two more v o l e s had been k i l l e d and 
b r o u g h t to the n e s t . 

The d a i l y a c t i v i t y was c h a r a c t e r i z e d by s h o r t e r or l o n g e r s p e l l s o f a c t i v i t y t h r o u g h 
out the 24 hour p e r i o d ( F i g . 1 ) . No movements o c c u r r e d o u t s i d e the h u n t e d a r e a s so 
the s t o a t e v i d e n t l y d e v o t e d a l l h i s movement a c t i v i t y t o h u n t i n g . On a v e r a g e the 
s t o a t was a c t i v e about one f o u r t h o f the t ime r e c o r d e d , i . e . about s i x hours per 
d a y . He was c o n s i d e r a b l y more a c t i v e a t n i g h t than d u r i n g d a y t i m e ; 32 p e r c e n t o f 
t ime r e c o r d e d a t n i g h t (43 .6 h) was a c t i v i t y compared w i t h 18 p e r c e n t d u r i n g d a y 
time ( 5 5 . 3 h ) . 

Another male was r a d i o t r a c k e d i n A p r i l , 1975 ( F i g . 2 ) . He was not c o n f i n e d to any 
d e f i n i t e a r e a b u t behaved as a t r a n s i e n t . H i s movements were o u t s i d e the a r e a s 
o c c u p i e d by two r e s i d e n t male s t o a t s , A f o r t n i g h t a f t e r r a d i o t r a c k i n g the male was 
k i l l e d by a v e h i c l e on a road about 6 km away. The male g e n e r a l l y changed h u n t i n g 
a r e a e v e r y day moving about 600-800 m. The s t a y i n the hunted a r e a s g e n e r a l l y l a s t e d 
f o r 30-40 h . The movements from one a r e a to a n o t h e r o c c u r r e d d u r i n g d a y t i m e . 

The d a i l y a c t i v i t y p a t t e r n was s i m i l a r to t h a t o f the male r a d i o t r a c k e d i n F e b r u a r y , 
i . e . s h o r t e r or l o n g e r s p e l l s o f a c t i v i t y a l t e r n a t e d w i t h p e r i o d s of r e s t ( F i g . 2 ) . 
However, i n c o n t r a s t to t h e male t r a c k e d i n w i n t e r t h i s male was m o s t l y a c t i v e d u r i n g 
d a y t i m e . A t n i g h t t h e a c t i v i t y g e n e r a l l y o c c u r r e d i n s h o r t p e r i o d s (mos t ly 10-15 m i n ) , 
The d i u r n a l a c t i v i t y i n c l u d e d one or two l o n g e r p e r i o d s o f a c t i v i t y c o n n e c t e d w i t h 
movements t o a new h u n t i n g g r o u n d . The a v e r a g e t ime o f a c t i v i t y per day was r o u g h l y 
t h e same a s f o r the s t o a t t r a c k e d i n w i n t e r ; 27 p e r c e n t o f r e c o r d e d t ime (107 ,5 h) 
was locomotor a c t i v i t y . The main p a r t concerned a c t i v i t y i n the hunted grounds b u t 
r o u g h l y one f o u r t h o f a c t i v e t ime was a s s o c i a t e d w i t h movements from one p l a c e t o 
a n o t h e r . 

A t h i r d male e s t a b l i s h e d ( s p r i n g , 1977) i n an a r e a c o n t a i n i n g a b r e e d i n g f e m a l e . 
T h i s was e v i d e n c e d from t r a p p i n g . D u r i n g r a d i o t r a c k i n g i n May the male r e g u l a r l y 
p a t r o l l e d h i s t e r r i t o r y , about 35 ha i n s i z e . Some r e s t r i c t e d p a r t s were u s e d as 
h u n t i n g grounds and a s s o c i a t e d w i t h t h e s e a r e a s t h e r e were n e s t s i t e s i n r e g u l a r 
u s e . E x t e n s i v e movements o c c u r r e d d u r i n g d a y t i m e . A t n i g h t the a c t i v i t y g e n e r a l l y 
o c c u r r e d i n the r e s t r i c t e d hunted g r o u n d s . 

T h i s male showed a h i g h l e v e l o f l ocomotor a c t i v i t y ; more than one t h i r d o f r e c o r d e d 
time was as l ocomotor a c t i v i t y , i . e . more than e i g h t hours per d a y . He was more 
a c t i v e d u r i n g dayt ime (38 p e r c e n t o f r e c o r d e d 5 7 . 8 h) t h a n d u r i n g the n i g h t (29 p e r 
c e n t of r ecorded 33 .3 h ) . The d i f f e r e n c e was m a i n l y due to e x t e n s i v e d i u r n a l 
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• Nest site 

F i g . 1. D a i l y a c t i v i t y p a t t e r n and movements o f a male s t o a t 
( d 34) r a d i o t r a c k e d i n F e b r u a r y , 1975. A c t i v i t y i s 
denoted by f i l l e d b a r s . Open b a r s s i g n i f y t ime when 
no s i g n a l s were o b t a i n e d . T h i s happened when t h e s t o a t 
e n t e r e d deep t u n n e l s . S u n r i s e and s u n s e t a r e denoted 
by v e r t i c a l a r r o w s . 
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F i g , 2 . D a i l y a c t i v i t y p a t t e r n and movements o f a t r a n s i e n t 
male s t o a t (d 22) r a d i o t r a c k e d i n A p r i l , 1975. The 
symbols a r e the same a s i n F i g . 1, H o r i z o n t a l arrows 
s i g n i f y movements from one s i t e to a n o t h e r ; rounded 
l i n e denote s movements and r e t u r n to the same s p o t . 

movements . H u n t i n g a c t i v i t y i n the r e s t r i c t e d a r e a s had s i m i l a r d u r a t i o n d u r i n g the 
l i g h t and t h e dark p e r i o d s . 

A f o u r t h male was r a d i o t r a c k e d i n O c t o b e r , 1974 ( F i g , 4 ) . He was e s t a b l i s h e d i n an 
a r e a c o n t a i n i n g s m a l l e r wet meadows i n t e r m i n g l e d w i t h p i n e p l a n t a t i o n s and g r a z e d 
f i e l d s . H i s t e r r i t o r y i n c l u d e d two f e m a l e s and a d j o i n i n g t o h i s t e r r i t o r y two 
j u v e n i l e males o c c u r r e d . The conf inement o f the male to a d e f i n i t e a r e a was e v i d e n c e d 
from t r a p p i n g t h r o u g h o u t autumn. D u r i n g r a d i o t r a c k i n g he r e g u l a r l y p a t r o l l e d h i s 
t e r r i t o r y and covered the main p a r t once e v e r y d a y . The t r a n s f e r s from one marsh 
a r e a to a n o t h e r o c c u r r e d d u r i n g dayt ime b u t movements between d i f f e r e n t p a r t s o f the 
marshes a l s o o c c u r r e d a t n i g h t . 
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F i g . 3 . D a i l y a c t i v i t y p a t t e r n and movements o f a r e s i d e n t 
male ( d 62) r a d i o t r a c k e d i n May 1977. The symbols 
are as i n F i g s . 1 and 2 . 
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F i g . 4 . D a i l y a c t i v i t y p a t t e r n and movements o f a r e s i d e n t 
s t o a t (d 15) r a d i o t r a c k e d i n O c t o b e r , 1974. The 
symbols are as i n F i g s . 1 and 2 . 
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T h i s male devo ted l e s s t ime t o l ocomotor a c t i v i t y , and i n c l u d i n g movements t h i s was 
l e s s than one f o u r t h o f recorded t ime (72 .0 h ) . Most a c t i v i t y (80 p e r c e n t ) o c c u r r e d 
i n d a y t i m e . 

R a d i o t r a c k i n g d a t a i l l u s t r a t e t h r e e movement p a t t e r n s i n male s t o a t s : 1. The move
ments o f a r e s i d e n t male r e g u l a r l y p a t r o l l i n g h i s t e r r i t o r y . 2 . The movements o f a 
male c o n f i n e d t o a d e f i n i t e a r e a (home r a n g e ) w i t h o u t d i s p l a y i n g any p a t r o l l i n g 
a c t i v i t y . I n such c a s e s a s t o a t may r e t u r n to a g i v e n p a r t o f h i s r a n g e a t i n t e r v a l s 
o f two or t h r e e weeks (Nyholm, 1959, p e r s o n a l o b s e r v a t i o n ) . 3 . The movements o f a 
t r a n s i e n t a n i m a l , s t a y i n g f o r s h o r t p e r i o d s i n r e s t r i c t e d a r e a s f o r h u n t i n g and 
then moving t o new a r e a s . 

The d a i l y a c t i v i t y p a t t e r n was c h a r a c t e r i z e d by a s h o r t term rhythm: s p e l l s o f a c t i 
v i t y and r e s t a l t e r n a t e d more or l e s s r e g u l a r l y i n p e r i o d s o f 3-5 h . Locomotor 
a c t i v i t y g e n e r a l l y l a s t e d f o r 10-45 min b u t sometimes as l o n g as 3-4 h . Some o f the 
recorded locomotor a c t i v i t y p r o b a b l y concerned a c t i v i t y i n the n e s t i n c l u d i n g e a t i n g 
and grooming . S t o a t s observed i n an e n c l o s u r e g e n e r a l l y used 5-10 min f o r a meal 
and u s u a l l y fed about e v e r y f o u r t h hour ( E r l i n g e , u n p u b l i s h e d ) . 

A s h o r t term rhythm s i m i l a r to t h a t i n t h e s t o a t o c c u r s i n the w e a s e l ( E r k i n a r o , 
1972a) and i n v o l e s ( E r k i n a r o , 1961, 1969, 1972b; S t e b b i n s , 1975, and Lehmann, 1976 ) . 
I n the s m a l l m u s t e l i d s t h e s h o r t term a c t i v i t y p a t t e r n i s p r o b a b l y an a d a p t a t i o n to 
t h e i r h i g h f o o d r e q u i r e m e n t s ( S c h o l a n d e r et al.y 1950; I v e r s e n , 1972) . The r a d i o 
t r a c k e d s t o a t s e x e m p l i f y t h e s e a s o n a l change i n d a i l y a c t i v i t y p a t t e r n w h i c h o c c u r s 
i n s t o a t s ( r a d i o t r a c k i n g d a t a and cage e x p e r i m e n t s , E r l i n g e , u n p u b l i s h e d ) ; a t e n 
dency to be n o c t u r n a l i n w i n t e r and d i u r n a l i n summer. The changes o c c u r r e d i n March 
and November. I n v o l e s t h e r e i s a s i m i l a r change b u t they are d i u r n a l i n w i n t e r 
and n o c t u r n a l i n summer ( E r k i n a r o op. c i t . ) . I n s t o a t s t h e i n c r e a s e d day t ime a c t i 
v i t y i n summer was a s s o c i a t e d w i t h i n c r e a s e d movements . The d u r a t i o n o f h u n t i n g 
a c t i v i t y d u r i n g dayt ime and n i g h t t i m e was l e s s d i f f e r e n t . 

As the s t o a t s can hunt f o r the v o l e s a l s o when they are r e s t i n g i n t h e i r t u n n e l s 
t h e i r h u n t i n g i s independent o f t h e a c t i v i t y rhythm o f t h e v o l e s . 
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Abstract — A c o n t i n u o u s r e c o r d i n g , r a d i o t e l e m e t r y s y s t e m was 
used to m o n i t o r a c t i v i t y p a t t e r n s o f 7 b e a v e r s i n 2 c o l o n i e s 
l o c a t e d n e a r Amhers t , M a s s a c h u s e t t s , U . S . A . A c t i v i t i e s were 
r e c o r d e d from A p r i l to O c t o b e r , 1976 and 1977 (1 c o l o n y e a c h 
y e a r ) ; up to 4 i n d i v i d u a l s were s i m u l t a n e o u s l y m o n i t o r e d . 
I n d i v i d u a l s f o l l o w e d ' t y p i c a l ' 24 .0 h a c t i v i t y rhy thms; o n s e t 
o f a c t i v i t y o c c u r r e d a t 17 .2 ± 0 .7 h (x ± S . D . ) i n one c o l o n y 
and a t 17 .0 ± 1.0 h i n the o t h e r . Mean c e s s a t i o n o f a c t i v i t y 
t imes was 6 .1 ± 0 . 8 f o r one c o l o n y and 4.1 ± 1.3 h f o r the 
o t h e r . Onse t o f a c t i v i t y tended to be e a r l i e s t i n mid summer 
and l a t e s t i n s p r i n g and f a l l . S u n s e t and l e n g t h o f t w i l i g h t 
were s t a t i s t i c a l l y s i g n i f i c a n t p r e d i c t o r s o f o n s e t o f a c t i v i t y 
f o r most i n d i v i d u a l s . T o t a l a c t i v i t y p e r i o d was p a r t i t i o n e d 
i n t o p r e d o m i n a t e l y a c t i v e and p r e d o m i n a t e l y i n a c t i v e p o r t i o n s ; 
a c t i v i t y (12 .8 ± 1.0 h) e x c e e d e d i n a c t i v i t y (11 .1 ± 1,0 h) i n 
one c o l o n y and i n a c t i v i t y e x c e e d e d a c t i v i t y (12 ,9 ± 1.3 and 
11.2 ± 1.3 h , r e s p e c t i v e l y ) i n the o t h e r . A n i m a l s showed 
b iomoda l peaks o f a c t i v i t y (dusk and dawn) , and s p e n t the 
m a j o r i t y o f the n i g h t ' s a c t i v e p e r i o d away from the c o l o n y 
s i t e . I n one c o l o n y when k i t s were p r e s e n t , t ime away from 
the c o l o n y s i t e f o r the a d u l t f emale was l e s s t h a n t h a t f o r 
a comparable prepar tum p e r i o d . 

INTRODUCTION 
Most e a r l y i n v e s t i g a t o r s o f an imal a c t i v i t y rhythms s t u d i e d the i n f l u e n c e o f l a b o r a t o r y 
c o n t r o l l e d c o n d i t i o n s on b e h a v i o r p a t t e r n s o f c a p t i v e i n d i v i d u a l s . Few s t u d i e s were 

made o f g e n e r a l a c t i v i t y p a t t e r n s o f f r e e r a n g i n g a n i m a l s b e c a u s e l o n g t e r m o b s e r v a 
t i o n s i n the f i e l d were d i f f i c u l t . The advent o f r a d i o t e l e m e t r y t e c h n i q u e s p r o v i d e d 
the f i r s t o p p o r t u n i t y f o r i n t e n s i v e , l o n g t e r m m o n i t o r i n g o f i n d i v i d u a l a c t i v i t i e s 
under c o n d i t i o n s when o t h e r t e c h n i q u e s were u s e l e s s . The o b j e c t i v e o f the p r e s e n t 
s t u d y was to de termine y e a r l o n g a c t i v i t y p a t t e r n s o f i n d i v i d u a l , f r e e r a n g i n g 
beaver (Castor canadensis) by r a d i o t r a c k i n g t e c h n i q u e s . 

Beaver c o l o n i e s mon i tored i n t h i s s t u d y were l o c a t e d on the P r e s c o t t P e n i n s u l a , 
Quabbin R e s e r v a t i o n , New S a l e m , M a s s a c h u s e t t s , The p e n i n s u l a i s d r a i n e d by 42 km 
o f s treams d i v i d e d i n t o 6 major s y s t e m s . Beaver a c t i v i t y was f i r s t n o t e d i n 1952, 
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RESULTS 
Summer a c t i v i t i e s o f c o l o n i e s 5 and 6 were r e c o r d e d from A p r i l t o O c t o b e r , 1976 and 
1977, r e s p e c t i v e l y a s a p a r t o f a y e a r - r o u n d s t u d y ( L a n c i a , 1 9 7 9 ) . I n c o l o n y 5 t h e 
a d u l t p a i r , a s u b a d u l t f e m a l e , and i n c o l o n y 6 the a d u l t p a i r , a 2 - y e a r o l d male 
and a y e a r l i n g male were m o n i t o r e d f o r a t l e a s t a p o r t i o n o f t h e c o l o n y m o n i t o r i n g 
p e r i o d . 

T o t a l a c t i v i t y p e r i o d (τ) f o r b o t h c o l o n i e s was n e a r l y 24 h and was p a r t i t i o n e d i n t o 
p o r t i o n s o f a c t i v i t y and i n a c t i v i t y (Tab l e 1 ) . I n c o l o n y 5 a c t i v i t y e x c e e d e d i n a c t i 
v i t y ; a s a r e s u l t , c o l o n y 5 ' s a c t i v e p e r i o d was about 16 p e r c e n t l o n g e r than c o l o n y 
6 ' s . S i n c e τ d u r i n g the summer months a v e r a g e d e s s e n t i a l l y 24 h , emergence and 
r e t u r n t imes f o l l o w e d s i m i l a r p a t t e r n s . However , due to s l i g h t d a i l y d i f f e r e n c e s 
i n τ , month ly emergence and r e t u r n p a t t e r n s were not i d e n t i c a l . 

R e t u r n t imes f o r c o l o n y 5 from A p r i l to A u g u s t tended t o be about 1 h a f t e r s u n r i s e . 
D u r i n g September and O c t o b e r r e t u r n t imes advanced to s l i g h t l y b e f o r e s u n r i s e . 
R e t u r n t imes f o r c o l o n y 6 were b e f o r e or o n l y s l i g h t l y a f t e r s u n r i s e and appeared 
t o c o i n c i d e w i t h s u n r i s e u n t i l September when r e t u r n o c c u r r e d w e l l b e f o r e s u n r i s e . 

S u n r i s e , s u n s e t , and o t h e r p h o t o p e r i o d and m e t e o r o l o g i c a l c h a r a c t e r i s t i c s were used 

and the p o p u l a t i o n s u b s e q u e n t l y i n c r e a s e d t o an e s t i m a t e d 300 i n d i v i d u a l s i n 47 
a c t i v e c o l o n i e s by 1975. 

METHODS 
TRAPPING AND HANDLING 

A n i m a l s , c a p t u r e d i n B a i l e y and Hancock l i v e t r a p s , were a n e s t h e t i z e d ( L a n c i a , 
Brooks and F l e m i n g , 1978) a t the c o l o n y s i t e , f i t t e d w i t h r a d i o c o l l a r s and r e l e a s e d . 
I n d i v i d u a l s were grouped i n t o s e x and age c l a s s e s and marked w i t h numbered m e t a l 
and c o l o r coded , p l a s t i c e a r t a g s f o r l a t e r i d e n t i f i c a t i o n ( L a n c i a , 1979) . 

A C T I V I T Y MONITORING TELEMETRY SYSTEM 

A r a d i o t e l e m e t r y sys tem ( L a n c i a and Dodge , 1977) was d e v e l o p e d to c o n t i n u o u s l y 
m o n i t o r b e a v e r a c t i v i t y . V a r i a t i o n s i n r e c e i v e d s i g n a l s t r e n g t h caused by movement 
of a r a d i o t a g g e d a n i m a l were used t o de termine p r e s e n c e or a b s e n c e o f a c t i v i t y 
( S u n q u i s t and Montgomery, 1973) . Whenever a n i m a l s were i n r e c e i v e r r a n g e , r e g a r d 
l e s s o f t h e i r l o c a t i o n , a c t i v i t y was c o n t i n u o u s l y m o n i t o r e d on 2 s t r i p c h a r t r e c o r d e r s . 
Up to 4 c h a n n e l s ( i n d i v i d u a l s ) were r e c o r d e d s i m u l t a n e o u s l y . 

Low f r e q u e n c y (30 M H z ) , C o l p i t t s o s c i l l a t o r , t r a n s m i t t e r c o l l a r s were c o n s t r u c t e d 
as d e s c r i b e d by L a n c i a and Dodge (1977) . The w e i g h t o f the t r a n s m i t t e r c o l l a r a v e r 
aged 149 g or about 1 p e r c e n t o f mean body w e i g h t and had an in situ l i f e o f 4 t o 
6 m o n t h s . As c o l l a r s f a i l e d , i n d i v i d u a l s were r e c a p t u r e d when p o s s i b l e and r e i n s t r u -
mented . 

Time c o r r e c t e d c h a r t r e c o r d s were t r a n s c r i b e d , by 15 min i n t e r v a l s , to a computer 
c o m p a t i b l e format w i t h coded v a l u e s f o r predominant a c t i v i t i e s ( e . g . , a c t i v i t y , 
i n a c t i v i t y , o u t - o f - r a n g e , and no d a t a ) . Code a s s i g n m e n t was p e r i o d i c a l l y v e r i f i e d 
by comparing t r a n s c r i b e d d a t a w i t h s i m u l t a n e o u s f i e l d o b s e r v a t i o n s . I n a d d i t i o n , 
t imes o f i n i t i a t i o n (emergence) and c e s s a t i o n ( r e t u r n ) o f the d a i l y a c t i v e p e r i o d 
were de termined to t h e n e a r e s t 5 ± 2 m i n . 
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C o l o n y T o t a l a c t i v i t y A c t i v i t y (h) I n a c t i v i t y (h) 
p e r i o d (h) (x ± S . D . ) (x ± S . D . ) 
(x ± S . D . ) 

C o l o n y 5 2 4 . 0 ± 0 .6 12 .8 ± 1.0 11.1 ± 1 .0 

C o l o n y 6 2 4 . 0 ± 0 .7 11 .2 ± 1.3 12.9 ± 1 .3 

When k i t s were p r e s e n t a t c o l o n y 5 , the a d u l t f emale d e p a r t e d from the g e n e r a l p a t 
t e r n d e s c r i b e d a b o v e . Time ' o u t - o f - r a n g e ' t h r o u g h o u t the n i g h t was s u b s t a n t i a l l y 
r e d u c e d . I n a d d i t i o n , i n a c t i v i t y d u r i n g the n i g h t , presumably i n t h e l o d g e , was 
h i g h e r than f o r c o r r e s p o n d i n g prepartum p e r i o d s . The e v e n i n g peak i n a c t i v i t y f o r 
the a d u l t male was l o n g e r t h a n f o r p e r i o d s b e f o r e p a r t u r i t i o n , o r a f t e r k i t s were 
l a r g e enough to r e g u l a r l y l e a v e the l o d g e . 

D I S C U S S I O N 
I n d i v i d u a l s i n a s p e c i e s p o p u l a t i o n must o c c u p y a s i m i l a r ' t e m p o r a l n i c h e ' t o m a i n 
t a i n c o n s p e c i f i c i n t e g r i t y . To u n i f y t h i s ' t e m p o r a l n i c h e ' , i n d i v i d u a l s i n i t i a t e 
the d a i l y c y c l e a t about the same t i m e . N a t u r a l s e l e c t i o n o p e r a t e s to a d j u s t o n s e t 
o f a c t i v i t y v i a the f o l l o w i n g mechanisms: (1) t empora l f o o d a v a i l a b i l i t y , (2) p r e d a 
t o r a v o i d a n c e , (3) t h e r m o r e g u l a t i o n , and (4) b e h a v i o r a l i n t e r a c t i o n s . Food a v a i l 
a b i l i t y can e x p l a i n i n i t i a t i o n o f a c t i v i t y a t s u n s e t f o r some i n s e c t i v o r o u s b a t s 
(DeCoursey and D e C o u r s e y , 1964) ; however , o n s e t o f a c t i v i t y f o r b e a v e r s cannot be 
e x p l a i n e d t h i s way b e c a u s e t h e i r f o o d ( h e r b a c e o u s m a t e r i a l ) does n o t v a r y i n a v a i l 
a b i l i t y t h r o u g h o u t the d a y . 

Onset o f a c t i v i t y f o r some lagormorphs a l s o c l o s e l y c o i n c i d e s w i t h s u n s e t (Mech, 
Heegen and S i n i f f , 1966) ; however , t h i s s y n c h r o n y i s p r o b a b l y a mechanism t o a v o i d 
p r e d a t i o n r a t h e r than a r e s u l t o f food a v a i l a b i l i t y . Beavers have a d o p t e d an a l t e r 
n a t e s t r a t e g y — they d i s p l a y an e x c e p t i o n a l a r r a y o f s o p h i s t i c a t e d b e h a v i o r a l p r e d a 
t o r a v o i d a n c e mechanisms , e , g , l odge and pond c o n s t r u c t i o n and a l a r m s i g n a l s . 
S e l e c t i v e p r e s s u r e s may have o p e r a t e d t o e v o l v e t h e s e b e h a v i o r a l a c t i v i t i e s r a t h e r 
than to a d j u s t the t ime o f o n s e t o f a c t i v i t y . F u r t h e r m o r e , i t i s u n l i k e l y t h a t , i n 
summer, i n i t i a t i o n o f a c t i v i t y i s c o n s i s t e n t l y i n v o l v e d i n t h e r m o r e g u l a t i o n s i n c e 
t h e s e a n i m a l s a r e homeothermic . C o n s e q u e n t l y , a n o t h e r e x p l a n a t i o n f o r o n s e t o f 
a c t i v i t y i s r e q u i r e d . 

as independent v a r i a b l e s to p r e d i c t emergence t ime f o r 3 i n d i v i d u a l s each i n c o l o n i e s 
5 and 6. P r e d i c t i o n e q u a t i o n s a c c o u n t e d f o r 25 .8 t o 59 .9 p e r c e n t o f t h e o b s e r v e d 
v a r i a t i o n . I n g e n e r a l , v a r i a t i o n i n r e s p o n s e t o t h e s e c h a r a c t e r i s t i c s was s u b s t a n 
t i a l ; however, f o r most i n d i v i d u a l s 2 p h o t o p e r i o d v a r i a b l e s — l e n g t h o f t w i l i g h t 
and t ime o f s u n s e t — were s t a t i s t i c a l l y s i g n i f i c a n t (P < 0 .05) p r e d i c t o r s . For 
5 o f 6 b e a v e r s t e s t e d , t w i l i g h t was i n v e r s e l y r e l a t e d to emergence t i m e . S u n s e t 
was p o s i t i v e l y c o r r e l a t e d w i t h emergence t i m e s . A l l i n d i v i d u a l s f o l l o w e d s i m i l a r 
24 h a c t i v i t y p a t t e r n s , and b i o m o d a l peaks o f a c t i v i t y i n the c o l o n y s i t e o c c u r r e d 
a t e v e n i n g emergence and dawn r e t u r n . A c t i v i t y peaks i n the e v e n i n g tended t o be 
h i g h e r i n a m p l i t u d e and l o n g e r i n d u r a t i o n than c o r r e s p o n d i n g peaks a t dawn. 
An imal s spent a g r e a t e r p e r c e n t a g e o f the n o c t u r n a l p e r i o d ' o u t - o f - r a n g e * o f the 
r e c o r d i n g sys tem than a c t i v e i n the c o l o n y s i t e , and p e r i o d s o f ' o u t - o f - r a n g e ' were 
e v e n l y d i s t r i b u t e d t h r o u g h o u t the n i g h t or were c o n c e n t r a t e d i n l a t e n i g h t or e a r l y 
morning h o u r s . 

T a b l e 1. 
L e n g t h s o f p e r i o d s o f a c t i v i t y and i n a c t i v i t y w i t h i n the 

t o t a l a c t i v i t y p e r i o d f o r c o l o n i e s 5 and 6 
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Because c o l o n y members are an i n t e g r a t e d s o c i a l group (Hodgdon, 1978) , s o c i a l i n t e r 
a c t i o n s are the most p l a u s i b l e s e l e c t i v e f a c t o r a f f e c t i n g emergence t i m e s . Mean 
emergence t imes f o r c o l o n i e s 5 and 6 were n e a r l y the same and f o l l o w e d s i m i l a r month ly 
p a t t e r n s even though c o l o n y 5 was a c t i v e about 1.5 h more per n i g h t t h a n c o l o n y 6 . 
T h i s s u g g e s t s t ime o f o n s e t o f a c t i v i t y may be a r e l a t i v e l y f i x e d e v e n t and may i n i 
t i a t e t h e d a i l y a c t i v i t y c y c l e . Busher (1975) a l s o found emergence t imes were ' v e r y 
c o n s i s t e n t ' f o r the 2 c o l o n i e s he o b s e r v e d and r a d i o t a g g e d . 

A b e h a v i o r a l f a c t o r may o p e r a t e t o s e l e c t i n t e r c o l o n y synchrony of emergence t imes 
based on c o l o n y t e r r i t o r i a l i t y ; b u t , how t h i s i n t e r a c t i o n would o p e r a t e i s o b s c u r e . 
Beaver t e r r i t o r i e s are (1) s p a t i a l l y d i s t i n c t , (2) p r o b a b l y m u t u a l l y e x c l u s i v e , 
and (3) may be p a s s i v e l y d e f i n e d by s c e n t mounds. These f a c t o r s are t h o u g h t to 
reduce i n t r a s p e c i f i c a g g r e s s i o n by d e c r e a s i n g a c t i v e t e r r i t o r i a l d e f e n s e . C o n s e 
q u e n t l y , the need f o r c o n c u r r e n t o n s e t o f a c t i v i t y f o r the p o p u l a t i o n i s r e d u c e d . 
N e v e r t h e l e s s , i n t r a s p e c i f i c s t r i f e does o c c u r , a l t h o u g h i t may n o t be f r e q u e n t l y 
o b s e r v e d , and does r e q u i r e the p r e s e n c e o f the p a r t i c i p a n t s a t the same time and 
p l a c e . Thus , i n t e r c o l o n y b e h a v i o r a l i n t e r a c t i o n s can p r o v i d e s e l e c t i v e p r e s s u r e 
toward s y n c h r o n i z a t i o n o f o n s e t of a c t i v i t y f o r the p o p u l a t i o n as a w h o l e . 

F o r b o t h c o l o n i e s 5 and 6, p h o t o p e r i o d cues i n v o l v i n g t w i l i g h t and s u n s e t a c c o u n t e d 
f o r s t a t i s t i c a l l y s i g n i f i c a n t p o r t i o n s o f observed v a r i a t i o n i n emergence t ime f o r 
most i n d i v i d u a l s . The n e g a t i v e r e l a t i o n s h i p between t w i l i g h t and emergence s u g g e s t e d 
emergence would be e a r l i e s t when t w i l i g h t was l o n g e s t , i . e . i n mid summer. I n a d d i 
t i o n , the s u n s e t ( p o s i t i v e ) and t w i l i g h t ( n e g a t i v e ) e f f e c t s were s e e m i n g l y c o n t r a 
d i c t o r y . A p p a r e n t l y , the t w i l i g h t e f f e c t was o v e r r i d i n g i n mid summer when emergence 
t imes were e a r l i e s t and t w i l i g h t was l o n g e s t , and the s u n s e t e f f e c t was predominant 
i n f a l l when emergence t i m e s n e a r l y c o i n c i d e d w i t h s u n s e t . 

I n d i v i d u a l s i n c o l o n i e s 5 and 6 p a r t i t i o n e d τ i n t o i n a c t i v e and a c t i v e p o r t i o n s i n 
d i f f e r e n t w a y s . I n c o l o n y 5 mean a c t i v e p e r i o d e x c e e d e d mean i n a c t i v e p e r i o d whereas 
the r e v e r s e was t r u e f o r c o l o n y 6 . T e v i s (1950) v i s u a l l y o b s e r v e d one c o l o n y i n 
New York s t a t e ( U . S . A . ) from J u n e , t o September and de termined a c t i v e and i n a c t i v e 
p e r i o d s t o be 13.5 and 10 .5 h , r e s p e c t i v e l y . Busher (1975) used t e l e m e t r y and d e t e r 
mined a c t i v e and r e s t p e r i o d s f o r 3 c o l o n i e s i n C a l i f o r n i a s t a t e ( U . S . A . ) to be 
12.5 and 11 .5 h . R e s u l t s o f t h e s e s t u d i e s were r e l a t i v e l y c o n s i s t e n t and were s i m i 
l a r to our f i n d i n g s f o r c o l o n y 5 . I n c o m p a r i s o n , the r e v e r s e s i t u a t i o n where i n a c 
t i v i t y exceeded a c t i v i t y ( c o l o n y 6) seems anomalous . A d d i t i o n a l d a t a are r e q u i r e d 
t o e s t a b l i s h mean and extreme p e r i o d l e n g t h s b e f o r e g e n e r a l i z a t i o n s can be made. 

A r e d u c t i o n i n t ime s p e n t away from the c o l o n y s i t e by the a d u l t f emale i n c o l o n y 5 
i n d i c a t e s a change i n a c t i v i t y a s s o c i a t e d w i t h m a t e r n a l c a r e of the n e o n a t e s r e q u i r 
i n g h e r c o n t i n u e d p r e s e n c e t h r o u g h o u t t h e n i g h t . When k i t s were s m a l l , the a d u l t 
male spent more t ime i n the c o l o n y s i t e i n the e v e n i n g than b e f o r e p a r t u r i t i o n or 
a f t e r k i t s became more m o b i l e . P r e s u m a b l y , the a d u l t male was a l s o i n v o l v e d w i t h 
c a r e of the young and perhaps made more t r i p s to b r i n g food to the l o d g e i n e a r l y 
e v e n i n g than a t o t h e r t imes o f the n i g h t . H i s a c t i v i t y through the remainder o f 
the n i g h t was s i m i l a r to prepartum p a t t e r n s . 
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Abstract — T r a d i t i o n a l l y s e a o t t e r s {Enhydra lutris) were 
c o n s i d e r e d t o be d i u r n a l l y a c t i v e b u t some c a s u a l n i g h t t ime 
o b s e r v a t i o n s i n d i c a t e d t h a t some n o c t u r n a l f e e d i n g may o c c u r . 
Seven f r e e r a n g i n g sea o t t e r s were f i t t e d w i t h r a d i o t r a c k i n g 
c o l l a r s t o de termine t h e i r 24 h f e e d i n g a c t i v i t i e s n e a r 
M o n t e r e y , C a l i f o r n i a . The t r a n s m i t t e r s used were FM b l o c k i n g 
o s c i l l a t o r s w h i c h o p e r a t e d i n the 164 MHz b a n d . S e a o t t e r s i n 
C a l i f o r n i a r a r e l y l e a v e the w a t e r . By u s i n g t h i s c h a r a c t e r i s t i c , 
t h e i r s t e r e o t y p e d f e e d i n g b e h a v i o r , and the t endency f o r VHF 
t r a n s m i s s i o n s t o be h i g h l y a t t e n u a t e d i n s e a w a t e r , t h r e e s u r 
f a c e b e h a v i o r p a t t e r n s were d e t e r m i n e d by the s t r e n g t h and 
c o n s i s t e n c y o f t h e t r a n s m i t t e d s i g n a l . These b e h a v i o r s i n c l u d e d 
i n a c t i v i t y , a c t i v e b u t not f e e d i n g , and f e e d i n g . The r e s u l t s 
i n d i c a t e d t h a t a n i m a l s f e d as much by n i g h t as by day (45 
p e r c e n t o f a l l f e e d i n g was a t n i g h t ) and t h a t they t y p i c a l l y 
r e t u r n e d to the same f e e d i n g l o c a t i o n d u r i n g b o t h p h a s e s . 
These d a t a h e l p e x p l a i n how s e a o t t e r s o b t a i n s u f f i c i e n t food 
t o s u s t a i n t h e i r uncommonly h i g h m e t a b o l i c r a t e . 

INTRODUCTION 
E a r l y i n v e s t i g a t i o n s i n f e r r e d t h a t s e a o t t e r s {Enhydra lutris L . ) were d i u r n a l and 
t h a t they s l e p t through the n i g h t a f t e r a l a t e a f t e r n o o n or c r e p u s c u l a r p e r i o d o f 
i n t e n s i v e f e e d i n g ( F i s h e r , 1939, 1940; Kenyon , 1969) , b u t c a s u a l o b s e r v a t i o n s o f f o u r 
n i g h t t ime d i v e s r e p o r t e d by M i l l e r , Hardwick and D a h l s t r o m (1975) and o t h e r s 
(Bergman, 1927, i n B a r a b a s h - N i k i f o r o v , 1947; Shimek and Monk, 1977) s u g g e s t e d t h a t 
s e a o t t e r s m i g h t be a c t i v e more a t n i g h t than p r e v i o u s l y t h o u g h t . P h y s i o l o g i c a l 
s t u d i e s have a l s o shown t h a t s e a o t t e r s have a h i g h m e t a b o l i c r a t e ( M o r r i s o n , R o s e n -
mann and E s t e s , 1974) , r e q u i r e l a r g e amounts o f f o o d (up to 25 p e r c e n t o f body w e i g h t 
per d a y ) , and have o n l y a s m a l l e n e r g y s t o r e i n the form o f s u b c u t a n e o u s f a t (Kenyon, 
1969) . T h e r e f o r e , from c o n s i d e r a t i o n s o f e n e r g e t i c s , i t seemed i m p r o b a b l e t h a t s e a 
o t t e r s would be i n a c t i v e f o r a 10 to 12 h p e r i o d d u r i n g the n i g h t (or any o t h e r t ime) 
w i t h o u t an i n t e r v e n i n g f e e d i n g p e r i o d . 

The o b j e c t o f t h i s s t u d y was t o c o n f i r m whether or n o t s e a o t t e r s f o r a g e d a t n i g h t . 
Recent advances i n r a d i o t r a c k i n g t e c h n i q u e s on f r e e r a n g i n g m a r i n e mammals ( e . g . 
S i n i f f et al.y 1975) a l l o w e d s p e c i f i c q u e s t i o n s to be asked c o n c e r n i n g n o c t u r n a l 
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f o r a g i n g o f s e a o t t e r s . By a t t a c h i n g r a d i o t r a n s m i t t e r s to the s e a o t t e r ' s n e c k , i t 
was conf i rmed t h a t they per formed the same b a s i c a c t i v i t i e s b o t h d i u r n a l l y and n o c -
t u r n a l l y and t h a t a p p r o x i m a t e l y 45 p e r c e n t o f f e e d i n g was a t n i g h t . 

STUDY AREA AND METHODS 
The s t u d y was conducted i n the v i c i n i t y o f M o n t e r e y , C a l i f o r n i a , U . S . A . , ( 3 6 0 36 ' N , 
121° 53 ' W) between S e a s i d e and P o i n t J o e . The s u b t i d a l topography v a r i e d from sand 
t o mud to r o c k w i t h e x t e n s i v e Macrooystis pyrzfera k e l p beds on the r o c k s u b s t r a t e 
to depths of 20 m. 

The 24 h f e e d i n g a c t i v i t y was de termined by a t t a c h i n g r a d i o c o l l a r s t o s i x s e a o t t e r s 
( t h r e e males and t h r e e f e m a l e s ) . The t r a n s m i t t e r s used were f r e q u e n c y modula ted 
(FM) b l o c k i n g o s c i l l a t o r s w h i c h o p e r a t e d i n the 164 MHz b a n d . They t y p i c a l l y had a 
p u l s e r a t e o f 110 min"-^ p u l s e w i d t h o f 35 ms, and an a v e r a g e c u r r e n t d r a i n o f 0 . 4 2 mA 
h"^ ( F i g . 1 ) . The t r a n s m i t t e r s and l i t h i u m b a t t e r y p a c k a g e were e n c a p s u l a t e d i n a 
w a t e r p r o o f d i e l e c t r i c r e s i n ( S t y c a s t 1090, Emerson and Cuming, I n c . , or S c o t c h c a s t 

F i g . 1. The c i r c u i t d iagram ( A ) , t r a n s m i t t e r ( B ) , and e n c a p 
s u l a t e d t r a n s m i t t e r w i t h l i t h i u m b a t t e r y p a c k a g e (C) 
used i n t h i s s t u d y . The a t t a c h m e n t c o l l a r i s n o t 
shown. 
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RESULTS 
The t e l e m e t r y s t u d y i n d i c a t e d t h a t s e a o t t e r s had a c t i v e p e r i o d s t h r o u g h o u t the d a y , 
t h a t they f o r a g e d a t any t ime o f the d a y , and per formed t h e same a c t i v i t i e s b o t h 
d i u r n a l l y and n o c t u r n a l l y ( F i g . 2 ) . 

I t was c h a r a c t e r i s t i c o f the 24 h a c t i v i t y p a t t e r n t h a t d i f f e r e n t b e h a v i o r s o c c u r r e d 
i n l o n g t ime s e g m e n t s . F o r e x a m p l e , no f o r a g i n g p e r i o d o f l e s s t h a n one hour d u r a t i o n 
was r e c o r d e d . T y p i c a l l y an o t t e r was i n a c t i v e f o r a few h o u r s , had a s h o r t grooming 
b o u t , f o r a g e d f o r a few h o u r s , had a l o n g e r grooming b o u t , t h e n was i n a c t i v e u n t i l 
the n e x t grooming and f o r a g i n g s e q u e n c e . On t h e a v e r a g e , s e a o t t e r s were a c t i v e 46 
p e r c e n t of the t i m e , o f which 34 p e r c e n t was s p e n t f e e d i n g and 12 p e r c e n t i n o t h e r 

XR-5235 , 3M C o . ) and a t t a c h e d t o a rubber c o l l a r (1 .6 x 0 . 3 x 58 .4 cm) w h i c h was 
p l a c e d around the a n i m a l ' s n e c k . The t o t a l p a c k a g e when a t t a c h e d to the a n i m a l 
weighed no more than 95 g ( i n a i r ) . The a t t a c h m e n t b u c k l e was h e l d t o the rubber 
c o l l a r by N o . RW-35 round w i r e s t a p l e s w h i c h decompose i n s e a w a t e r a l l o w i n g the c o l l a r 
t o f a l l o f f a f t e r two t o t h r e e m o n t h s . 

Rad io t a g g e d an imal s were moni tored from the s h o r e w i t h a model 1080 P a n a s o n i c 
3-band r e c e i v e r a n d / o r a p o r t a b l e , c r y s t a l c o n t r o l l e d , d i r e c t i o n a l r e c e i v e r p u r c h a s e d 
from the Cedar Creek E l e c t r o n i c s L a b o r a t o r y , U n i v e r s i t y o f M i n n e s o t a . A f o u r - e l e m e n t 
Y a g i antenna was a t t a c h e d t o the d i r e c t i o n a l r e c e i v e r . The a n i m a l s were l o c a t e d by 
r o t a t i n g the an tenna towards the s t r o n g e s t s i g n a l . By moving the r e c e i v e r and antenna 
a l o n g the shore i n b o t h d i r e c t i o n s , i t was p o s s i b l e t o g e t a r e l i a b l e f i x on the 
an imal to w i t h i n ± 50 m. E a c h r a d i o t a g g e d a n i m a l was m o n i t o r e d f o r a t l e a s t 96 c o n 
t i n u o u s h o u r s and i t s approx imate l o c a t i o n de termined f o r f o u r d a y s . D a t a were taken 
at l e a s t e v e r y 15 min f o r i n a c t i v e a n i m a l s and a c t i v e a n i m a l s were m o n i t o r e d c o n 
t i n u o u s l y . 

C a l i f o r n i a sea o t t e r s , u n l i k e t h o s e i n A l a s k a , r a r e l y l e a v e the w a t e r and f l o a t on 
t h e i r backs i n n e a r s h o r e k e l p beds d u r i n g r e s t p e r i o d s . One a d v a n t a g e o f u s i n g VHF 
t r a n s m i s s i o n on t o t a l l y a q u a t i c mammals i s t h e a b i l i t y t o deduce d i f f e r e n t b e h a v i o r s 
depending on whether the an imal i s on the s u r f a c e or u n d e r w a t e r . VHF i s h i g h l y 
a t t e n u a t e d i n s eawater b u t o n l y s l i g h t l y a t t e n u a t e d i n a i r (Mackay, 1970; Terhune , 
1967) . T h e r e f o r e a t r a n s m i t t e r t h a t e m i t s VHF c o u l d o n l y be m o n i t o r e d when above 
the w a t e r . I t was p o s s i b l e t o deduce t h r e e s u r f a c e b e h a v i o r p a t t e r n s f o r s e a o t t e r s 
by the s t r e n g h and c o n s i s t e n c y o f the t r a n s m i t t e d s i g n a l . The c o r r e l a t i o n between 
the a n i m a l ' s b e h a v i o r and t h e t r a n s m i t t e d s i g n a l (or l a c k o f s i g n a l ) was conf i rmed 
by d i r e c t o b s e r v a t i o n s . 

Rest or inaotive: T h i s b e h a v i o r was c h a r a c t e r i z e d by a s t e a d y , s t r o n g s i g n a l b u t 
w i t h an o c c a s i o n a l break o f l e s s t h a n two seconds (due to wave a c t i o n ) . 
Active hut not foraging: A s t r o n g t o weak s i g n a l w i t h i n t e r m i t t e n t b r e a k s o f one 
to s i x seconds i n d i c a t e d t h a t t h e a n i m a l was g r o o m i n g , swimming, p l a y i n g , e t c . 
Aotive and foraging: A s t r o n g t o weak s i g n a l w i t h b r e a k s o f 10 s t o t h r e e min i n d i 
c a t e d t h a t the an imal was d i v i n g f o r f o o d . 

The d i u r n a l b e h a v i o r p a t t e r n s o f a n i m a l s w i t h r e a r f l i p p e r t a g s ( L o u g h l i n , 1977) b u t 
w i t h o u t c o l l a r s were m o n i t o r e d as c o n t r o l s t o a s s e s s the i n f l u e n c e o f the c o l l a r on 
the b e h a v i o r o f t e l e m e t e r e d s e a o t t e r s . R a d i o t a g g e d a n i m a l s were a l l o w e d about 
8-12 h t o become accustomed to the c o l l a r b e f o r e r e c o r d i n g d a t a . 

S e a o t t e r s were c a p t u r e d w h i l e r e s t i n g i n the k e l p w i t h a SCUBA, hand h e l d t r a p 
deve loped by the C a l i f o r n i a Department o f F i s h and Game (Wi ld and Ames, 1 9 7 4 ) . The 
an imal s were t r a n s f e r r e d t o a b o a t where they were w e i g h e d , t a g g e d , measured , and 
f i t t e d w i t h r a d i o t r a c k i n g c o l l a r s . They were t h e n r e l e a s e d a t t h e c a p t u r e s i t e 
a f t e r 40 m i n . 
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F i g . 2 . The 24 h f e e d i n g a c t i v i t y p a t t e r n f o r a 19 k g , male s e a 
o t t e r equipped w i t h a r a d i o c o l l a r . D a t a are shown 
f o r 96 c o n t i n u o u s h o u r s d u r i n g A u g u s t 13 -17 , 1976. The 
a c t i v i t y p a t t e r n shows t h a t the s e a o t t e r f o r a g e d a l m o s t 
as much by n i g h t as by day and t h a t i t performed the 
same a c t i v i t i e s n o c t u r n a l l y and d i u r n a l l y . S o l i d b a r s = 
f o r a g i n g ; c r o s s h a t c h i n g = a c t i v e b u t not f o r a g i n g ; 
open a r e a s = i n a c t i v i t y ; c l o s e d t r i a n g l e s = dawn and 
dusk . 

a c t i v i t i e s (Table 1 ) . A s i g n i f i c a n t amount o f f e e d i n g t ime (45 p e r c e n t ) o c c u r r e d 
a t n i g h t (Table 1, column D ) . 

There appears to be a g e n e r a l t r e n d f o i an o t t e r to f e e d d u r i n g a p a r t i c u l a r t ime 
o f the d a y . F o r i n s t a n c e , some showed a n o c t u r n a l f e e d i n g t e n d e n c y , some were d i u r 
n a l , w h i l e o t h e r s seemed t o spend as much time f o r a g i n g by n i g h t as by d a y . F e e d i n g 
a c t i v i t i e s were examined by r e c o r d i n g the d u r a t i o n o f f o r a g i n g d i v e s , d u r a t i o n o f 
f o r a g i n g p e r i o d , and the l o c a t i o n of f o r a g i n g . The d u r a t i o n s o f f o r a g i n g d i v e s were 
r e c o r d e d t o w i t h i n ± 1 s by m o n i t o r i n g the s i g n a l s t r a n s m i t t e d . Of 2 ,725 r e c o r d e d 
d i v e s , the mean d u r a t i o n from a l l d i v e s was 57 s . T h i s compares f a v o r a b l y w i t h 
r e p o r t s o f 66 s ( C a l k i n s , 1978) , 60 s (Kenyon, 1969) , and 50 s ( E s t e s , 1974) f o r 
A l a s k a n o t t e r s and t o the 55 s and 60-90 s r e p o r t e d by H a l l and S c h a l l e r (1964) and 
Limbaugh (1961) , r e s p e c t i v e l y , f o r C a l i f o r n i a s e a o t t e r s . The l o n g e s t d i v e r e c o r d e d 
d u r i n g t h i s s t u d y was 4 min 25 s . 

T a b l e 1. 
The p e r c e n t t ime spent i n v a r i o u s b e h a v i o r s d u r i n g day and 

n i g h t f o r r a d i o t a g g e d s e a o t t e r s 

Sea o t t e r A c t i v e F o r a g i n g A c t i v e b u t A c t i v e F o r a g i n g A c t i v e 
not f o r a g i n g a t n i g h t ^ a t n i g h t ^ t ime 

f o r a g i n g 
(A) (B) ( A - B ) (C) (D) (B /A) 

X f o r males 4 3 . 3 32 .8 10 .5 20 .4 51 .2 75 .5 

X f o r f emale s 5 0 . 2 35 .9 14 .3 39 .7 3 9 . 2 71 .0 

X t o t a l 46 .7 34 .4 12.4 3 0 . 0 4 5 . 2 73 .3 

^The p e r c e n t o f t ime a c t i v e (A) i n the n i g h t t i m e , t h e r e f o r e A - C e q u a l s p e r c e n t o f 
t ime a c t i v e i n d a y t i m e . 

^The p e r c e n t a g e o f (B) s pent i n n i g h t t i m e ; ( B ) - ( D ) e q u a l s p e r c e n t a g e o f (B) i n day
t i m e . 
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The mean d u r a t i o n f o r d i v e s o f males was about 9 s l e s s a t n i g h t t h a n d u r i n g the d a y , 
whereas n i g h t d i v e s of f e m a l e s a v e r a g e d a l m o s t 16 s more a t n i g h t than t h o s e d u r i n g 
t h e d a y . S t u d e n t ' s t - t e s t showed t h a t the d i f f e r e n c e between t h e d u r a t i o n of n i g h t 
d i v e s f o r males and f e m a l e s was s i g n i f i c a n t a t the 0 .005 l e v e l . 

D a t a were r e c o r d e d f o r 69 comple te f e e d i n g p e r i o d s o f w h i c h 37 were d i u r n a l and 32 
n o c t u r n a l . The mean d u r a t i o n of a l l f e e d i n g b o u t s was 2 h 29 m i n . There was a 
n e g l i g i b l e d i f f e r e n c e between the a v e r a g e d u r a t i o n o f d i u r n a l and n o c t u r n a l f e e d i n g 
b o u t s , w i t h the n o c t u r n a l ones b e i n g 9 min l o n g e r . F e e d i n g b o u t s f o r males a t n i g h t 
tended t o be o n l y 14 min l o n g e r than those f o r f e m a l e s . The o t t e r s a v e r a g e d t h r e e 
f e e d i n g b o u t s per day ( L o u g h l i n , 1977) . S i n c e f e e d i n g b o u t s a v e r a g e d 2 .5 h , 31 p e r 
c e n t o f the day was spent f e e d i n g ; t h i s r e a s o n a b l y a p p r o x i m a t e s t h e 34 p e r c e n t v a l u e 
o f t ime spent f e e d i n g p r e s e n t e d a b o v e . 

The o t t e r s were m o n i t o r e d d u r i n g f e e d i n g p e r i o d s t o d e t e r m i n e movement p a t t e r n s to 
and w i t h i n the f e e d i n g a r e a . I n d i v i d u a l o t t e r s l e f t the r e s t a r e a f o r a f e e d i n g 
s i t e u s u a l l y l o c a t e d w i t h i n 0 . 5 to 2 .0 km from the r e s t a r e a , f e d , t h e n r e t u r n e d to 
the r e s t a r e a ( F i g . 3 ) . They u s u a l l y f e d i n , and a d j a c e n t t o , Macvocystis k e l p beds but 
some o t t e r s p r e f e r r e d t o f e e d i n sandy a r e a s . F e e d i n g t y p i c a l l y o c c u r r e d from shore 
t o 200-300 m o f f s h o r e and i n w a t e r from 1 t o 20 m deep . They f e d i n t h e same a p p r o x i 
mate l o c a t i o n b o t h n i g h t and d a y . 

D I S C U S S I O N 
Numerous s t u d i e s have d e a l t w i t h s e a o t t e r f e e d i n g i n one way or a n o t h e r , and f o r 
f u r t h e r d i s c u s s i o n o f prey i t e m s , f e e d i n g b e h a v i o r , e t c . , t h e r e a d e r i s r e f e r r e d t o 
t h e s e a d d i t i o n a l r e f e r e n c e s : E b e r t , 1968; E s t e s and P a l m i s a n o , 1975; L e n s i n k , 1962; 
Lowry and P e a r s e , 1973; V a n d e v e r e , 1969. 

As s t a t e d i n the I n t r o d u c t i o n , c a s u a l n i g h t t ime o b s e r v a t i o n s have i n d i c a t e d t h a t 
n o c t u r n a l f e e d i n g of o t t e r s may be more common than p r e v i o u s l y t h o u g h t . N o c t u r n a l 
f e e d i n g i s a l s o e x p e c t e d from an a n a l y s i s o f the e n e r g e t i c s and t h e r m o r e g u l a t i o n o f 
s e a o t t e r s . M o r r i s o n et al. (1974) found i n l a b o r a t o r y e x p e r i m e n t s , t h a t A l a s k a n 
s e a o t t e r s e x h i b i t e d a b a s a l m e t a b o l i c l e v e l (M¿,) more than 2 .5 t imes the s t a n d a r d 
( a v e r a g e b a s a l ) l e v e l f o r a mammal o f i t s s i z e . T h i s e l e v a t e d l e v e l conforms t o 
t h a t s een i n o t h e r mar ine mammals ( p i n n i p e d s and c e t a c e a n s ) , b u t t h e r e a s o n f o r t h i s 
has evaded e x p l a n a t i o n ( a l t h o u g h i t may p e r t a i n t o t h e r m o r e g u l a t o r y f u n c t i o n s ) . 

Concomi tant w i t h t h i s e l e v a t e d i n s e a o t t e r s i s a v o r a c i o u s a p p e t i t e and food 
consumption of up t o 25 p e r c e n t o f the body w e i g h t per day (Kenyon, 1969) . T h i s h i g h 
l e v e l o f food consumpt ion i s p r o b a b l y a r e s u l t o f the e l e v a t e d A/¿j w i t h i t s i n c r e a s e d 
demands f o r e n e r g y . F o r C a l i f o r n i a s e a o t t e r s , t h e s e e n e r g e t i c demands are met by 
numerous d i u r n a l and n o c t u r n a l f e e d i n g p e r i o d s . The a n i m a l s f e d an a v e r a g e o f 7.5 h 
each day , s p r e a d i n g t h i s t ime out i n t o t h r e e f e e d i n g b o u t s o f 2 .5 h d u r a t i o n , e a c h 
o c c u r r i n g a t v a r y i n g t i m e s o f the day and n i g h t . 

The i n g e s t i o n o f f o o d i n c r e a s e s the m e t a b o l i c r a t e , and i n man t h e m e t a b o l i c r a t e 
i s 10 to 20 p e r c e n t h i g h e r a f t e r e a t i n g . T h i s e f f e c t o f food on m e t a b o l i c r a t e i s 
known as s p e c i f i c dynamic a c t i o n ( S D A ) . P r o t e i n g i v e s the g r e a t e s t e f f e c t , c a r b o 
h y d r a t e and f a t much l e s s (Vander , Sherman and L u c i a n o , 1975 ) . The o b s e r v a t i o n s o f 
the 24 h f e e d i n g a c t i v i t y i n s e a o t t e r s , as p r e s e n t e d i n t h i s s t u d y , may e x p l a i n 
the query posed by M o r r i s o n et al. (1974) r e g a r d i n g s e a o t t e r ' s S D A . I t was t h e i r 
b e l i e f t h a t the observed M-j^ o f 2 .5 t i m e s the s t a n d a r d l e v e l c o u l d be e x p l a i n e d i f 
t h e SDA were s p r e a d t h r o u g h o u t the d a y , or " . . . t h a t the SDA i s n o t expended i n a 
m e t a b o l i c ' b u l g e ' f o l l o w i n g a meal as i n o t h e r c a r n i v o r e s b u t i s r a t i o n e d out o v e r 
the d a y . " They c o n t i n u e , "We have no i n f o r m a t i o n as t o how t h i s m i g h t be a f f e c t e d . 
D e l a y e d a b s o r p t i o n from the g u t would meet the r e q u i r e m e n t s b u t i s h a r d l y c o m p a t i b l e 
w i t h o b s e r v a t i o n s o f t h e p a s s i n g o f f o o d , i n c l u d i n g u n d i g e s t e d f l e s h , w i t h i n 3 h r . " 
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Abstract — D a t a were o b t a i n e d on 8 r a d i o equipped w i l d b o a r 
m o n i t o r e d by an a u t o m a t i c r a d i o t r a c k i n g sys t em i n the C h i z é 
F o r e s t , F r a n c e . Examples o f d a t a p r o c e s s e d by computer a r e 
p r e s e n t e d . I t i s p o s s i b l e t o go beyond the c o n v e n t i o n a l home 
range d e t e r m i n a t i o n i n terms o f s i z e and s h a p e . A dynamic 
home range c o n c e p t may emphas ize the o c c u p a t i o n o f the b i o t o p e . 
A n a l y s i s o f d a t a i n v o l v e d t h e q u a n t i f i c a t i o n o f the f o l l o w i n g 
home r a n g e parameters — maximum home range size (240-425 ha 
f o r f e m a l e s , 700 h a or more f o r m a l e s ) — total dimensions 
of frec[uented areas (203 t o 342 ha) — feeding areas d u r i n g 
n o c t u r n a l a c t i v i t y (105 t o 203 h a ) — activity volumes ( r e l a t e d 
to d a i l y a c t i v i t y l e n g t h s ) — occupation indices ( v o l u m e / s q u a r e 
u n i t ) . T h i s l a t t e r p a r a m e t e r , embrac ing b o t h a c t i v i t y l e n g t h 
and t h e s i z e o f a c t i v i t y a r e a s , may be an i n d e x o f f o o d 
a v a i l a b i l i t y . A c t i v i t y rhythm was a l s o i n v e s t i g a t e d . Boars 
e x h i b i t a t y p i c a l l y n o c t u r n a l a c t i v i t y . The o n s e t o f a c t i v i t y 
i s c o r r e l a t e d w i t h s u n s e t . 

I t h a s been s t a t e d t h a t the home range i s the a r e a occupied by an a n i m a l , or a g r o u p , 
d u r i n g a g i v e n p e r i o d ( S . F . E . C . A . , 1969 ) . T h e r e f o r e , the home r a n g e must be s t u d i e d 
i n terms o f i t s o c c u p a t i o n c h a r a c t e r i s t i c s and n o t o n l y i n terms o f i t s shape and 
s i z e . The f i x e d , c o n t i n u o u s , r a d i o t r a c k i n g sys tem d e v e l o p e d i n the C h i z é F o r e s t 
(Midwestern F r a n c e ) may o b j e c t i v e l y emphas ize t h i s q u a l i t a t i v e and q u a n t i t a t i v e 
u t i l i z a t i o n o f the n a t u r a l e n v i r o n m e n t . I n a p r e v i o u s s t u d y (Mauge t , 1979) we 
de termined t h e s p a t i a l o r g a n i z a t i o n o f a n a t u r a l p o p u l a t i o n ' o f w i l d b o a r i n the 
C h i z é N a t i o n a l F o r e s t . I n t h i s R e s e r v e , g r o u p s ( m a i n l y a d u l t sows w i t h t h e i r l i t t e r s ) 
are e s t a b l i s h e d i n r a n g e s , the a r e a s o f w h i c h v a r y from 100 t o 400 h a . Home r a n g e 
of w i l d boar or w i l d h o g , i n open a r e a s , c o v e r from 100 to 2000 h a ( L e w i s , 1966; 
Kurz and M a r c h i n t o n , 1972; P i n e and G e r d e s , 1973; M a r t i n , 1 9 7 5 ) . I t i s d i f f i c u l t t o 
compare the n u m e r i c a l parameter 'home r a n g e e x t e n t ' , the v a l u e s o f w h i c h may v a r y 
w i t h t h e d i f f e r e n t methods u s e d . 

D u r i n g 4 y e a r s , we have s t u d i e d 8 r a d i o equ ipped w i l d b o a r . The r a d i o t r a c k i n g p r o 
c e d u r e s , t h e equipment employed and t h e a u t o m a t i c d a t a p r o c e s s i n g a r e d i s c u s s e d 
(Deat et al,, 1980, t h i s v o l u m e ) . A l a r g e amount o f i n f o r m a t i o n was o b t a i n e d (1184 
days r e c o r d e d , i n d i v i d u a l a n i m a l s s t u d i e d f o r p e r i o d s r a n g i n g from 2 to 6 m o n t h s ) . 
I n t h i s p a p e r , we a r e o n l y p r e s e n t i n g examples o f d a t a p r o c e s s i n g i l l u s t r a t i n g the 
u t i l i z a t i o n o f space and the a c t i v i t y rhythm o f w i l d b o a r . 
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U t i l i z a t i o n o f space may be approached i n s e v e r a l w a y s . Home r a n g e s , as de termined 
by a l i n e c o n n e c t i n g outermost l o c a t i o n s , makes the s p a t i a l d i s t r i b u t i o n o f a n i m a l s 
c o n s p i c u o u s ( F i g . l a ) . The r a n g e s o f the 8 t r a c k e d b o a r s o v e r l a p . The a r e a s w i t h i n 
e a c h boundary v a r y from 240 to 425 ha f o r the f e m a l e s , r e a c h i n g 700 h a f o r an 
a d u l t m a l e . 

ranges : 
9099: 262ha 
9101: 365 
9103: 275 
9157: 425 · 

'9098:240 ha 
9105:260 · 
y106:260· 
(f 100:700 

099. DJ 

F i g . 1. Home r a n g e s o f 8 r a d i o t r a c k e d w i l d b o a r i n the f o r e s t 
( t h i n l i n e s r e p r e s e n t the road s y s t e m ) . (a) B o u n d a r i e s 
o f o v e r a l l home r a n g e s ; (b) s u p e r p o s i t i o n o f d a i l y 
t rackograms (arrows = r e s t i n g a r e a s ) . A - J : A p r i l - J u n e , 
J - A : J u l y - A u g u s t , F - M : F e b r u a r y - M a r c h , D - J : December-
J a n u a r y . 

D i s p l a y o f home r a n g e s de termined by the s u p e r p o s i t i o n o f d a i l y ' t r a c k o g r a m s * d u r i n g 
p e r i o d s o f s t a b i l i t y (2 months p r e s e n t e d h e r e ) g i v e s a d e t a i l e d i m p r e s s i o n o f the 
b o a r ' s s p a t i a l d i s t r i b u t i o n ( F i g . l b ) . I n e v e r y r a n g e , a h e t e r o g e n e i t y appears i n 
the p a t t e r n o f u s e . A r e a s f r e q u e n t e d more or l e s s o f t e n are shown. A c o l o r d i s 
c r i m i n a t i o n o f day and n i g h t l o c a t i o n s a l l o w s the d i s t i n c t i o n o f r e s t i n g a r e a s 
(arrows on f i g u r e ) . 

The 3 d i m e n s i o n a l r e p r e s e n t a t i o n o f home r a n g e s ( F i g . 2) i s b a s e d on a s q u a r i n g o f 
100 X 100 m i n XY c o o r d i n a t e s and f r e q u e n c y o f l o c a t i o n s i n s i d e each s q u a r e i n t h e 
Ζ c o o r d i n a t e . Peaks c o r r e s p o n d i n g to the major a c t i v i t y a r e a s ( f e e d i n g ) and b e d d i n g 
areas a p p e a r . I n the d a t a g a t h e r e d a t n i g h t , b e d d i n g peaks a r e s u p p r e s s e d . N u m e r i 
c a l a c t i v i t y parameters c a n be o b t a i n e d from t h i s r e p r e s e n t a t i o n : whole o f f r e q u e n t e d 
a r e a s (203 t o 342 h a ) , s i z e o f a c t i v i t y a r e a s (105 t o 203 h a ) , volume o f a c t i v i t y 
( d u r a t i o n o f n o c t u r n a l a c t i v i t y ) and occupation index: v o l u m e / s q u a r e u n i t . T h i s 
l a s t parameter i s used t o c h a r a c t e r i z e the home r a n g e u t i l i z a t i o n . I t c o u l d be 
r e l a t e d t o food a v a i l a b i l i t y b u t f u r t h e r s t a t i s t i c a l a n a l y s e s are n e e d e d . 

A c t i v i t y rhythm i s t y p i c a l l y b i p h a s i c : r e s t d u r i n g d a y l i g h t , movements d u r i n g the 
n i g h t . The onse t of a c t i v i t y was c o r r e l a t e d w i t h s u n s e t ( F i g . 3 ) . There appeared 
t o be s e a s o n a l v a r i a t i o n s . D u r i n g f a l l and w i n t e r , t h e a c t i v i t y b e g a n around s u n s e t 
w h i l e , d u r i n g s p r i n g and summer, i t a lways s t a r t e d b e f o r e s u n s e t . The d e l a y sometimes 
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Female 101 

1 
cd 

43 
Ö0 

Female 099 

F i g . 2 . 3 - d i m e n s i o n a l a n a l y s i s o f home r a n g e . 

N u m e r i c a l p a r a m e t e r s 

Female Female Female Female 
101 157 103 099 

T o t a l number o f 1 ha 
s q u a r e s 

T o t a l s q u a r e s d u r i n g 
n i g h t 

N o . o f squares 
f r e q u e n c y = 1 

N o . o f s q u a r e s 
f r e q u e n c y > 2 

A r e a o f d a i l y a c t i v i t y 

O c c u p a t i o n i n d e x = 
a r e a / a c t i v i t y s q u a r e 
u n i t 

342 284 262 203 Whole o f f r e q u e n t e d a r e a s 

283 218 244 148 A c t i v i t y and t r a v e l i n g 
a r e a s 

80 57 64 43 T r a v e l i n g a r e a s 

203 161 180 105 A c t i v i t y ( f e e d i n g a r e a s ) 

127.3 198.4 106 .2 223.6 L e n g t h o f d a i l y a c t i v i t y 

0 .63 1.23 0 .59 2 .13 Food a v a i l a b i l i t y i n d e x 

reached 100 m i n . T h i s c o u l d be due to t h e f a c t t h a t d u r i n g the d a y , b o a r s r e s t i n 
dense c o v e r , where t h e l u m i n o s i t y d e c r e a s e s f a r b e f o r e s u n s e t . T h i s b i p h a s i c a c t i 
v i t y rhythm i s a l t e r e d d u r i n g the n u r s i n g p e r i o d when i t becomes p o l y p h a s i c . 
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ONSET OF ACTIUITY 
500 

c 450 . 
Ε 400 . 
c 

350 
>-
< 300. 
Ü J 250. 
Q 200. 

150 
100 
50 . 
0 . 
-50 . 
-IOC. 

Sunset 

v̂egetation (leaves)-̂  
F i g . 3 . Onset o f a c t i v i t y c o r r e l a t e d w i t h s u n s e t . 
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Abstraot — R a d i o t r a c k i n g was u s e d to s t u d y d i u r n a l a c t i v i t y 
o f f r e e l i v i n g l e s s e r f l a m i n g o e s i n E a s t A f r i c a . D a t a were 
a l s o o b t a i n e d on d a i l y range and m i g r a t o r y b e h a v i o r . The 
method o f p a c k a g i n g and a t t a c h i n g the t r a n s m i t t e r , b a t t e r y 
l i f e d u r a t i o n and r e c e p t i o n range are g i v e n and the a d v a n t a g e 
o f u s i n g t e l e m e t r y o v e r o t h e r b e h a v i o r a l s a m p l i n g methods i s 
d i s c u s s e d . The r e s u l t s o f t ime b u d g e t a n a l y s e s a r e g i v e n and 
m e n t i o n made o f t h e i r use i n d e v e l o p i n g e n e r g y b u d g e t mode l s 
to examine the e n e r g e t i c s o f d i e t s e l e c t i o n , r a n g i n g and 
b r e e d i n g i n i t i a t i o n . 

INTRODUCTION 
Many r e c e n t e c o l o g i c a l s t u d i e s o f b i r d s h a v e b e e n concerned w i t h d e v e l o p i n g energy 
b u d g e t s f o r p o p u l a t i o n s or i n d i v i d u a l s . Such an approach may be used to examine a 
number o f f u n d a m e n t a l q u e s t i o n s , such as to what e x t e n t i s e n e r g y a v a i l a b i l i t y 
r e l a t e d to demographic v a r i a b l e s ( b r e e d i n g s u c c e s s , m o r t a l i t y , d i s p e r s i o n ) and o f 
what s i g n i f i c a n c e are p o p u l a t i o n s or communi t ies i n the t r o p h i c s t r u c t u r e o f e c o 
sys tems ( K u s h l a n , 1977; F u r n e s s , 1 9 7 8 ) . A t the l e v e l o f t h e i n d i v i d u a l , e n e r g e t i c 
c o n s i d e r a t i o n s may p r o v i d e i n f o r m a t i o n r e l e v a n t t o q u e s t i o n s about f e e d i n g , r a n g i n g 
and b r e e d i n g s t r a t e g i e s and examples and f u r t h e r d i s c u s s i o n o f t h i s e n e r g y o p t i m i z a 
t i o n approach a r e g i v e n i n Ake N o r b e r g (1977) and r e f e r e n c e s t h e r e i n . 

The E a s t e r n R i f t V a l l e y o f Kenya and n o r t h e r n T a n z a n i a forms an i m p o r t a n t p a r t o f 
the range o f t h e l e s s e r f l a m i n g o {Fhoeniconaias minor, G e o f f r o y ) . These b i r d s depend 
on a s e r i e s o f c l o s e d b a s i n a l k a l i n e s a l i n e l a k e s , w h i c h have formed a l o n g the R i f t 
V a l l e y f l o o r and l i e a l o n g an a p p r o x i m a t e l y n o r t h - s o u t h l i n e s t r e t c h i n g f o r about 
1000 m i l e s . L e s s e r f l a m i n g o e s a r e a l g i v o r o u s f i l t e r f e e d e r s , t h e d i e t b e i n g made 
up a lmos t e n t i r e l y o f the p l a n k t o n i c b l u e g r e e n a l g a Spirulina platensis and b e n t h i c 
d iatoms ( J e n k i n , 1957; T u i t e , 1 9 7 8 ) . A t any t i m e , b i r d s c a n o n l y e x p l o i t one or 
o t h e r o f t h e s e two f o o d r e s o u r c e s as t h e y grow i n s e p a r a t e p a r t s o f the l a k e sys tems 
so t h a t b o t h the f e e d i n g s i t e and b e h a v i o r a p p r o p r i a t e f o r g r a z i n g them a r e d i f f e r e n t 
( T u i t e , 1 9 7 8 ) . 

Because o f the l i m i t e d d i e t d i v e r s i t y and the f i l t e r f e e d i n g h a b i t , the e n e r g y 
o b t a i n e d from f e e d i n g and food a v a i l a b i l i t y are u n u s u a l l y s i m p l e to measure and 
mode l . I wanted to use e n e r g e t i c models t o examine the f o l l o w i n g q u e s t i o n s : when 
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RADIO TRACKING EQUIPMENT AND METHODS 
The t r a n s m i t t e r s were model SB2 a s s u p p l i e d by AVM I n s t r u m e n t C o . , e a c h powered by 
a l i t h i u m 2.7 V b a t t e r y , g i v i n g a r a t e d l i f e o f 6 months -1 y e a r and t r a n s m i t t i n g 
between 148 .350-148 .625 MHz. The antenna was a whip t y p e , about 25 cm i n l e n g t h , 
made from s t e e l g u i t a r s t r i n g . P a r t i c u l a r c a r e was taken to make the r a d i o pack 
as w a t e r p r o o f a s p o s s i b l e b e c a u s e o f the c o r r o s i v e p r o p e r t i e s o f the e x t r e m e l y a l k a 
l i n e s a l i n e w a t e r o f t h e l a k e s w h i c h f l a m i n g o e s i n h a b i t . A l l the s o l d e r e d c o n n e c 
t i o n s were c o v e r e d w i t h beeswax and epoxy r e s i n ( R a p i d A r a l d i t e ) . The a n t e n n a was 
a l s o p r o t e c t e d by a p p l i c a t i o n o f a t h i n c o a t i n g o f e p o x y . The b a t t e r y and t r a n s 
m i t t e r were then wrapped i n p l a s t i c i n s u l a t i n g tape and f i n a l l y p a c k a g e d i n p l a s t i c 
impregnated c l o t h m a t e r i a l . The seams were sewn w i t h n y l o n t h r e a d and s e a l e d w i t h 
e p o x y . The t o t a l mass o f t h e p a c k a g e was 70-90 g , w h i c h r e p r e s e n t s c a . 5-8 p e r c e n t 
o f the t o t a l body mass o f an a d u l t f l a m i n g o . 

The t r a n s m i t t e r was a t t a c h e d t o b i r d s as a b a c k pack w i t h the a n t e n n a p r o t r u d i n g 
p o s t e r i o r l y . I t was h e l d i n p l a c e by two p a i r s o f s t r a p s ( c a . 1 cm i n w i d t h ) made 
from the p l a s t i c impregnated c l o t h m a t e r i a l . The a n t e r i o r p a i r were p a s s e d round 
the b r e a s t / b a s e o f the neck and j o i n e d . The second p a i r from t h e back o f t h e p a c k a g e 
r a n b e h i n d the wing a t t a c h m e n t and j o i n e d the a n t e r i o r s t r a p s l a t e r a l l y ( see F i g . 1 ) . 
The j o i n t s were sewn w i t h n y l o n t h r e a d and g l u e d w i t h epoxy w h i l e the b i r d was 
b e i n g h e l d . T h i s c o n f i g u r a t i o n a l l o w e d c o m p l e t e l y f r e e movement o f t h e w i n g s and 
d i d not appear to i m p a i r f l y i n g a b i l i t y . 

The r e c e i v e r was an AVM model LA12 (12 c h a n n e l ) and was used w i t h a hand h e l d Y a g i 
d i r e c t i o n a l a n t e n n a . The r e c e p t i o n r a n g e v a r i e d w i t h the h e i g h t o f the a n t e n n a 
above the t r a n s m i t t e r and ranged from c a . 1 km ( a n t e n n a hand h e l d b y o b s e r v e r on 
the ground) t o c a . 30 km (antenna mounted on a i r c r a f t ) . By u s e of the d i r e c t i o n a l 
antenna and the s i g n a l r e c e p t i o n s t r e n g t h m e t e r , i t was p o s s i b l e t o l o c a t e the p o s i 
t i o n o f a b i r d to w i t h i n 50 m. The r a d i o pack c o u l d then be s e e n w i t h b i n o c u l a r s 
or a t e l e s c o p e and the b i r d o b s e r v e d . 

RESULTS AND DIS C U S S I O N 
Three b i r d s were r a d i o t r a c k e d between J a n u a r y and May, 1976 a t Lake N a k u r u , K e n y a . 
D a i l y p r e s e n c e or absence a t t h e l a k e was r e c o r d e d and d i u r n a l a c t i v i t y o f one o f 
the t h r e e b i r d s was m o n i t o r e d c o n t i n u o u s l y on f i v e s e p a r a t e o b s e r v a t i o n d a y s . D a t a 
were a l s o o b t a i n e d on t h e range o f l a k e s h o r e used by i n d i v i d u a l s . 

The most i m p o r t a n t r e s u l t s were from the t ime b u d g e t a n a l y s e s , t h e r e s u l t s o f w h i c h 
are summarized i n T a b l e 1. These f i g u r e s were i n c o r p o r a t e d i n t o m e t a b o l i c e q u a t i o n s 
to e s t i m a t e the mean r a t e o f f r e e e x i s t e n c e m e t a b o l i s m . 

does the d i e t change from SpiruHna to d ia toms and why, what are the e n e r g e t i c c o n 
s t r a i n t s on r a n g i n g between the d i f f e r e n t l a k e s and i s e n e r g y a v a i l a b i l i t y l i k e l y 
t o be a s i g n i f i c a n t f a c t o r l i m i t i n g b r e e d i n g ? To d e v e l o p e n e r g e t i c modela r e l e v a n t 
t o t h e s e problems i t i s n e c e s s a r y t o de termine the m e t a b o l i c c o s t of f r e e e x i s t e n c e 
(£'fg) . One method o f e s t i m a t i n g E^^ w i t h o u t u s i n g d i r e c t p h y s i o l o g i c a l t e l e m e t r y 
o f m e t a b o l i s m i s by m e a s u r i n g t h e amount o f t ime i n d i v i d u a l s e n g a g e i n a c t i v i t i e s 
w i t h d i f f e r e n t m e t a b o l i c c o s t s ( see a l s o S c h w a r t z and Zimmerman, 1971; K u s h l a n , 
1977; F u r n e s s , 1978; T u i t e , 1978; f o r f u r t h e r d i s c u s s i o n and examples o f t h i s 
m e t h o d ) . 
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F i g . 1. D iagram t o show h a r n e s s c o n f i g u r a t i o n o f r a d i o p a c k a g e 
used on l e s s e r f l a m i n g o e s . (Drawn by D e b b i e T u i t e ) . 

T a b l e 1. 
The mean p r o p o r t i o n o f 12-hour d a y t i m e p e r i o d s d u r i n g which 
r a d i o t a g g e d b i r d s were engaged i n d i f f e r e n t a c t i v i t i e s 

A c t i v i t y Mean p e r c e n t a g e o f t ime S . E . 

Feed 6 0 . 6 ± 3 . 8 

Preen 5 .1 ± 1 .2 

R e s t / s t a n d 24 .4 ± 4 . 0 

F l y 0 . 2 ± 0 .04 

O t h e r 9 .7 ± 4 . 2 
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Abstract — A r e s e a r c h p r o j e c t to s t u d y the movements and p a t 
t e r n s of l a n d use o f d i n g o e s {Canis ( d o m e s t i c ) ) i n a r i d and 
s e m i a r i d a r e a s o f Wes tern A u s t r a l i a was begun i n 1970. The 
s t u d y was f a c e d w i t h an e l u s i v e c a r n i v o r e l i v i n g i n rough and 
i n a c c e s s i b l e t e r r a i n , a r e s e a r c h team o f o n l y one p e r s o n and 
a l i m i t e d b u d g e t . The s o l u t i o n o f r a d i o t r a c k i n g d i n g o e s from 
an a i r c r a f t p r o v i d e d f r e q u e n t a c c u r a t e l o c a t i o n s w i t h m i n i m a l 
d i s t u r b a n c e to the a n i m a l . A f t e r the i n i t i a l c a p t u r e and f i t 
t i n g of the a n i m a l s w i t h r a d i o t r a n s m i t t e r s , l a b o r c o s t s were 
m i n i m a l . A e r i a l r a d i o t r a c k i n g a l s o meant t h a t a n i m a l s were 
n o t l o s t when they moved out o f range o f f i x e d ground t o w e r s . 

RADIO TRACKING DINGOES FROM A I R C R A F T 
Wherever man and any o f the w i l d c a n i d s have come i n t o c o n t a c t , t h e r e h a s f r e q u e n t l y 
been a s e v e r e c o n f l i c t o f i n t e r e s t s between the p r e d a t o r y h a b i t s o f t h e c a r n i v o r o u s 
c a n i d s and man's i n t e r e s t s i n r a i s i n g d o m e s t i c s t o c k . T h i s c o n f l i c t has o c c u r r e d to 
v a r y i n g degrees w i t h a l l members o f the genus Canis and the d i n g o — Canis ( d o m e s t i c ) 
( G l u t t o n - B r o c k , C o r b e t and H i l l s , 1976) — i s no e x c e p t i o n . 

I n Western A u s t r a l i a , d i n g o p o p u l a t i o n s have been e r a d i c a t e d from the more d e n s e l y 
s e t t l e d a g r i c u l t u r a l a r e a s and are c u r r e n t l y r e s t r i c t e d t o the r a n g e l a n d s . H e r e , 
d ingoes have t r a d i t i o n a l l y been r e p u t e d to i n f l i c t s e v e r e economic l o s s e s on sheep 
f l o c k s and c a t t l e h e r d s — p a r t i c u l a r l y on s h e e p . D i n g o e s have b e e n v i ewed by p r o 
p e r t y managers a s b o t h p r e d a t o r s o f sheep and as a l s o t h o u g h t t o c o n t r i b u t e a d d i t i o n a l 
economic l o s s e s by c a u s i n g m i s m o t h e r i n g o f l ambs , r e d u c t i o n i n w e i g h t g a i n and r e d u c 
t i o n i n wool y i e l d . 

U n t i l r e c e n t l y (Coman, 1972; C o r b e t t and Newsome, 1975; G r e e n and C a t l i n g , 1977; 
Newsome et al,, 1973; S h i e l d s , 1972; W h i t e h o u s e , 1 9 7 7 a , b ) , t h e r e has been l i t t l e 
f a c t u a l i n f o r m a t i o n on d i n g o b i o l o g y and a t t e m p t s by Government and l a n d h o l d e r s to 
manage d i n g o p o p u l a t i o n s and t h e r e b y reduce d i n g o - i n d u c e d economic l o s s e s , have been 
l a r g e l y b a s e d upon f o l k l o r e . I n an e f f o r t t o d e f i n e the t r u e n a t u r e o f the impact 
of d ingoes upon r a n g e l a n d d o m e s t i c an imal husbandry i n Wes tern A u s t r a l i a ( e s p e c i a l l y 
sheep h u s b a n d r y ) , the S t a t e Government i n i t i a t e d a r e s e a r c h program i n 1970. One o f 
the p r o j e c t s u n d e r t a k e n was a s t u d y o f d i n g o movements and p a t t e r n s o f l and u s a g e . 
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D i n g o e s are a medium s i z e d , c u r s o r i a l c a r n i v o r e . They a v o i d the h i g h t e m p e r a t u r e s 
o f the day and tend t o be most a c t i v e d u r i n g l a t e a f t e r n o o n , n i g h t and e a r l y morn ing . 
The r a n g e l a n d a r e a s , where the s t u d y was t o be u n d e r t a k e n , a r e a r i d or s e m i a r i d 
(mean annual r a i n f a l l between 125 and 300 mm); e x t r e m e l y h o t ( d a i l y summer maxima 
i n e x c e s s o f 40°C a r e common); s p a r s e l y p o p u l a t e d ( t h e p o p u l a t i o n o f a s i n g l e s m a l l 
E n g l i s h v i l l a g e spread over an a r e a l a r g e r t h a n the U n i t e d Kingdom); and the t e r r a i n 
i s e x t r e m e l y r u g g e d . 

The c o m b i n a t i o n o f the e l u s i v e n a t u r e o f the d i n g o and t h e d i f f i c u l t t e r r a i n i n w h i c h 
to work, compounded by l i m i t e d s t a f f and o t h e r r e s o u r c e s a t the d i s p o s a l o f t h e p r o 
j e c t , meant t h a t the s t u d y t e c h n i q u e s were r e s t r i c t e d . 

A t the t ime the s t u d y commenced, the S t a t e Government o f W e s t e r n A u s t r a l i a employed 
more t h a n 40 f i e l d s t a f f as f u l l t ime d i n g o t r a p p e r s ( c a l l e d ' d o g g e r s ' ) . A few o f 
t h e s e men were u t i l i z e d i n the s t u d y , t o c a t c h d i n g o pups a l i v e a t n e s t s i t e s , e a r 
t a g them and then r e l e a s e them unharmed. More than 100 pups were marked i n t h i s 
way and e a r t a g s were r e t u r n e d when d i n g o e s were l a t e d k i l l e d by d o g g e r s or s t a t i o n 
p e r s o n n e l (Whi tehouse , 1977b) . A t e c h n i q u e f o r l i v e t r a p p i n g a d u l t d i n g o e s unharmed 
was a l s o p e r f e c t e d and some twenty a d u l t s were c a p t u r e d , e a r t a g g e d and r e l e a s e d . 

However, the d i s a d v a n t a g e s o f a mark, r e c a p t u r e program soon became a p p a r e n t . The 
o n l y i n f o r m a t i o n b e i n g g a t h e r e d was on r e l e a s e and r e c a p t u r e p o i n t s . There was no 
knowledge o f t h e a c t u a l d i s t a n c e t r a v e l l e d by the a n i m a l , the p r e f e r r e d r o u t e s o f 
t r a v e l or any o t h e r p a t t e r n s o f l a n d u s e . R a d i o t a g g i n g i n d i v i d u a l d i n g o e s and 
o b t a i n i n g r e p e a t e d l o c a t i o n s was the o b v i o u s answer . 

As d e s c r i b e d e a r l i e r , the t e r r a i n , r e s o u r c e s a v a i l a b l e and the n a t u r e o f the an imal 
b e i n g observed p l a c e d s e v e r e c o n s t r a i n t s upon the type o f r a d i o t r a c k i n g t h a t c o u l d 
be u n d e r t a k e n . T r a c k i n g from v e h i c l e s was n o t p o s s i b l e as few v e h i c l e roads gave 
l i m i t e d a c c e s s t o t h e s t u d y a r e a g e n e r a l l y and p a r t i c u l a r l y t o h i l l s . T h i s would 
have s e v e r e l y reduced t h e u s a b l e range o f t h e t r a c k i n g s y s t e m and t h e a c c u r a c y o f 
the l o c a t i o n s o b t a i n e d . 

The e s t a b l i s h i n g o f f i x e d r e c e i v i n g towers a l s o p r e s e n t e d p r o b l e m s . A p a r t from the 
c a p i t a l c o s t s i n v o l v e d , each tower would need to be 'manhandled' t o the top o f a 
h i l l , e r e c t e d and then s t a f f e d w i t h a t l e a s t two p e o p l e when o p e r a t i n g . A t l e a s t 
two towers would be needed and t h i s would s t i l l l e a v e the s t r o n g p o s s i b i l i t y o f the 
an imal moving out o f range r e s u l t i n g i n the need f o r more t o w e r s . P r e l i m i n a r y d a t a 
from ear t a g g e d d i n g o e s a l r e a d y s u g g e s t e d movements i n e x c e s s o f 20 km may be common, 
and y e t the ground t o ground range o f the t r a n s m i t t e r s was o n l y i n t h e v i c i n i t y o f 
5 t o 10 km. O b v i o u s l y t h e c o s t o f e r e c t i n g and s t a f f i n g s u f f i c i e n t towers t o c o v e r 
s e v e r a l d i n g o home r a n g e s would be p r o h i b i t i v e . 

The t e c h n i q u e s a v a i l a b l e a t t h a t t ime f o r r a d i o t r a c k i n g from a i r c r a f t had been 
deve loped i n the U n i t e d S t a t e s . A Y a g i an tenna was e i t h e r taped undernea th the w i n g 
o f a h i g h wing monoplane a i r c r a f t or e l s e h e l d out o f a window by hand (Mech, 1974 ) . 
Both o f t h e s e t e c h n i q u e s are p r o h i b i t e d by the c i v i l a v i a t i o n a u t h o r i t i e s i n A u s t r a l i a . 
These a u t h o r i t i e s a l s o r e q u i r e t h a t any l a r g e e x t e r n a l f i x t u r e s must be f a s t e n e d 
s e c u r e l y to t h e a i r f r a m e and not m e r e l y t o the s k i n . F o r a Y a g i a n t e n n a , t h i s would 
r e q u i r e e x t e n s i v e i n t e r n a l m o d i f i c a t i o n s t o t h e w i n g s and i n v o l v e c o n s i d e r a b l e c o s t . 

I t was d e c i d e d t o d e v e l o p an end f i r e monopole a r r a y . The t e c h n i c a l d a t a have been 
f u l l y d e s c r i b e d e l s e w h e r e (Whitehouse and S t e v e n , 1977) , and so o n l y a b r i e f o u t l i n e 
w i l l be g i v e n h e r e . The a r r a y c o n s i s t s o f f o u r e l e m e n t s e a c h one q u a r t e r p h y s i c a l 
w a v e l e n g t h l o n g and spaced one q u a r t e r p h y s i c a l w a v e l e n g t h a p a r t . C o a x i a l c a b l e o f 
I electrical w a v e l e n g t h c o n n e c t s e a c h e lement and c a b l e from t h e o u t b o a r d e l ement 
i s then f e d i n t o the a i r c r a f t c a b i n ( F i g s . 1 and 2 ) . A f o u r e l ement a r r a y i s on e a c h 
wing and the a r r a y s are more s e n s i t i v e t o s i g n a l s t o the s i d e o f t h e a i r c r a f t r a t h e r 
than f o r e or a f t ( F i g . 3 ) . 
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F i g . 1. S c h e m a t i c d iagram o f e n d - f i r e monopole a r r a y showing 
p o s i t i o n i n g on a i r c r a f t (from Whitehouse and S t e v e n , 
1977 ) . 
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F i g . 2 . D e t a i l e d r e p r e s e n t a t i o n o f an i n d i v i d u a l e l ement i n 
e n d - f i r e monopole a r r a y showing method o f f i x i n g o n t o 
w i n g r i b ( from Whitehouse and S t e v e n , 1977) . 

F o r t u i t o u s l y , a t the chosen f r e q u e n c y , 164 MHz, the p h y s i c a l d i s t a n c e r e q u i r e d 
between e a c h e lement (45 .7 cm) c o r r e s p o n d e d e x a c t l y w i t h t h e s p a c i n g be tween w i n g 
r i b s on t h e C e s s n a 172 b e i n g u s e d . T h i s meant t h a t no e x p e n s i v e m o d i f i c a t i o n s t o 
the i n t e r n a l w ing s t r u c t u r e were r e q u i r e d as e a c h e l ement c o u l d be a t t a c h e d d i r e c t l y 
t o a wing r i b . T o t a l c o s t s i n 1975 f o r i n s t a l l a t i o n o f an a r r a y on e a c h w i n g , 
p l u s w i r i n g t o the c a b i n , was under $200 A u s . I n l a t e 1978, the f a b r i c a t i o n and 
a t t a c h m e n t o f two new a r r a y s c o s t $720 A u s . The e f f e c t on a i r c r a f t p e r f o r m a n c e was 
n e g l i g i b l e and t h e r e was no d i f f i c u l t y i n o b t a i n i n g a p p r o v a l from t h e c i v i l a v i a t i o n 
a u t h o r i t y . 
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The t e c h n i q u e o f u s i n g the sys tem has a l s o been f u l l y d e s c r i b e d e l s e w h e r e (Whitehouse 
and S t e v e n , 1977) . B r i e f l y , i t c o n s i s t s o f m a t c h i n g s i g n a l s t r e n g t h b e i n g r e c e i v e d 
by the a r r a y under each w i n g , o r i e n t i n g the a i r c r a f t i n the d i r e c t i o n of the t r a n s 
m i t t e r and f o l l o w i n g the s i g n a l to the s o u r c e . 

N i g h t r a d i o t r a c k i n g uses a s i m i l a r t e c h n i q u e w i t h the added c o n s t r a i n t t h a t a 
g r e a t e r minimum ground c l e a r a n c e must be m a i n t a i n e d f o r s a f e t y p u r p o s e s . T h i s , com
b i n e d w i t h the reduced v i s i b i l i t y , means t h a t n i g h t t ime a c c u r a c y may v a r y between 
± 20 m and ± 200 m depending on weather c o n d i t i o n s and t e r r a i n . I f the a n i m a l i s 
b e s i d e a prominent landmark and the sky i s c l o u d l e s s , a c c u r a t e l o c a t i o n s may be 
o b t a i n e d , b u t i f no such landmark i s a v a i l a b l e and the n i g h t i s o v e r c a s t , l a r g e r 
e r r o r s may o c c u r . I n t h i s s t u d y , n i g h t r a d i o l o c a t i o n s are used to supplement the 
i n t e n s i v e day t r a c k i n g and c o n f i r m the g e n e r a l p a t t e r n s w h i c h are e m e r g i n g . 

The sys tem d e s c r i b e d a b o v e , has now been i n f i e l d use i n the n o r t h o f Wes tern 
A u s t r a l i a r a d i o t r a c k i n g d i n g o e s f o r over t h r e e y e a r s . Most o f the r a d i o l o c a t i n g 
h a s been done d u r i n g d a y l i g h t , a p a r t from the week s p a n n i n g the f u l l moon when n i g h t 
t r a c k i n g i s a l s o c a r r i e d o u t . A p a r t from the p i l o t , the o n l y s t a f f needed i s a 
s i n g l e r a d i o o p e r a t o r . However , on the o c c a s i o n s when l o c a t i o n s are o b t a i n e d on a 
24 h b a s i s over a 7 day p e r i o d , two p i l o t s and two r a d i o o p e r a t o r s are used work ing 
i n s h i f t s . C u r r e n t l y a C e s s n a 172 a i r c r a f t , p l u s p i l o t i s h i r e d from a commerc ia l 
company f o r $45 A u s . per h o u r . I n one hour up to t w e l v e a n i m a l s can be l o c a t e d 
s p r e a d over t h e 650 km^ s t u d y a r e a , however , the r a t e o f o b t a i n i n g l o c a t i o n s depends 
upon many v a r i a b l e s such as t h e d i s t a n c e moved by t h e a n i m a l s i n c e i t was l a s t l o c a t e d . 
These c o s t s compare more than f a v o r a b l y w i t h the c o s t s i n v o l v e d i n a ground t r a c k i n g 
s y s t e m . 

A e r i a l r a d i o t r a c k i n g has o t h e r a d v a n t a g e s b e s i d e s the reduced c o s t s . The a c c u r a c y 
o f dayt ime l o c a t i o n s i s commonly o f the o r d e r o f ± 20 m and , i n p r a c t i c e , the r e s o 
l u t i o n of the a v a i l a b l e maps o f the s t u d y a r e a has been the f i n a l d e t e r m i n a n t o f 
o v e r a l l sys tem a c c u r a c y . T h i s o r d e r o f a c c u r a c y i s a t l e a s t as g o o d , i f not b e t t e r , 
t h a n the v a l u e s r e p o r t e d f o r ground b a s e d sys tems ( Y e r b u r y , 1977) . 

F i g . 3 . E n d - f i r e monopole a r r a y mounted on C e s s n a 172 a i r c r a f t 
(from Whitehouse and S t e v e n , 1977) . 
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The sys tem a l s o g i v e s the o p t i o n w i t h medium or l a r g e a n i m a l s o f c o n f i r m i n g the 
l o c a t i o n by d i r e c t o b s e r v a t i o n and s i m u l t a n e o u s l y , a d d i t i o n a l d a t a on b e h a v i o r can 
f r e q u e n t l y be r e c o r d e d . With d i n g o e s i t has been p o s s i b l e to o b s e r v e group s o c i a l 
b e h a v i o r and many k i l l s o f p r e y . These have b e e n s u b s e q u e n t l y l o c a t e d by ground 
teams and a d d i t i o n a l d a t a r e c o r d e d . 

The a e r i a l r a d i o t r a c k i n g sys t em d e s c r i b e d h e r e i s c u r r e n t l y b e i n g expanded t o t r a c k 
red k a n g a r o o s (Megaleia rufa) ( O l i v e r , p e r s o n a l c o m m u n i c a t i o n ) . A p r e v i o u s r a d i o 
t r a c k i n g s t u d y o f red k a n g a r o o movements u s i n g a ground b a s e d s y s t e m was c a r r i e d out 
i n the summer o f 1968 /69 . Two towers were c o n s t r u c t e d on s m a l l h i l l s w i t h t h e r e c e i v 
i n g an tennas 3 .7 km a p a r t . The maximum range a t w h i c h s i g n a l s t r e n g t h was s u f f i c i e n t 
f o r o b t a i n i n g an a c c u r a t e b e a r i n g was 24 km. However , l a t e r a n a l y s i s showed t h a t a t 
a range o f g r e a t e r than 11 km, the e r r o r s i n v o l v e d were too l a r g e t o a l l o w the d a t a 
p o i n t s to be u s e d . I t was a l s o found t h a t the t e c h n i c a l co i ipetence o f the o p e r a t o r s 
and hence t h e i r a c c u r a c y , v a r i e d g r e a t l y . F o r 24 h r a d i o l o c a t i n g , o v e r a three -week 
p e r i o d , a s t a f f o f s even p e o p l e were n e e d e d . The maximum number o f t r a n s m i t t e r s 
b e i n g t r a c k e d a t any one t ime was 1 1 . 

However, u s i n g the a e r i a l r a d i o t r a c k i n g s y s t e m d e v e l o p e d f o r the d i n g o s t u d y , 24 
k a n g a r o o s have been i n s t r u m e n t e d and are c u r r e n t l y b e i n g t r a c k e d . We found the 
an imal s as o f t e n from the a i r as we had done p r e v i o u s l y w i t h the ground s y s t e m , and 
a c c u r a t e l o c a t i o n s c o u l d be o b t a i n e d w h e r e v e r the a n i m a l s were l o c a t e d as they are 
a lways w i t h i n r a n g e . V a r i a b i l i t y between the r e s u l t s o b t a i n e d by d i f f e r e n t o p e r a t o r s 
i s m i n i m a l (Whitehouse and S t e v e n , 1977) . L o c a t i o n s can be c o n f i r m e d by d i r e c t o b s e r 
v a t i o n when n e c e s s a r y and a d d i t i o n a l b e h a v i o r a l d a t a o b t a i n e d . S t a f f and c a p i t a l 
c o s t s are a l s o g r e a t l y r e d u c e d . 

The a e r i a l r a d i o t r a c k i n g sys tem h a s n o t b e e n w i t h o u t i t s p r o b l e m s . As ment ioned 
a b o v e , the chosen f r e q u e n c y o f 164 MHz had a l a r g e a d v a n t a g e when c o n s i d e r i n g antenna 
c o n s t r u c t i o n and a t t a c h m e n t on l i g h t a i r c r a f t i n A u s t r a l i a . A l s o , t r a n s m i t t e r s i n 
t h i s f r e q u e n c y range were a v a i l a b l e as ' o f f - t h e - s h e l f i t e m s from the U . S . A . (AVM 
I n s t r u m e n t C o . , Champaign , I l l i n o i s ) . However , the f r e q u e n c y was a l s o used f o r a 
r a d i o - t e l e p h o n e l i n k by a nearby i r o n ore m i n i n g company, and on o c c a s i o n s t h e i r use 
o f the f r e q u e n c y caused i n t e r f e r e n c e . Some i n t e r f e r e n c e was a l s o r e c e i v e d on summer 
a f t e r n o o n s and e v e n i n g s , caused by t r o p i c a l e l e c t r i c a l s t o r m s . 

G h o s t s i g n a l s were o c c a s i o n a l l y r e c e i v e d . These o c c u r when s i g n a l s from t h e t r a n s 
m i t t e r s are r e f l e c t e d o f f a s o l i d o b j e c t ( such as the ' i r o n s t o n e ' h i l l s ) r e c e i v e d hy 
the a n t e n n a , and t h e n a p p a r e n t l o c a t i o n o f the t r a n s m i t t e r (by r a d i o t r a c k i n g ) i s 
v e r y d i f f e r e n t from the t r u e p o s i t i o n . However , b e c a u s e the t e c h n i q u e i n v o l v e s 
f o l l o w i n g t h e s i g n a l t o i t s s o u r c e , g h o s t s i g n a l s are e a s i l y d i s t i n g u i s h e d and a r e 
never a s e r i o u s p r o b l e m . 

D ingoes sometimes a v o i d extreme dayt ime t e m p e r a t u r e s by e n t e r i n g c a v e s and t h i s may 
cause s e v e r e a t t e n u a t i o n o f t h e r a d i o s i g n a l . On some o c c a s i o n s , s i g n a l s have a b r u p t l y 
appeared and d i s a p p e a r e d and ground i n v e s t i g a t i o n has shown the p r e s e n c e o f deep 
c a v e s . F o r t u n a t e l y , comple te d i s a p p e a r a n c e o f the s i g n a l i s r a r e and the more f r e 
quent m i l d a t t e n u a t i o n has j u s t l e n g t h e n e d the s e a r c h i n g t ime i n v o l v e d . 

N a v i g a t i o n and p l o t t i n g the l o c a t i o n s has c a u s e d a few p r o b l e m s . A v a i l a b l e maps o f 
t h e s t u d y a r e a are n o t a c c u r a t e and a e r i a l p h o t o g r a p h s h a v e t o be u s e d . A l s o , n a v i 
g a t i o n a t n i g h t was d i f f i c u l t , e s p e c i a l l y d u r i n g c l o u d y p e r i o d s , as t h e r e a r e no a i r 
c r a f t n a v i g a t i o n a i d s . 

B R I E F NOTES ON SOME A U S T R A L I A N W I L D L I F E STUDIES 
WHICH HAVE USED RADIO TELEMETRY 

Radio t r a c k i n g was f i r s t used i n w i l d l i f e s t u d i e s i n A u s t r a l i a i n the mid 1960s . 
F u l l a g a r (1967) has r e p o r t e d on the use o f r a d i o t e l e m e t r y i n A u s t r a l i a n b i o l o g i c a l 



738 S. Whitehouse 

r e s e a r c h d u r i n g 1966. He r e p o r t s some 18 p r o j e c t s on 17 d i f f e r e n t s p e c i e s r a n g i n g 
from e l e p h a n t s e a l s (Mirounga leonna) t o a n t s (Iridomyrex deteotus) and i n c l u d e d i n 
t h e swamp t o r t o i s e (Pseudemydura urribina), t h e e c h i d n a {Tackyglossus aculeatus) and 
the w e d g e - t a i l e d e a g l e {Aquila audax), Of the 18 p r o j e c t s , 13 i n v o l v e d movement 
s t u d i e s , s even were o b t a i n i n g p h y s i o l o g i c a l i n f o r m a t i o n and two were m e a s u r i n g m i c r o 
c l i m a t e . A t t h a t t ime no r e s u l t s had been p u b l i s h e d . 

S i n c e t h e n , r a d i o t r a c k i n g has become w i d e l y used i n w i l d l i f e s t u d i e s . I t s most 
common use i s s t i l l i n movement s t u d i e s and some o f the p u b l i s h e d r e s u l t s h a v e been 
on the e c h i d n a (Augee , E a l e y and P r i c e , 1975) , the s a l t w a t e r c r o c o d i l e (Crocodylus 
porosus) (Webb and M e s s e l , 1978) , the common wombat (Vombatus ursinus) ( M c l l r o y , 
1976) , the i g u a n a {Varanus gouldii) (Green and K i n g , 1978) and w o y l i e s {Bettongia 
penicillata) y and tammar w a l l a b i e s {Maoropus eugenii) ( C h r i s t e n s e n , 1 9 7 8 ) . P h y s i o 
l o g i c a l d a t a have a l s o been c o l l e c t e d u s i n g r a d i o t e l e m e t r y . The s p e c i e s s t u d i e d 
i n c l u d e t h e e c h i d n a (Augee , E a l e y and S p e n c e r , 1970) and the i g u a n a — Varanus 
gouldii; Varanus varius (Green and K i n g , 1978) . 

T r a n s m i t t e r s used i n A u s t r a l i a n w i l d l i f e s t u d i e s have most f r e q u e n t l y o p e r a t e d i n 
t h e 27 MHz range u s i n g the o r i g i n a l d e s i g n o f C o c h r a n and L o r d (1963) or v a r i a t i o n s 
o f t h i s d e s i g n ( T e s t e r , Warner and C o c h r a n , 1964) . The 97 MHz band was used f o r a 
s t u d y o f red kangaroo (Megaleia rufa) movements ( O l i v e r , p e r s o n a l c o m m u n i c a t i o n ) , 
the 151 MHz band f o r the w o y l i e s and tammars, the 164 MHz band i n the d i n g o s t u d y 
r e p o r t e d h e r e and the 1.25 GHz range i s b e i n g used i n the s t u d y o f s a l t w a t e r c r o c o 
d i l e s (Crocodylus porosus) i n n o r t h e r n A u s t r a l i a . 

The t r a n s m i t t e r s i n the 97 MHz and 1.25 GHz r a n g e s were s p e c i a l l y d e v e l o p e d f o r the 
s t u d i e s b e i n g u n d e r t a k e n . The 151 and 164 MHz t r a n s m i t t e r s were a v a i l a b l e from com
m e r c i a l m a n u f a c t u r e r s i n U . S . A . 

Power s o u r c e s have v a r i e d . Many o f the s t u d i e s u n d e r t a k e n u s i n g the 27 MHz e q u i p 
ment have been c a r r i e d o u t by g r a d u a t e s t u d e n t s a t u n i v e r s i t i e s w i t h l i m i t e d f u n d s . 
These s t u d i e s have used a l k a l i n e o r mercury c e l l s and the l i f e o f the t r a n s m i t t e r s 
have been v a r i a b l e , b u t c o m p a r a t i v e l y s h o r t . More r e c e n t s t u d i e s have had the a d v a n 
t a g e o f improved t e c h n o l o g y (and o f t e n l a r g e r b u d g e t s ) . L i t h i u m c e l l s have b e e n 
used i n the d i n g o s t u d y r e f e r r e d t o h e r e . The c e l l s s u p p l y 2 .7 V t o t r a n s m i t t e r s 
w i t h an a v e r a g e c u r r e n t d r a i n o f between 0 . 2 8 mA and 0 .44 mA (0 .40 mA i s the modal 
v a l u e ) . Each t r a n s m i t t e r has a c h a r a c t e r i s t i c p u l s e r a t e be tween 51 and 99 p u l s e s m~^, 
and i s on a s e p a r a t e f r e q u e n c y 100 KHz a p a r t . T r a n s m i t t e r l i f e t i m e s i n e x c e s s o f 
18 months have been a c h i e v e d i n the f i e l d . 

The 1.25 GHz s y s t e m d e v e l o p e d f o r the c r o c o d i l e s t u d y u s e s r e c h a r g e a b l e b a t t e r i e s 
and s o l a r p a n e l s . The b a t t e r i e s power ing the t r a n s m i t t e r s by t h e m s e l v e s g i v e n the 
c o n s t r a i n t s of t r a n s m i t t e r s i z e and r a n g e , c o u l d have an e x p e c t e d l i f e t i m e o f 3-6 
months . However, t h e c o m b i n a t i o n o f s o l a r p a n e l s and r e c h a r g e a b l e c e l l s g i v e s a 
p r e d i c t e d l i f e i n the r a n g e o f 1 .5-5 y e a r s . T h i s s y s t e m a l s o u s e s p u l s e d t r a n s m i t t e r s 
on d i s c r e t e f r e q u e n c i e s , the p u l s e r a t e b e i n g one p u l s e l a s t i n g 0 ,05 s e v e r y 2 s . 
However on each f r e q u e n c y one o f f i v e tones i s super imposed and so f i v e i n d i v i d u a l l y 
i d e n t i f i a b l e a n i m a l s can be t r a c k e d on each c h a n n e l . 

T h i s b r i e f l ook a t some o f the w i l d l i f e s t u d i e s i n A u s t r a l i a t h a t have u s e d , or are 
u s i n g , t e l e m e t r y i s by no means e x h a u s t i v e . B i o t e l e m e t r y h a s been w i d e l y used i n 
many d i f f e r e n t a r e a s b u t the b u d g e t s o f the i n d i v i d u a l s t u d i e s have proved a m a j o r 
c o n s t r a i n t . Because o f t h i s , most s t u d i e s have used 27 MHz equipment b a s e d on the 
Cochran and L o r d (1963) c i r c u i t , they have been s h o r t r a n g e and o f s h o r t d u r a t i o n . 

Acknowledgement — T h i s p a p e r was p r e s e n t e d i n O x f o r d by M r . D . G . B u r n s i d e , R a n g e -
l a n d Management A d v i s o r w i t h the Wes tern A u s t r a l i a n Department o f A g r i c u l t u r e , and 
I most g r a t e f u l l y acknowledge h i s c o o p e r a t i o n . 
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Methods and Experience Gained from 
Biotelemetry Investigations of MoufIon 
(Ovis ammon musimon Schreber 1782) 

H. WITT 
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Abstract — S i n c e F e b r u a r y 1977, I have been i n v e s t i g a t i n g the 
b e h a v i o r o f M o u f l o n . The s t u d y s i t e i s near H a n o v e r , F . R . G . . 
I t c o n s i s t s o f a v i e w i n g e n c l o s u r e o f about 3 h a (7 .5 a c r e s ) , a 
l a r g e compound of about 1200 ha (3000 a c r e s ) and about 3500 h a 
(8750 a c r e s ) o f n a t u r a l f o r e s t . A l l a r e a s , w i t h the e x c e p t i o n o f 
a few meadows, are c o m p l e t e l y f o r e s t e d (mainly b e e c h , oak and p i n e ) , 
The t e r r a i n i s o f a h i g h l a n d c h a r a c t e r w i t h e l e v a t i o n be tween 90 
and 400 m above s e a l e v e l . 

S i n c e J a n u a r y 1978, r a d i o t r a c k i n g equipment has been used t o 
o b t a i n d e t a i l s c o n c e r n i n g a c t i v i t y p e r i o d s and the s i z e o f the 
l i v i n g t e r r i t o r y . 10 a n i m a l s o f v a r i o u s age and s e x were 
marked. 

EQUIPMENT USED 
1. M a n u f a c t u r e r : T e l o n i o s , 1048 E a s t Norwood, M e s a , A r i z o n a 85203, U . S . A . ( the t e c h 

n i c a l d a t a can be o b t a i n e d from the s a l e s c a t a l o g o f t h i s company) . 10 t r a n s m i t t e r 
c o l l a r s , c o n f i g u r a t i o n 5B, w i t h model M K - I V ( r e v . 1) t r a n s m i t t e r u n i t , type B-2 
Η b a t t e r y , and m a g n e t i c o n - o f f s w i t c h i n g ; i n c l u d i n g s p e c i a l p o s i t i o n s e n s i n g c i r 
c u i t r y . F r e q u e n c i e s 150 .100-150 .550 MHz. 

2 r e c e i v e r s , model TTR-1 (Rev. 4 C) - 150-10 w i t h 10 c h a n n e l s . 

1 d i g i t a l d a t a p r o c e s s o r , model T D P - 1 . 

1 a n t e n n a , r e c e i v i n g , 2 -e lement beam, model R A - 2 A - K , w i t h pouch and 48" f e e d l i n e . 

1 h e a d s e t , n o i s e - c a n c e l l i n g , type R A - 2 . 

1 r e c o r d e r - d r i v e r , a n a l o g , d u a l - c h a n n e l ( a m p l i t u d e and p e r i o d ) model T A P - I I . 

D i f f e r e n t a d a p t o r s , c h a r g e r s e t c . 

2 . M a n u f a c t u r e r : G u i t ó n I n d u s t r i e s I n c . , E a s t G r e e n w i c h , Rhode I s l a n d 02818, U . S . A . 

2 r e c o r d e r , s t r i p c h a r t , p r e s s u r e s e n s i t i v e , do t p r i n t i n g model 288 /F 12 , 0-1 ma/ 
12 VDC U N R / 2 / 3 / A . 

3 . M a n u f a c t u r e r : D r . G . H a u s e r , Oberer T r i f t w e g 33 , D 338 G o s l a r , F . R . G . 

1 d e v i c e f o r s t a n d a r d i z i n g the l e v e l d u r i n g the a u t o m a t i c r e g i s t r a t i o n o f a c t i v i t i e s 
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from r a d i o t a g g e d a n i m a l s , w i t h a d j u s t a b l e , s e l e c t i v e f r e q u e n c y f i l t e r f o r i n c r e a s 
i n g the r e c e i v e r s e n s i t i v i t y by a f a c t o r o f 2 - 4 . 

RELIABILITY AND DURABILITY 
One t r a n s m i t t e r f a i l e d a f t e r f o u r d a y s . The cause i s unknown, as the a n i m a l c o n 
t i n u e d t o wear the c o l l a r f o r v i s u a l m a r k i n g , a l t h o u g h i t has not been seen s i n c e 
December, 1978. A l l o t h e r n i n e t r a n s m i t t e r s worked p e r f e c t l y f o r one y e a r , u n t i l 
F e b r u a r y , 1979; then 8 a n i m a l s were k i l l e d , and the t r a n s m i t t e r s removed. The 
l a s t an imal w i l l wear t h e t r a n s m i t t e r u n t i l i t f a i l s . The f o l l o w i n g was noted c o n 
c e r n i n g the worn c o l l a r s : on 3 c o l l a r s the a n t e n n a was broken o f f a t the b a s e , even 
so t h e s e a n i m a l s were s t i l l e a s y t o l o c a t e . On b o t h the male a n i m a l s , the m e t a l 
boxes i n w h i c h t h e t r a n s m i t t e r s were f i t t e d , were v e r y b a d l y d e n t e d , most p r o b a b l y 
due to knocks r e c e i v e d from r i v a l s . D e s p i t e t h i s , t h e s e t r a n s m i t t e r s s t i l l worked 
p e r f e c t l y . I n J a n u a r y , 1979, one an imal was found d e a d , l y i n g w i t h i t s c o l l a r under 
w a t e r a t the bot tom o f a f r o z e n s t r e a m . The t r a n s m i t t e r was u n a f f e c t e d by t h i s . 
The d u r a b i l i t y o f t h e t r a n s m i t t e r and the c o l l a r was t h e r e f o r e e x t r e m e l y g o o d . 

There were o n l y minor f a i l u r e s noted on the r e c e p t i o n s i d e . Two d i r e c t i o n f i n d i n g 
antennas and two v e h i c l e an tennas were used d u r i n g the i n v e s t i g a t i o n p e r i o d , t h e s e 
were o f t e n b e n t i n the f i e l d and b r o k e d u r i n g the c o u r s e o f t h i s s t u d y . A d e f e c t i v e 
s o l d e r e d j o i n t was n o t i c e d i n one r e c e i v e r , o t h e r w i s e the u n i t s worked w i t h o u t f a i l u r e 
One must however n o t e t h a t b o t h the r e c e i v e r s u s e d , a l t h o u g h o f the same t y p e , had 
v e r y d i f f e r i n g r e c e p t i o n s e n s i t i v i t y . One r e c e i v e r was found to be v e r y i n s e n s i t i v e 
compared t o the o t h e r . The a u t o m a t i c r e c e i v e r u n i t f o r r e c o r d i n g the a c t i v i t i e s 
was checked d a i l y . The f o l l o w i n g f a u l t s were n o t e d : 

1. The f r e q u e n c y d r i f t e d c o n s i d e r a b l y , e s p e c i a l l y t h r o u g h t e m p e r a t u r e f l u c t u a t i o n s , 
so t h a t t h e r e c e i v e r had t o be r e t u n e d n e a r l y e v e r y t i m e . A l s o the a u t o m a t i c g a i n 
c o n t r o l r e a c t e d t o t empera ture f l u c t u a t i o n s , and t h i s d e v i c e must be e x a c t l y tuned 
t o the r e c e i v e r . T h i s e f f e c t i s a m p l i f i e d , so t h a t o f t e n the s t a t i o n a r y u n i t n o t e d 
no r e c e p t i o n even though the t r a n s m i t t e r s were w i t h i n r e c e p t i o n r a n g e . 

2. The G u i t ó n r e c o r d e r s do not have a d e f l e c t i o n a r r e s t e r f o r the p o i n t e r . O f t e n 
the p o i n t e r s t u c k a t the edge o f the paper s t r i p and s e v e r a l hours o f a c t i v i t y p e r i o d s 
were not r e c o r d e d . 

3 . The d e v i c e s can o n l y be a d j u s t e d l o c a l l y , i . e . o u t d o o r s . T h i s i s v e r y d i f f i c u l t 
and t ime consuming , and i n r a i n , f o g and snow i t proved i m p o s s i b l e to p r e v e n t m o i s 
t u r e from e n t e r i n g the equ ipment . 

Summing up one can s t a t e t h a t t h e d u r a b i l i t y o f the d e v i c e s i s v e r y g o o d , even under 
u n f a v o r a b l e c o n d i t i o n s , a l t h o u g h the t h r e e f a u l t s s p e c i f i e d above were found to be 
v e r y troublesome i n the a u t o m a t i c r e c o r d e r s . 

F i n a l l y a b r i e f d e s c r i p t i o n on the method o f a c t i v i t y measurements: on the f i r s t 
r e c o r d e r the f i e l d s t r e n g t h f l u c t u a t i o n s are n o t e d , w h i c h g i v e an i n d i c a t i o n as t o 
whether the a n i m a l has moved and the e x t e n t o f movement. A t the same t ime a second 
r e c o r d e r n o t e s whether the head o f the a n i m a l i s up or down. A mercury s w i t c h i n 
the t r a n s m i t t e r a l t e r s the p u l s e r a t e from about 700 ms (85 .71 bpm) f o r the r a i s e d 
head t o about 900 ms (66 .67 bpm) f o r the lowered h e a d . As a w i l d ruminant n o r m a l l y 
l i f t s i t s head a t s h o r t i n t e r v a l s when f e e d i n g , t o d e t e c t s c e n t , one can i n a d d i t i o n 
note p e r i o d s o f f e e d i n g w i t h t h e s e r e c o r d i n g s , and a l s o d i f f e r e n t i a t e between r e s t 
( w i t h r a i s e d head) and s l e e p ( w i t h lowered h e a d ) . 
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Abstraot — The NIMBUS 6 s a t e l l i t e sy s t em s u c c e s s f u l l y t r a c k e d 
t h r e e i n s t r u m e n t e d p o l a r b e a r s f o r 8 , 20 , and 390 days as t h e s e 
b e a r s t r a v e l e d d i s t a n c e s e x c e e d i n g 330, 500, and 1650 km, r e s 
p e c t i v e l y , from t h e i r r e l e a s e s i t e s on t h e a r c t i c i c e n o r t h o f 
Barrow, A l a s k a . E l e c t r o n i c equipment d e v e l o p e d under U . S . F i s h 
and W i l d l i f e S e r v i c e f u n d i n g by commerc ia l companies was d e s i g n e d 
as a 5 kg c o l l a r - s h a p e d i n s t r u m e n t p a c k a g e o f a p p r o p r i a t e d imen
s i o n s to f i t 180 t o 250 kg p o l a r b e a r s . The pr imary b i o l o g i c a l 
o b j e c t i v e o f l o c a t i n g a p r e g n a n t b e a r i n a den s i t e was n o t 
a c h i e v e d b e c a u s e the i n s t r u m e n t e d b e a r t r a v e l e d o f f the s h o r e 
o f the S o v i e t U n i o n , i n t o an a r e a n o t a c c e s s i b l e to U . S . s c i e n t i s t s . 

INTRODUCTION 
I n 1974, the N a t i o n a l A e r o n a u t i c s and S p a c e A d m i n i s t r a t i o n (NASA) a u t h o r i z e d the 
U . S . F i s h and W i l d l i f e S e r v i c e t o t r a c k p o l a r b e a r s w i t h the NIMBUS 6/Random A c c e s s 
Measurement S y s t e m (RAMS) . The f e a s i b i l i t y o f s a t e l l i t e t r a c k i n g o f w i l d a n i m a l s was 
demons tra ted by C r a i g h e a d et al, (1972) when an e l k was t r a c k e d f o r 28 days w i t h 
the NIMBUS 3 w e a t h e r s a t e l l i t e . U n f o r t u n a t e l y , equipment d e v e l o p e d f o r t h i s s t u d y 
was too l a r g e and heavy f o r a p o l a r b e a r and not c o m p a t i b l e w i t h t h e NIMBUS 6 s y s t e m . 
H e n c e , a program was i n i t i a t e d to d e s i g n a s m a l l s a t e l l i t e t r a n s m i t t e r , d e v e l o p a 
s u i t a b l e a t t a c h m e n t method, and e v a l u a t e the p r a c t i c a l i t y o f s a t e l l i t e t r a c k i n g f o r 
a r c t i c r e s e a r c h . The b i o l o g i c a l g o a l was to t r a c k a p r e g n a n t f e m a l e p o l a r b e a r to 
a den s i t e t h a t was a lmost i m p o s s i b l e t o f i n d by any o t h e r means . 

D E S C R I P T I O N OF THE SATELLITE SYSTEM 
The NIMBUS 6/RAMS s a t e l l i t e was p r i m a r i l y d e s i g n e d t o measure m e t e o r o l o g i c a l and 
o c e a n o g r a p h i c phenomena from m o b i l e p l a t f o r m t r a n s m i t t e r s moving randomly t h r o u g h o u t 
the w o r l d . A p l a t f o r m c o n s i s t s o f a t r a n s m i t t e r and i t s a s s o c i a t e d t r a n s d u c e r s f o r 
measur ing e n v i r o n m e n t a l p a r a m e t e r s . E a c h r a d i o t a g t r a n s m i t s a l s , r a d i o f r e q u e n c y 
(RF) c a r r i e r p u l s e on 401 .2 MHz a t a r a t e o f about one p u l s e e v e r y m i n u t e . A p o r t i o n 
of each RF p u l s e (640 ms) i s encoded by p h a s e m o d u l a t i o n to i d e n t i f y i n d i v i d u a l p l a t 
forms and t r a n s m i t 32 b i t s o f s e n s o r d a t a . The unmodulated p o r t i o n o f t h e RF c a r r i e r 
i s used t o measure the D o p p l e r f r e q u e n c y s h i f t r e l a t i v e to the s a t e l l i t e and to c a l 
c u l a t e the t r a n s m i t t e r ' s e a r t h p o s i t i o n c o o r d i n a t e s . The s y s t e m i s c a p a b l e o f 

743 



744 A , L , Kolz, /. W, Lentfer and H, G. Fallek 

c a l c u l a t i n g a p l a t f o r m ' s p o s i t i o n and v e l o c i t y w i t h an a c c u r a c y o f ± 5 km and ± 1 m s ^ 
r e s p e c t i v e l y 

S i m u l t a n e o u s p u l s e t r a n s m i s s i o n s from as many as e i g h t r a d i o t a g s can be r e c e i v e d 
and s t o r e d by the p r e s e n t s a t e l l i t e p r o c e s s i n g e q u i p m e n t . The s i g n a l s a r e s e p a r a t e d 
i n b o t h t ime and f r e q u e n c y s i n c e the t a g s t r a n s m i t a synchronous p u l s e s w h i c h are 
s h i f t e d i n f r e q u e n c y by b o t h D o p p l e r and equipment t o l e r a n c e e f f e c t s . A p r e d i c t e d 
200 t r a n s m i t t e r s may be i n v i e w s i m u l t a n e o u s l y w i t h a p r o b a b i l i t y o f s a t e l l i t e d e t e c 
t i o n o f 0 . 9 5 . I n o t h e r w o r d s , 200 t r a n s m i t t e r s may be w i t h i n r e c e p t i o n range o f 
the s a t e l l i t e a t any t i m e , and i t can r e c e i v e s i g n a l s from 8 o f t h e s e t a g s s i m u l 
t a n e o u s l y . The s a t e l l i t e s t o r a g e memory i s d e s i g n e d to accommodate 1000 t a g s per 
o r b i t . 

The NIMBUS s a t e l l i t e t r a v e l s i n a sun s y n c h r o n o u s , p o l a r o r b i t and c i r c l e s the e a r t h 
about e v e r y 108 m i n . I t s a l t i t u d e i s a p p r o x i m a t e l y 1100 km and i t i s i n v i ew o f a 
ground r e c e i v i n g s t a t i o n i n F a i r b a n k s , A l a s k a , a t l e a s t 10 t imes d d a y . Upon com
mand, the c o n t e n t s o f t h e s a t e l l i t e ' s memory are t r a n s m i t t e d to t h i s s t a t i o n . The 
raw d a t a are then t r a n s m i t t e d over ground l i n e s to the Goddard Space F l i g h t C e n t e r 
i n M a r y l a n d f o r p r o c e s s i n g and d i s s e m i n a t i o n t o approved s c i e n t i f i c i n v e s t i g a t o r s 
( F i g . 1 ) . 

Data dump 
Satellite ^ 

F i g . 1. O p e r a t i o n o f NIMBUS s a t e l l i t e t r a c k i n g s y s t e m . 

The NIMBUS sys tem h a s been used e x t e n s i v e l y t o m o n i t o r h i g h a l t i t u d e w i n d s , b a r o 
m e t r i c p r e s s u r e , t e m p e r a t u r e , d r i f t i n g ocean b u o y s , movements o f t h e p o l a r i c e c a p , 
and w e a t h e r c o n d i t i o n s around the w o r l d . The p o l a r b e a r e x p e r i m e n t i s one o f the 
few approved r a d i o t r a c k i n g p r o j e c t s u s i n g NIMBUS (see a l s o J e n n i n g s and Gandy , 
1980, t h i s v o l u m e ) . 

NIMBUS TRANSMITTER D E S I G N CRITERIA 
A l l NIMBUS t r a n s m i t t e r s are t e s t e d and c e r t i f i e d to meet N A S A ' s p e r f o r m a n c e s t a n d a r d s 
b e f o r e f i e l d u s a g e . T h i s t e s t i n g a s s u r e s t h e e x p e r i m e n t e r t h a t h i s d a t a format i s 
c o m p a t i b l e w i t h t h e s a t e l l i t e sys tem and t h a t the t r a n s m i t t e r ' s f r e q u e n c y s t a b i l i t y 
i s adequate f o r a c c u r a t e p o s i t i o n a l c a l c u l a t i o n s . T a b l e 1 summarizes t h e s e d e s i g n 
r e q u i r e m e n t s . 
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T a b l e 1. 
NIMBUS t r a n s m i t t e r r e q u i r e m e n t s 

Frequency (nomina l ) 401 .2 MHz ± 6 KHz 
Power o u t p u t + 33 .9 dBm ( 2 . 5 W) ± 1 dB 
O s c i l l a t o r s t a b i l i t y < 1 X 10-8 (4^2 H z ) / 1 5 min 
RF p u l s e w i d t h 980 ms 
P u l s e r a t e about 1 min"-^ 
Duty c y c l e about 1/60 
M o d u l a t i o n ± 60^ ± 6 ° PSK 
M o d u l a t i o n r a t e 100 bps ( M a n c h e s t e r ) 
A n t e n n a p o l a r i z a t i o n r i g h t hand c i r c u l a r 

DESIGN C ONSIDERATION FOR POLAR BEAR T R A N S M I T T E R S 
Package w e i g h t and volume were g i v e n pr ime c o n s i d e r a t i o n i n deve lopment o f component 
p a r t s f o r the p o l a r b e a r t r a n s m i t t e r s . The f i n a l d e s i g n i n c l u d e d s i x b a s i c components: 
t i m i n g c o n t r o l c i r c u i t s , d a t a e n c o d e r , t empera ture c o n t r o l l e d o s c i l l a t o r , t r a n s m i t t e r , 
a n t e n n a , and b a t t e r y pack ( F i g . 2 ) . One a d d i t i o n a l a c c e s s o r y , a VHF (164 MHz) r a d i o 
t a g was i n c l u d e d w i t h i n the e l e c t r o n i c s e n c l o s u r e t o p r o v i d e day t o day t r a c k i n g 
from l i g h t a i r c r a f t . 

TIMING 
CONTROL 

CIRCUITRY 

NIMBUS 
D A T A 

ENCODER 

TEMPERATURE 
CONTROLLED 
OSCILLATOR 

I 

A N T E N N A 

V 
T R A N S M I T T E R 

1 

1 
B A T T E R Y 

POWER 
PACK 

B A T T E R Y 
POWER 

PACK 

F i g . 2 . S a t e l l i t e — p o l a r b e a r e l e c t r o n i c s . 

To e l i m i n a t e the need f o r a m u l t i p l e x e r and a n a l o g to d i g i t a l c o n v e r t e r s we d e c i d e d 
a g a i n s t measur ing d a t a from e x t e r n a l s e n s o r s ( t h e r m o c o u p l e s , p r e s s u r e g a u g e s , c u r r e n t 
m o n i t o r s , e t c . These s e n s o r s would have i n c r e a s e d t h e c i r c u i t c o m p l e x i t y by r e q u i r i n g 
a 25 p e r c e n t i n c r e a s e i n t h e number o f i n t e g r a t e d c i r c u i t s . T h u s , the f i n a l t r a n s 
m i t t e r d e s i g n was s t r i c t l y f o r l o c a t i o n p u r p o s e s . A f u n c t i o n a l d e s c r i p t i o n o f each 
t r a n s m i t t e r component i s g i v e n b e l o w . 

TIMING CONTROL C I R C U I T S 

A l l c l o c k f u n c t i o n s n e c e s s a r y f o r t r a n s m i t t e r o p e r a t i o n are c o n t a i n e d i n the t i m i n g 
c o n t r o l c i r c u i t s . F o r the t r a n s m i t t e r t o o p e r a t e t h r o u g h o u t an e n t i r e y e a r w i t h an 
a c c e p t a b l y s i z e d b a t t e r y pack n e c e s s i t a t e d a d e s i g n p e r m i t t i n g i n t e r m i t t e n t o p e r a t i o n . 
A t i m i n g c y c l e , d e v e l o p e d w i t h CMOS c i r c u i t s ( s i m i l a r t o t h o s e i n a d i g i t a l w a t c h ) 
o p e r a t e s t h e t r a n s m i t t e r f o r a c o n t i n u o u s 8 h p e r i o d d u r i n g e a c h 4 day i n t e r v a l . An 
e r r o r o f a few seconds per month was a l l o w e d and the 8 h t r a n s m i s s i o n p e r i o d was 
t imed t o o c c u r o n l y d u r i n g the o p t i m a l r e c e p t i o n by the s a t e l l i t e on any g i v e n day . 
The b a s i c c l o c k c i r c u i t a l s o o p e r a t e d the d a t a e n c o d e r and f o r m a t i n g c i r c u i t s . 
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ΌΑΎΑ ENCODER 

The encoder c i r c u i t s g e n e r a t e a s y n c h r o n i z i n g d a t a code (which t e l l s t h e s a t e l l i t e 
when t o s t a r t t a k i n g d a t a ) and the r e q u i r e d number o f l o g i c b i t s f o r the s a t e l l i t e 
to i n d i v i d u a l l y i d e n t i f y e a c h t r a n s m i t t e d p u l s e (a r e c o g n i t i o n c o d e ) . The NIMBUS 
r e j e c t s as s p u r i o u s n o i s e any s i g n a l r e c e i v e d w i t h o u t t h i s coded m o d u l a t i o n . 

TEMPERATURE CONTROLLED OSCILLATOR (TCXO) 

The p r e c i s i o n of a l o c a t i o n c a l c u l a t e d f o r a NIMBUS p l a t f o r m i s d i r e c t l y r e l a t e d to 
the f r e q u e n c y s t a b i l i t y o f i t s t r a n s m i t t e r . The TCXO d e v e l o p e d f o r t h i s program 
proved to be e f f e c t i v e . The o s c i l l a t o r o p e r a t e d from - 4 0 ° to +50°C and would t o l e r 
a t e a 10°C thermal shock w i t h an o u t p u t f r e q u e n c y s h i f t o f < 4 . 2 H z / 1 5 min ( T a b l e 1 ) . 
A l t h o u g h the TCXO does not r e q u i r e an oven s t a b i l i z e d c r y s t a l and t h e r e b y r e d u c e s 
b a t t e r y r e q u i r e m e n t s , the t i m i n g c o n t r o l c i r c u i t powers the TCXO 30 min b e f o r e t r a n s 
m i t t e r t u r n - o n which a l l o w s c i r c u i t s t a b i l i z a t i o n . 

TRANSMITTER 

The t r a n s m i t t e r c i r c u i t employed m i c r o m i n i a t u r e components and a h y b r i d i n t e g r a t e d 
power a m p l i f i e r . The TCXO s i g n a l (40 .12 MHz) was m u l t i p l i e d by a f a c t o r o f 10, phase 
m o d u l a t e d , f i l t e r e d w i t h a d i s t r i b u t e d f i l t e r e l e m e n t , and a m p l i f i e d to produce a 
3 W o u t p u t . The t r a n s m i t t e r was c o n t a i n e d i n a machined h o u s i n g and o c c u p i e d a 
volume o f 41 cm^ ( 2 . 5 in^) . 

ANTENNA 

The f i n a l antenna d e s i g n employed a c o p l a n a r s l o t a n t e n n a m e a s u r i n g 12.7 χ 12 .7 x 
1.2 cm. The r a d i a t i o n p a t t e r n i s a s i n g l e overhead lobe r a d i a t i n g a r i g h t hand 
c i r c u l a r p o l a r i z e d s i g n a l and e x h i b i t i n g a g a i n o f -6 d B . T h i s low g a i n had to be 
compensated by a 3 dB i n c r e a s e i n RF i n p u t power. The a n t e n n a shape p e r m i t t e d i t s 
i n c o r p o r a t i o n i n t o the l i d o f the r e c t a n g u l a r box c o n t a i n i n g e l e c t r o n i c components . 
Thus , the antenna had no p r o t r u d i n g e l ements and was as s m a l l as the g a i n s p e c i f i c a 
t i o n would p e r m i t . 

BATTERY PACK 

E l e v e n o r g a n i c l i t h i u m b a t t e r i e s (10 A h c a p a c i t y each) power the t r a n s m i t t e r . I t 
was n e c e s s a r y to d e r a t e the a d v e r t i z e d b a t t e r y c a p a c i t y a t 2 5 ° C by a f a c t o r o f 50 
p e r c e n t f o r - 4 0 ° C o p e r a t i o n . A l s o , a v o l t a g e r e g u l a t o r c i r c u i t was i n s t a l l e d to 
compensate f o r a measured 4:1 i n t e r n a l r e s i s t a n c e c h a n g e . The b a t t e r y pack had s u f f i 
c i e n t c a p a c i t y t o o p e r a t e the t r a n s m i t t e r f o r 1 y e a r . 

RF LOCATOR BEACON 

The RF beacon was a t o t a l l y s e l f - c o n t a i n e d c i r c u i t o p e r a t i n g a t 164 MHz and powered 
by two AA i n o r g a n i c l i t h i u m c e l l s w i t h a c a l c u l a t e d 18 month s e r v i c e l i f e . The 
b e a c o n antenna was a tuned loop machined i n t o the s i d e s o f the e l e c t r o n i c s e n c l o s u r e 
which produced an o u t p u t o f l e s s than +10 dBm. S i g n a l range from a s e a r c h a i r c r a f t 
was g e n e r a l l y i n e x c e s s o f 24 km. T h i s b e a c o n l o c a t o r was an i n v a l u a b l e a c c e s s o r y 
f o r the p o l a r b e a r f i e l d program by a l l o w i n g c l o s e o b s e r v a t i o n o f i n s t r u m e n t e d b e a r s 
whenever f l y i n g c o n d i t i o n s p e r m i t t e d . 
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ELECTRONICS PACKAGING 
The e l e c t r o n i c s e n c l o s u r e c o n s i s t e d o f a s o l i d p i e c e o f p o l y c a r b o n a t e p l a s t i c 
(Lexan) machined t o house the v a r i o u s components . A l l s i d e s were J i n t h i c k and 
the antenna formed the l i d o f t h e as sembled r e c t a n g u l a r box w i t h o u t s i d e d i m e n s i o n s 
o f 14 X 14 X 5 cm. T h i s box was screwed o n t o a f l a t s u r f a c e formed i n t o a molded 
p l a s t i c c o l l a r t h a t e n c a p s u l a t e d the b a t t e r y p a c k . C o n n e c t i o n s were made t o the 
e l e c t r o n i c s e n c l o s u r e t h r o u g h the two m a t i n g s u r f a c e s , and a w a t e r t i g h t s e a l was 
formed w i t h rubber g a s k e t s and s i l i c o n r u b b e r . The b a t t e r y power pack and e l e c t r o n i c s 
e n c l o s u r e were thus i n t e g r a t e d i n t o a s i n g l e r i g i d s t r u c t u r e w i t h no exposed w i r i n g 
f o r o p t i m a l p a c k a g i n g r e l i a b i l i t y . 

The i n s i d e s u r f a c e o f the c o l l a r formed an e l l i p t i c a l c y l i n d e r w i t h a p e r i m e t e r o f 
80 cm. T h i s shape g a v e the c o l l a r a s e l f - r i g h t i n g c a p a b i l i t y on t h e b e a r ' s neck 
w i t h the major a x i s r e m a i n i n g v e r t i c a l . B a t t e r i e s w e i g h i n g 946 g were e n c a p s u l a t e d 
i n t o the bot tom o f the c o l l a r and o v e r b a l a n c e d the w e i g h t o f t h e e l e c t r o n i c s box on 
t h e t o p . T h u s , the w e i g h t d i s t r i b u t i o n i n c o n j u n c t i o n w i t h the e c c e n t r i c shape 
a l l o w e d the c o l l a r t o r i d e i n an u p r i g h t and s t a b l e p o s i t i o n on the b e a r . Each 
p l a s t i c c o l l a r ( e l a s t a m e r i c u r e t h a n e A d i p r e n e t y p e L 167) was hand f i n i s h e d t o remove 
a l l sharp c o r n e r s and e n s u r e smooth s u r f a c e s . A 1.27 cm t h i c k n e s s o f n o n a b s o r b i n g , 
c l o s e d c e l l E t h a - F o a m was g l u e d to the i n s i d e s u r f a c e o f the c o l l a r as p a d d i n g f o r 
the b e a r ' s n e c k . The i n t e g r a t e d t r a n s m i t t e r - c o l l a r measured 27.9 w χ 40.6 h χ 14 d cm 
and weighed about 5.6 kg ( F i g , 3 ) . 

ATTACHMENT DESCRIPTION 
A l t h o u g h c o l l a r s are commonly used t o a t t a c h r a d i o t r a c k i n g equipment t o w i l d l i f e , the 
c o l l a r d e v e l o p e d f o r t h e p o l a r b e a r was un ique i n t h a t i t f i t t e d f r e e l y over the 
a n i m a l ' s head and was c o m p l e t e l y l o o s e around the n e c k . Four c a b l e s e x t e n d i n g 

F i g . 3 . T r a n s m i t t e r c o l l a r and h a r n e s s f o r p o l a r b e a r s . 
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p o s t e r i o r l y from the c o l l a r a t t a c h e d t o a g i r t h c a b l e f i t t e d b e h i n d the b e a r ' s f r o n t 
l e g s which kept the c o l l a r i n p o s i t i o n ( F i g . 3 ) . A l l c a b l e s were 4 mm d i a m e t e r 
s t a i n l e s s s t e e l c o v e r e d w i t h two l a y e r s o f Dacron r e i n f o r c e d Tygon t u b i n g t o p r e v e n t 
i c e f o r m a t i o n . The m e t a l f i t t i n g s were covered w i t h p l a s t i c t u b i n g to ensure no 
d i r e c t c o n t a c t between the m e t a l and the b e a r . The c o l l a r and h a r n e s s were b o t h 
w h i t e and d i d not a d v e r s e l y a f f e c t the camouf lage o f the bear ( F i g . 4 ) . 

F i g . 4 . M r . L . K o l z w i t h i n s t r u m e n t e d p o l a r b e a r . 

FIELD OPERATIONS 
The N a v a l A r c t i c R e s e a r c h L a b o r a t o r y (NARL) a t Barrow, A l a s k a , p r o v i d e d the r e s e a r c h 
f a c i l i t i e s n e c e s s a r y f o r i n s t r u m e n t i n g the p o l a r b e a r s . Bears were l o c a t e d from 
l i g h t a i r c r a f t by f o l l o w i n g t h e i r t r a c k s or s i g h t i n g them d i r e c t l y on the s e a i c e . 
They were i m m o b i l i z e d by i n j e c t i n g 1.6 mg kg""^ body w e i g h t o f S e r n y l a n ( p h e n c y c l i d i n e 
h y d r o c h l o r i d e ) and 0 . 0 7 - 0 . 1 1 mg kg"^ body w e i g h t o f A c e p r o m a z i n e . The b e a r s were 
t r a n s p o r t e d by f i x e d - w i n g a i r c r a f t or h e l i c o p t e r . Cages were a v a i l a b l e a t NARL f o r 
h o l d i n g the an ima l s b e f o r e and a f t e r f i t t i n g the r a d i o c o l l a r . 

Tagged b e a r s were observed a s they r e g a i n e d c o n s c i o u s n e s s to s t u d y t h e i r r e a c t i o n s 
to the h a r n e s s and c o l l a r . I n g e n e r a l , the b e a r s p a i d l i t t l e a t t e n t i o n and o n l y 
o c c a s i o n a l l y shook t h e i r h e a d s , necks and f o r e q u a r t e r s . The t r a n s m i t t e r s w e i g h e d 
2 .5 t o 3 .0 p e r c e n t o f the b e a r ' s w e i g h t , w h i c h i s no t an e x c e s s i v e l o a d . I n f a c t , 
i n w i l d l i f e t e l e m e t r y s t u d i e s , mammals o f t e n c a r r y p a c k a g e s e x c e e d i n g 5 p e r c e n t o f 
t h e i r w e i g h t f o r e x t e n d e d p e r i o d s o f t ime w i t h o u t d e l e t e r i o u s e f f e c t s . 
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A C e s s n a 180 a i r c r a f t was equ ipped w i t h two 3 -e l ement Y a g i an tennas f o r t r a c k i n g the 
164 MHz l o c a t o r b e a c o n . The antennas were mounted under e a c h w i n g and d i r e c t e d away 
from the f u s e l a g e and downward a t about a 30° a n g l e . I n f l i g h t , the s e a r c h p a t t e r n 
ex tended the maximum r e c e p t i o n d i s t a n c e o f f e i t h e r s i d e o f the a i r c r a f t . Both 
antennas c o u l d be m o n i t o r e d s i m u l t a n e o u s l y by u s i n g a h y b r i d j u n c t i o n , or a s w i t c h 
c o u l d be m a n u a l l y o p e r a t e d t o m o n i t o r t h e antennas i n d i v i d u a l l y . An e x p e r i e n c e d 
o p e r a t o r c o u l d e a s i l y l i s t e n to t h e s i g n a l i n t e n s i t y on e a c h a n t e n n a and d i r e c t t h e 
p i l o t t o f l y toward t h e RF b e a c o n . T h i s a i r c r a f t t r a c k i n g s y s t e m was an e f f e c t i v e 
way o f r o u t i n e l y l o c a t i n g the b e a r s f o r p o s i t i o n v e r i f i c a t i o n s w i t h the s a t e l l i t e 
s y s t e m and to ensure t h a t t h e i n s t r u m e n t p a c k a g e was not r e s t r i c t i n g or h i n d e r i n g 
normal b e h a v i o r of the b e a r s . 

RESULTS AND DISCUSSION 
C o l l a r s were t e s t e d a f t e r f i n a l d e s i g n and f a b r i c a t i o n . P o s i t i o n a c c u r a c y t e s t s 
were run a g a i n s t a s t a n d a r d p r o d u c t i o n s y s t e m whose RF c a r r i e r was s t a b l i z e d w i t h 
an a t o m i c f r e q u e n c y s t a n d a r d . The t e s t s were run a t S a n t a C l a r a , C a l i f o r n i a , (37° N . 
l a t i t u d e ) w i t h normal n i g h t - t o - d a y t e m p e r a t u r e v a r i a t i o n s o f 20 to 3 0 ° C . Two days 
o f t e s t i n g showed no m e a s u r a b l e d i f f e r e n c e i n the r o o t mean squared (rms) p o s i t i o n 
e r r o r o f t h e p o l a r b e a r s y s t e m compared w i t h t h e h i g h s t a b i l i t y s y s t e m . I n e a c h 
i n s t a n c e , t h e same antennas were used w i t h i d e n t i c a l i n p u t p o w e r s . The rms p o s i t i o n 
e r r o r v a r i e d from 1 t o 3 km from a c t u a l p o s i t i o n . T e s t s a t Barrow (71^ N . l a t i t u d e ) 
w i t h c o l l a r s on t h e ground and on c a p t i v e b e a r s a t t e m p e r a t u r e s from -35 t o 5 ° C gave 
p o s i t i o n s from the s a t e l l i t e w i t h i n 1 t o 14 km o f a c t u a l p o s i t i o n s . I t would have 
been d e s i r a b l e t o have s i m u l t a n e o u s l o c a t i o n d a t a on a f r e e - r o a m i n g b e a r from b o t h 
the t r a c k i n g a i r c r a f t and s a t e l l i t e s y s t e m , b u t c o n d i t i o n s n e v e r p e r m i t t e d t h i s . 
N e v e r t h e l e s s , s a t e l l i t e d a t a d i d a l l o w us q u i c k l y to e s t a b l i s h a e r i a l s e a r c h b o u n d a r i e s . 

Three mature f emale b e a r s were f i t t e d w i t h t r a n s m i t t e r s i n March and J u n e 1977. 
They were j u d g e d t o be i n e s t r u s and p o s s i b l y p r e g n a n t b e c a u s e they were not accom
p a n i e d by y o u n g , e x t e r n a l g e n i t a l i a were s w o l l e n , and i n one c a s e a f e m a l e was accom
p a n i e d by a mature m a l e . D e s c r i b e d be low are the f i e l d d a t a r e c o r d e d f o r each o f 
t h e s e b e a r s which are i d e n t i f i e d by N o s . 1793, 1794, and 1795. 

POLAR BEAR NO. 1793 

We o r i g i n a l l y p l a n n e d t o i n s t r u m e n t two p o l a r b e a r s i n March 1977. However , two 
u n e x p e c t e d e l e c t r o n i c problems o c c u r r e d i n Barrow. F i r s t , t h e r e s e t f u n c t i o n on the 
t i m i n g c o n t r o l c i r c u i t was i n t e r m i t t e n t , making i t i m p o s s i b l e to i n i t i a t e p r o p e r l y 
the 4-day t r a n s m i t c y c l e . I n a d d i t i o n , t h e i n t e r n a l r e s i s t a n c e o f the b a t t e r i e s a t 
t emperatures be low -30^0 was g r e a t e r t h a n e x p e c t e d , and the v o l t a g e a p p l i e d t o t h e 
b i p h a s e m o d u l a t o r and TCXO were m a r g i n a l . We d e c i d e d t o d i s a b l e the 4 day t i m e r 
and o p e r a t e t h e t r a n s m i t t e r c o n t i n u o u s l y a t the expense o f r e d u c e d s e r v i c e l i f e . 
A d j u s t m e n t s were then made on the m o d u l a t o r t o accommodate the low b a t t e r y v o l t a g e . 

These changes a l l o w e d us t o i n s t r u m e n t a p o l a r b e a r and d e t e r m i n e the e f f i c a c y o f 
the c o l l a r - h a r n e s s a t t a c h m e n t . We had no p r e v i o u s o p p o r t u n i t y t o t r y t h i s a t t a c h 
ment on a f r e e - r o a m i n g b e a r . There are o n l y a few weeks d u r i n g the s p r i n g and f a l l 
i n the a r c t i c when i c e and w e a t h e r c o n d i t i o n s p e r m i t t h i s t y p e o f r e s e a r c h . 

Bear N o . 1793 was i n s t r u m e n t e d on 24 March and p l a c e d i n a wooden c a g e to a l l o w 
t r a n s m i s s i o n o f r a d i p s i g n a l s t o the s a t e l l i t e . Three days l a t e r , NASA v e r i f i e d 
t h a t t r a n s m i s s i o n s h^d been r e c e i v e d . The b e a r was then t r a n p s o r t e d 47 km NNW o f 
P o i n t Barrow and r e l e a s e d on 28 M a r c h . The b e a r was s i g h t e d from a s e a r c h p l a n e 
the f o l l o w i n g day about 54 km n o r t h o f t h e r e l e a s e s i t e , accompanied by a much 
l a r g e r (male?) b e a r . 
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The s a t e l l i t e t r a n s m i t e r c e a s e d o p e r a t i o n (due t o a d e p l e t e d b a t t e r y pack) 8 days 
a f t e r the b e a r was r e l e a s e d . On 9 A p r i l , the b e a r was l o c a t e d v i a the RF b e a c o n , 
i m m o b i l i z e d , and t h e c o l l a r a t t a c h m e n t examined . One s m a l l rubbed s p o t was found 
where a c a b l e end had been l e f t e x p o s e d . H e n c e , c a b l e ends were c a r e f u l l y c o v e r e d 
on subsequent h a r n e s s e s . The h a r n e s s and t r a n s m i t t e r were removed and the an imal 
was r e l e a s e d . 

D e t a i l e d l o c a t i o n mapping ( F i g . 5) i n d i c a t e s an a v e r a g e d a i l y movement o f 56 km f o r 
b e a r 1793, and a maximum 1 day movement o f 82 km. The b e a r t r a v e l e d f o r 12 days 
and was r e c a p t u r e d 335 km n o r t h o f h e r r e l e a s e s i t e . 

180 N A U T Ml 
J 

0 300 km 

F i g . 5 . T r a v e l p a t h s f o r p o l a r b e a r s n o s . 1793 and 1794. 

POLAR BEAR N O . 1794 

Bear 1794 was one o f two f e m a l e s c a p t u r e d i n A p r i l and h e l d a t Barrow u n t i l e n g i n e e r 
i n g changes c o u l d be p e r f e c t e d f o r an improved t r a n s m i t t e r - c o l l a r . D e l a y e d r e l e a s e 
was a l s o n e c e s s a r y b e c a u s e i c e p a c k s b r e a k up i n May and t r a c k i n g by h e l i c o p t e r was 
no l o n g e r e f f e c t i v e u n t i l J u n e . A new b a t t e r y pack and p l a s t i c c o l l a r were d e s i g n e d 
w h i l e e n g i n e e r i n g r e f i n e m e n t s were made on the e l e c t r o n i c s c i r c u i t r y . Two t r a n s 
m i t t e r - c o l l a r s were comple t ed i n J u n e and s e n t t o Barrow f o r a t t a c h m e n t . 

P o l a r Bear N o . 1794 was r e l e a s e d 56 km n o r t h o f P o i n t Barrow on 18 J u n e . Weather 
c o n d i t i o n s were poor and no a t t e m p t was made t o t r a c k the b e a r a f t e r r e l e a s e . The 
s a t e l l i t e p r o v i d e d p o s i t i o n d a t a e v e r y f o u r t h day through 8 J u l y , a p e r i o d o f 20 
d a y s . The l a s t t r a n s m i s s i o n was r e c e i v e d on 12 J u l y , b u t s i g n a l q u a l i t y was too 
poor t o p r o v i d e l o c a t i o n d a t a . I n November an a i r c r a f t s e a r c h was c o n d u c t e d on t h e 
a s s u m p t i o n t h a t t h e l o c a t i o n b e a c o n was s t i l l f u n c t i o n i n g , b u t the s e a r c h was s e v e r e l y 
hampered by weather c o n d i t i o n s and no s i g n a l s were r e c e i v e d . D u r i n g the 20 days o f 
s a t e l l i t e t r a c k i n g , p o l a r b e a r N o . 1794 had t r a v e l e d 370 km e a s t , a g a i n s t t h e d i r e c 
t i o n o f i c e movement ( F i g . 5 ) . 

POLAR BEAR NO. 1795 

Bear N o . 1795 was t h e s econd b e a r h e l d i n c a p t i v i t y a t Barrow; she was r e l e a s e d 
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50 km n o r t h o f P o i n t Barrow on 18 J u n e . The b e a r t r a v e l e d g e n e r a l l y e a s t f o r 
10 d a y s , and then turned west toward the S o v i e t s e c t o r r o u g h l y f o l l o w i n g the 7 3 . 5 ° 
p a r a l l e l o f l a t i t u d e u n t i l mid-November ( F i g . 6 ) . The d a t a i n d i c a t e s t h a t movement 
d e c r e a s e d markedly d u r i n g the w i n t e r m o n t h s . We can o n l y s p e c u l a t e t h a t the b e a r 
e n t e r e d a den f o r the w i n t e r , and the movement we measured was t h a t o f the p o l a r 
i c e c a p . The b e a r was t r a c k e d f o r 228+ days and a d i s t a n c e o f 1320 km t o t h i s 
apparent den s i t e about 330 km o f f the c o a s t o f S i b e r i a . U n f o r t u n a t e l y , i t was n o t 
p o s s i b l e t o o r g a n i z e a ground e x p e d i t i o n i n t h a t r e g i o n . 

0 . 180 NAUT Ml 
Ä — Γ — Η — Η 
o 300 300 km 

F i g . 6 . T r a v e l p a t h f o r b e a r n o . 1795. 

CONCLUSIONS 
S a t e l l i t e t r a c k i n g o f w i l d l i f e c a n q u i c k l y p r o v i d e i n f o r m a t i o n on a n i m a l p o p u l a t i o n s 
anywhere i n the w o r l d . I n s t r u m e n t i n g a p o l a r b e a r was an extreme c h a l l e n g e b e c a u s e 
o f t h e low temperature e n v i r o n m e n t , the c o r r o s i v e a c t i o n o f s e a w a t e r , the r e q u i r e d 
e l e c t r o n i c s deve lopment , and the m e c h a n i c a l r e s t r a i n t s f o r the p a c k a g i n g . A new 
s a t e l l i t e program, t h e ARGOS s y s t e m , w i t h t r a c k i n g c a p a b i l i t i e s s i m i l a r t o t h o s e 
o f NIMBUS, h a s been l a u n c h e d . * S c i e n t i s t s s h o u l d g i v e t h i s program s e r i o u s c o n s i 
d e r a t i o n i n p l a n n i n g t h e i r f u t u r e w i l d l i f e t r a c k i n g s t u d i e s . 

Aoknowledgements — We g r a t e f u l l y acknowledge NASA f o r a u t h o r i z a t i o n t o u s e t h e 
NIMBUS 6 s a t e l l i t e and f o r making d a t a a v a i l a b l e ; the N a v a l A r c t i c R e s e a r c h L a b o r a 
t o r y a t Barrow, A l a s k a , and e s p e c i a l l y p e r s o n n e l o f i t s A n i m a l R e s e a r c h F a c i l i t y ; 
Darwin Throne o f t h e Handar Company f o r h i s e x c e l l e n t e n g i n e e r i n g c o n t r i b u t i o n s ; 
Fred S o r e n s e n and R i c h a r d J o h n s o n o f the U . S . F i s h and W i l d l i f e S e r v i c e f o r h e l p 
w i t h f i e l d and l a b o r a t o r y work; and George H a l l , J o h n H a l l , and R i c h a r d H e n s e l f o r 
a i d i n d e s i g n o f methods t o p a c k a g e t r a n s m i t t e r s and a t t a c h them t o b e a r s . 

*Due t o l e g a l t e c h n i c a l i t i e s i n t h e f r e q u e n c y a s s i g n m e n t , t h o s e used by ARGOS 
( T I R O S - N ) are n o t c u r r e n t l y a v a i l a b l e f o r g e n e r a l r a d i o t r a c k i n g . A few e x p e r i m e n t a l 
t r a c k i n g s t u d i e s are a l l t h a t have been a u t h o r i z e d . 
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Abstract — A s a t e l l i t e - l i n k e d t r a c k i n g s y s t e m i s b e i n g d e s i g n e d 
f o r a s s e s s i n g numbers o f d o l p h i n s i n v o l v e d i n the y e l l o w f i n 
tuna f i s h e r y o f the e a s t e r n t r o p i c a l P a c i f i c , U . S . A . T e s t i n g 
i s v i a the NIMBUS-6 s a t e l l i t e . The t r a n s m i t t e r h a s a 17 .8 cm 
o n e - q u a r t e r w a v e l e n g t h s t u b a n t e n n a , o p e r a t e s a t 401 .2 MHz, 
h a s a power o u t p u t o f 0 . 5 W, and i n c o r p o r a t e s a s e a w a t e r s w i t c h 
to r e g u l a t e t r a n s m i s s i o n . P r e l i m i n a r y t e s t s i n t h e l a b o r a t o r y 
and on c a p t i v e d o l p h i n s r e v e a l e d problems w i t h t h e b i t r a t e 
o s c i l l a t o r , the s eawater s w i t c h , and f r e q u e n c y m o d u l a t i o n . 
F i e l d t e s t s o f p r o t o t y p e t r a n s m i t t e r s on w i l d H a w a i i a n s p o t t e d 
d o l p h i n s are s c h e d u l e d f o r s p r i n g , 1979. 

INTRODUCTION 
Under the U . S . M a r i n e Mammal P r o t e c t i o n A c t o f 1972, the N a t i o n a l M a r i n e F i s h e r i e s 
S e r v i c e (NMFS) was made r e s p o n s i b l e f o r c o n s e r v a t i o n o f d o l p h i n s i n v o l v e d i n t h e 
y e l l o w f i n tuna f i s h e r y o f the e a s t e r n t r o p i c a l P a c i f i c , U . S . A . R e g u l a t i o n s g o v e r n i n g 
the f i s h e r y , i n c l u d i n g d o l p h i n m o r t a l i t y q u o t a s , are b a s e d on d e t e r m i n a t i o n s o f the 
s t a t u s o f t h e s t o c k s . Asse s sment o f an imal p o p u l a t i o n s r e q u i r e s d a t a on d i s t r i b u t i o n , 
m i g r a t i o n , and m i x i n g o f the s t o c k s , as w e l l a s on numbers . These d a t a are combined 
w i t h a g e , s e x , and growth i n f o r m a t i o n o b t a i n e d from s a m p l i n g the k i l l to d e t e r m i n e 
the s t a t u s o f the s t o c k s . 

The a r e a i n v o l v e d i n the f i s h e r y i s s u b s t a n t i a l — 13 m i l l i o n km^. NMFS c o n d u c t s 
a e r i a l s u r v e y s , b u t t h e r a n g e o f t h e r e l a t i v e l y low f l y i n g p l a n e s l i m i t s c o v e r a g e . 
A c o n v e n t i o n a l t a g g i n g s t u d y i s p l a n n e d u s i n g h i g h l y v i s i b l e d i s c t a g s p l a c e d on the 
d o r s a l f i n . C o s t o f the t a g s i s m i n i m a l , b u t c h a r t e r c o s t f o r a tuna p u r s e s e i n e r 
(which i s the o n l y means o f c a t c h i n g l a r g e s c h o o l s o f d o l p h i n s ) i s a p p r o x i m a t e l y 
$10,000 per day . T a g g i n g s t u d i e s g e n e r a l l y p r o v i d e d a t a a t o n l y two l o c a t i o n s — the 
s i t e o f t a g g i n g and t h a t o f r e c o v e r y . R a d i o t r a c k i n g u s i n g s t a n d a r d HF and VHF 
equipment g e n e r a l l y i n v o l v e s t r a c k i n g one a n i m a l f o r a l i m i t e d t ime and t h e r e i s 
a lways the r i s k o f l o s i n g the a n i m a l . 

PRELIMINARY TESTS 
I n i t i a l deve lopment o f the sys tem c o n c e n t r a t e d on a n t e n n a s e l e c t i o n . A 17 .8 cm o n e -
q u a r t e r w a v e l e n g t h s t a i n l e s s s t e e l s t u b was c h o s e n . P r e l i m i n a r y t e s t s on a c a p t i v e 
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d o l p h i n were conducted a t Sea World , San D i e g o , C a l i f o r n i a , i n J u n e , 1977, u s i n g a 
m o d i f i e d e n g i n e e r i n g model o f a s a t e l l i t e - l i n k e d t r a n s m i t t e r d e v e l o p e d f o r use on 
b u o y s . These t e s t s , as w e l l as a l l o t h e r work to d a t e , have used the Random A c c e s s 
Measurement System (RAMS) on the NIMBUS-6 s a t e l l i t e . The purpose of the t e s t was 
t o a s s e s s the impedance match o f the a n t e n n a , t r a n s m i t t e r , and a l i v e d o l p h i n . 
The an imal was t r a i n e d to s u r f a c e on command f o r t r a n s m i s s i o n e v e r y 64 s . A minimum 
of f o u r s u c c e s s f u l u p - l i n k s ( t r a n s m i s s i o n t o the s a t e l l i t e ) p e r s a t e l l i t e o r b i t i s 
r e q u i r e d t o a c c u r a t e l y de termine p o s i t i o n . Of the 14 t e s t s c o n d u c t e d from the l i v e 
d o l p h i n , o n l y 2 t e s t s were s u c c e s s f u l w i t h t h e s a t e l l i t e r e c e i v i n g 4 and 5 u p - l i n k s . 
Of 23 v e r i f i c a t i o n t e s t s c o n d u c t e d w i t h the t r a n s m i t t e r on a r o o f , 10 were s u c c e s s 
f u l w i t h as many as 15 u p - l i n k s . F a i l u r e to a c h i e v e s u f f i c i e n t u p - l i n k s was a t t r i 
b u t e d to s e v e r a l f a c t o r s : the s a t e l l i t e r e c o r d e r s were sometimes turned o f f ; h i g h 
s a t e l l i t e e l e v a t i o n a n g l e s may have o c c a s i o n a l l y been a prob lem; a d e f e c t i v e b a t t e r y 
c e l l caused the v o l t a g e t o drop o f f a f t e r 36 h when i t was d e s i g n e d to l a s t 72 h ; 
and t h e o s c i l l a t o r was not a d e q u a t e l y t emperature compensated . Most i m p o r t a n t l y , 
i t was l a t e r d i s c o v e r e d t h a t the RF o s c i l l a t o r d i d not f u l l y s t a b i l i z e u n t i l 15 min 
a f t e r power was s u p p l i e d . S i n c e we d i d n o t t u r n on the u n i t u n t i l i m m e d i a t e l y b e f o r e 
the s a t e l l i t e p a s s , the f r e q u e n c y d r i f t was too g r e a t f o r r e c e p t i o n by t h e s a t e l l i t e 
r e c e i v e r . The t e s t d i d s u c c e s s f u l l y demonstrate t h a t the concept i s f e a s i b l e and 
t h a t g e o g r a p h i c p o s i t i o n o f the p l a t f o r m c o u l d be de termined (Gandy, V a n s e l o u s and 
J e n n i n g s , 1977) . 

MATERIALS AND METHODS 
A new p r o t o t y p e t r a n s m i t t e r pack i s b e i n g d e s i g n e d and b u i l t . The e n g i n e e r i n g model 
c o n s i s t e d o f : a power s u p p l y o f 18 3-VDC o r g a n i c l i t h i u m c e l l s ; main t i m i n g c i r c u i t ; 
RF o s c i l l a t o r and power a m p l i f i e r ; s eawater a c t i v a t i o n s w i t c h ; o n e - q u a r t e r w a v e l e n g t h 
s tub a n t e n n a ; and aluminum (6061) h o u s i n g . The s y s t e m i s c u r r e n t l y p a c k a g e d i n 
two c y l i n d r i c a l tubes e a c h m e a s u r i n g 17.5 χ 5 cm, which are c o n n e c t e d by a 1.61 cm 
d iameter neoprene t u b e . The pack we ighs 907 g . The s y s t e m o p e r a t e s a t a f r e q u e n c y 
o f 401 .2 MHz w i t h a t r a n s m i s s i o n r e p e t i t i o n r a t e c o n t r o l l e d by t h e s e a w a t e r s w i t c h . 
The t r a n s m i s s i o n r a t e i s one message per second i f the s w i t c h c i r c u i t r y i s i n h i b i t e d . 

L a b o r a t o r y t e s t s were conducted i n November, 1978 and F e b r u a r y , 1979, u s i n g a RAMS 
s a t e l l i t e s i m u l a t o r , to e v a l u a t e the t r a n s m i t t e r ' s o p e r a t i n g c h a r a c t e r i s t i c s such 
as f r e q u e n c y v a r i a t i o n , phase m o d u l a t i o n , proper message f o r m a t i n g and t r a n s m i s s i o n 
t i m i n g . 

F i e l d t e s t s on d o l p h i n s were c o n d u c t e d d u r i n g 8-14 F e b r u a r y , 1979, a t S e a L i f e P a r k , 
H a w a i i , u s i n g the e n g i n e e r i n g m o d e l . The p a c k a g e was a t t a c h e d w i t h a n y l o n h a r n e s s 
to the area o f t h e d o r s a l f i n o f a c a p t i v e d o l p h i n . A r e c e i v e r was l o c a t e d near 
the h a b i t a t p o o l , so t h a t the o p e r a t i o n a l s t a t u s o f the t r a n s m i t t e r c o u l d be m o n i 
t o r e d . S a t e l l i t e d a t a were o b t a i n e d by t e l e p h o n e through the NIMBUS C o n t r o l C e n t e r 
a t NASA's Goddard Space F l i g h t C e n t e r , G r e e n b e l t , M a r y l a n d , U . S . A . A t e s t s c h e d u l e 
was e s t a b l i s h e d , b a s e d on p r e d i c t e d t i m e s o f o v e r p a s s e s and e l e v a t i o n a n g l e s o f the 
s a t e l l i t e . A n g l e s g r e a t e r than 23° were chosen i n order to have maximum t ime d u r i n g 
t h e p a s s e s . The d u r a t i o n o f t h e s e p a s s e s was about 20 m i n . 

RESULTS 
The e n g i n e e r i n g model f a i l e d the i n i t i a l l a b o r a t o r y t e s t i n November, 1978 due to 
e x c e s s i v e f r e q u e n c y d r i f t and improper phase m o d u l a t i o n . The u n i t s u c c e s s f u l l y 
i n t e r r o g a t e d t h e s i m u l a t o r d u r i n g the second l a b o r a t o r y t e s t i n F e b r u a r y . However, 
t h r e e problem a r e a s were i d e n t i f i e d : (1) the f r e q u e n c y v a r i a t i o n was 1.5 Hz min~^ 
v e r s u s a d e s i g n s p e c i f i c a t i o n o f 0 .28 Hz min"^; (2) the f o u r d a t a c h a n n e l s o f t h e 
s i m u l a t o r r e c e i v e d random m e s s a g e s ; and (3) the s eawater s w i t c h tended to l o c k i n 
the ' o n ' p o s i t i o n c a u s i n g the t r a n s m i t t e r t o o p e r a t e a t the maximum r e p e t i t i o n r a t e 
o f one message per s e c o n d . 



Tracking Pelagic Dolphins by Satellite 755 

E i g h t t e s t s o f the e n g i n e e r i n g model were c o n d u c t e d on a c a p t i v e d o l p h i n . S u f f i 
c i e n t u p - l i n k s to d e t e r m i n e g e o g r a p h i c p o s i t i o n were a c h i e v e d d u r i n g f i v e o v e r p a s s e s 
(Table 1 ) . The a v e r a g e e r r o r i n c a l c u l a t e d p o s i t i o n was 23 .33 km, r e f l e c t i n g f r e 
quency i n s t a b i l i t y i n the t r a n s m i t t e r and p o s s i b l y a l a r g e r l o n g i t u d i n a l c o m p u t a t i o n 
e r r o r a t h i g h e r s a t e l l i t e e l e v a t i o n a n g l e s . The l o s s o f d a t a f o r two o v e r p a s s e s was 
due to the f a i l u r e o f the s eawater s w i t c h i n one c a s e and the s p a c e c r a f t r e c o r d e r 
not b e i n g turned on i n the o t h e r . The t h i r d f a i l u r e i s u n e x p l a i n e d . 

T a b l e 1. 
R e p o r t e d p o s i t i o n o f t r a n s m i t t e r 

( A c t u a l l o c a t i o n was 21.32θΝ-157.660 W) 

Date 
( c a l e n d a r ) 

Time 
(GMT) 

R e p o r t e d p o s i t i o n 

( L a t i t u d e ) ( L o n g i t u d e ) 

Computed 
e r r o r 

(km) 

2-11-79 2212 2 1 . 3 2 ° N 158 .07°N 44 .4 

2-12-79 0934 2 I . I 4 O N 157.460W 29.6 

2-12-79 2125 2 1 . 3 5 ° N 157.630W 9 . 3 

2-14-79 0941 2 1 . 3 4 ° N 157.96°W 3 3 . 3 

2-14-79 2149 21.320N 157.660W 0 

CONCLUSION 
T e s t s have shown t h a t i t i s f e a s i b l e to a c q u i r e d a t a on g e o g r a p h i c p o s i t i o n s o f 
marine a n i m a l s w i t h a s a t e l l i t e - l i n k e d t r a c k i n g s y s t e m . Four d e s i g n changes were 
implemented i n r e c e n t t e s t s : (1) RF s h i e l d i n g o f the s e a w a t e r s w i t c h c i r c u i t ; 
(2) an i n h i b i t c i r c u i t t o p r e v e n t the t r a n s m i t t e r from o p e r a t i n g c o n t i n u o u s l y when 
the an imal i s a t t h e s u r f a c e ; (3) t empera ture c o m p e n s a t i o n o f t h e b i t r a t e o s c i l l a t o r ; 
and (4) f r e q u e n c y s t a b i l i t y t o w i t h i n 0 .28 Hz min"-^. 

Two p r o t o t y p e u n i t s w i t h t h e s e m o d i f i c a t i o n s w i l l be t e s t e d on w i l d H a w a i i a n s p o t t e d 
d o l p h i n s {Stenella attenuata) i n o f f s h o r e H a w a i i a n w a t e r s i n the s p r i n g o f 1979. 
S u c c e s s f u l t r a c k i n g o f t h e s e d o l p h i n s i s p r e r e q u i s i t e to p l a c i n g t r a n s m i t t e r s on 
w i l d d o l p h i n s o f the same s p e c i e s i n t h e f i s h e r y . P l a c e m e n t on w i l d d o l p h i n s i n 
the e a s t e r n t r o p i c a l P a c i f i c c o u l d b e g i n i n l a t e 1979. T r a n s i t i o n to the T I R O S - N 
s a t e l l i t e i s b e i n g e v a l u a t e d which would r e q u i r e some m o d i f i c a t i o n o f the e l e c t r o n i c s . 

The t r a c k i n g sys tem i s b e i n g d e s i g n e d t o be a p p l i c a b l e t o o t h e r mar ine a n i m a l s such 
as l a r g e w h a l e s and s e a t u r t l e s . The pack w i l l be reduced i n s i z e , and c o u l d be 
d e s i g n e d t o i n c o r p o r a t e o c e a n o g r a p h i c and p h y s i o l o g i c a l s e n s o r s . 
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Abstraot — R a d i o t r a c k i n g was used to s t u d y the dynamics o f s c h o o l s 
o f d o l p h i n s i n v o l v e d i n the y e l l o w f i n t u n a f i s h e r y o f t h e e a s t e r n 
t r o p i c a l P a c i f i c . Complete VHF and HF sys tems were a s s e m b l e d . 
The p r i m a r y VHF s y s t e m c o n s i s t e d o f Model M K - I V t r a n s m i t t e r s by 
T e l o n i o s , I n c . , a Model 320 a u t o m a t i c d i r e c t i o n f i n d e r (ADFS) 
by Ocean A p p l i e d R e s e a r c h ( O A R ) , and an OAR Model AA-380-400 
Adcock A n t e n n a . The p r i m a r y HF s y s t e m was b a s e d on OAR AB-245 
t r a n s m i t t e r s , an OAR ADFS 210 r e c e i v e r , and an OAR AA-270-400 
Adcock a n t e n n a . S e c o n d a r y components were a s sembled f o r b o t h 
s y s t e m s . 

The VHF sys tem p r o v e d most r e l i a b l e i n a l l o w i n g t h r e e two-day 
t r a c k i n g sequences o v e r 9 0 . 7 , 19 .1 and 120.9 n a u t i c a l m i l e s . 
Maximum range o f the VHF s y s t e m was 9 . 2 ± 0 . 2 n a u t i c a l m i l e s or 
14.7 ± 0 . 3 n a u t i c a l m i l e s depending on the r e c e i v e r . The d o l p h i n 
s c h o o l s showed a low degree o f c o h e s i o n o v e r the p e r i o d o f the 
s t u d y . 

INTRODUCTION 
The p r i m a r y purpose o f t h i s paper i s t o a s s i s t o t h e r r e s e a r c h e r s to assemble r a d i o 
t r a c k i n g sys t ems by b r i e f l y d e s c r i b i n g VHF and HF sys tems used to t r a c k d o l p h i n s 
i n t h e o c e a n . A t r a c k i n g sys t em was e s s e n t i a l t o s t u d i e s o f s c h o o l dynamics i n v o l 
v i n g t a g g i n g , t r a c k i n g , and r e c a p t u r e o f d o l p h i n s c h o o l s t o d e t e r m i n e t h e d e g r e e o f 
s c h o o l i n t e g r i t y . Because o t h e r i n v e s t i g a t o r s c o n s i s t e n t l y r e p o r t e d problems w i t h 
m a l f u n c t i o n s o f components , p a r t i c u l a r l y the t r a n s m i t t e r s , two c o m p l e t e t r a c k i n g 
sys tems were assembled u s i n g VHF and H F . 

The t r a c k i n g was c o n d u c t e d from a commerc ia l t u n a p u r s e s e i n e r from 12 September to 
31 O c t o b e r , 1978 d u r i n g a two month r e s e a r c h c r u i s e i n t h e e a s t e r n t r o p i c a l P a c i f i c 
near C l i p p e r t o n I s l a n d . The d o l p h i n s c h o o l s were c a u g h t by t h e p u r s e s e i n e r d u r i n g 
r o u t i n e f i s h i n g o p e r a t i o n s . The d o l p h i n s were r e c o v e r e d from the n e t and maneuvered 
i n t o a c o m p a r m e n t a l i z e d s y s t e m o f n e t c o r r a l s and aluminum c a g e s w i t h c h u t e s where 
they were examined , r a d i o and d i s c t a g g e d , and r e l e a s e d . The e x p e r i m e n t a l d e s i g n 
c a l l e d f o r p l a c i n g r a d i o t a g s on one or two d o l p h i n s i n the s c h o o l d u r i n g s e l e c t e d 
s e t s , t r a c k i n g the s c h o o l f o r 2 d a y s , r e c a p t u r i n g and r e e x a m i n i n g t h e s c h o o l . The 
sequence was t o be r e p e a t e d and the r a d i o p a c k s removed a t the end o f the e x p e r i m e n t . 
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MATERIALS AND MET H O D S 
The VHF sys tem was the p r i m a r y one used d u r i n g the s t u d y . The t r a n s m i t t e r s were 
Model M K - I V by T e l o n i o s , I n c . w h i c h were c u b i c a l i n s h a p e , m e a s u r i n g a p p r o x i m a t e l y 
6 X 4 X 3 cm and w e i g h i n g 170 g . T r a n s m i s s i o n s were 30 ms p u l s e s a t a 0 .6 s p u l s e 
r a t e w i t h f r e q u e n c i e s between 148.748 and 148.850 MHz. Power o u t p u t was 0 .25 W 
and the l i f e e x p e c t a n c y was 2 .5 m o n t h s . These t r a n s m i t t e r s d i d not h a v e a s a l t 
w a t e r s w i t c h . The antennas were 48 cm s t a i n l e s s s t e e l whips i n s u l a t e d w i t h a p l a s t i c 
s h e a t h . The t r a n s m i t t e r s p a s s e d h y d r o s t a t i c t e s t i n g t o 300 m, a l t h o u g h the c a s e s 
d i d deform s l i g h t l y . 

The p r i n c i p a l r e c e i v e r was a Model OAR ADFS 320 a u t o m a t i c d i r e c t i o n f i n d e r (ADFS) 
m a n u f a c t u r e d by Ocean A p p l i e d R e s e a r c h (OAR) w h i c h had a s i g n a l ' l o c k and h o l d ' 
c a p a b i l i t y . T h i s f e a t u r e a l l o w s the s i g n a l to be d i s p l a y e d f o r a l o n g e r p e r i o d 
o f t ime on the d i r e c t i o n f i n d e r s c r e e n t h e r e b y f a c i l i t a t i n g t r a c k i n g . An Adcock 
a n t e n n a , OAR Model A A - 3 8 0 - 4 0 0 , was used w i t h the OAR ADFS 320 and was mounted on top 
o f the c r o w ' s n e s t , p l a c i n g i t about 26 m above the s e a s u r f a c e . A p r e a m p l i f i e r was 
used to improve the s i g n a l - t o - n o i s e r a t i o by p r o v i d i n g an a d d i t i o n a l g a i n o f 10 d B . 
I n t e r f a c e d w i t h the ADFS 320 was a R u s t r a k s t r i p c h a r t r e c o r d e r f o r r e c o r d i n g s u r 
f a c i n g f r e q u e n c i e s o f the t r a c k e d d o l p h i n s . 

A s e c o n d a r y VHF sys tem was s e t up t o r e l o c a t e any a n i m a l s l o s t by the o t h e r s y s t e m . 
I t c o n s i s t e d o f a T e l o n i o s TR-2 r e c e i v e r , an o m n i d i r e c t i o n a l whip a n t e n n a , a t h r e e -
e lement quad antenna w h i c h c o u l d be hand r o t a t e d to d e t e r m i n e b e a r i n g , and an a n t e n n a 
s w i t c h b o x . The TR-2 r e c e i v e r i s more s e n s i t i v e t h a n the OAR ADFS 320 b u t i s l e s s 
c o n v e n i e n t to use f o r l o n g t e r m t r a c k i n g . The a u d i o o u t p u t o f t h e T R - 2 c o u l d be 
c o n n e c t e d t o a c a s s e t t e tape r e c o r d e r t o o b t a i n s u r f a c i n g r a t e s . 

The pr imary HF sys tem was b a s e d on OAR AB-245 t r a n s m i t t e r s w h i c h c o n s i s t e d o f two 
t u b e s , e a c h m e a s u r i n g about 14 x 2 cm, r i g i d l y c o n n e c t e d i n t o a U - s h a p e , A 44 .5 cm 
P o l y u r e t h a n e j a c k e t e d top l o a d e d whip antenna was mounted on the f r o n t p i e c e d i r e c t l y 
between the t r a n s m i t t e r s so t h a t i t would be i n l i n e w i t h the d o r s a l f i n . The t r a n s 
m i t t e r s w i t h b a t t e r i e s we ighed 237 g , had an o u t p u t o f 0 .60 W and f r e q u e n c i e s o f . 
27 .585 and 27.595 MHz. A s a l t w a t e r s w i t c h r e g u l a t e d t r a n s m i s s i o n by t u r n i n g o f f 
the t r a n s m i t t e r when submerged. 

An OAR ADFS 210 was the p r i m a r y r e c e i v e r w i t h a n o t h e r l i k e i t s e r v i n g as a b a c k - u p . 
An Adcock a n t e n n a . Model OAR A A - 2 7 0 - 4 0 0 , was mounted a p p r o x i m a t e l y 10 m above the 
s e a s u r f a c e and was c o n n e c t e d t o the ADFS 210 . 

S a d d l e s o f Kydex p l a s t i c were molded from a c a s t o f the d o r s a l f i n and upper back 
o f a t y p i c a l a d u l t male s p o t t e d d o l p h i n , Stenella attenuata. The s a d d l e s were l i n e d 
w i t h 0 .64 cm c l o s e d c e l l , neoprene r u b b e r . The HF t r a n s m i t t e r s were a t t a c h e d d i r e c t l y 
to the s a d d l e s w i t h r i v e t s and p l a s t i c t i e s . The VHF t r a n s m i t t e r s were p l a c e d on 
one s i d e o f the s a d d l e and an e q u a l w e i g h t on t h e o t h e r s i d e f o r b a l a n c e . The VHF 
s a d d l e s were p o t t e d w i t h t w o - p a r t r i g i d p o l y u r e t h a n e foam, h y d r o d y n a m i c a l l y shaped 
w i t h a s l i g h t l y b u l b o u s f r o n t . I n d i v i d u a l v a r i a t i o n i n the s a d d l e s r e q u i r e d custom 
f i t t i n g t o each d o l p h i n . W i t h t h e s a d d l e i n p l a c e , a 0 .64 cm d i a m e t e r b i o p s y n e e d l e 
was used to bore a h o l e t h r o u g h the d o r s a l f i n used t o a t t a c h t h e s a d d l e . A 0 .64 cm 
d i a m e t e r s t a i n l e s s s t e e l b o l t was i n s e r t e d s i m u l t a n e o u s l y as the b i o p s y n e e d l e was 
e x t r a c t e d t o reduce b l e e d i n g . The b o l t was c o v e r e d w i t h a s l e e v e o f b i o c o m p a t i b l e 
n y l o n w h i c h was s l i g h t l y l a r g e r than the h o l e , t h e r e b y s e r v i n g as a compress t o m i n i 
m i z e b l e e d i n g . A c o r r o s i v e magnesium nut was used t o a s s u r e t h a t the pack would 
be r e l e a s e d i f the an imal was l o s t . 

Once the a n i m a l s were r e l e a s e d , a 24 h t r a c k i n g w a t c h was s t a r t e d w i t h p a r t i c u l a r 
a t t e n t i o n p a i d t o s i g n a l s t r e n g t h s o t h a t the t r a n s m i t t e r would n o t g e t ou t o f r a n g e , 
y e t m a i n t a i n i n g a minimum d i s t a n c e o f 1.5 to 2 . 0 n a u t i c a l m i l e s t o a v o i d i n f l u e n c i n g 
the d o l p h i n ' s b e h a v i o r . The w a t c h was r o t a t e d on 2 h s h i f t s . 
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RESULTS 
Three r a d i o t r a c k i n g sequences were s u c c e s s f u l l y c o n d u c t e d f o r t o t a l d i s t a n c e s o f 
9 0 . 7 , 1 9 . 1 , and 120.9 nm. The f i r s t two s e q u e n c e s were o f two-day d u r a t i o n and the 
t h i r d was i n two l e g s o f two days e a c h . D u r i n g the second s e q u e n c e , the s a d d l e 
broke o f f the b o l t b u t b e c a u s e i t was b u o y a n t and b a l a n c e d , the pack f l o a t e d w i t h 
the antenna u p r i g h t and was r e t r i e v e d . 

S u c c e s s f u l t r a c k i n g o n l y o c c u r r e d w i t h the VHF s y s t e m . The o n l y HF t r a n s m i t t e r 
used m a l f u n c t i o n e d a lmos t i m m e d i a t e l y whereas the f i v e VHF t r a n s m i t t e r s f u n c t i o n e d 
r e l i a b l y each t i m e . 

D u r i n g the f i r s t t r a c k i n g s e q u e n c e , an a d u l t f e m a l e and a d u l t male d o l p h i n were 
r a d i o t a g g e d and r e l e a s e d w i t h t h e i r t a g g e d s c h o o l a t 1 6 . 4 4 . By 18.55 they were 
headed i n d i f f e r e n t d i r e c t i o n s and the f e m a l e was f o l l o w e d . A t 21 .32 the l a s t 
s i g n a l was r e c e i v e d from the m a l e . D u r i n g t h e l a s t r a d i o t r a c k i n g s e q u e n c e , two 
r a d i o t a g g e d a n i m a l s were r e l e a s e d w i t h t h e i r t a g g e d s c h o o l o f 101 d o l p h i n s . A f t e r 
two days o f f o l l o w i n g one of the d o l p h i n s , i t was c a u g h t w i t h a group o f 150 d o l p h i n s . 
Only one an imal had a t a g . A r a d i o pack was p l a c e d on an a d u l t male i n the new 
group and t r a c k e d f o r two a d d i t i o n a l d a y s . I t was r e c a p t u r e d w i t h 54 o t h e r d o l p h i n s , 
o n l y 6 o f w h i c h b o r e t a g s from the p r e v i o u s s e t . 

Range t e s t s a t s e a on the VHF t r a n s m i t t e r s i n d i c a t e d a maximum o f 9 . 2 ± 0 . 2 n a u t i c a l 
m i l e s w i t h the OAR ADFS 320, and 14.7 ± 0 . 3 n a u t i c a l m i l e s w i t h the T e l o n i o s T R - 2 . 
T e s t s near the c o a s t i n d i c a t e d a range o f about 10 m i l e s w i t h the T R - 2 . No s i m i l a r 
range t e s t s were c o n d u c t e d f o r the HF g e a r . 

CONCLUSIONS 
The t r a c k i n g sys t em a l l o w e d a s t u d y t o be c o n d u c t e d on d o l p h i n s c h o o l dynamics 
which i n d i c a t e d t h a t t h e r e was l i t t l e c o h e s i o n i n t h e s e d o l p h i n s c h o o l s t h r o u g h a 
s h o r t - t e r m p e r i o d (2 d a y s ) . The VHF sys tem f u n c t i o n e d r e l i a b l y and p e r m i t t e d 
s u c c e s s f u l t r a c k i n g o f d o l p h i n s i n t h e open o c e a n . An a d v a n t a g e o f the VHF o v e r 
HF sys tem was t h a t t h e r e was l i t t l e or no i n t e r f e r e n c e i n t h a t f r e q u e n c y which 
f a c i l i t a t e d t r a c k i n g . 

The s a d d l e s need to be improved f o r l o n g e r term t r a c k i n g t o m i n i m i z e the a b r a s i o n 
noted d u r i n g t h e s e s t u d i e s . The p o l y u r e t h a n e p o t t i n g m a t e r i a l became w a t e r - l o g g e d 
as d i d the neoprene s a d d l e l i n i n g . S u b s t i t u t e s are needed f o r t h e s e p u r p o s e s . 
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Abstract — Ten j u v e n i l e g r e e n t u r t l e s were n e t t e d i n the 
i n s h o r e w a t e r s around Bermuda, e q u i p p e d w i t h u l t r a s o n i c 
t r a n s m i t t e r s , and r e l e a s e d a t l o c a t i o n s 1 .5-4 km d i s t a n t from 
t h e i r c a p t u r e s i t e s . E a c h t u r t l e was t r a c k e d by i n v e s t i g a t o r s 
i n a s m a l l b o a t f i t t e d w i t h an a c o u s t i c r e c e i v e r and a d i r e c 
t i o n a l hydrophone . T r a c k s l a s t e d f o r 314-657 m i n . A t t e m p t s 
were made t o r e l o c a t e t u r t l e s on days f o l l o w i n g t h e i r r e l e a s e . 
F i v e o f the t u r t l e s r e t u r n e d t o t h e l o c a t i o n s where t h e y were 
n e t t e d on the same days they were r e l e a s e d , 1 r e t u r n e d by the 
day f o l l o w i n g i t s r e l e a s e , and 1 r e t u r n e d w i t h i n 2 days o f 
r e l e a s e . F i v e t u r t l e s d i s p l a y e d s i t e t e n a c i t y f o r p e r i o d s 
o f 2 weeks or l o n g e r . The s t u d y shows t h a t a c o u s t i c t e l e m e t r y 
i s a p r a c t i c a l t e c h n i q u e f o r s t u d y i n g the movements o f j u v e n i l e 
g r e e n t u r t l e s i n i n s h o r e w a t e r s . S t u d i e s o f the s e n s o r y cues 
w h i c h g u i d e the homing b e h a v i o r o f j u v e n i l e s may shed l i g h t on 
the s e n s o r y mechanisms w h i c h g u i d e l o n g d i s t a n c e , r e p r o d u c t i v e 
m i g r a t i o n s of a d u l t g r e e n t u r t l e s , 

INTRODUCTION 
There a r e many gaps i n our knowledge o f the l i f e c y c l e o f Chelonia mydas. Most 
r e s e a r c h on t h i s r e p t i l e has been done w i t h n e s t i n g f e m a l e s and w i t h h a t c h l i n g s on 
t h e i r n a t a l b e a c h , even though the g r e e n t u r t l e spends l e s s t h a n 1 p e r c e n t o f i t s 
l i f e i n t h e s e or any o t h e r t e r r e s t r i a l s i t u a t i o n s , and h a s b e e n shown to be one o f 
the w o r l d ' s most remarkable marine m i g r a n t s ( C a r r , C a r r and M e y l a n , 1 9 7 8 ) . More 
r e s e a r c h needs t o be done a t s e a , where the g r e e n t u r t l e l i v e s . 

One o f the most n e g l e c t e d a r e a s o f r e s e a r c h on g r e e n t u r t l e s c o n c e r n s t h e b e h a v i o r 
and e c o l o g y o f c o l o n i e s o f j u v e n i l e s i n c e r t a i n r e e f and e s t u a r i n e a r e a s . A t p r e s e n t , 
t h e b e s t e s t a b l i s h e d f a c t about t h e s e c o l o n i e s i s t h a t t h e y e x i s t . Programs now 
underway o f f Bermuda ( B u r n e t t - H e r k e s , 1974) , F l o r i d a ( E h r h a r t and Y o d e r , 1978) and 
Hawai i ( B a l a z s , 1976) , i n w h i c h j u v e n i l e t u r t l e s are n e t t e d , t a g g e d , r e t u r n e d t o the 
w a t e r , and r e c a p t u r e d a t a l a t e r d a t e , p r o v i d e i n f o r m a t i o n b o t h about the movements 
o f j u v e n i l e s and on t h e i r r a t e o f g r o w t h . Some o f the most i n t e r e s t i n g d a t a to 
emerge from t h e s e t a g g i n g s t u d i e s s u g g e s t s t h a t j u v e n i l e g r e e n s d i s p l a y homing 
b e h a v i o r . B u r n e t t - H e r k e s (1974) c a p t u r e d one j u v e n i l e t w i c e and a n o t h e r t h r e e t i m e s . 
I n each c a s e , the t u r t l e was r e t a k e n near t h e s i t e o f i t s p r e v i o u s c a p t u r e , even 
though each r e l e a s e was a t a l o c a t i o n a p p r o x i m a t e l y 2 km d i s t a n t from the c a p t u r e 
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s i t e . T a g g i n g s t u d i e s , however , cannot t e l l us e x a c t l y how l o n g i t t a k e s a n i m a l s to 
r e t u r n home. The s h o r t e s t t ime between a c a p t u r e and a r e c a p t u r e r e p o r t e d by B u r n e t t -
Herkes was 1 month and the l o n g e s t 12 months; t h e s e d a t a a l s o s u g g e s t t h a t the 
j u v e n i l e s d i s p l a y s i t e t e n a c i t y . F u r t h e r , t a g g i n g e x p e r i m e n t s t e l l us l i t t l e or 
n o t h i n g about an a n i m a l ' s a c t u a l t r a v e l p a t h between r e l e a s e and r e c o v e r y a r e a s . 
Did the t u r t l e s t r a v e l d i r e c t l y back to the s i t e o f t h e i r c a p t u r e or d i d they r e d i s 
c o v e r i t by random s e a r c h ? The p r e s e n t s t u d y was d e s i g n e d to i n v e s t i g a t e the homing 
b e h a v i o r o f j u v e n i l e greens i n g r e a t e r d e t a i l , by n e t t i n g them i n i n s h o r e w a t e r s , 
d i s p l a c i n g them t o d i s t a n t l o c a t i o n s , and t r a c k i n g them by means o f a c o u s t i c t e l e m e t r y . 

MATERIALS AND METHODS 
The s t u d y was conducted o f f Bermuda d u r i n g O c t o b e r and November o f 1978. The s u b 
j e c t s , 10 g r e e n t u r t l e s w e i g h i n g 2 . 9 - 3 1 . 8 k g , were n e t t e d a t s e v e r a l d i f f e r e n t l o c a 
t i o n s i n i n s h o r e w a t e r s . P r i o r to r e l e a s e each j u v e n i l e was w e i g h e d , measured and 
f i t t e d w i t h a m e t a l t a g by Bermuda F i s h e r i e s . A f t e r t h a t and j u s t p r i o r to r e l e a s e , 
each t u r t l e was f i t t e d w i t h a h a r n e s s o f s u r g i c a l rubber t u b i n g , f a s t e n e d t o g e t h e r 
w i t h r i n g s o f s t e e l and aluminum. T h i s arrangement s e t s up a d i s s i m i l a r - m e t a l c o r r o 
s i o n c e l l t h a t r e s u l t s i n the r e l e a s e o f the h a r n e s s from the t u r t l e a f t e r a p p r o x i 
m a t e l y 60 d a y s . An a c o u s t i c t r a n s m i t t e r , 1.93 cm i n d i a m e t e r , 7 .00 cm l o n g , and 
w e i g h i n g 54 g i n a i r , was a t t a c h e d t o each t u r t l e ' s h a r n e s s a t a p o i n t near the 
c e n t e r o f the c a r a p a c e . The t r a n s m i t t e r s produced p u l s e s of sound a t a f r e q u e n c y 
o f 45-55 KHz, w e l l above t h e r a n g e o f a u d i t o r y s e n s i t i v i t y r e p o r t e d f o r g r e e n t u r t l e s 
(Ridgway et al,^ 1969) . Complete d e t a i l s on the t r a n s m i t t e r s appear i n I r e l a n d and 
Lawson (1980a, t h i s v o l u m e ) . A l s o , an orange c o l o r e d s t y r o f o a m c u b e , m e a s u r i n g 
a p p r o x i m a t e l y 8 cm on a s i d e , was a t t a c h e d to the r e a r o f each h a r n e s s w i t h about 
9 m o f f i n e c o t t o n t h r e a d . We used l i g h t t h r e a d so t h a t i t would b r e a k e a s i l y i f 
i t became e n t a n g l e d w i t h any underwater o b s t a c l e . 

Each t u r t l e was r e l e a s e d a l o n e a t a p o i n t 1 .5-4 km d i s t a n t from where i t was n e t t e d . 
We a t t e m p t e d to r e l e a s e and t r a c k e a c h t u r t l e as soon as p o s s i b l e a f t e r i t s c a p t u r e . 
Adverse weather c o n d i t i o n s , however , o f t e n d e l a y e d the s t a r t o f e x p e r i m e n t s . Times 
between c a p t u r e and r e l e a s e ranged from 1 to 7 d a y s . B e f o r e r e l e a s e each t u r t l e was 
kept i n a l a r g e c o n c r e t e tank s u p p l i e d w i t h r u n n i n g s ea w a t e r . A l l r e l e a s e s and 
t r a c k i n g were c a r r i e d out d u r i n g d a y l i g h t or e a r l y e v e n i n g hours f o r r e a s o n s o f 
s a f e t y . A c o u s t i c and v i s u a l c o n t a c t w i t h each t u r t l e was m a i n t a i n e d by i n v e s t i g a t o r s 
i n a s m a l l b o a t equipped w i t h an a c o u s t i c r e c e i v e r and a d i r e c t i o n a l h y d r o p h o n e . 
D e t a i l s o f t h i s equipment are g i v e n i n I r e l a n d and Lawson (1980b, t h i s v o l u m e ) . Whi l e 
t r a c k i n g , we u s u a l l y remained 25 m or more b e h i n d the t u r t l e w i t h the e n g i n e s h u t o f f . 
At i n t e r v a l s o f 15-30 min we s t a r t e d t h e e n g i n e a n d , g u i d e d e i t h e r by the f l o a t or the 
s i g n a l from the t r a n s m i t t e r , moved t o w i t h i n 10-15 m o f the t u r t l e i n order to r e c o r d 
i t s p o s i t i o n . P o s i t i o n was de termined by compass b e a r i n g s r e l a t i v e t o p o i n t s on 
s h o r e . Every few h o u r s , we r e c o r d e d wave d i r e c t i o n and h e i g h t , wind v e l o c i t y and 
d i r e c t i o n , and the d i r e c t i o n and v e l o c i t y o f s u r f a c e c u r r e n t s . F o r a l l b u t b r i e f 
p e r i o d s , the e x p e r i m e n t s were c a r r i e d out under c l e a r or p a r t l y o v e r c a s t s k i e s . A l s o , 
a t i r r e g u l a r i n t e r v a l s when not engaged i n t r a c k i n g , we a t t e m p t e d to l o c a t e t u r t l e s 
r e l e a s e d on p r e v i o u s d a y s . 

RESULTS AND DISCUSSION 
We e x p e r i e n c e d o n l y moderate d i f f i c u l t y i n m a i n t a i n i n g c o n t a c t w i t h t h e t u r t l e s . 
I n d i v i d u a l s were t r a c k e d c o n t i n u o u s l y f o r p e r i o d s o f 314-657 m i n . The f l o a t s p r o 
v i d e d v e r y d e t a i l e d i n f o r m a t i o n on the t u r t l e s ' movements b u t were u s u a l l y l o s t d u r i n g 
t r a c k i n g . I n o n l y 4 c a s e s d i d a f l o a t remain a t t a c h e d f o r more than 1 h , and i n 
o n l y 1 c a s e f o r an e n t i r e t r a c k i n g s e s s i o n . I n the c l e a r , deep w a t e r s o f f the c o a s t s 
o f Bermuda t h e t e l e m e t r y equipment proved t o h a v e a p r a c t i c a l r a n g e o f 1 -1 .5 km. I n 
s h a l l o w w a t e r s c l u t t e r e d w i t h r o c k s and r e e f s , however , r a n g e s were o f t e n reduced t o 
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200 m or l e s s . N e v e r t h e l e s s , we were never f o r c e d to s t o p t r a c k i n g b e c a u s e we were 
unable to d e t e c t a t r a n s m i t t e r . T r a c k i n g was t e r m i n a t e d b e c a u s e o f poor w e a t h e r , 
f a t i g u e , or t h e approach o f d a r k n e s s . 

F i v e o f the t u r t l e s t r a v e l e d d i r e c t l y or n e a r l y d i r e c t l y back t o the s i t e s o f t h e i r 
c a p t u r e s , a r r i v i n g w i t h i n 100 m or l e s s o f t h e s e l o c a t i o n s w h i l e b e i n g t r a c k e d . The 
t r a v e l p a t h of 1 o f t h e s e t u r t l e s i s shown i n F i g . 1. With our l e s s than s y s t e m a t i c 
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F i g . 1. T r a v e l p a t h o f j u v e n i l e g r e e n t u r t l e {Chelonia mydas) 
r e l e a s e d 29 November 1978. The X i n the lower l e f t 
o f t h e f i g u r e shows the l o c a t i o n where the t u r t l e 
was n e t t e d . 

a t t e m p t s to r e l o c a t e t u r t l e s on days f o l l o w i n g t h e i r r e l e a s e , we were a b l e t o d e t e r 
mine t h a t 3 o f t h e s e t u r t l e s remained i n the v i c i n i t i e s o f t h e i r c a p t u r e s i t e s f o r 
a t l e a s t 3 w e e k s . The o t h e r 2 were r e l e a s e d near t h e end o f t h e p r o j e c t and we were 
u n a b l e to d e t e r m i n e whether they would d i s p l a y s i m i l a r s i t e t e n a c i t y . Three o t h e r 
t u r t l e s moved i n a p p r o p r i a t e d i r e c t i o n s to r e a c h t h e i r c a p t u r e s i t e s , b u t e i t h e r 
moved so s l o w l y or remained s t a t i o n a r y f o r such l o n g p e r i o d s t h a t we ended t r a c k i n g 
o p e r a t i o n s b e f o r e we l e a r n e d i f they would r e a c h t h e s e a r e a s . Of t h e s e , 1 t u r t l e was 
found w i t h i n 60 m o f i t s c a p t u r e s i t e 2 days f o l l o w i n g i t s r e l e a s e and was c o n s i s 
t e n t l y found i n t h e same a r e a over a p e r i o d o f 2 w e e k s , 1 remained a t a p o i n t about 
midway between i t s r e l e a s e and c a p t u r e s i t e s f o r s e v e r a l w e e k s , and 1 c o u l d n o t be 
r e l o c a t e d . A n o t h e r t u r t l e t r a v e l e d away from i t s c a p t u r e s i t e upon r e l e a s e b u t was 
found w i t h i n 40 m o f t h a t l o c a t i o n on the f o l l o w i n g d a y . On s u b s e q u e n t d a y s , how
e v e r , i t c o u l d not be r e l o c a t e d . One t u r t l e remained near i t s r e l e a s e s i t e f o r 
314 min , the t o t a l d u r a t i o n o f the t r a c k , and c o u l d not be r e l o c a t e d e i t h e r a t i t s 
r e l e a s e or i t s c a p t u r e s i t e s on l a t e r d a y s . 

I n summary, 5 t u r t l e s r e t u r n e d to the l o c a t i o n s where they were n e t t e d on t h e same 
days they were r e l e a s e d , 1 r e t u r n e d t h e day f o l l o w i n g i t s r e l e a s e , and 1 r e t u r n e d 
w i t h i n 2 days o f r e l e a s e . F i v e t u r t l e s d i s p l a y e d s i t e t e n a c i t y f o r p e r i o d s o f 2 weeks 
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or l o n g e r . The d a t a i n d i c a t e t h a t t h e r e i s no r e l a t i o n s h i p between s u c c e s s i n homing 
and the t ime e l a p s e d between c a p t u r e and r e l e a s e . F u r t h e r , the d i r e c t i o n s o f w a v e s , 
w i n d s , or s u r f a c e c u r r e n t s do not appear t o a f f e c t the d i r e c t i o n s o f t r a v e l chosen 
by the t u r t l e s i n any p r e d i c t a b l e way . 

These r e s u l t s p r o v i d e c l e a r e v i d e n c e o f homing b e h a v i o r i n j u v e n i l e g r e e n t u r t l e s . 
I n v e s t i g a t i o n s of t h e s e n s o r y cues w h i c h e n a b l e the t u r t l e s to r e a c h home may a l s o 
shed l i g h t on the s e n s o r y mechanisms which g u i d e the l o n g d i s t a n c e , r e p r o d u c t i v e 
m i g r a t i o n s o f a d u l t s . F u r t h e r , t h e s t u d y shows t h a t a c o u s t i c t e l e m e t r y i s a u s e f u l 
t e c h n i q u e f o r s t u d y i n g the movements o f j u v e n i l e g r e e n t u r t l e s i n i n s h o r e w a t e r s . 
A l o n g w i t h f u r t h e r r e s e a r c h on homing b e h a v i o r , d e t a i l e d s t u d i e s o f t h e n a t u r a l 
movements o f j u v e n i l e s w i t h i n t h e s e ' d e v e l o p m e n t a l ' h a b i t a t s are c e r t a i n l y p o s s i b l e . 

Aokncwledgements — Wi thout the a d v i c e and a i d o f D r . and M r s . H . C . F r i c k , t h i s s t u d y 
would not have been p o s s i b l e . M r . Campbe l l 0 ' C o n n e r h e l p e d n e t a l l o f the s u b j e c t s . 
D r . James B u r n e t t - H e r k e s p r o v i d e d much u s e f u l i n f o r m a t i o n and s u p p o r t . M s . B a r b a r a 
L i s t and M r . P e t e r F r e d e r i c k performed most o f the a c t u a l t r a c k i n g . T h i s m a t e r i a l 
i s based upon work s u p p o r t e d by the N a t i o n a l S c i e n c e F o u n d a t i o n under G r a n t N o . 
78-18196. C o n t r i b u t i o n N o . 806 o f t h e Bermuda B i o l o g i c a l S t a t i o n f o r R e s e a r c h . 
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Abstract — T h i s paper d i s c u s s e s p r o g r e s s t o d a t e w i t h the 
U n i v e r s i t y o f S y d n e y ' s c r o c o d i l e t r a c k i n g program, which forms 
p a r t o f a d e t a i l e d s t u d y o f Crocodylus porosus i n n o r t h e r n 
A u s t r a l i a . F o l l o w i n g the development o f a l o n g range m i c r o 
wave , s o l a r - p o w e r e d t r a c k i n g t r a n s m i t t e r and a method o f a t t a c h 
ment to c r o c o d i l e s , a p i l o t t r a c k i n g program commenced towards 
the end o f 1976. The aim o f t h i s program was to t e s t the v i a 
b i l i t y o f a sys tem o p e r a t i n g a t the chosen f r e q u e n c y o f 1.25 GHz 
and i n v o l v i n g t h r e e f i x e d , t r i a n g u l a t i n g r e c e i v i n g s t a t i o n s 
l o c a t e d c l o s e to the Tomkinson R i v e r i n Arnhem L a n d , N o r t h e r n 
T e r r i t o r y , A u s t r a l i a . Some c o n c l u s i o n s a r e p r e s e n t e d and a new 
s y s t e m , c u r r e n t l y under deve lopment , i s d e s c r i b e d i n w h i c h 
spread spec trum and i n v e r s e h y p e r b o l i c n a v i g a t i o n t e c h n i q u e s 
are t o be u s e d . 

I N T R O D U C T I O N 

I n 1971, t h e E n v i r o n m e n t a l P h y s i c s Department o f the S c h o o l o f P h y s i c s w i t h i n the 
U n i v e r s i t y o f Sydney was e s t a b l i s h e d . An i m p o r t a n t p a r t o f the work o f the D e p a r t 
ment s i n c e t h a t t ime has been the l o n g t e r m s t u d y o f e s t u a r i n e c r o c o d i l e , Crocodylus 
porosus y which i n h a b i t s the n o r t h e r n c o a s t a l f r i n g e o f A u s t r a l i a . Many o f t h i s 
s t u d y ' s r e s u l t s have been p u b l i s h e d a l r e a d y (see s e l e c t e d l i s t o f r e f e r e n c e s ) and 
w i l l not be r e p o r t e d h e r e . I n s t e a d , t h i s paper w i l l d e s c r i b e a l o n g r a n g e , r a d i o 
t r a c k i n g sys tem under development by the D e p a r t m e n t ' s T e l e m e t r y Group w h i c h , i n the 
p a s t , has u n d e r t a k e n a v a r i e t y o f p r o j e c t s r e l a t i n g t o the s t u d y o f our e n v i r o n m e n t . 

The Group i n i t i a l l y s e t about d e s i g n i n g a r a d i o t r a n s m i t t e r and hand h e l d r e c e i v e r 
s u i t a b l e f o r t r a c k i n g Crocodylus porosus i n i t s h a b i t a t . A t t h a t t ime v e r y l i t t l e 
was known about the l i f e c y c l e o f t h i s a n i m a l and e s p e c i a l l y about the movements o f 
mature i n d i v i d u a l s a l t h o u g h some r e p o r t s had been r e c e i v e d o f l a r g e c r o c o d i l e s observed 
i n the open sea hundreds o f k i l o m e t e r s from l a n d . C l e a r l y , one r e q u i r e m e n t o f the 
t r a c k i n g sys tem was a l o n g range c a p a b i l i t y , a n o t h e r was a l o n g o p e r a t i n g l i f e t i m e , 
p r e f e r a b l y i n e x c e s s o f one y e a r . The o r i g i n a l t r a c k i n g s y s t e m has been d e s c r i b e d 
by B r o c k e l s b y (1974) but s i n c e t h e n , w i t h i n c r e a s i n g knowledge about the b e h a v i o r of 
Crocodylus porosus and w i t h advances i n e l e c t r o n i c s t e c h n o l o g y , s i g n i f i c a n t changes 
have been made to the o r i g i n a l sys tem and an e n t i r e l y new approach i s under d e v e l o p 
ment. 
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THE CURRENT TRACKING SYSTEM 
F i g u r e 1 shows a t r a n s m i t t e r , now o b s o l e s c e n t , d e s i g n e d f o r t r a c k i n g c r o c o d i l e s 
l o n g e r than about 3 m. F i g u r e 2 i s a p h o t o g r a p h o f such a t r a n s m i t t e r a t t a c h e d t o 
the head of a male c r o c o d i l e 3 . 7 m l o n g and w e i g h i n g 220 k g . 

1 3 

F i g . 1. S o l a r - p o w e r e d t r a c k i n g t r a n s m i t t e r f o r c r o c o d i l e s 
l o n g e r than about 3 m. Note the s c a l e marked o f f i n 
cm. A 3 - c o l o r r e f l e c t i n g p a n e l i s used f o r v i s u a l 
i d e n t i f i c a t i o n a l s o . 

The o p e r a t i n g f r e q u e n c y o f each t r a n s m i t t e r i s s e t t o one o f 10 ' c h a n n e l s * c l u s t e r e d 
a t 24 KHz s p a c i n g s around the c e n t e r f r e q u e n c y o f 1.254 G H z . One o f f i v e d i s c r e t e 
tones i s used t o a m p l i t u d e modula te the t r a n s m i t t e d r a d i o f r e q u e n c y c a r r i e r , making 
i t p o s s i b l e to d i s t i n g u i s h between as many as 50 t r a n s m i t t e r s o p e r a t i n g s i m u l t a n e o u s l y . 
A n i c k e l - c a d m i u m b a t t e r y i n the b a s e o f the t r a n s m i t t e r s t o r e s energy s u p p l i e d by 
t h r e e p a n e l s o f p h o t o v o l t a i c c e l l s a r r a n g e d on the s l o p i n g s i d e s o f the o u t e r c a s e . 
A p p r o x i m a t e l y two hours o f d i r e c t s u n l i g h t each day are r e q u i r e d t o b a l a n c e the 
t r a n s m i t t e r ' s power consumpt ion and , from the f u l l y charged s t a t e , i t w i l l run f o r 
s i x days i n complete d a r k n e s s . T r a n s m i t t e r o u t p u t c o n s i s t s o f 10 mW, 50 ms tone 
b u r s t e m i t t e d once e v e r y two seconds w h i c h i s s u f f i c i e n t to e n a b l e the s i g n a l t o be 
d e t e c t e d a t a d i s t a n c e o f up to 200 km w i t h a r e c e i v e r i n s t a l l e d i n a l i g h t a i r c r a f t 
f l y i n g a t a h e i g h t o f about 3 ,000 m. With the r e c e i v i n g antenna w i t h i n a meter or 
so o f the ground , however , the range i s reduced to about 2 km. 

The t r a n s m i t t e r so f a r d e s c r i b e d i s s u i t a b l e f o r a t t a c h m e n t to c r o c o d i l e s l o n g e r 
than about 3 m. C r o c o d i l e s i n t h i s s i z e range a t p r e s e n t are not common i n n o r t h e r n 
A u s t r a l i a and are q u i t e d i f f i c u l t t o c a t c h . T h e r e f o r e , e f f o r t s were made t o reduce 
the s i z e and w e i g h t o f the t r a n s m i t t e r so as to e n a b l e s m a l l e r c r o c o d i l e s to be 
t r a c k e d . The r e s u l t i n g t r a n s m i t t e r can be seen i n F i g . 3 . Compared w i t h the e a r l i e r 
t y p e which we ighs 350 g , the new t r a n s m i t t e r we ighs 140 g , has a volume o f 145 ml 
and t h e r e f o r e f l o a t s i n f r e s h w a t e r . I t s power o u t p u t o f 20 mW i s g r e a t e r and i t s 
e f f i c i e n c y o f 20 p e r c e n t i s a f a c t o r o f 2 or 3 t imes t h a t of the e a r l i e r t y p e . 
A l t h o u g h s o l a r p a n e l s can be u s e d , the t r a n s m i t t e r shown employs two, s i z e A A , 3 .4 V 
l i t h i u m c e l l s c a p a b l e o f m a i n t a i n i n g t r a n s m i s s i o n s f o r a p p r o x i m a t e l y 500 d a y s . 
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2 . A t r a n s m i t t e r a t t a c h e d t o the head o f a 220 k g , male 
c r o c o d i l e , 3 .7 m l o n g . The a t t a c h m e n t method uses 
d e n t a l a c r y l i c keyed t o the s i d e s o f the s k u l l p l a t f o r m . 

F i g . 3 . F o r compar i son w i t h the e a r l i e r , s o l a r - p o w e r e d t r a n s m i t t e r , 
a more r e c e n t d e s i g n i s shown on the r i g h t . Powered by 
l i t h i u m c e l l s , t h i s s m a l l e r t r a n s m i t t e r h a s a g r e a t e r 
power o u t p u t and runs f o r about 500 d a y s . 
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F i g u r e 4 i s a c r o s s s e c t i o n a l d iagram of t h i s t r a n s m i t t e r c a s e and i t s a n t e n n a . The 
e l e c t r o n i c s compartment i s h e r m e t i c w i t h g l a s s / m e t a l s e a l s where w i r e s p a s s t h r o u g h 
i t s w a l l , and the e n t i r e d e v i c e i s e n c l o s e d i n a s h e l l o f vacuum formed c e l l u l o s e -
a c e t a t e - b u t y r a t e ( U v e x ) . A h y b r i d m i c r o c i r c u i t ( F i g s . 5 and 6) d e s i g n e d and assembled 
i n the D e p a r t m e n t ' s t e l e m e t r y l a b o r a t o r y performs a number o f f u n c t i o n s a t the t r a n s 
m i t t e r . I t m a i n t a i n s a low f r e q u e n c y q u a r t z w a t c h c r y s t a l i n a s t a t e o f o s c i l l a t i o n 
and g e n e r a t e s one o f f i v e d i s c r e t e i d e n t i f i c a t i o n tones w i t h w h i c h i t a m p l i t u d e -
modula te s the RF c a r r i e r f o r 50 ms every two s e c o n d s . I t s power consumpt ion t o t a l s 
140 yW. 

dimensions in mm. 

c e n t r e 
c o n d u c t o r -

e lect r o n i c s 

26 

l i t h i u m ^ 
c e l l 23 

-74 

F i g . 4 . C r o s s - s e c t i o n o f the s m a l l e r t r a c k i n g t r a n s m i t t e r . 

The t r a n s m i t t e r i s r e q u i r e d t o o p e r a t e i n a h a r s h e n v i r o n m e n t . I t must w i t h s t a n d 
c o n t i n u a l immersion i n s a l i n e w a t e r a t depths o f up t o 30 m and , o v e r a p e r i o d o f a 
few m i n u t e s the t emperature may c y c l e between 60 and l O ^ C ; p r o l o n g e d e x p o s u r e t o 
b r i g h t s u n l i g h t , f r e q u e n t m e c h a n i c a l s h o c k s , a b r a s i o n and v i b r a t i o n a r e t o be e x p e c t e d . 
The method o f a t t a c h m e n t to t h e an imal a l s o must be a t l e a s t as r e l i a b l e as the 
t r a n s m i t t e r . For c r o c o d i l e s l o n g e r than about 3 m, the bony p l a t f o r m on the top o f 
the s k u l l overhangs the e a r f l a p s s u f f i c i e n t l y to a l l o w a m a t c h i n g mould to be made 
and ' k e y e d ' o n t o e a c h s i d e ( F i g . 7 ) . T h i s p r o c e s s t a k e s o n l y a few m i n u t e s , and 
two s e c t i o n s w i t h embedded b o l t s b e i n g h e l d i n p o s i t i o n by a f l a t aluminum p l a t e on 
w h i c h the t r a n s m i t t e r i s mounted. T h i s p r o c e d u r e r e s u l t s i n a r i g i d a t t a c h m e n t 
r e q u i r i n g min imal p r e s s u r e on l i v i n g t i s s u e . A l s o , the t r a n s m i t t e r i s p o s i t i o n e d 
s o t h a t i t r e c e i v e s the most exposure even when the a n i m a l i s swimming a t the s u r f a c e 
( F i g . 8 ) . 

D u r i n g O c t o b e r and November, 1976 an e x p e r i m e n t a l , 3 - s t a t i o n r e c e i v i n g a n t e n n a a r r a y 
was e s t a b l i s h e d a l o n g the e a s t e r n escarpment o f the Tomkinson R i v e r near M a n i n g r i d a , 
i n Arnhem L a n d . R e c e i v e r s were i n s t a l l e d i n towers o v e r l o o k i n g the r i v e r a t s p a c i n g s 
o f 5 , 12 and 16 km and s t e e r a b l e p a r a b o l o i d s 1 m i n d i a m e t e r were used to o b t a i n 
b e a r i n g s on t h e maximum r e c e i v e d s i g n a l s t r e n g t h s . The t r i a n g u l a t i n g s y s t e m was 
c a l i b r a t e d and t e s t e d d u r i n g t h i s p e r i o d and i t was found to be p o s s i b l e t o l o c a t e a 
t r a n s m i t t e r t o w i t h i n about 50 m a t a d i s t a n c e o f 5 km. C o n c u r r e n t l y w i t h t h i s work . 
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F i g . 5 . H y b r i d m i c r o c i r c u i t used i n the t r a n s m i t t e r . A q u a r t z 
w a t c h - c r y s t a l (not shown) n o r m a l l y i s mounted on the 
l e f t hand s e c t i o n o f the s u b s t r a t e a f t e r the r e s t o f 
the c i r c u i t has been e n c a p s u l a t e d i n an epoxy r e s i n . 

an e x p e r i m e n t a l and t h e o r e t i c a l i n v e s t i g a t i o n was c a r r i e d out over t h e same t e r r a i n 
i n an a t t empt to d e t e r m i n e the f a c t o r s i n f l u e n c i n g t h e c h o i c e o f an optimum r a d i o 
t r a c k i n g f r e q u e n c y . The r e s u l t s from t h i s s t u d y ( H o r w i t z , 1979) s u p p o r t e d by e x p e r i 
m e n t a l d a t a from the t r i a n g u l a t i n g a r r a y , s u g g e s t t h a t a f r e q u e n c y c l o s e r t o 500 MHz 
would be more s u i t a b l e f o r t r a c k i n g c r o c o d i l e s . I t was found t h a t f o r f r e q u e n c i e s 
above about 300 MHz, p a t h l o s s due t o s c a t t e r i n g by f o l i a g e i n c r e a s e s r a d i d l y and 
t h a t the s u p e r p o s i t i o n o f a l l the s c a t t e r e d waves a t the r e c e i v i n g a n t e n n a c a u s e s 
f l u c t u a t i o n s i n the s i g n a l s t r e n g t h due to r e l a t i v e m o t i o n o f the t r a n s m i t t e r and 
f o l i a g e . Long i n t e g r a t i o n t imes are needed t h e r e f o r e to e s t a b l i s h the a v e r a g e s i g n a l 
s t r e n g t h r e c e i v e d from a p a r t i c u l a r d i r e c t i o n and t h i s i s e q u i v a l e n t t o r e d u c i n g 
the o v e r a l l sys tem s e n s i t i v i t y . To o f f s e t t h i s p r e f e r e n c e to s e l e c t lower f r e q u e n c i e s , 
t h e r e i s the s e n s i t i v i t y o f the t r a n s m i t t i n g a n t e n n a t o d e t u n i n g by changes i n i t s 
l o c a l environment w h i c h i n c r e a s e s as a t l o n g w a v e l e n g t h s . Combin ing t h e s e f a c t o r s 
l e a d s t o an optimum c h o i c e f o r c r o c o d i l e t r a c k i n g which i s somewhere i n t h e range 
500-800 MHz. 

A l t h o u g h some c r o c o d i l e s have been t r a c k e d u s i n g t h e s e and e a r l i e r s o l a r powered 
t r a n s m i t t e r s , as y e t no f u l l s c a l e t r a c k i n g program has been s t a r t e d . The i n t e n t i o n 
i s t o o b t a i n a v e r y r e l i a b l e and p r e f e r a b l y a u t o m a t i c t r a c k i n g s y s t e m w i t h t h e c a p a 
c i t y to c o l l e c t b i o l o g i c a l , b e h a v i o r a l and e n v i r o n m e n t a l d a t a ; i t would be v a l u a b l e 
a l s o i n o t h e r w i l d l i f e s t u d i e s and c o u l d f i n d a p p l i c a t i o n i n m o n i t o r i n g human and 
v e h i c l e movements as w e l l as i n s e a r c h and r e s c u e o p e r a t i o n s . One i m p o r t a n t a d v a n 
t a g e o f an a u t o m a t i c t r a c k i n g sys tem i s t h a t i t d i s p e n s e s w i t h the need f o r m a i n t a i n 
i n g s t a f f c o n t i n u o u s l y a t t h r e e remote s t a t i o n s i n an a r e a where communicat ions are 
poor and c r o s s c o u n t r y t r a v e l a t t i m e s i s a l m o s t i m p o s s i b l e . 

THE A U T O M A T I C TRACKING SYSTEM 
The a u t o m a t i c sys tem now b e i n g d e v e l o p e d i s d e s i g n e d to i d e n t i f y , l o c a t e and c o l l e c t 
d a t a from more than 100 t r a n s m i t t e r s , the number depend ing upon t h e d e s i r e d t r a c k i n g 
and d a t a r a t e s . I t embodies the p r i n c i p l e o f h y p e r b o l i c n a v i g a t i o n (Van E t t e n , 1970; 
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F i g . 7 . Two moulds m a t c h i n g t h e bony p r o t r u s i o n s above e a c h 
e a r t a k e o n l y a few m i n u t e s t o form. The s i x b o l t s 
are used t o s e c u r e an aluminum b a s e p l a t e w h i c h s u p p o r t s 
t h e t r a n s m i t t e r . 

B e u k e r s , 1974) a p p l i e d i n t h i s c a s e t o t h e r e l a t i v e l y s h o r t r a n g e s r e q u i r e d f o r 
t r a c k i n g i n d i v i d u a l a n i m a l s such as c r o c o d i l e s i n t h e i r h a b i t a t . 

Wor ldwide , low f r e q u e n c y , h y p e r b o l i c n a v i g a t i o n t e c h n i q u e s h a v e b e e n i n use s i n c e 
the 1940s; h e r e a s h i p or a i r c r a f t equ ipped w i t h a r e c e i v e r , computes i t s own l o c a 
t i o n from the d i f f e r e n c e s i n the t i m e s o f a r r i v a l o f s i g n a l s from a t l e a s t t h r e e 
w i d e l y s p a c e d , f i x e d t r a n s m i t t i n g s t a t i o n s . The t e c h n i q u e now b e i n g d e v e l o p e d 
r e v e r s e s the r o l e s o f t r a n s m i t t e r and r e c e i v e r . I n s t e a d , t h r e e , w i d e l y s p a c e d and 
f i x e d r e c e i v e r s measure t h e d i f f e r e n t i a l a r r i v a l t i m e s o f s i g n a l s from t r a n s m i t t e r s 
a t t a c h e d t o f r e e r a n g i n g a n i m a l s . F i g u r e 9 shows t h e t h r e e r e c e i v i n g s t a t i o n s A , Β 
and C w i t h ' b a s e l i n e s ' AB and BC of a r b i t r a r y l e n g t h and o r i e n t a t i o n . F a m i l i e s o f 
h y p e r b o l a s , known a s l i n e s o f p o s i t i o n , a r e a s s o c i a t e d w i t h e a c h p a i r o f r e c e i v e r s . 
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F i g . 8 . A swimming c r o c o d i l e showing how the a t t a c h e d t r a n s 
m i t t e r i s w e l l e x p o s e d . 

Each h y p e r b o l a r e p r e s e n t s a c o n s t a n t r a n g e , or t ime d i f f e r e n c e , o f a s i g n a l a r r i v i n g 
a t two r e c e i v e r s from the t r a n s m i t t e r T . I f the t imes o f a r r i v a l o f a s i g n a l from 
Τ at A , Β and C are t A , tß and t^, r e s p e c t i v e l y , t h e n t h e l i n e s o f p o s i t i o n c o r r e 
sponding f o r example t o the t ime d i f f e r e n c e s t^B = ( ^ A ~ t g ) and tgc = ( t g - tc) 
i n t e r s e c t a t the l o c a t i o n o f the t r a n s m i t t e r . I n some c a s e s a s e c o n d , ambiguous 
i n t e r s e c t i o n i s p o s s i b l e but t h i s can be r e s o l v e d i n a number o f ways s u c h as by 
r e f e r e n c e t o the p r e v i o u s p o s i t i o n o f the t r a n s m i t t e r and i t s v e l o c i t y . 

One o f the r e c e i v i n g s t a t i o n s i s d e s i g n a t e d the ' m a s t e r ' and computes the t r a n s m i t t e r s ' 
l o c a t i o n s from the i n f o r m a t i o n p r o v i d e d by i t s e l f and the two ' s l a v e s ' . The i d e n t i t y , 
p o s i t i o n and o t h e r d a t a a s s o c i a t e d w i t h each t r a n s m i t t e r are p r o c e s s e d and s t o r e d 
f o r l a t e r r e t r i e v a l and a n a l y s i s . 

I n order t o accommodate a l a r g e number o f t r a n s m i t t e r s o p e r a t i n g s i m u l t a n e o u s l y , 
an e f f e c t i v e means of s e p a r a t i n g the r e c e i v e d s i g n a l s i s r e q u i r e d . A l s o , s i n c e 
r e c e i v e r s e n s i t i v i t y i s o p t i m i z e d by u s i n g a c o h e r e n t c o r r e l a t i o n d e t e c t o r , then the 
l o c a l o s c i l l a t o r must be p h a s e - l o c k e d to the incoming s i g n a l . Phase l o c k i s d i f f i 
c u l t t o a c h i e v e i f the t r a n s m i s s i o n s take the form o f low f r e q u e n c y t r a i n s o f narrow 
p u l s e s , a s each r e c e i v e d p u l s e p r o v i d e s o n l y one sample o f the phase d i f f e r e n c e . 
T h i s sample must be s t o r e d u n t i l the n e x t a r r i v e s , the d i f f e r e n c e between the two 
b e i n g a measure o f the phase drift i n one p u l s e p e r i o d . To a v o i d an ambiguous measure
ment of phase d r i f t , the t r a n s m i t f r e q u e n c y must n o t d i f f e r from the r e c e i v e f r e q u e n c y 
by more than h a l f the p u l s e r e p e t i t i o n r a t e and i f , due t o n o i s e or i n t e r f e r e n c e , 
one or more p u l s e s are l o s t , phase l o c k w i l l be v e r y d i f f i c u l t t o a c q u i r e or m a i n t a i n . 

I f i n a d d i t i o n to t h e s e r e q u i r e m e n t s the sys tem must be c a p a b l e o f h a n d l i n g d a t a and 
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F i g . 9 . Diagram showing t h r e e r e c e i v e r s , A , Β and C and a 
t r a n s m i t t e r , T . H y p e r b o l i c l i n e s o f p o s i t i o n a s s o 
c i a t e d w i t h r e c e i v e r p a i r s AB and BC e n a b l e t h e l o c a 
t i o n o f Τ t o be d e t e r m i n e d a t t h e i n t e r s e c t i o n o f t h e 
two a p p r o p r i a t e h y p e r b o l a s . 

have the a b i l i t y t o p r o v i d e h i g h r a n g e - r e s o l u t i o n , i t becomes c l e a r t h a t a s h o r t 
d u r a t i o n , low d u t y - c y c l e , p u l s e - t r a n s m i s s i o n format i s u n s u i t a b l e . 

A l l o f the s p e c i f i c a t i o n s can be met and the above ment ioned d i f f i c u l t i e s overcome 
by t r a n s m i t t i n g c o n t i n u o u s l y , a t a low power l e v e l , w h i l e phase m o d u l a t i n g the c a r 
r i e r w i t h a v e r y l o n g , pseudorandom c o d e . The r e s u l t i n g r a d i o f r e q u e n c y t r a n s m i s s i o n 
i s known a s ' s p r e a d s p e c t r u m ' ( D i x o n , 1976) b e c a u s e most o f the t r a n s m i t t e d e n e r g y 
i s d i s p e r s e d i n t o a band o f f r e q u e n c i e s about t w i c e as wide as the code b i t r a t e . 
A t y p i c a l example m i g h t be a 1 0 2 3 - b i t G o l d code ( G o l d , 1967) i n w h i c h 0 and 1 c o r r e 
spond t o c a r r i e r phase a n g l e s o f 0 and Π r a d i a n s , r e s p e c t i v e l y . I f t h e code b i t r a t e 
i s 1 m e g a b i t s~^ the code r e p e a t s i t s e l f e v e r y 1.023 ms and most o f the t r a n s m i t t e d 
e n e r g y i s c o n t a i n e d i n a 2 MHz bandwidth c e n t e r e d on the c a r r i e r f r e q u e n c y . 

I n order to d e t e c t s u c h a s p r e a d - s p e c t r u m s i g n a l , the r e c i e v e r g e n e r a t e s the same 
code w i t h w h i c h i t phase m o d u l a t e s i t s o s c i l l a t o r . T h i s i s c r o s s c o r r e l a t e d w i t h 
the incoming s i g n a l as the l o c a l code epoch i s s l o w l y advanced or r e t a r d e d u n t i l i t 
c o i n c i d e s w i t h t h a t o f the r e c e i v e d c o d e . When t h i s h a p p e n s , the s p e c t r u m o f the 
s i g n a l a t the c o r r e l a t o r o u t p u t c o l l a p s e s t o a v e r y s m a l l b a n d w i d t h e n a b l i n g a narrow 
band , p h a s e - l o c k loop t o a c q u i r e the s i g n a l . 

There are many a d v a n t a g e s t o be had from t h i s t e c h n i q u e . I n the f i r s t i n s t a n c e , a l l 
t r a n s m i t t e r s o p e r a t e on about the same c e n t e r f r e q u e n c y , i d e n t i f i c a t i o n b e i n g a c h i e v e d 
s i m p l y by u s i n g a d i f f e r e n t c o d e . S i n c e t h i s e l i m i n a t e s t h e need f o r s e p a r a t e 
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f r e q u e n c y c h a n n e l s , i t i s not n e c e s s a r y t o c o n t r o l e a c h t r a n s m i t t e r ' s f r e q u e n c y 
w i t h g r e a t a c c u r a c y . When many t r a n s m i s s i o n s are r e c e i v e d s i m u l t a n e o u s l y , the q u e s 
t i o n o f c r o s s c o r r e l a t i o n s between the l o c a l l y s e l e c t e d code and u n d e s i r e d codes 
a r i s e s . G o l d (1967) has d e v i s e d a method o f g e n e r a t i n g code s e t s c o n t a i n i n g 2^-1 
s e p a r a t e codes each o f l e n g t h 2^-1 b i t s . The c r o s s c o r r e l a t i o n between members o f any 
s e t i s | R ( T ) |^2(^''"^)/^+l b i t s where τ i s the d e l a y between the codes and η i s a p o s i 
t i v e , n o n - z e r o i n t e g e r . F o r e x a m p l e , i f η = 10 t h e r e are 1023 codes i n a s e t each 
h a v i n g a peak a u t o c o r r e l a t i o n o f 1023 b i t s and a maximum c r o s s c o r r e l a t i o n between 
any two bounded by | Κ ( τ ) | ι 4 7 . There are many o t h e r code t y p e s w i t h d i f f e r e n t p r o 
p e r t i e s h a v i n g a d v a n t a g e s and d i s a d v a n t a g e s , depending on the a p p l i c a t i o n . 

Range r e s o l u t i o n i s a f u n c t i o n o f the code b i t - r a t e and the a b i l i t y o f the r e c e i v e r 
t o t r a c k the a u t o c o r r e l a t i o n peak c l o s e l y . I f the b i t r a t e i s 1 m e g a b i t s~^ f o r 
example , and the r e c e i v e r t r a c k s the peak t o w i t h i n ± 10 p e r c e n t o f one b i t , the 
range r e s o l u t i o n i s ± 30 m. F o r a code l e n g t h o f 1023 b i t s , the r a n g e ambiguity 
i s a p p r o x i m a t e l y ± 150 km. F u r t h e r , i f the t r a n s m i t t e d and r e c e i v e d codes are m i s 
a l i g n e d by as l i t t l e as one b i t , then the o u t p u t o f the c o r r e l a t i o n d e t e c t o r drops 
to a v e r y low l e v e l . I n t h i s way, m u l t i p a t h s i g n a l s d e l a y e d by more t h a n one b i t -
i n t e r v a l are a lmost c o m p l e t e l y r e j e c t e d by the r e c e i v e r . F o r i n s t a n c e , w i t h a b i t 
r a t e o f 10 m e g a b i t s s~^, t h o s e m u l t i p a t h s i g n a l s t r a v e r s i n g a r o u t e e x c e e d i n g the 
d i r e c t p a t h by 30 m or more a r e e s s e n t i a l l y u n d e t e c t e d . 

The s p r e a d spec trum t e c h n i q u e i s a l s o h i g h l y e f f e c t i v e i n s u p p r e s s i n g the e f f e c t s 
o f i n t e r f e r e n c e . The w o r s t k i n d o f i n t e r f e r e n c e l i k e l y t o be e n c o u n t e r e d i n p r a c t i c e 
i s a c o n t i n u o u s wave (CW) a t a f r e q u e n c y l y i n g i n the r e c e i v e r p a s s b a n d . The s p e c t r u m 
o f t h i s u n d e s i r e d s i g n a l i s s p r e a d by the c r o s s c o r r e l a t i o n p r o c e s s a t the r e c e i v e r 
so t h a t o n l y a s m a l l p o r t i o n o f i t s e n e r g y i s a c c e p t e d by the narrow p o s t c o r r e l a t i o n 
f i l t e r ; wideband i n t e r f e r e n c e i s d i s p e r s e d s t i l l f u r t h e r and i s e v e n l e s s e f f e c t i v e . 

D a t a can be t r a n s m i t t e d d i g i t a l l y by p h a s e - s h i f t k e y i n g ( P S K ) , i n w h i c h e a c h code 
block i s a s s i g n e d a 0 or Π p h a s e . T h u s , i n the p r e v i o u s e x a m p l e , one d a t a b i t would 
be conveyed b y 1023 code b i t s a t a maximum r a t e o f 9775 b i t s s"-̂  w i t h a code r a t e o f 
10 m e g a b i t s s~^. 

An e x p e r i m e n t a l t r a n s m i t t e r now under c o n s t r u c t i o n u s e s an e r a s a b l e , permanent r e a d 
o n l y memory (EPROM) to s t o r e t h e code w h i c h can be up t o 4096 b i t s l o n g . The b i t 
r a t e i s 1 m e g a b i t s~^ and t h e r a d i a t e d power i s a p p r o x i m a t e l y 2 mW c e n t e r e d on a 
f r e q u e n c y c l o s e t o 500 MHz. F i v e AA s i z e , n i c k e l - c a d m i u m c e l l s d e s i g n e d f o r h i g h 
t emperature o p e r a t i o n and r e c h a r g e d by a s o l a r p a n e l p r o v i d e the e n e r g y n e e d e d . 
There i s s u f f i c i e n t r e s e r v e to run the t r a n s m i t t e r f o r up to s i x days w i t h o u t a d d i 
t i o n a l c h a r g e . 

A t t h i s s t a g e o f the program, t h e r e i s s t i l l much to be d o n e . The problem o f a c q u i r 
i n g the d e s i r e d d i r e c t p a t h s i g n a l s a t the t h r e e r e c e i v i n g s t a t i o n s , as q u i c k l y as 
p o s s i b l e and i n t h e p r e s e n c e o f m u l t i p a t h p r o p a g a t i o n , h a s t o be t a c k l e d . Most p r o b 
a b l y t h i s w i l l i n v o l v e an a c q u i s i t i o n s t r a t e g y deve loped i n the s o f t w a r e and u s i n g 
as much p r e s e n t and p a s t i n f o r m a t i o n about the p a r t i c u l a r t r a n s m i t t e r as can be made 
a v a i l a b l e . A min icomputer i n s t a l l e d a t the m a s t e r s t a t i o n i s r e q u i r e d t o h a n d l e 
t h i s p r o b l e m . A l s o i t w i l l s o l v e the h y p e r b o l i c e q u a t i o n s g i v i n g the v a r i o u s t r a n s 
m i t t e r s ' p o s i t i o n s , r e s o l v e any a m b i g u i t i e s w h i c h may a r i s e , compute p o s i t i o n e r r o r s , 
p r o c e s s and s t o r e d a t a and make a v a i l a b l e a g r a p h i c d i s p l a y and h a r d c o p y o u t p u t t o 
the o p e r a t o r . 

The many a p p l i c a t i o n s o f such a sys t em j u s t i f y the e f f o r t g o i n g i n t o i t s d e v e l o p m e n t . 
As d i g i t a l speeds i n c r e a s e and power c o n s u m p t i o n , s i z e and c o s t o f components f a l l , 
the t e c h n i q u e p r e s e n t e d h e r e w i l l become i n c r e a s i n g l y a t t r a c t i v e . 
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Abstract — C a r p {Cyprinus carpió) t a g g e d w i t h i m p l a n t e d u l t r a 
s o n i c t r a n s m i t t e r s , were t r a c k e d o v e r 3 y e a r s to d e t e r m i n e 
whether t h i s s p e c i e s forms a g g r e g a t i o n s d u r i n g the w i n t e r . 
L o c a t i o n o f l a r g e numbers o f f i s h by t h i s method c o u l d g r e a t l y 
i n c r e a s e f i s h i n g e f f i c i e n c y . Two l a r g e a g g r e g a t i o n s w h i c h 
form i n the l a t e autumn and p e r s i s t t h r o u g h s p r i n g were d i s 
c o v e r e d . R a d i o t a g g e d c a r p a r r i v e d a t t h e s e two a r e a s w i t h 
r e l a t i v e synchrony from d i f f e r e n t p a r t s o f the l a k e F i s h 
i n t r o d u c e d from a n o t h e r l a k e a l s o a g g r e g a t e d a t t h e s e two 
a r e a s . The use o f f i s h equ ipped w i t h t r a n s m i t t e r s to l o c a t e 
l a r g e a g g r e g a t i o n s c o u l d add t o f i s h i n g t e c h n o l o g y . 

INTRODUCTION 
I n l a n d commerc ia l f i s h e r m e n are i n c r e a s i n g l y f a c e d w i t h r i s i n g o p e r a t i o n a l c o s t s 
w h i l e the p r i c e r e c e i v e d f o r t h e i r c a t c h remains f a i r l y c o n s t a n t . One o f t h e most 
c o s t l y a s p e c t s o f f i s h i n g i s the s e a r c h f o r f i s h i n s u f f i c i e n t numbers t o make h a r 
v e s t e c o n o m i c a l l y f e a s i b l e . I n r e c e n t y e a r s , e cho l o c a t i o n ( s o n a r ) has b e e n u t i l i z e d 
w i d e l y , b u t the method r e q u i r e s t h a t the f i s h e r m e n s e a r c h l a r g e a r e a s t o l o c a t e 
f i s h . A g r e a t r e d u c t i o n i n s e a r c h t ime would be a c h i e v e d i f t h e f i s h e r m e n c o u l d 
a c t i v e l y be l e d t o l a r g e c o n c e n t r a t i o n s o f f i s h . To t h i s e n d , a program i n u l t r a 
s o n i c t r a c k i n g was i n i t i a t e d . 

I t was commonly b e l i e v e d , b u t undocumented, t h a t c a r p (Cyprinus carpió L . ) form 
l a r g e a g g r e g a t i o n s d u r i n g w i n t e r m o n t h s . To d e t e r m i n e whether t h i s was t r u e and , i f 
s o , where the f i s h c o n g r e g a t e , a program was d e v e l o p e d t o t a g f i s h w i t h u l t r a s o n i c 
t r a n s m i t t e r s and f o l l o w t h e i r movements . These ' J u d a s f i s h ' w o u l d , i n a s e n s e , 
b e t r a y t h e i r c o n s p e c i f i c s by r e v e a l i n g t h e i r l o c a t i o n . Q u i c k l y l o c a t e d a g g r e g a t i o n s 
c o u l d be e x p l o i t e d e c o n o m i c a l l y by f i s h e r m e n . 

MATERIALS AND METHODS 
A t r a n s m i t t e r c a p a b l e o f p r o d u c i n g a s i g n a l w h i c h c o u l d be t r a c k e d a t a minimum range 
o f 2 km i n water o f h i g h c o n d u c t i v i t y (450 ymhos cm~^) a t d e p t h s up t o 26 m was 
r e q u i r e d . The u n i t a l s o had t o f u n c t i o n i n t e m p e r a t u r e s a p p r o a c h i n g 0 ° C f o r a p p r o x i 
m a t e l y 2 months . Above a l l , i t had t o be s m a l l enough t o i m p l a n t w i t h i n the f i s h ' s 
body l e s t i t s v i s i b l e p r e s e n c e caused o t h e r f i s h to a v o i d the t a g g e d i n d i v i d u a l . 
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RESULTS 
T r a c k i n g was conducted on an e x p e r i m e n t a l b a s i s f o r t h r e e w i n t e r s s t a r t i n g i n 1974 
i n Lake Mendota , W i s c o n s i n , U . S . A . The r e s u l t s o f the f i r s t two y e a r s o f t h e program 
are r e p o r t e d by J o h n s e n and H a s l e r (1977) and can be summarized by t h e f o l l o w i n g 
o b s e r v a t i o n s . 

Four groups o f f i s h were t r a c k e d , one i n 1974-1975 and t h r e e i n 1975-1976. F i s h i n 
1974-1975 (Group 7, 4 f i s h ) c a p t u r e d o f f Fox B l u f f , were r e l e a s e d i n U n i v e r s i t y B a y . 
I n 1975-1976, groups 2 (5 f i s h , M i d d l e t o n B a y ) , 3 (4 f i s h . U n i v e r s i t y B a y ) , and 
4 (4 f i s h , James M a d i s o n P a r k ) were c a p t u r e d and r e l e a s e d a t t h e i r r e s p e c t i v e s i t e s 
( F i g . 1 ) . Movement p a t t e r n s o f a l l f i s h r e l e a s e d a t the same s i t e were s i m i l a r , w i t h 
no d i f f e r e n c e s n o t e d f o r d i f f e r e n t s e x e s or s i z e s . F i s h d i d not move as a group b u t 
r a t h e r as i n d i v i d u a l s . Those r e l e a s e d on t h e s o u t h e r n (Groups 1 and 3) and s o u t h 
e a s t e r n s h o r e s (Group 4) c i r c u l a t e d c o u n t e r c l o c k w i s e t o the n o r t h e r n p a r t o f the 
l a k e , w h i l e f i s h r e l e a s e d on the w e s t e r n shore (Group 2) moved c l o c k w i s e t o the 
n o r t h e r n s h o r e . T h i s c i r c u l a t i o n was s l o w , w i t h most f i s h t a k i n g a l m o s t 1 month i n 
1974 and 2 months i n 1975 t o a r r i v e a t t h e n o r t h s h o r e . 

Arrows i n F i g . 1 show the g e n e r a l i z e d movement p a t t e r n s . The l o c a t i o n s o f a l l o b s e r 
v a t i o n s were p l o t t e d , and t h e o u t s i d e l i m i t s d e f i n e the movement c o r r i d o r s used by 
t h e f i s h . Segments t h a t are s i n g l e l i n e s do not n e c e s s a r i l y i n d i c a t e the p a t h o f 
an i n d i v i d u a l f i s h . 

T r a c k i n g r e v e a l e d two a g g r e g a t i o n a r e a s (Area A and B , F i g , 1) a t the n o r t h s i d e o f 
the l a k e . D u r i n g b o t h y e a r s , l a r g e numbers o f u n t a g g e d f i s h were d e t e c t e d b o t h 

The h i g h c o n d u c t i v i t y and depth range r u l e d out the use o f r a d i o t r a n s m i s s i o n which 
s u f f e r s s e v e r e s i g n a l a t t e n u a t i o n under t h e s e c o n d i t i o n s . C o n v e n t i o n a l u l t r a s o n i c 
t r a n s m i t t e r s can o p e r a t e under t h e s e c o n d i t i o n s b u t r e q u i r e d m o d i f i c a t i o n to meet 
our r e q u i r e m e n t s . The use o f a l i t h i u m power s o u r c e w h i c h does n o t e x h i b i t v o l t a g e 
d e c r e a s e s a t low temperatures s o l v e d the problems o f o p e r a t i o n i n c o l d w a t e r . To 
e x t e n d the l i f e o f t h e t r a n s m i t t e r , t h e duty c y c l e was reduced t o l e s s t h a n 1 p e r c e n t 
b u t the p u l s e d u r a t i o n was m a i n t a i n e d a t 7 ms . T h i s a p p r o x i m a t e l y e q u a l s the m i n i 
mum d u r a t i o n n e c e s s a r y t o produce a d i s c e r n i b l e a u d i o tone r e q u i r e d to d i s c r i m i n a t e 
the s i g n a l from background n o i s e g e n e r a t e d by the movement o f i c e . The f i n a l u l t r a 
s o n i c t a g was a t r a n s m i t t e r 8 χ 2 cm i n s i z e w i t h a t r a c k a b l e range o f 3 t o 9 km, 
depending on c o n d i t i o n s . O p e r a t i n g a t 70 KHz, i n d i v i d u a l t r a n s m i t t e r s were coded 
by p u l s e i n t e r v a l s v a r y i n g from 0 .75 to 1.5 s , and had an o p e r a t i o n a l l i f e o f 50 to 
146 days w i t h an a v e r a g e o f 75 d a y s . 

The t r a n s m i t t e r s were s u r g i c a l l y i m p l a n t e d i n the body c a v i t y . F i s h were a n e s t h e 
t i z e d i n 2 - p h e n o x y e t h a n o l (0 .25 mg 1"^) f o r 10 min then r e s t r a i n e d v e n t r a l s i d e up 
i n an o p e r a t i n g t r o u g h . A f t e r removing s e v e r a l s c a l e s a n t e r i o r to the c l o a c a and 
l a t e r a l to the m i d l i n e , a s m a l l s c a l p e l i n c i s i o n was made and opened f o r 3-4 cm w i t h 
s c i s s o r s . The t r a n s m i t t e r was i n s e r t e d w i t h i t s l o n g i t u d i n a l a x i s p a r a l l e l w i t h the 
f i s h ' s . The i n c i s i o n was c l o s e d w i t h 3 or 4 n y l o n s u t u r e s , and the f i s h were t r a n s 
f e r r e d to a r e c o v e r y t a n k . Each o p e r a t i o n took l e s s than 5 m i n . A l l f i s h were k e p t 
i n f l o w - t h r o u g h tanks f o r a 48 h r e c o v e r y and o b s e r v a t i o n p e r i o d b e f o r e r e l e a s e . 
Subsequent movements by the f i s h i n d i c a t e d t h a t a l l f i s h s u r v i v e d the i m p l a n t p r o 
c e d u r e . 

I n d i v i d u a l f i s h were i d e n t i f i e d by d i f f e r e n c e s i n the p u l s e r a t e o f each t r a n s m i t t e r . 
To de termine the i d e n t i t y o f an i n d i v i d u a l , the i n t e r v a l f o r 10 p u l s e s was t imed 
w i t h a s t o p w a t c h . A S m i t h - R o o t TA-50 r e c e i v e r and hydrophone was used f o r t r a c k i n g . 
F i s h were l o c a t e d from a b o a t , a i r b o a t , or snow m o b i l e an a v e r a g e o f t h r e e t imes per 
week w i t h l o n g e r i n t e r v a l s d u r i n g i n c l e m e n t w e a t h e r ; not a l l f i s h were l o c a t e d i n 
each s e a r c h . 
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F i g . 1. G r o s s movement p a t t e r n s o f carp f i t t e d w i t h t r a n s 
m i t t e r s . A l l f i s h were found w i t h i n the bounded 
a r e a s . Numbers i n d i c a t e c a p t u r e and r e l e a s e s i t e s 
r e f e r r e d t o i n the t e x t . A g g r e g a t i o n a r e a s a r e 
d e s i g n a t e d by A and B . 

v i s u a l l y ( a c t i v i t y a t the w a t e r s u r f a c e ) and by e c h o l o c a t i o n i n t h e s e a r e a s . Both 
a r e a s are a t depths o f 5 t o 7 m a t the edge o f e x t e n s i v e beds o f the m a c r o p h y t e , 
Myriophyllum spicatwn L . A s e a r c h o f the l i t t o r a l zone o f the l a k e r e v e a l e d no 
o t h e r c o n c e n t r a t i o n s o f c a r p a t t h i s t i m e . 

I n b o t h y e a r s , f i s h t a g g e d w i t h u l t r a s o n i c t r a n s m i t t e r s a r r i v e d a t t h e a g g r e g a t i o n 
a r e a s w i t h r e l a t i v e s y n c h r o n y , w i t h i n 2 days i n 1974 and 12 i n 1975, On 18 November 
1975, f i s h were s t i l l found up t o 5 km from t h e a g g r e g a t i o n a r e a s . Four days l a t e r 
10 o f 13 i n s t r u m e n t e d f i s h had a r r i v e d a t e i t h e r A r e a A o r B . The n e x t o b s e r v a t i o n 
on 30 November found a l l 13 t a g g e d c a r p i n t h e two a r e a s . F i s h made t h e i r most 
e x t e n s i v e movements d u r i n g the i n t e r v a l j u s t p r i o r t o a r r i v a l a t t h e a g g r e g a t i o n 
a r e a s . Ten o f the 17 f i s h t r a c k e d , c r o s s e d between t h e two a r e a s a t l e a s t o n c e , 
i n d i c a t i n g t h a t f i s h from d i f f e r e n t p a r t s o f the l a k e mix f r e e l y be tween A r e a s A 
and B . 

The o c c u r r e n c e o f l a r g e numbers o f f i s h i n t h e two a r e a s , i n d i c a t e d by t h e p r e s e n c e 
o f t a g g e d f i s h was demonstra ted by the commerc ia l h a r v e s t o f 46 ,400 kg o f f i s h from 
o n l y 17,600 m o f g i l l n e t s l i f t e d . T e s t n e t t i n g c a p t u r e d n o t h i n g i n a r e a s where 
i n s t r u m e n t e d f i s h were not f o u n d . The c o n c l u s i o n s o f t h e f i r s t two y e a r s o f t r a c k 
i n g were t h a t c a r p do form a g g r e g a t i o n s , i t was p o s s i b l e t o l o c a t e them u s i n g the 
' J u d a s f i s h ' c o n c e p t and t h a t i n c r e a s e d e f f i c i e n c y i n commerc ia l f i s h i n g e f f o r t s 
c o u l d be r e a l i z e d . A d d i t i o n a l q u e s t i o n s i n v o l v i n g t h e l e n g t h o f t ime t h e f i s h 
remained i n the two a r e a s and a g r e a t e r u n d e r s t a n d i n g o f the n a t u r e o f the two a g g r e 
g a t i o n a r e a s remained t o be i n v e s t i g a t e d by f u r t h e r t r a c k i n g . 

P e r s i s t a n c e o f t h e two a g g r e g a t i o n s t h r o u g h o u t the w i n t e r was demons tra ted by the 
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t r a c k i n g o f 10 a d d i t i o n a l f i s h r e l e a s e d d u r i n g the w i n t e r o f 1976. These f i s h , 
c a p t u r e d d u r i n g the commerc ia l n e t t i n g e f f o r t s , were t a g g e d by the same methods as 
the e a r l i e r f i s h . F i v e f i s h were r e l e a s e d on 3 F e b r u a r y 1976 i n A r e a Β w h i l e 
a n o t h e r f i v e were r e l e a s e d i n A r e a A on 5 F e b r u a r y 1976. Movements o f t h e s e f i s h 
were moni tored u n t i l the end o f i c e c o v e r i n l a t e M a r c h . A l l f i s h remained i n 
t h e i r r e s p e c t i v e r e l e a s e a r e a s w i t h no e x c h a n g e between a r e a s . 

Dur ing the t h i r d w i n t e r o f t r a c k i n g (1976-1977) , f o u r groups o f f i v e f i s h each were 
i n s t r u m e n t e d and t r a c k e d . Three groups o f f i s h were c a p t u r e d and r e l e a s e d a t S i t e s 
2 , 3 , 4 ( F i g . 1) a s i n the p a s t . An a d d i t i o n a l group o f f i v e f i s h was c a p t u r e d i n 
Lake K e g o n s a , l o c a t e d 20 km t o the s o u t h o f Lake M e n d o t a . These f i s h were t r a n s 
f e r r e d t o Lake Mendota and r e l e a s e d a t s i t e 3 ( F i g . 1 ) . The f i f t e e n Lake Mendota 
f i s h behaved i n the e x p e c t e d manner, moving around the edge o f the l a k e t o t h e two 
a g g r e g a t i o n a r e a s through the same movement c o r r i d o r s as i n p r e v i o u s y e a r s . Of 
t h e f i v e f i s h from Lake K e g o n s a , two a r r i v e d a t the a g g r e g a t i o n a r e a s w i t h the o t h e r 
f i s h . The t h r e e r e m a i n i n g c o n t i n u e d to move s l o w l y about the p e r i m e t e r o f the l a k e 
e v e n t u a l l y a r r i v i n g a t the a g g r e g a t i o n a r e a s i n m i d - J a n u a r y . 

T r a c k i n g o f o t h e r f i s h i n Lake K e g o n s a , W i s c o n s i n , U . S . A . , r e v e a l e d no l a r g e a g g r e 
g a t i o n s o f c a r p . Ten f i s h , u l t r a s o n i c a l l y t a g g e d i n the same manner as the Lake Mendot£ 
f i s h were t r a c k e d from 22 November t h r o u g h the end o f J a n u a r y . W h i l e e x t e n s i v e 
movements t h r o u g h o u t the l a k e were o b s e r v e d , no a g g r e g a t i o n s were formed . One 
t e n t a t i v e h y p o t h e s i s i s t h a t the p r e s e n c e o f l a r g e p e r s i s t e n t beds o f the a q u a t i c 
p l a n t Myriophyllwn spioatmi may p l a y an i m p o r t a n t r o l e i n the a g g r e g a t i n g b e h a v i o r 
o f c a r p . Both A r e a s A and Β i n Lake Mendota are a d j a c e n t to t h e l a r g e s t a s s o c i a t i o n s 
o f Myriophyllum, A e r i a l i n f r a red p h o t o g r a p h s w h i c h show t h e s e two s t a n d s o f p l a n t s 
i n Lake Mendota i n d i c a t e t h a t no such a c c u m u l a t i o n s o f p l a n t s e x i s t i n L a k e K e g o n s a . 
F u t u r e work i s r e q u i r e d to d e t e r m i n e i f , i n f a c t , t h e p l a n t s p l a y a r o l e i n the 
a g g r e g a t i o n o f c a r p . 

CONCLUSIONS 
L a r g e a g g r e g a t i o n s o f f i s h were l o c a t e d by f o l l o w i n g the movements o f i n d i v i d u a l 
u l t r a s o n i c a l l y t a g g e d f i s h , w i t h c o n s i d e r a b l e s a v i n g s o f s e a r c h e f f o r t by the f i s h e r 
men. Thus t h e o b j e c t i v e o f u s i n g a ' J u d a s f i s h ' to l o c a t e f i s h a g g r e g a t i o n s to 
i n c r e a s e the e f f i c i e n c y o f commerc ia l f i s h i n g was s u c c e s s f u l l y a c h i e v e d . 

I n a d d i t i o n to l e a d i n g f i s h e r m e n to a g g r e g a t i o n s o f f i s h , i t i s p o s s i b l e t h a t o t h e r 
e n v i r o n m e n t a l f a c t o r s , more r e a d i l y measured , w h i c h p l a y a r o l e i n the n a t u r a l h i s t o r y 
o f f i s h may be i d e n t i f i e d . U n d o u b t e d l y b i o t e l e m e t r y w i l l p l a y a r o l e i n i m p r o v i n g 
f i s h i n g t e c h n o l o g y . 
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Abstract — The movements o f e i g h t m i g r a t i n g s a l m o n i d s i n the 
v i c i n i t y o f a h e a t e d e f f l u e n t were m o n i t o r e d w i t h a t e m p e r a 
t u r e and p r e s s u r e s e n s i n g b i o t e l e m e t r y s y s t e m . F i s h remained 
a t the upwind edge o f the t h e r m a l plume moving i n and out o f 
the h e a t e d w a t e r . Swimming speeds were s low and t u r n s f r e 
q u e n t . The f i s h remained i n t h e s t u d y a r e a f o r 3 t o 22 h w i t h 
an a v e r a g e r e s i d e n c e t ime o f 13 h . A f t e r l e a v i n g the t h e r m a l 
plume a r e a , swimming speeds i n c r e a s e d and s t r a i g h t c o u r s e s 
were m a i n t a i n e d . T h i s was t y p i c a l o f f i s h t r a c k e d b e f o r e the 
thermal plume was p r e s e n t . 

INTRODUCTION 
L a n d l o c k e d s a l m o n i d s o f Lake M i c h i g a n make t h e i r spawning m i g r a t i o n a l o n g the shore 
t o t h e i r homestreams . I n r e c e n t y e a r s , n u c l e a r - f u e l e d e l e c t r i c g e n e r a t i n g s t a t i o n s 
have been c o n s t r u c t e d i n t h e s e a r e a s . L a r g e volumes o f l a k e w a t e r are drawn through 
the power s t a t i o n s f o r c o o l i n g and t h e n d i s c h a r g e d a t 1 0 ° C above ambient t e m p e r a t u r e . 
The thermal d i s c h a r g e plumes o f t e n l i e a c r o s s t h e p a t h o f the m i g r a t i n g f i s h . To 
a s s e s s the p o s s i b l e impact o f the h e a t e d e f f l u e n t s and to d e t e r m i n e the s a l m o n ' s 
re sponse to them, a t r a c k i n g program was u n d e r t a k e n . 

MATERIALS AND METHODS 
F i s h - b o r n e t r a n s m i t t e r s w h i c h t r a n s m i t t empera ture and p r e s s u r e were d e v e l o p e d 
( S c i d m o r e , G u c k e l and B e y e r , 1975) a l o n g w i t h the a s s o c i a t e d t r a c k i n g s y s t e m ( J o h n s e n 

and H o r r a l l , 1974 ) . The t r a n s m i t t i n g u n i t s , m e a s u r i n g 2 χ 9 . 5 cm, o p e r a t e d w i t h a 
c r y s t a l c o n t r o l l e d c a r r i e r f r e q u e n c y o f 5 2 . 7 8 to 53 .78 MHz w i t h 50 KHz s e p a r a t i n g 
i n d i v i d u a l t r a n s m i t t e r s . A 50 ms p u l s e o f a 400 Hz a u d i o t o n e , m o d u l a t e d ± 200 H z , 
coded the t emperature i n f o r m a t i o n , w h i l e p u l s e p o s i t i o n , or o f f t ime between p u l s e s , 
coded p r e s s u r e . The t r a n s m i t t e r s were s e n s i t i v e t o O . l ^ C t e m p e r a t u r e changes and 
had a r e s o l u t i o n o f ± 15 cm i n d e p t h . A t h e r m i s t o r was used as the t empera ture 
t r a n s d u c e r , w h i l e a s i l i c o n p i e z o r e s i s t i v e s t r a i n gauge f u n c t i o n e d as t h e p r e s s u r e 
t r a n s d u c e r . With the s t a n d a r d 200 ma h b a t t e r y , the t r a n s m i t t e r l i f e was a p p r o x i 
m a t e l y 50 h . A v o l t a g e r e g u l a t o r was i n c o r p o r a t e d f o r s t a b i l i t y o f measurements w h i l e 
a s a m p l e - a n d - h o l d s y s t e m was used t o keep b a t t e r y d r a i n t o a minimum. The t r a n s 
m i t t e r s were e n c a p s u l a t e d i n S c o t c h c a s t 221 a f t e r p r i m i n g the s u r f a c e o f the p r e s s u r e 
s e n s o r and antenna w i t h S c o t c h c a s t XR5137 p r i m e r . 

... 781 
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Date t r a c k e d S p e c i e s S e x L e n g t h (cm) Time sp en t i n s t u d y a r e a (h) 

11 O c t 74 Rainbow Μ 64 18 .0 

11 O c t 74 Chinook Μ 89 17.25 

25 O c t 74 Brown Μ 58 22 .0 

25 O c t 74 Chinook Μ 90 19.25 

7 Nov 74 Brown F 59 15.9 

7 Nov 74 Coho F 66 3 . 5 

8 Nov 74 Rainbow F 62 3 . 0 

8 Nov 74 Rainbow F 68 5 .75 

The t r a c k i n g s y s t e m , l o c a t e d on the l a k e s h o r e , comprised two s t a t i o n s used t o 
de termine p o s i t i o n s by t r i a n g u l a t i o n . These u n i t s , s i x e lement dualbeam n u l l - p e a k 
y a g i antennas tuned to 52 .78 MHz, were mounted on 6 .5 m t o w e r s . E a c h t r a c k i n g 
s t a t i o n was c o n s t r u c t e d so t h a t the h i n g e d s u p p o r t i n g arms o f the a n t e n n a s c o u l d be 
lowered through a sys tem o f c a b l e s and w i n c h e s t o p r e v e n t damage by t h e f r e q u e n t 
h i g h w i n d s . O p e r a t o r s o f t h e s e s t a t i o n s r e l a y e d b e a r i n g i n f o r m a t i o n to a c e n t r a l 
s t a t i o n where f i s h p o s i t i o n s were p l o t t e d . The c e n t r a l s t a t i o n , l o c a t e d midway 
between the two t r a c k i n g s t a t i o n s , housed communicat ion r e c e i v e r s w h i c h c o n t i n u 
o u s l y m o n i t o r e d t r a n s m i t t e d d a t a . R e c e i v e d s i g n a l s from a 5 /8 w a v e l e n g t h c o l i n e a r 
groundplane antenna de termined the o p e r a t i o n a l l i m i t a t i o n s of r a n g e and s i g n a l 
d e t e c t a b i l i t y of the t e l e m e t r y sys t em as a w h o l e . With the t r a n s m i t t e r 1 m below 
the s u r f a c e (water c o n d u c t i v i t y = 260 ymhos cm"^) the e f f e c t i v e m o n i t o r i n g range 
was 6 km i n calm w e a t h e r . S u r f a c e c o n d i t i o n s o f the l a k e o f t e n reduced the m o n i 
t o r i n g range t o 3 km or l e s s . A u d i o s i g n a l s from the communicat ion r e c e i v e r s 
were r e c o r d e d on m a g n e t i c tape f o r l a t e r a n a l y s i s . 

Owing to the amount and form of the d a t a r e c o r d e d , an a u t o m a t i c d a t a r e d u c t i o n 
sys tem i n v o l v i n g a n a l o g and d i g i t a l computers was r e q u i r e d . W h i l e t h e sys t em 
f u n c t i o n e d w e l l under i d e a l c o n d i t i o n s , rough w e a t h e r i n d u c e d h i g h s i g n a l - t o - n o i s e 
r a t i o s which s e v e r e l y l i m i t e d the e f f e c t i v e n e s s of the o p e r a t i o n . U l t i m a t e l y the 
c o s t s o f computer t ime and the problems o f s i g n a l q u a l i t y caused the s y s t e m t o be 
abandoned. 

T r a c k i n g e x p e r i m e n t s were c o n d u c t e d d u r i n g the autumn o f 1974 a t the P o i n t Beach 
N u c l e a r Power P l a n t l o c a t e d i n Mani towoc C o u n t y , W i s c o n s i n , U . S . A . D u r i n g the autumn, 
l a r g e numbers o f s a l m o n i d s are a t t r a c t e d i n t o t h e c o o l i n g w a t e r d i s c h a r g e s t r u c t u r e s . 
F i s h t o be t r a c k e d were c a p t u r e d by d i p n e t , r a d i o t a g g e d and r e t u r n e d to t h e d i s 
c h a r g e w a t e r s . T r a n s m i t t e r s were a t t a c h e d t o the f i s h by means of two s t a i n l e s s 
s t e e l p i n s ( P e t e r s e n P i n s ) p a s s e d through the b a s e o f the d o r s a l f i n and were 
s e c u r e d w i t h p l a s t i c d i s c s on t h e o p p o s i t e s i d e . 

RESULTS 
I n 1974, e i g h t f i s h were t r a c k e d (Table 1 ) ; t h r e e ra inbow t r o u t (Salmo gairdneri), 
two brown t r o u t (Salmo trutta), two ch inook salmon (Onoorhyohus tshawytsoha) and 
one coho salmon (0, kisutoh). F i s h g e n e r a l l y l e f t t h e d i s c h a r g e s t r u c t u r e w i t h i n 
15 min of r e l e a s e w h i l e the ch inook salmon remained f o r 60 and 99 min b e f o r e e n t e r 
i n g the l a k e . 

T a b l e 1. 
T r a c k i n g d a t e , s e x , l e n g t h and r e s i d e n c e t ime o f f i s h 

t r a c k e d a t the P o i n t Beach Power P l a n t 
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A f t e r l e a v i n g the d i s c h a r g e s t r u c t u r e , f i s h moved out i n t o t h e l a k e through the 
thermal d i s c h a r g e p lume . A l l f i s h moved s l o w l y a l o n g t h e upwind edge o f t h e plume 
where the t e m p e r a t u r e g r a d i e n t was t h e s t e e p e s t . Remote s e n s i n g o f s u r f a c e 
w a t e r t emperatures i n d i c a t e t h a t changes o f more t h a n 5^C may o c c u r over l e s s t h a n 
200 m ( S c a r p a c e and G r e e n , 1 9 7 3 ) . Movement p a t t e r n s and changes i n t r a n s m i t t e d 
t emperatures i n d i c a t e d t h a t the f i s h were moving i n and out o f the warmer w a t e r . 
Dur ing t h i s t i m e , movements were c h a r a c t e r i z e d by f r e q u e n t t u r n s , many o f w h i c h 
were 180° r e v e r s a l s o f swimming d i r e c t i o n . Swimming speeds were s low ( c a . 20 cm s~^) 
and f i s h o f t e n remained a t the same l o c a t i o n f o r 2 to 3 p o s i t i o n c h e c k s (measured 
e v e r y 15 min) b e f o r e i n i t i a t i n g movement a g a i n . 

F i s h remained i n the s t u d y a r e a ( d e f i n e d as the a r e a w i t h i n a 3 km r a d i u s o f the 
d i s c h a r g e s t r u c t u r e ) a f t e r r a d i o t a g g i n g f o r p e r i o d s o f t ime r a n g i n g from 3 t o 22 h 
(see Table 1) . The a c t u a l t ime spent by t h e f i s h i n the v i c i n i t y o f t h e p l a n t was 
i m p o s s i b l e to d e t e r m i n e b e c a u s e the r e s i d e n c e t ime sp e n t b e f o r e c a p t u r e and t a g g i n g 
was unknown. E v e n t u a l l y a l l f i s h moved n o r t h a t speeds w h i c h o f t e n e x c e e d e d 100 an s' 
w h i l e m a i n t a i n i n g s t r a i g h t c o u r s e s . T h i s r a p i d movement i n a s t r a i g h t d i r e c t i o n 
was c h a r a c t e r i s t i c o f the movements o f coho salmon t r a c k e d i n t h e same a r e a b e f o r e 
p l a n t o p e r a t i o n ( R o b i n s o n , 1973) . 

CONCLUSIONS 
Radio t r a c k i n g r e v e a l e d t h a t s a l m o n i d s remained i n the v i c i n i t y o f the thermal d i s 
charge plume f o r 3 to 22 h a f t e r t a g g i n g . These f i s h moved i n and out o f the plume 
a c r o s s the a r e a o f the s t e e p e s t g r a d i e n t . A f t e r l e a v i n g the a r e a , movements were 
s i m i l a r t o t h o s e r e c o r d e d i n y e a r s p r i o r t o t h e e s t a b l i s h m e n t o f t h e power p l a n t . 

The g e n e r a l e v a l u a t i o n o f the t r a c k i n g sys tem was t h a t i t was too c o m p l i c a t e d f o r 
the r e q u i r e d t a s k s . A d d i t i o n a l l y , t h e a s s o c i a t e d c o s t s o f d a t a a n a l y s i s became 
p r o h i b i t i v e and the sys tem was abandoned i n f a v o r o f s i m p l e r a p p r o a c h e s . 

Aokncwledgements — T h i s r e s e a r c h was funded i n p a r t by the N a t i o n a l O c e a n i c and 
A t m o s p h e r i c A d m i n i s t r a t i o n , o f f i c e o f S e a G r a n t , Department o f Commerce t h r o u g h an 
i n s t i t u t i o n a l g r a n t t o the U n i v e r s i t y o f W i s c o n s i n . 
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Abstract — The b e h a v i o r and movement p a t t e r n s o f f i s h e s i n 
t h e i r n a t u r a l environment may be key f a c t o r s d e t e r m i n i n g 
whether an e f f l u e n t or any o t h e r e c o l o g i c a l d i s t u r b a n c e has 
a s i g n i f i c a n t e f f e c t on the p o p u l a t i o n s . A l t e r a t i o n s i n m i g r a 
t i o n , d i s p e r s a l , f e e d i n g or b r e e d i n g movements may, i n the 
l o n g term, c a u s e a d v e r s e e f f e c t s . S i n c e 1973, u l t r a s o n i c 
t r a c k i n g h a s been used to s t u d y the inovements and b e h a v i o r o f 
f r e s h w a t e r and e s t u a r i n e f i s h e s i n r e l a t i o n t o w a t e r - u s e by 
B r i t i s h e l e c t r i c i t y g e n e r a t i n g s t a t i o n s . Three m a j o r a r e a s 
o f r e s e a r c h are summarized b e l o w . 

S t u d i e s i n r i v e r s h e a t e d by thermal d i s c h a r g e s a r e e v a l u a t i n g 
the e f f e c t s o f e f f l u e n t plumes on the n a t u r a l homing , movement 
and a g g r e g a t i o n p a t t e r n s o f non-diadromous ( c o a r s e ) f i s h e s . 
R e s i d e n c e t imes i n r e l a t i o n t o t e m p e r a t u r e s u g g e s t t h a t the 
s t r i c t c o n s t r a i n t s on d i s c h a r g e s s u g g e s t e d by the E . E . C . may 
n o t be e c o l o g i c a l l y n e c e s s a r y . A v o i d a n c e b e h a v i o r has been 
noted i n f i e l d s t u d i e s . A t D i n o r w i c i n N o r t h W a l e s , the c o n 
s t r u c t i o n and o p e r a t i o n o f an 1800 MW pumped s t o r a g e scheme may 
a f f e c t a l ake and s m a l l r i v e r s y s t e m w h i c h c a r r y m i g r a t o r y s a l 
m o n i d s . The r a t e o f m i g r a t i o n o f t h e s e f i s h i s b e i n g i n v e s t i 
g a t e d i n r e l a t i o n t o p a t t e r n s o f f l o w and suspended s o l i d s . 
S m a l l a u t o m a t i c b a n k s i d e r e c o r d i n g s t a t i o n s are used t o m o n i t o r 
the p a s s a g e o f s o n i c - t a g g e d f i s h . F u t u r e thermal o r t i d a l -
b a r r a g e based g e n e r a t i o n may a f f e c t a t l e a s t one l a r g e e s t u a r y 
i n B r i t a i n . To p r e v e n t i n g r e s s o f m i g r a t i n g s a l m o n i d s a t w a t e r 
i n t a k e s and t o p l a n l o c a t i o n s o f b a r r a g e f i s h p a s s e s , the r o u t e s 
w h i c h salmon take through an e s t u a r y are b e i n g i n v e s t i g a t e d 
u s i n g s o n i c - t r a c k i n g t e c h n i q u e s . The p o s s i b l e ' t h e r m a l b a r r i e r ' 
e f f e c t s on m i g r a t i o n are b e i n g s t u d i e d . Problems i n a n a l y s i s 
o f t r a c k i n g d a t a are d i s c u s s e d . 

INTRODUCTION 
The g e n e r a t i o n o f e l e c t r i c i t y on a c o m n e r c i a l s c a l e r e q u i r e s l a r g e volumes o f w a t e r , 
e i t h e r f o r d r i v i n g the t u r b i n e s i n h y d r o g e n e r a t i n g s t a t i o n s or f o r p r o d u c i n g and 
c o o l i n g steam i n thermal (steam) power s t a t i o n s . Dams and d i v e r s i o n s on r i v e r s cause 
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d r a s t i c changes i n t h e i r f l o w reg imes and c u r r e n t s b o t h ups tream and downstream. 
C o o l i n g water i n t a k e s s i t e d on r i v e r s , e s t u a r i e s or on the c o a s t c a u s e l o c a l i z e d 
changes i n c u r r e n t s and s e d i m e n t s , w h i l e the h e a t e d c o o l i n g w a t e r d i s c h a r g e s a l t e r 
c u r r e n t s , s e d i m e n t s , t e m p e r a t u r e , and w a t e r c h e m i s t r y i n the v i c i n i t y o f the o u t f a l l s . 
The e x t e n t o f t h e p h y s i c a l and c h e m i c a l d i s t u r b a n c e s i n a h a b i t a t depends on many 
f a c t o r s , i n c l u d i n g g e o g r a p h y , h y d r o g r a p h y , c l i m a t i c c o n d i t i o n s and d i l u t i o n ( E f f o r d , 
1975; L a n g o r d , 1974; B u r n e t t et al., 1974; L a n g f o r d , i n p r e s s ) . 

The e f f e c t s o f the p h y s i c a l and c h e m i c a l changes on f i s h p o p u l a t i o n s depend to a 
l a r g e e x t e n t on the b e h a v i o r o f i n d i v i d u a l s and groups i n t h e i r h a b i t a t . T h e i r 
c a p a c i t y t o d e t e c t and a v o i d a d v e r s e c o n d i t i o n s , the t i m i n g and s t r e n g t h o f m i g r a 
t o r y s t i m u l i , s e l e c t i o n o f s p e c i f i c f e e d i n g and spawning s i t e s , and s e l e c t i o n o f 
p r e f e r r e d t e m p e r a t u r e , c u r r e n t v e l o c i t i e s and c h e m i c a l c o n d i t i o n s may a l l be key 
f a c t o r s . To t r y to u n d e r s t a n d n a t u r a l b e h a v i o r p a t t e r n s and t h e r e s p o n s e s o f f i s h e s 
t o s p e c i f i c e n v i r o n m e n t a l d i s t u r b a n c e s , r e s e a r c h u s i n g u l t r a s o n i c t a g g i n g t e c h n i q u e s 
h a s been i n p r o g r e s s s i n c e 1973 ( L a n g f o r d , 1974; L a n g f o r d et al,, 1979) . T h i s p a p e r 
summarizes v e r y b r i e f l y some o f t h e ^ r e s u l t s from t h e t h r e e main t o p i c s , v i z — 
(a) Responses of f i s h t o thermal d i s c h a r g e s , (b) The m i g r a t i o n r o u t e s and s t r a t e g i e s 
o f sa lmonids i n e s t u a r i e s and r i v e r s , (c) The r a t e o f m i g r a t i o n o f s a l m o n i d s i n 
r i v e r s i n r e l a t i o n to f l o w a l t e r a t i o n and r e g u l a t i o n . 

METHODS AND STUDY SITES 
Both b a s i c t e c h n i q u e s o f u l t r a s o n i c t r a c k i n g f i s h have been used i n the work so f a r , 
i . e . a c t i v e m o n i t o r i n g o f movements from a b o a t , and a u t o m a t i c r e c o r d i n g from l a n d 
based s t a t i o n s ( S t a s k o and P i n c o c k , 1977) . C o m m e r c i a l l y a v a i l a b l e t a g s s u p p l i e d by 
S m i t h - R o o t I n c . and Bayshore Sys tems C o r p o r a t i o n , o p e r a t i n g on 50 t o 75 K H z , have 
been i m p l a n t e d , i n s e r t e d i n t o s t o m a c h s , or a t t a c h e d e x t e r n a l l y , depending on the 
s p e c i e s s t u d i e d and the o b j e c t i v e s o f the p r o j e c t . 

I n the R i v e r Witham and R i v e r Thames ( U . K . ) , the movements o f r e s i d e n t f i s h e s s u c h 
as Bream (Abramis brama), and P i k e (Esox luoius) have been m o n i t o r e d a t d a i l y i n t e r 
v a l s f o r p e r i o d s o f up to 50 d a y s , i n r e l a t i o n to the c o o l i n g w a t e r d i s c h a r g e s 
( o u t f a l l ) from L i n c o l n and D i d c o t Power S t a t i o n s r e s p e c t i v e l y . Both i n t r o d u c e d and 
i n d i g e n o u s f i s h were t r a c k e d and the homing r e s p o n s e s o f the l a t t e r s t u d i e d a f t e r 
d i s p l a c e m e n t from the s i t e o f c a p t u r e . I n t i d a l w a t e r s , m a i n l y Southampton W a t e r , 
the movements and r o u t e s o f s a l m o n i d s have been r e c o r d e d over p e r i o d s o f up t o 37 h , 
by f o l l o w i n g t a g g e d f i s h i n a b o a t . 

A u t o m a t i c r e c o r d i n g s t a t i o n s h a v e been i n u s e , m o n i t o r i n g the p a s s a g e o f i n d i v i d u a l 
u l t r a s o n i c t a g g e d salmon and s e a - t r o u t i n the R i v e r S e i o n t i n N o r t h W a l e s . The 
r i v e r has been m o d i f i e d i n i t s upper r e a c h e s t o f a c i l i t a t e the use o f a l a k e i n a 
l a r g e pumped-s torage h y d r o - e l e c t r i c i t y scheme. S i x s t a t i o n s are s p a c e d a t i n t e r v a l s 
a l o n g the 14 km r i v e r and t h e s e r e c o r d t a g s i g n a l s on m a g n e t i c tape and on c h a r t s 
( L a n g f o r d et al,, 1 9 7 7 ) . 

RESULTS 
A l l t h r e e programs a r e s t i l l i n p r o g r e s s b u t a l a r g e amount o f i n f o r m a t i o n i s a l r e a d y 
a v a i l a b l e , some o f w h i c h h a s been r e p o r t e d ( L a n g f o r d , 1974; L a n g f o r d et al,, 1977; 
L a n g f o r d e t α Ζ . , 1979) . 

RESPONSES TO THERMAL DISCHARGES 

T h i r t y bream (.4. brama) have been t a g g e d and t r a c k e d i n the Witham and Thames around 
L i n c o l n and D i d c o t o u t f a l l s u s u a l l y i n groups o f t h r e e to s i x . I n a d d i t i o n t w e l v e 
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CONCLUSIONS 
I t i s no t p o s s i b l e i n t h i s s h o r t paper t o p r e s e n t a l l the a v a i l a b l e d a t a or t o 
demonstra te l o g i c a l c o n c l u s i o n s . To g e n e r a l i z e , however , i t i s o b v i o u s t h a t u l t r a 
s o n i c m o n i t o r i n g o f f i s h b e h a v i o r can i l l u s t r a t e t h e c o m p l e x i t y o f p a t t e r n s w h i c h 
the p a s s i v e t a g g i n g and s a m p l i n g methods c a n n o t . One o f the f a c t o r s w h i c h w i l l 
a l l o w a s p e c i e s t o s u r v i v e h a b i t a t d i s t u r b a n c e s i s t h e v a r i a b i l i t y i n the r e s p o n s e s 
o f i n d i v i d u a l s t o c h e m i c a l and p h y s i c a l changes i n the h a b i t a t . U l t r a s o n i c t a g g i n g 
t e c h n i q u e s a l l o w d e t a i l e d s t u d i e s and e x p r e s s i o n o f t h i s i n d i v i d u a l i t y . 

Even from t h e v e r y b r i e f a c c o u n t g i v e n h e r e , t h e v a r i a b i l i t y i n f i s h b e h a v i o r i s 
e v i d e n t i n the d i f f e r e n t h a b i t a t s . I t i s hoped t h a t from an u n d e r s t a n d i n g o f such 
b e h a v i o r and movement p a t t e r n s , f u t u r e power s t a t i o n s may be d e s i g n e d , s i t e d and 
o p e r a t e d t o produce m i n i m a l e f f e c t s on i m p o r t a n t f i s h e r i e s and t h a t proposed e x p e n 
s i v e c o n s t r a i n t s on i n t a k e s and o u t f a l l s may be e v a l u a t e d o b j e c t i v e l y . 

Aokncwledgements - We are g r a t e f u l t o a l l t h o s e c o l l e a g u e s i n C . E . R . L . B i o l o g y S e c 
t i o n who have h e l p e d i n the r o u t i n e t r a c k i n g and f i s h c a t c h i n g o p e r a t i o n s . Thanks 
a l s o t o D r s . P e t e r H e n d e r s o n , and Andrew Turnpenny f o r a n a l y s i s and e x p e r i m e n t a l 
p r o c e d u r e s , and t o a l l the s t a f f o f the A n g l i a , S o u t h e r n and Welsh Water A u t h o r i t i e s , 
U . K . , f o r a s s i s t a n c e . F i n a l l y , thanks t o t h e B i o l o g y Group a t N o r t h West P r o j e c t 
G r o u p , D i n o r w i c , f o r a d v i c e and f a c i l i t i e s . T h i s p a p e r i s p u b l i s h e d w i t h the p e r 
m i s s i o n o f the C e n t r a l E l e c t r i c i t y G e n e r a t i n g B o a r d . 

p i k e (E, luoius) h a v e been t r a c k e d i n the Thames i n t h e v i c i n i t y o f the o u t f a l l from 
D i d c o t Power S t a t i o n . I n the Witham, i n d i g e n o u s bream d i s p l a y e d s t r o n g a s s o c i a t i o n s 
w i t h t h e i r a r e a o f c a p t u r e , though they a l s o showed c o n s i d e r a b l e i n d i v i d u a l v a r i a 
t i o n i n the t i m i n g and d i s t a n c e o f d a i l y movements . Some bream s t a y e d near the 
o u t f a l l o f L i n c o l n Power S t a t i o n f o r up to 15 d a y s , even though t h e r e was no d i s 
c h a r g e d u r i n g t h i s p e r i o d . I n the Thames, i n d i v i d u a l bream remained i n the warm 
w a t e r plume from D i d c o t f o r 2-5 d a y s , though they i n v a r i a b l y l e f t the a r e a even 
though the d i s c h a r g e c o n t i n u e d ( L a n g f o r d et αΐ.^ 1979 ) . P i k e h a v e , as y e t , shown 
l i t t l e a t t r a c t i o n t o the h e a t e d w a t e r from D i d c o t even i n w i n t e r , and d i s p l a c e d 
f i s h have moved b o t h ups tream and downstream p a s t t h e p lume . The plume a t D i d c o t 
i s , however , s m a l l and may not be d e t e c t a b l e by f i s h moving a l o n g the o p p o s i t e s i d e 
o f the r i v e r d u r i n g h i g h f l o w s . 

MIGRATION ROUTES I N ESTUARIES 

U l t r a s o n i c t a g g e d salmon and s e a - t r o u t t r a c k e d i n Southampton Water were found to 
t r a v e l o f t e n i n s h a l l o w a r e a s f o r l o n g p e r i o d s though some f i s h t r a v e l l e d i n the 
deep water c h a n n e l f o r some t i m e . F i s h have appeared to f o l l o w t i d a l c u r r e n t s and 
speeds v e r y c l o s e l y , b u t have made l a t e r a l movements , i . e . a c r o s s the main c u r r e n t 
v e c t o r s , d u r i n g s l a c k w a t e r a t h i g h t i d e . F i s h were found a t t imes i n w a t e r l e s s 
than 0 . 5 m d e e p , and sometimes even i n the ' s u r f - z o n e * . 

MIGRATION RATES I N THE SEIONT 

Records o f some f i f t e e n f i s h h a v e now b e e n a n a l y z e d from t h e a u t o m a t i c r e c o r d e r s , 
though t h e r e a r e , as y e t , no f i s h r e c o r d e d t h r o u g h the whole s y s t e m . The d a t a show 
t h a t t h e r e was c o n s i d e r a b l e v a r i a t i o n i n the d e l a y p e r i o d between r e l e a s e o f t a g g e d 
f i s h and t h e i r p a s s a g e through the f i r s t r e c o r d i n g s t a t i o n . L a t e r r e c o r d s have 
shown t h a t f i s h may move b o t h ups tream and downstream a f t e r r e l e a s e , and one f i s h 
w h i c h moved downstream w a i t e d a l m o s t one month b e f o r e r e t u r n i n g u p s t r e a m . A second 
f i s h took a lmos t t en days t o t r a v e r s e one 2 km r e a c h b u t o n l y 4 h to t r a v e l t h e 
n e x t 2 km. 
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Abstract — S i x A t l a n t i c salmon g r i l s e were c a u g h t by b a g n e t s 
a t a n e t t i n g s t a t i o n on the e a s t c o a s t o f S c o t l a n d , t a g g e d 
w i t h u l t r a s o n i c t r a n s m i t t e r s , r e l e a s e d and t r a c k e d by means o f 
d i r e c t i o n a l hydrophones mounted b e n e a t h two s m a l l b o a t s . I n 
t h e open s e a , the f i s h g e n e r a l l y moved w i t h the t i d a l c u r r e n t s . 
I n the v i c i n i t y o f the r i v e r the b e h a v i o r changed and t h e f i s h 
swam a g a i n s t the c u r r e n t , e v e n t u a l l y e n t e r i n g the r i v e r mouth . 
The t r a n s i t i o n from f u l l s e a w a t e r to f r e s h w a t e r was r a p i d and 
w i t h o u t any p e r i o d o f a d a p t a t i o n . I n r e a c h i n g the r i v e r mouth , 
the salmon o f t e n p a s s e d through l i n e s o f b a g and s t a k e n e t s 
d e m o n s t r a t i n g t h a t t h e s e n e t s are r a t h e r i n e f f i c i e n t . 

DISCUSSION 
The r e t u r n o f m a t u r i n g sa lmon to t h e i r home r i v e r from d i s t a n t p a r t s o f t h e s e a i s 
a most i n t e r e s t i n g phase o f t h e i r l i f e , b u t one w h i c h i s p o o r l y u n d e r s t o o d . We have 
r e c e n t l y o b s e r v e d t h e movements o f sa lmon on t h e i r r e t u r n to c o a s t a l w a t e r s o f f the 
e a s t o f S c o t l a n d . The f i s h were f i r s t c a p t u r e d a t the R o c k h a l l s t a t i o n o f M e s s r s . 
J o s J o h n s t o n and Sons L t d . The s t a t i o n i s on t h e c o a s t 8 km n o r t h o f M o n t r o s e , and 
3 km to the n o r t h o f the r i v e r N o r t h E s k . The u l t r a s o n i c t a g s , 1 cm i n d i a m e t e r and 
4 cm long and t r a n s m i t t i n g 1.5 ms p u l s e s a t 75 KHz, were p l a c e d i n s i d e the s tomachs 
o f the f i s h where they remained f o r s e v e r a l days b e f o r e b e i n g r e g u r g i t a t e d . Each 
f i s h was l e f t i n a n e t t i n g c a g e on the s e a bed f o r t w e l v e hours or so to r e c o v e r and 
was then r e l e a s e d and t r a c k e d by means o f a d i r e c t i o n a l hydrophone r e c e i v e r a t t a c h e d 
t o a s m a l l b o a t . 

S i x g r i l s e (salmon w h i c h had s p e n t a s i n g l e w i n t e r i n the s e a ) were t a g g e d and 
f o l l o w e d , and t h r e e o f t h e s e e n t e r e d the r i v e r N o r t h E s k . W h i l e i n t h e s e a o f f the 
c o a s t , the f i s h moved w i t h the t i d a l c u r r e n t s and when the t i d e c h a n g e d , the d i r e c 
t i o n o f movement a l t e r e d . The f i s h d i d n o t seem to be c a r r i e d a l o n g p a s s i v e l y w i t h 
the t i d e s i n c e they o f t e n swam f a s t e r than the c u r r e n t . On the o t h e r h a n d , they 
swam o n l y a t moderate speeds w e l l w i t h i n t h e i r c r u i s i n g c a p a c i t y . G e n e r a l l y the 
speed o f t h e f i s h exceeded the p r e d i c t e d speed o f the t i d e by l e s s t h a n 1 km h~^ 
( i . e . a swimming speed r e l a t i v e to the w a t e r o f l e s s t h a n h a l f a body l e n g t h per 
s e c o n d ) . Only r a r e l y were f i s h o b s e r v e d a t swimming speeds above 1.5 km h""-̂ . The 
f a s t e s t speed was 5 . 2 km h"^ (2 .4 body l e n g t h per s e c o n d ) , when a f i s h swam s t r a i g h t 
from R o c k h a l l to the mouth o f the N o r t h Esk w i t h the f l o o d t i d e to e n t e r the r i v e r . 
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Only one f i s h e n t e r e d t h e r i v e r d i r e c t l y , when the r i v e r was i n s p a t e . Two f i s h 
t r a c k e d , when the r i v e r was a t more t y p i c a l summer l e v e l s , r e a c h e d the mouth a t low 
s l a c k w a t e r and then swam back and f o r t h a c r o s s the r i v e r mouth b e f o r e e n t e r i n g . 
Both these f i s h were v e r y c l o s e to the shore on t h e i r runs p a s t the r i v e r mouth 
( F i g . 1 ) , o f t e n among b r e a k i n g w a v e s . 

F i g . 1. Movements o f a s i n g l e g r i l s e r e l e a s e d a t R o c k h a l l , on 
15 J u l y , 1978 and f o l l o w e d i n t o the r i v e r N o r t h E s k . 
The t r a c k o f the f i s h i s shown by a d o t t e d l i n e , w i t h 
h o u r l y i n t e r v a l s marked by a s l a s h . Salmon n e t s are 
shown as l i n e s r u n n i n g out from the s h o r e . 

T r a c k i n g w i t h i n the r i v e r i t s e l f showed t h a t a l l t h r e e f i s h r e a c h e d the f i r s t major 
p o o l ( the Nab p o o l ) w i t h i n t w e l v e hours o f e n t r y , and s t a y e d t h e r e f o r a w h i l e b e f o r e 
moving o n . C l e a r l y , t h e w a t e r b a l a n c e problem w h i c h salmon have on r e a c h i n g f r e s h 
w a t e r i s no t a s e v e r e d e t e r r e n t t o the f i s h e n t e r i n g the r i v e r . 

S t a s k o et al. (1973) have a l s o r e p o r t e d t h a t m i g r a t i n g sa lmon swim w i t h the c u r r e n t 
when r e t u r n i n g t o t h e c o a s t . L i k e u s , they no ted t h a t the f i s h r e v e r s e t h i s b e h a 
v i o r i n the r i v e r mouth and s t a r t to swim a g a i n s t the c u r r e n t . T h i s change i n 
b e h a v i o r may be i n i t i a t e d by c h e m i c a l cues from the r i v e r w a t e r . Swedish e x p e r i m e n t s 
i n the B a l t i c have shown t h a t r e t u r n i n g salmon w i t h t h e i r o l f a c t o r y o r g a n s b l o c k e d 
do not home s u c c e s s f u l l y (Bertmar and T o f t , 1969) . The c h e m i c a l cue may s i m p l y be 
the p r e s e n c e o f f r e s h w a t e r , b u t Solomon (1973) c o n c l u d e d t h a t the r e t u r n o f the 
a d u l t s i s dependent on the f i s h i d e n t i f y i n g p a r t i c u l a r pheromones r e l e a s e d by f i s h 
i n the home r i v e r . 

Four o f the salmon e n c o u n t e r e d salmon n e t s w h i l e moving a l o n g the c o a s t , or i n t o 
the r i v e r , and i n each c a s e s u c c e s s f u l l y n e g o t i a t e d the h a z a r d . Two f i s h , i n 
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p a r t i c u l a r , r e p e a t e d l y a v o i d e d c a p t u r e by b o t h b a g and s t a k e n e t s as they swam to 
and f r o a l o n g the beaches t o the n o r t h and s o u t h o f the N o r t h E s k . 

Sometimes the f i s h swam to the seaward end o f t h e l i n e o f n e t s and then rounded i t . 
I n many c a s e s , however , the f i s h seemed to swim i n t o t h e n e t on one s i d e , around the 
end o f the l e a d e r , and then out o f the n e t on the o p p o s i t e s i d e . O t h e r f i s h p a s s e d 
around the seaward end o f a b a g , then swam between t h e b a g and t h e l e a d e r o f the 
n e x t n e t . 

A h i g h p r o p o r t i o n o f f i s h t a g g e d by c o n v e n t i o n a l means a t some sa lmon n e t t i n g s t a 
t i o n s are c a u g h t a g a i n a t o t h e r s t a t i o n s . Of f i s h t a g g e d a t R o c k h a l l , some 53 p e r 
c e n t are s u b s e q u e n t l y r e c a p t u r e d . From the e a s e w i t h which salmon can a v o i d b a g and 
s t a k e n e t s we have c o n c l u d e d t h a t t h i s h i g h r e c a p t u r e r a t e r e f l e c t s t h e f r e q u e n c y 
w i t h which salmon meet salmon n e t s , r a t h e r than the e f f i c i e n c y o f the i n d i v i d u a l 
n e t s per se. 
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