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Abstract Validated age and growth estimates

are important for constructing age-structured

population dynamic models of chondrichthyan

fishes, especially those which are exploited. We

review age and growth studies of chondrichth-

yan fishes, using 28 recent studies to identify

areas where improvements can be made in

describing the characteristics of ageing struc-

tures (both traditional and novel) utilized to

estimate ages of sharks, rays, and chimaeras.

The topics identified that need consistency in-

clude the: (1) terminology used to describe

growth features; (2) methods used to both

verify and validate age estimates from chon-

drichthyan calcified structures, especially edge

and marginal increment analyses; and (3) the

functions used to produce and describe growth

parameters, stressing the incorporation of size

at birth (L0) and multiple functions to charac-

terize growth characteristics, age at maturity

and longevity.

Keywords Age validation Æ Precision analysis Æ
Chondrichthyes Æ Growth Æ Longevity Æ
Vertebrae

Introduction

In recent years, there have been many advances in

the quantitative study of age and growth of

chondrichthyan fishes (Cailliet and Goldman

2004). Several new hard parts have been shown to

provide valid assessments of age in some species,

and new techniques for validation (e.g. bomb

carbon) are becoming more widely known and

applied. Moreover, the importance of assessing

the precision and accuracy of counts on ageing

structures, and the differences in growth models

and their fits to data, are becoming more widely

recognized. The book chapter cited above in a

book entitled ‘‘Biology of Sharks and their Rela-

tives,’’ edited by Carrier et al. (2004), reviewed the

field of age and growth in this group of fishes up to

2003. Although it has been less than two years

since this publication, numerous papers on these

subjects have been published, in addition to sev-

eral papers not covered in the 2004 review chapter.

Since then, we have found five papers that were

missed and 23 new publications that covered age

and growth of chondrichthyan fishes. These

papers covered the life histories of three species
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of chimaeras (Francis and Maolagáin 2000, 2001,

2004; Moura et al. 2004), three species of rays

(Coelho and Erzini 2002; Neer and Thompson

2005; White and Potter 2005), nine species of

skates (Gallagher et al. 2004; Henderson et al.

2004; Francis and Maolagáin 2005; Gedamke

et al. 2005; Sulikowski et al. 2005a, b), two species

of mackerel shark (Malcolm et al. 2001; Campana

et al. 2005), and ten species of ground or requiem

sharks (Yamaguchi et al. 1998; Lombardi-Carlson

et al. 2003; Oshitani et al. 2003; Cruz-Martinez

et al. 2004; Ivory et al. 2004; Joung et al. 2004,

2005; Lessa et al. 2004; Neer and Thompson 2004;

Santana and Lessa 2004; Carlson and Baremore

2005; Manning and Francis 2005; Neer et al.

2005).

We reviewed the 28 new or missed papers

mentioned above, analyzing the approaches that

were taken in them tohelp identify key problems, if

any, still existing in the methods involved in

chondrichthyan age and growth studies. We were

specifically interested in determining how these

authors handled issues like the terminology of

growth patterns, verification and validation tech-

niques (focusing on edge characteristics and mar-

ginal increment analyses), and growth function

fitting (how the von Bertalanffy (1938) growth

function was fit and what other functions might

have also been useful). At the end of each section,

we provide recommendations that will hopefully

guide researchers on how to proceed with each

type of growth-related analysis.

Cailliet and Goldman (2004) and Goldman

(2004) provided many guidelines on how to

approach the subjects mentioned above. How-

ever, since many of these recent papers used a

variety of different approaches, we have chosen

to use the variability encountered in them to

suggest ways to unify the field so that future pa-

pers might use suitable, and hopefully similar,

approaches in their assessment of chondrichthyan

life history parameters. Considerable variability

and inconsistency were found in the: (1) termi-

nology used for growth patterns in these struc-

tures; (2) methods used to verify and validate age

estimates, including whether or not statistical

analyses were applied; and (3) growth function

fitting and parameter estimation.

Calcified structures and terminology

used for chondrichthyan growth studies

Most age and growth studies of sharks, rays, and

chimaeras utilize growth patterns in vertebral

centra, dorsal fin spines (especially for those spe-

cieswhich donot have suitably calcified centra and/

or live in deep-sea habitats), and more recently in

skates, caudal thorns (Cailliet andGoldman 2004).

These structures tend to accumulate calcified

growth material as they age, thus producing con-

centric areas that often have characteristics

reflecting the time of year (season) in which this

material is being deposited. Of the papers we

recently reviewed, all used calcified structures,

including vertebral centra (23 of the studies),

dorsal spines (four), and caudal thorns (two).

In the field of fish ageing, there have been

several attempts to synthesize the terminology

used to describe growth features so that it is

consistent among studies, one of the earliest being

Wilson et al. (1987). Recently, Panfili et al. (2002)

provided a comprehensive review in their ‘‘Man-

ual of Fish Sclerochronology.’’ However, this

excellent review, with its glossary, is focused more

on bony fish ageing, involving the use of otoliths

and scales, which are not appropriate for chon-

drichthyan fishes.

It is important to distinguish between growth

patterns that reflect seasonal growth and those,

when combined, that may reflect annual (yearly)

growth. Therefore, we first need to distinguish the

length of time a particular growth pattern reflects.

Panfili et al. (2002), for example, discussed daily

growth rings, a phenomenon that has not yet been

found in chondrichthyans. For these fishes, the first

distinction is whether a term reflects a season (i.e.,

summer or winter patterns; but this may not always

be the same in all species) or a year (i.e., an annual

pattern, which requires some sort of validation,

discussed later). As Panfili et al. (2002) noted, the

term annulus ‘‘has traditionally been used to des-

ignate yearly marks even though the term is

derived from the Latin ‘‘anus,’’ meaning ring, not

from ‘‘annus,’’ which means year.’’ For the sea-

sonal growth pattern, Panfili et al. (2002) synony-

mized the words band, ring, increment, and mark,

something that we feel confuses researchers.

212 Environ Biol Fish (2006) 77:211–228
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We would prefer to have a standardized termi-

nology that all, or at least the majority of chon-

drichthyan researchers, should follow.

Cailliet and Goldman (2004) and Goldman

(2004) tried to be consistent with their terminol-

ogy, suggesting that ‘‘band’’ be used for seasonal

periods (e.g. opaque bands tending to be depos-

ited in summer and translucent bands tending to

be deposited in winter months) and either ‘‘ring’’

or ‘‘annulus’’ be used for those growth patterns

demonstrated or assumed to represent a year’s

period. Cailliet and Goldman (2004) stated that

‘‘the most commonly distinguishable banding

pattern in sectioned centra when viewed micro-

scopically is one of wide bands separated by dis-

tinct narrow bands,’’ and also that the ‘‘terms

opaque and translucent are commonly used to

describe these bands.’’ An additional character-

ization of chondrichthyan growth bands was

applied by Officer et al. (1996, 1997) based upon

their relative extent of mineralization; these were

identified as ‘‘hypermineralized bands.’’

Although there is often regularity in the width

of bands, this can still be a potentially misleading

generalization. For broader discussions, we feel

that it is important to modify such statements

saying ‘‘there is often a consistency in the wide/

narrow pattern.’’ The width of these opaque and

translucent bands can be particularly exaggerated

during the early years, and later, as growth slows,

widths of these bands become more similar to

each other. In fact, opaque and translucent bands

may be narrower than translucent bands and/or

vice versa in ‘‘older’’ fish. In addition, the relative

widths of these bands may not remain consistent

throughout the life of the animal. It is the depo-

sition of opaque and translucent bands that is

usually more consistent seasonally. Therefore,

bands should be described and identified for their

optical qualities, rather than dimensions such as

band widths, which can be highly variable.

While reviewing the papers published since

Cailliet and Goldman (2004), we found that many

terms and combinations of terms were used. In

the 28 studies reviewed, seasonal patterns were

termed ‘‘band’’ (18 studies), ‘‘ring’’ and ‘‘zone’’

(4 each), ‘‘increment’’ (1), and in one publication,

not defined at all. The terms used to represent

annual patterns in these studies were ‘‘band’’

(7 studies), ‘‘band pair’’ (5), ‘‘annulus’’ (plural

annuli), ‘‘ring’’ (in one of these, ‘‘growth ring’’)

and ‘‘increment’’ (3 each), while 7 studies did not

provide a definition. This supports our assertion

that there is a need for consistency in the future

use of terminology.

Indeed, years ago Cailliet et al. (1985) sug-

gested counting band pairs, defined as one opa-

que and one translucent band combined, in their

study of white shark, Carcharodon carcharias,

growth. Martin and Cailliet (1988) added the term

rings, which referred to the fine features within

and making up either opaque or translucent

bands (see Fig. 1 for a recent example). These

fine rings have rarely been reported in chondri-

chthyans. Officer et al. (1996, 1997) identified

these features as ‘‘minor increments’’ or ‘‘fine

check marks’’ in gummy, Mustelus antarcticus,

and school shark, Galeorhinus galeus, vertebrae,

and similar rings were found in vertebral centra of

the blue stingray, Dasyatis chrysonota (Cowley

1997), smooth hound, M. mustelus (Goosen and

Smale 1997), and sandtiger sharks, Carcharias

taurus (Goldman et al. 2006).

Recommendations

For clarity and consistency, we suggest that

chondrichthyan fish agers use the following

Fig. 1 A thin-sectioned vertebral centrum from an esti-
mated 3.5+ year old spinner shark (Carcharhinus brevi-
pinna) is shown (from Carlson and Baremore 2005).
Centrum features, including the birthmark, opaque and
translucent bands, band pairs, are identified. Also notable
is the marginal increment of the ultimate band and the
finer rings within the structure

Environ Biol Fish (2006) 77:211–228 213
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terminology: (1) ‘‘Opaque’’ or ‘‘translucent bands’’

(following Cailliet et al. 1983); (2) ‘‘band pairs’’

(often referred to as annuli and/or rings, sensu

Cailliet and Goldman (2004) and Goldman

(2004)), comprising one opaque and one translu-

cent band; and (3) ‘‘increments’’ which are mea-

surements of partial to complete growth bands or

band pairs (which should be specifically defined by

authors). These terms should not be confused with

other terminology such as ‘‘checks’’ or ‘‘discon-

tinuous bands’’ (Panfili et al. 2002), although these

also appear as translucent and opaque features.We

remind investigators that the method of prepara-

tion and examination of an ageing structure (e.g.

stained vs. unstained, radiographed vs. micro-

photographed, and viewed using reflected vs.

transmitted light) alter the optical properties of

calcified structures. Therefore, features character-

ized as opaque or translucent may vary depending

uponmethodology. Finally, we propose that future

studies ascertain whether bands classified as

‘‘opaque’’ are hyper- or hypomineralized.

Verification and precision analysis

Panfili et al. (2002) defined ‘‘verification’’ as

confirming ‘‘the consistency of the interpretation

of age, i.e., the repeatability and/or precision of a

numerical interpretation that may be independent

of age.’’ They further define ‘‘precision’’ as ‘‘the

closeness of repeated measurements of the same

quantity.’’ They then pointed out that this can be

between or within readers or laboratories. The

techniques commonly used to verify age estimates

were presented by Campana (2001) for fishes in

general and by Cailliet and Goldman (2004) and

Goldman (2004) for use on chondrichthyans.

Most of the 28 recently reviewed studies pre-

sented evidence that verified or assessed preci-

sions of age estimates. The Index of Average

Percent Error (Beamish and Fournier 1981,

sometimes also including D and V of Chang 1982)

was presented in 13 of these papers, while per-

centage agreement (Beamish and Fournier 1981;

Cailliet et al. 1990; Kimura and Lyons 1991;

Campana 2001; Cailliet and Goldman 2004) and

age–bias curves (Campana et al. 1995) each were

reported in six papers. Combinations of the vari-

ous verification and precision assessments were

common (11 studies). This approach of combining

various assessments is a good one because when

more than one method produces similar results it

gives additional strength to the conclusions.

However, Hoenig et al. (1995) demonstrated

that there can be differences in precision that

APE indices obscure because they assume that

the variability among observations of individual

fish can be averaged over all age groups and that

this variability can be expressed in relative terms.

Additionally, APE indices do not result in values

that are independent of the age estimates, do not

test for systematic differences, do not distinguish

all sources of variability (such as differences in

precision with age) and do not take experimental

design among studies into account (i.e., number

of times each sample was read in each study.

Within a given ageing study, APE indices may

serve as good relative indicators of precision

within and between readers provided that each

reader ages each vertebra the same number of

times. However, even this appears only to tell us

which reader was less variable, not which one was

better or if either were biased. Bias is a more

critical issue than precision, particularly in long-

lived chondrichthyan fishes. We prefer also using

Goldman’s (2004) method for assessing precision,

in which the percent agreement within and be-

tween readers is calculated, with individuals di-

vided into appropriate length or disc width groups

(e.g., 5–10 cm increments). This can be done with

sexes separate and/or combined. Biases can then

be assessed using contingency table methods

(Bowker 1948; Hoenig et al. 1995). We feel that

there is validity in using percent agreement with

individuals grouped by length as a test of preci-

sion because it does not rely on ages (which have

been estimated or assessed), but rather on

empirical length measurements. Of course, age

could be used if, and only if, validation of abso-

lute age for all available age classes had been

achieved.

Recommendations

Chondrichthyan life history researchers should

continue to apply precision analyses in their

214 Environ Biol Fish (2006) 77:211–228
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ageing studies, and should, whenever possible,

use multiple methods. In addition, within- or be-

tween-reader age–bias curves should be em-

ployed, including frequencies and levels of

agreements superimposed on these curves

(Fig. 2), and contingency tables.

Validation analysis

Panfili et al. (2002) defined ‘‘accuracy’’ as ‘‘the

closeness of the estimate of a quantity (measured

or computed value) to its true value.’’ Thus, to

document or test accuracy is to validate that the

growth zones being counted represent some

temporal unit such as season or year. Again, the

techniques commonly used to validate age esti-

mates were presented by Campana (2001) for

fishes in general and by Cailliet and Goldman

(2004) and Goldman (2004) for use on chondr-

ichthyans.

Campana (2001) included at least eight

approaches, all clearly summarized and listed, in

order of choice. These were: (1) release of known

age and marked fish; (2) bomb radiocarbon; (3)

mark-recapture of chemically tagged fish; (4)

radiochemical dating; (5) discrete length modes

sampled for age structures; (6) natural date-

specific markers; (7) marginal increment analysis;

and (8) captive rearing (with and without oxy-

tetracycline or OTC). While radiochemical dating

has proven to be quite useful for bony fish otoliths

(see Andrews et al. 1999, 2005; Stevens et al. 2004

for examples), its assumptions are invalid for

cartilaginous chondrichthyan skeletons and it

cannot be used on this group of fishes (Welden

et al. 1987).

According to Cailliet and Goldman (2004), the

techniques most commonly used on chondr-

ichthyan fishes were marginal increment analysis,

size frequency modal analysis, release of known-

age, marked fish, mark-recapture of chemically

tagged fish, and captive rearing. Also, one study

Fig. 2 An intra-reader
age–bias plot that also
incorporates age-specific
agreements from a
contingency table of thorn
band counts for
Amblyraja georgiana
(from Francis and
Maolagáin 2005).
Numbers represent
number of skates, and
dots with error bars are
the mean counts of
reading 2 (±2 standard
errors) relative to reading
1 (offset by +0.1 bands for
clarity) for 119 readings.
The diagonal line
indicates a one-to-one
relationship

Environ Biol Fish (2006) 77:211–228 215
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was published by Campana et al. (2002) utilizing

bomb radiocarbon age validation techniques for

the porbeagle, Lamna nasus, and one vertebral

centrum of the shortfin mako, Isurus oxyrinchus.

While this exciting new validation approach is

quite promising, it is also highly technical and

expensive, thus no new papers have been pub-

lished to date. However, three papers were pre-

sented at this symposium, which appear in these

proceedings (see Ardizzone et al. 2006; Campana

et al. 2006; Kerr et al. 2006)

In our review of the recent literature (Cailliet

and Goldman 2004), including the more recent 28

studies, validation studies have not been very

common for chondrichthyan fishes. This is mainly

because of their limited accessibility, large size

and mobility, and the difficulty of obtaining

monthly, or even seasonal, samples. As a result,

almost half of the 28 studies (13) did not report

any age validation results, and the rest used a

variety of tools.

Edge analysis

As discussed by Cailliet and Goldman (2004) and

Goldman (2004), edge analysis characterizes the

margin of a structure used for ageing over time in

many different individuals to discern seasonal

changes in growth. These structures have tradi-

tionally been vertebral centra, but this approach

could equally apply to spines, thorns and neural

arches. Edge analysis involves qualitatively char-

acterizing the margin of the calcified structure as

opaque or translucent, light or dark, wide or

narrow, or a combination of these features.

In our examination of the recent literature we

found that 6 of the 13 studies applied centrum

edge analysis as a validation method. One

approach was categorizing the edges simply as

opaque or translucent (four studies), while the

others categorized the edges as one of three

grades (two studies).

The use of edge analysis was introduced by

Holden and Vince (1973), who determined the

timing of band deposition and validated the an-

nual formation of one opaque and translucent

band (one band pair) in whole vertebral centra of

Raja clavata in conjunction with OTC mark

recapture. However, they warned that the timing

of opaque band formation did not necessarily

coincide with the time that they become visible at

the edge of the centrum. In their study, recogni-

tion of centrum edge types was commonly ob-

scured by remaining vertebral connective tissue.

Prompted by this earlier study, Tanaka and Mi-

zue (1979) sectioned vertebral centra to enhance

band clarity and determine the periodicity of

band formation. Three grades of band develop-

ment were classified from centrum edges. These

grades were based on the optical qualities and

width of the ultimate band (I: dark; II: light,

narrow; III: light, broad) in relation to the month

of capture.

Identifications of edge types may be influenced

by many factors. The optical qualities of an age-

ing structure vary with preparation (e.g. thickness

of section), species, its dimensions, and lighting

methods. Edge types of stained vertebrae may be

more difficult to interpret because of the accu-

mulation of stain at the sample–resin interface.

Inter-annual environmental variation may also

alter the pattern of band formation and reduce

the resolution of the technique. The experience

level of those estimating ages and inconsistent

criteria for assigning edge grades may further

introduce variability and subjectivity into the

analysis. It is therefore critical to include only

samples of good condition and clarity and to

carefully and consistently examine the edges of an

ageing structure.

Despite the subjectivity associated with this

approach, edge analysis has frequently been used

in chondrichthyan ageing studies. The percent

frequency of opaque and translucent bands has

been compared with month or season of specimen

capture (e.g. Roussouw 1984; Kusher et al. 1992;

Wintner et al. 2002), and Tanaka and Mizue’s

(1979) approach has been adopted in numerous

studies (e.g. Yudin and Cailliet 1990; Carlson

et al. 1999). Following modified edge analysis

methods introduced in teleost ageing studies

(Anderson et al. 1992; Vilizzi and Walker 1999),

Smith (2005) classified four distinct edge catego-

ries: narrow translucent, broad translucent, nar-

row opaque and broad opaque. The width of the

forming band (broad/narrow) was determined

based on proportional development in relation to

the previous like band. Although this approach
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may not be well suited for small-bodied species or

may become more complicated among the larg-

est/oldest specimens, the consideration of four

general edge types can provide enhanced details

pertaining to seasonal patterns of band formation.

When combined with additional techniques, such

as Marginal Increment Analysis (MIA), edge

analysis can provide valuable corroborative

evidence to validate the periodicity of band

formation.

Marginal increment analysis

MIA provides a useful, semi-direct (Panfili et al.

2002) method of validating the periodicity of band

formation. It is the most commonly employed

validation technique among chondrichthyan age

and growth studies (Cailliet and Goldman 2004;

Goldman 2004). Like edge analysis, MIA requires

the recognition and identification of the band type

forming on the outer edge of an ageing structure.

Typically, the width of the ultimate, developing

band (or band pair) is compared to the width of

the last fully formed band pair and mean values of

these ratios are related to the month of capture.

Trends in the periodicity of band formation can be

compared by size class, pooled age classes, select

age classes (e.g. White et al. 2001; Sulikowski

et al. 2005a), or season (Neer and Thompson

2005), but should ideally be restricted to individ-

ual age classes (Campana 2001). Specimens esti-

mated to be age 0 cannot be included in MIA

because they lack fully formed band pairs.

Campana (2001) identified MIA as one of the

most difficult and likely to be abused methods of

validation. However, Parsons (1993) successfully

established the applicability and resolution of

MIA in chondrichthyan growth studies by vali-

dating the annual deposition of a single band pair

within the vertebral centra of Sphyrna tiburo

using MIA in conjunction with captive, known-

age and OTC-injected recaptured specimens.

Although the incorporation of MIA into elas-

mobranch ageing studies has increased markedly

since Parsons’ (1993) study, the technique had

previously been applied for many years. In his

pioneering work, Ishiyama (1951) was the first to

present a formula for MIA and examine ratios of

ultimate and penultimate marginal widths be-

tween months of capture to determine the season

of band formation. This attempt, however, was

largely overlooked.

More recent authors (e.g. Killam and Parsons

1989; Simpfendorfer 1993; Natanson et al. 1995;

Loefer and Sedberry 2003; Santana and Lessa

2004; Goldman and Musick 2006) have applied

MIA as a validation technique, but few have

provided examples of the formulae used to cal-

culate these values or explicit details of this

technique. Consequently, ambiguous and incon-

sistent terminology associated with MIA may

have restricted the effective use, interpretation,

and comparative value of these analyses among

many elasmobranch ageing studies.

Four publications are commonly cited in asso-

ciation with chondrichthyan MIA and each offer

seemingly different approaches and terminology:

(1) Natanson et al. (1995): MIR = (VR–Rn)/

(Rn–Rn–1), in which MIR is the Marginal

Increment Ratio, VR is the vertebral radius,

Rn is the radius of the ultimate band or band

pair, and Rn–1 is the radius of the next to last

complete band pair;

(2) Conrath et al. (2002): MIR = MW/PBW, in

which MIR remains as previously defined,

MW is the margin width, and PBW is the

previous band pair width;

(3) Lessa et al. (2004): MI = VR–Rn, in which

MI is termed the marginal increment, VR is

the vertebral radius, and Rn is the radius of

the last complete band or band pair.

(4) Branstetter and Musick (1994) apply the

term ‘‘relative marginal increment analysis,’’

but did not provide a formula or figure to

describe the calculation. In their description

of MIA, the authors’ definitions of the terms

‘‘band’’ and ‘‘ring’’ were unclear and they

proceeded to use them interchangeably

making it somewhat difficult to interpret the

features to which they were referring.

Ambiguity associated with only the presen-

tation of text and terminology may result in

differing interpretations as to what features

(e.g. bands or band pairs, opaque bands or

translucent bands, broad or narrow bands,

etc.) should be measured and compared.
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Of these four methods, the one detailed by

Natanson et al. (1995) has been the most widely

cited and originated from Hayashi’s (1976) study

of marginal increment formation in the otoliths of

the red tilefish, Branchiostegus japonicus. Each of

the techniques described by Branstetter and

Musick (1994), Natanson et al. (1995) andConrath

et al. (2002) calculate relative MIRs because the

width of the outermost band pair (or band) is

divided by the last fully formed band pair, making

the marginal increment proportional to the previ-

ous growth band, but not necessarily to other fish

of different ages. Alternatively, Santana and Lessa

(2004) presented a variation that reports the mean

relative MIRs by expressing absolute marginal

increments as a percentage following Crabtree and

Bullock (1998). In contrast, Lessa et al.’s (2004)

approach does not provide values of the marginal

width. Instead, their formula provides a secondary

estimate of vertebral radius minus the ultimate

band pair. This approach should not be used as a

semi-direct validation method.

If the MIA methods of Branstetter and Musick

(1994), Natanson et al. (1995) and Conrath et al.

(2002) are interpreted and calculated correctly,

they will provide the same result. These methods

are not distinct and reflect the most commonly

applied form of MIA in teleost ageing studies.

The modification presented by Conrath et al.

(2002) provides a simplification that directly

compares the widths of the ultimate and penulti-

mate band pairs. Secondarily determining width

of the penultimate band pair (or band) by sub-

tracting measurements from the vertebral radius

introduces additional measurement error into

calculations. The percent marginal increment

applied by Santana and Lessa (2004) generates an

interesting assessment of increment patterns but

may inhibit the ability to assess the significance of

these trends using most common statistical

methods because values are expressed as a per-

centage. Therefore, we feel using the simplifica-

tion of MIA as described by Conrath et al. (2002)

is the most appropriate technique for validating

the temporal periodicity of band deposition

among chondrichthyans.

When considering preparation techniques for

structures used in age determination and valida-

tion, especially MIA, we caution against the use of

whole vertebrae. This is mainly because there can

be error measuring straight lines on a concave sur-

face. Many authors (e.g. Kusher et al. 1992) have

discussed the potential drawbacks of ageing whole

vertebrae and stressed the advantages of sectioning

these structures so as to more easily discern the

growth zones, especially from older fishes.

MIA typically tests the null hypothesis that a

single band pair is deposited annually within the

ageing structure of a study species. Given that

initial assumption, it is imperative that measure-

ments incorporated into these analyses consist of

the last fully-formed band pair (one translucent

and one opaque band) and the ultimate forming

band or band pair. Measurement of opaque or

translucent bands alone would not adequately test

this null hypothesis. If more than one band pair is

formed each year, or no pattern is evident what-

soever, it will be revealed in such analyses.

Following MIA, statistical analyses should be

applied to the resulting data set to determine if

significant differences exist among months. Too

frequently, authors have relied on visual assess-

ments of potential trends in marginal increment

formation based solely on graphical representation

of the data. Adequate statistical analyses include

parametric single factor ANOVA (e.g. Carlson

et al. 2003) and non-parametric Kruskal–Wallis

one-wayANOVA(e.g. Simpfendorfer et al. 2000).

The required assumptions for parametric analyses

(i.e., equality of variances and normality) should

be tested to determine if ANOVA is appropriate.

As a result, transformation of mean marginal

increment data may be necessary to perform

ANOVA (e.g. Neer et al. 2005). Likewise, power

analysis should be applied to assess the adequacy

of sample size and potential for statistical error.

Few authors have tested (or reported testing) their

marginal increment data to ensure that parametric

analyses were appropriate. Because non-para-

metric approaches may be more robust in cases of

unequal sample sizes, inequality of variances,

or departures from normality (e.g. Zar 1996),

Kruskal–Wallis tests on ranks may be particularly

well suited for marginal increment data.

Although rarely included, post-hoc tests should

be applied to determine the source and extent of
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variation if significant differences are detected in

mean marginal increment ratios among months.

Tukey and Newman–Keuls are the most com-

monly used parametric tests for this purpose and

modifications of each are available in the com-

mon event of unequal sample sizes (Zar 1996;

Santana and Lessa 2004). Equivalent procedures

are available for non-parametric evaluations,

including the Nemenyi and Dunn tests (Zar 1996;

Smith 2005). The approach of Dunn (1964) may

be more applicable as it does not require equal

sample sizes. The ability to identify which

monthly or seasonal mean marginal increment

ratios are significant from one another may en-

hance conclusions on the timing of band deposi-

tion and the environmental or biological factors

that are associated with these events.

In our review of the recent 28 studies, authors

used a version of marginal increment analysis in

12 studies. However, of those studies using MIA,

only four attempted any statistical analyses to

determine if observed variation in the mean

marginal increment ratios differed significantly

among months or seasons. These statistics in-

cluded one factor ANOVA (3 studies), the Tukey

test (1 study), and non-parametric ANOVA or

the Kruskal–Wallace test (1 study).

Recommendations

For edge analysis, researchers should consider

using several grades based upon the optical

qualities and width of the ultimate band. It is also

essential that only samples of good condition and

clarity are used. Structures should be sectioned

for use with both edge and marginal increment

analyses because characterization and measure-

ment of the critical areas of the margin will be

more precise. We also feel that researchers need

to develop and apply statistical analyses to cate-

gorical edge data, perhaps including log-likeli-

hood ratios, Kolmogorov–Smirnov goodness of fit

tests, and frequency distribution analysis, among

other possibilities (e.g. Zar 1996; Cappo et al.

2000).

For both edge and marginal increment

analysis, we support recent recommendations

that trends in the periodicity of band formation

be analyzed separately by size class, pooled

age classes, selected age classes, and seasons.

We also support combining edge analysis with

other techniques (e.g. MIA) to strengthen the

interpretation of band formation periodicity

(Fig. 3).

The simplification of MIA as described by

Conrath et al. (2002) is the most appropriate

technique for validating the temporal periodicity

of band deposition among chondrichthyans. Sta-

tistical analyses for MIA are necessary to insure

that the edge dimensions really vary significantly

with season. These should include tests to deter-

mine whether parametric or non-parametric sta-

tistics would be most appropriate for a given

study. If significant differences among months or

seasons are detected, appropriate post-hoc tests

should be applied to identify the temporal source

of this variation.

L0 vs. t0 and other aspects of the von

Bertalanffy growth function (VBGF)

The VBGF (von Bertalanffy 1934, 1938, 1960) is

the most commonly used growth function in

chondrichthyan age and growth studies:

LðtÞ ¼ L1 � ðL1 � L0Þ e�kt;

where L(t) is length as a function of time (t), L¥ is

the theoretical asymptotic length, L0 is the size at

birth, and k is the rate constant. The function that

has consistently beenpresented as vonBertalanffy’s

(1934) growth function (e.g. Ricker 1979; Gulland

1983; Hilborn and Walters 1992; Haddon 2001)

represents a modification of the original formula

and is:

LðtÞ ¼ L1 1 � e�kðt�t0Þ
� �

;

where t0 is the theoretical time at zero length and

the other parameters are as previously defined.

Von Bertalanffy (1934) obtained his growth

function by integrating the differential equation:

dw=dt ¼ gw2=3 � jw;

where g (eta) is the build-up (anabolic), j (kappa)

is the break-down (catabolic) physiological
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parameter, and w is mass (weight). The constant

of integration is determined by the value of w(t)

at time zero (y-axis intercept) or L(t), and not

some imaginary, negative time when w(t) = 0 or

L(t) = 0 (x-axis intercept). His differential equa-

tion applied to mass, but the first step in this

integration is the substitution method y = w1/3

and this first mathematical step can be interpreted

biologically to produce a differential equation for

length if we substitute with L = qw1/3 where q is a

constant. The integration of the differential

equation also shows that it is convenient to use

the parameter L¥ = 3 q (g/k) which is inversely

proportional to the rate constant k (where k = j/
3). The steady state value L (t = ¥) = L¥ is

determined by both g and k, while the time it

takes to reach the final length from birth is

determined by k alone.

It was Beverton (1954) who first used t0 in-

stead of L0 as the third parameter in the VBGF.

He mathematically transformed the VBGF with

the parameters L¥, k, and L0 to an equation

with the parameters L¥, k, and t0 to simplify

yield calculations. He stated in Lecture 9 on p.

43: ‘‘It must be remembered that the constant t0
is largely artificial, insofar as it defines the age at

which the organism would be of zero length if it

grew throughout life with the same pattern of

growth as in the post-larval phase.’’ The VBGF

with t0 as the third parameter was also used in

Beverton and Holt (1957), and they also stated

on p. 34: ‘‘In practice, the constant t0 must be

regarded as quite artificial.’’ Nevertheless, this

led to widespread but unfortunate use of the

VBGF with t0 as the third parameter in age and

growth studies. Holden (1974) incorrectly as-

sumed that t0 had biological meaning for elas-

mobranchs (i.e., gestation period), but it does

not (Pratt and Casey 1990; Van Dykhuizen and

Mollet 1992).

We also note that the rate constant k has units

of reciprocal time and is difficult to interpret. It is

easier to interpret k in terms of half-lives (ln 2/k)

with units of time. The time it takes to reach the

fraction x of L¥ is given by:

tx ¼ 1=k ln ðL1 � L0Þ=ðL1ð1 � xÞÞ½ �:

If, for example, we use x = 0.95 (Ricker 1979),

we also need to specify L0 (for example 0.2L¥),

then we can interpret t0.95 as a longevity estimate

as given by:
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Fig. 3 Monthly variation among four centrum edge types
(n = 205) and mean monthly marginal increment ratios
(MIR) ±1 standard error (n = 139) determined from
pooled sexes and size classes of the diamond stingray,
Dasyatis dipterura (from Smith 2005). Values within the

histogram represent the number of samples included in
monthly centrum edge analyses. Sample sizes incorporated
into the marginal increment analysis are listed in paren-
theses below the x-axis
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t0:95 ¼ 2:77=k ¼ 4:0 ln 2=kð4 half � livesÞ:

Fabens (1965) defined longevity based on

x = 0.9933, assumed L0 = 0, and obtained:

t0:99 ¼ 5=k ¼ 7:21 ln 2=k;

for 7.2 half-lives. This shows that there is a con-

siderable range for the definition of longevity

depending on the value of x postulated.

It does not matter which 3-parameter VBGF is

used for fitting length vs. age data as they are

mathematically equivalent. However, the equa-

tion with L0 as the third parameter has major

advantages. Size at birth of elasmobranchs is of-

ten well defined and known. It is therefore easy to

judge whether the fitted L0 is a reasonable value.

If the parameters L¥, k, and t0 are used as fitting

parameters for elasmobranch age and growth

studies, then L0 should at least be calculated

(L0 ¼ L1ð1 � ekt0Þ). If the calculation of L0 is

omitted, one cannot evaluate how reasonable the

fitted t0 might be; they often are quite excessive

(i.e., a t0 value that is far too large or far too

small) and this is an indication that an unrea-

sonable calculated L0 will result. Despite the

advantages of using L0 instead of t0 as the third

parameter in the VBGF, few papers dealing with

elasmobranch growth have used it (e.g. Aasen

1963; Cailliet et al. 1992; Van Dykhuizen and

Mollet 1992; Mollet et al. 2002). We are not sure

why t0 remained the preferred third parameter in

most publications over the last 20 or more years,

except that it is convenient.

Some authors have dealt with the lack of bio-

logical reality involved with estimating t0 by fixing

or anchoring the VBGF with an estimate of L0

from known or estimated size-at-birth values (e.g.

Van Dykhuisen and Mollet 1992; Neer and

Thompson 2005). This modification can often

significantly alter the other VBGF parameters.

For example, it could decrease L¥ and also

increase the mean square error (MSE) and the

standard error of the estimate (SEE) of the

function. The 2-parameter VBGF with L0 fixed as

only one value can ignore what is often highly

variable and sometime rapid early juvenile

growth rates. Thus, all known values of L0 should

be used.

In our review of the 28 most recent chondri-

chthyan growth studies, almost all estimated

growth parameters using the VBGF, and most (25

studies) also used the 3-parameter solution solv-

ing for k, L¥, and t0 but not L0). However, three

studies (Carlson and Baremore 2005; Neer et al.

2005; Santana and Lessa 2004) also used a two-

parameter solution, using a fixed (or average) L0

to anchor the model, solving only for k and L¥.

Recommendations

Our recommendation is to use L0 instead of t0,

whenever possible, because it can be biologically

meaningful (Cailliet and Goldman 2004). We

suggest that t0 should never be used to estimate

meaningful life history parameters of chondr-

ichthyans (e.g. gestation period). If a three-

parameter fit for the VBGF is used that incorpo-

rates t0, researchers should check to see whether

the resulting, calculatedL0 value crosses the y-axis

within the range of observed length at birth.

Multiple growth functions: biological relevance,
quality of fit, and convenience

It is often important and even necessary, to use

more than one growth function to adequately

characterize the growth of a given species. Yet, as

previously stated, a single form of the VBGF

(after Beverton 1954) has primarily been applied

in chondrichthyan ageing studies. However, seri-

ous limitations and reservations have been iden-

tified with the growth function (e.g. Knight 1968;

Roff 1980; Moreau 1987), including a limited

ability to reflect early growth (Gamito 1998).

Some of the criticisms applied to the VBGF are

also relevant to many growth functions in general

(e.g. assumption of asymptotic growth). Appro-

priate models should be selected on the indication

of biological reality, statistical basis of their fit,

convenience (Moreau 1987), and, as models of

increased complexity are applied, parsimony (e.g.

Burnham and Anderson 2002; Spiegelhalter et al.

2002; Guthery et al. 2005). If an investigator’s
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objective is to express the growth characteristics

of a species in quantitative terms, it is imprudent

and may be counter-productive to base this

description on a single, exclusive model.

Numerous models have been developed to

describe growth characteristics based on size-at-

age estimates or mark-recapture data (e.g. Ricker

1979; Baker et al. 1991; Haddon 2001). The

VBGF itself has been modified, including two-

parameter fits based on known size-at-birth (e.g.

Van Dykhuizen and Mollet 1992), weight-at-age

estimates (Fabens 1965), a generalized four-

parameter form (Pauly 1979), or ‘‘near-linear’’

reparamaterizations developed to improve statis-

tical properties of the model (e.g. Ratkowsky

1986; Hernandez-Llamas and Ratkowsky 2004).

Polynomial functions have been suggested and

applied as alternatives to the VBGF, but the

resulting parameters provide no correlate for

biological evaluation (Knight 1968; Chen et al.

1992). Flexible models, such as Richards (1959)

and Schnute (1981), provide formulations that are

capable of expressing more than one model form.

Growth models have also been developed that

incorporate the influences of ontogenetic or

strong seasonal changes in growth trajectories

(Soriano et al. 1992; Porch et al. 2002). However,

it is outside the scope of this review to summarize

each of the many available growth models and

detail their characteristics. Instead, we emphasize

that a single universal model is unlikely to ade-

quately describe the growth of all chondrichth-

yans and encourage the fitting of multiple

functions to enhance descriptions of growth.

Moreau (1987, p. 81) stated that ‘‘the main

criteria for choosing a growth curve are quality of

fit and convenience.’’ Goodness of fit is best

evaluated using several criteria. Coefficients of

determination (r2) have been the primary and

often sole measure of model fit among chondri-

chthyan ageing studies. However, this approach

may not be well suited for non-linear models (e.g.

Kvålseth 1985). Recommended methods of eval-

uating model performance include the lowest

residual MSE (also referred to as residual vari-

ance) or SEE, examination or comparison of

residuals, and level of significance (e.g. P < 0.05)

(Ratkowsky 1983; Neter et al. 1996). These mea-

sures used separately or in combination, are

valuable whether considering single or multiple

models. Although the potential for misinterpret-

ing the quality of fit based on analysis of residuals

alone increases when sample sizes are relatively

small, plots of standardized residuals vs. predicted

age allow a rapid means of identifying outliers

within a dataset. Such outliers could, in turn, dis-

proportionately influence estimates of MSE or

SEE (Ratkowsky 1983). Because standardized

residuals are normalized by their standard devia-

tion, these plots and related analyses provide

useful means of comparing fit between models

generated from differing size-at-age (e.g. total

length, disc width, weight) variables. Convenience

is also an important factor in model selection.

Specific models may be preferred for comparison

with other studies, application to additional fish-

ery models, or for indirect estimation of mortality

and other life history correlates (e.g. Jensen 1996).

Regardless of the quality of fit and need for

convenient models, the extent to which a given

growth function produces reasonable biological

estimates must remain a primary factor in model

selection. Goodness of fit, used alone, could lead

to choosing an inappropriate growth function.

Using a combination of fit and a biological

interpretation of one or more of the parameters,

such as L0 (from t0 if necessary), longevity (from

k), and L¥ (directly), may ensure that the most

biologically meaningful growth function is

chosen.

In our review of the 28 most recent chondri-

chthyan growth studies, most applied only the

VBGF (25 studies). However, four studies

(Carlson and Baremore 2005; Neer et al. 2005;

Neer and Thompson 2005; Santana and Lessa

2004) also fit their data to alternate growth

functions (Ricker 1979), including the Gompertz

(3 studies), logistic (3 studies), modified VBGF

using a fixed L0 based on a known size-at-birth

(2 studies), Richards (2 studies), and Schnute

(1 study) models (e.g. Winsor 1932; Ricker 1979;

Schnute 1981). In each of these four studies,

goodness of fit was evaluated by one or more

measures other than the coefficients of determi-

nation (r2).

Alternative models to the VBGF have been

demonstrated to provide improved fits or gener-

ate more biologically reasonable representations
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of chondrichthyan growth in some studies.

Gompertz and logistic models have been reported

to produce significantly better fits to weight-at-

age estimates than other model forms for Rhin-

optera bonasus (Neer and Thompson 2005) and

Carcharhinus limbatus (Killam and Parsons

1989), respectively. A logistic model fit to total

length-at-age was presented as the most appro-

priate descriptor of growth for Raja binoculata

(Zeiner and Wolf 1993). In some instances (Neer

and Cailliet 2001), alternative growth functions

provided the best fit to observed size-at-age data

but were not reported because of the convenience

and recognition of using the VBGF. Although the

traditional VBGF may be an unsuitable descrip-

tor of growth for species which do not attenuate

toward an asymptote with increasing age, data

quality, sample size, and dispersion of data across

size-classes influence model performance, and

subsequent selection. These examples illustrate

the value of evaluating alternative models.

Recommendations

Although the VBGF may often provide a suitable

description of growth, we encourage the use of

multiple growth models to evaluate the growth

characteristics of a given species. We also rec-

ommend that one should certainly consider con-

venience (i.e., the ability to compare parameters

between sexes and among studies, locations, or

species) and fit (i.e., using numerous growth

functions, statistically examining them, and

choosing those that best fit the actual size-at-age

data) when characterizing growth for a given

species. This approach is needed, considering that

not all species follow the same growth function

and different stages of their lives may undergo

different characteristic growth patterns (Moreau

1987; Prince et al. 1991; Soriano et al. 1992;

Hernandez-Llamas and Ratkowsky 2004). Finally,

we encourage authors to consider and fit alternate

metrics of body size for use with various growth

models. For example, it may be more relevant to

use girth, disc width, and/or weight rather than

total length for angel sharks (Natanson and Cail-

liet 1990) and many species of batoids.

Summary and conclusions

Since validated age and growth estimates are

important for constructing age-structured popu-

lation dynamic models of chondrichthyan fishes,

we have reviewed the field of age and growth on

these fishes, briefly summarizing 28 recent studies

either missed or new since the publication of the

summary chapter on chondrichthyan ageing by

Cailliet and Goldman (2004). We used these re-

cent studies to identify areas where improvements

can be made in describing the characteristics of

ageing structures (both traditional and novel)

utilized to estimate ages of sharks, rays, and

chimaeras. The topics identified that we believe

would be improved through greater consistency

include the: (1) terminology used to describe

growth features, promoting the use of the terms

bands and band pairs; (2) methods used to both

verify and validate age estimates from chondri-

chthyan calcified structures, especially edge and

marginal increment analyses, and including sta-

tistical analyses; (3) the functions used to produce

and interpret growth model parameters, stressing

the incorporation of size at birth (L0); and (4) use

of multiple functions to characterize chondri-

chthyan growth, age at maturity, and longevity.

Finally, we also strongly urge chondrichthyan

agers to consult, review and incorporate estab-

lished and novel methods used in age and growth

studies of other organisms, including bony fishes

(e.g. Campana 2001; Panfili et al. 2002).
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Abstract Age and growth estimates were deter-

mined for the sandbar shark, Carcharhinus

plumbeus, from Oahu, Hawaii in the central Pacific

Ocean. Age estimates were obtained through ver-

tebral centra analysis of 187 sharks.We verified our

age estimates through marginal increment analysis

of centra and oxytetracycline marking methods of

at liberty sandbar sharks. Sizes of sampled sharks

ranged from 46 to 147 cm pre-caudal length. Four

growth models were fitted to length-at-age data;

two forms of the von Bertalanffy growthmodel, the

Gompertz growth model, and a logistic growth

model. Males and females exhibited statistically

significant differences in growth, indicating that

females grow slower and attain larger sizes than

males. Growth parameter estimates revealed

slower growth rates than previously estimated

(based on captive specimens) for Hawaiian sandbar

sharks. The von Bertalanffy growth model using

empirical length-at-birth provided the best biolog-

ical and statistical fit to the data. This model gave

parameter estimates of L¥ = 138.5 cm PCL and

k = 0.12 year–1 for males and L¥ = 152.8 cm PCL,

k = 0.10 year–1 for females. Male and female

sandbar sharks mature at approximately 8 and

10 years of age, respectively.

Keywords Age Æ Growth Æ Sandbar shark Æ
Hawaii

Introduction

The sandbar shark, Carcharhinus plumbeus, is a

common large-coastal shark that inhabits tem-

perate and subtropical waters world-wide and

attains lengths greater than two meters

(Bigelow and Schroeder 1948; Compagno 1984).

In Hawaiian waters, sandbar sharks most fre-

quently occur between depths of 10 and 50 m

(Wass 1973). The species is not commercially

important in the central Pacific, which provides

a unique opportunity to examine age and

growth of a late maturing carcharhiniform shark

that has not been greatly affected by fishing

mortality.

Male and female sandbar sharks in Hawaiian

waters have historically been shown to reach

maximum sizes of 132 and 146 cm pre-caudal

length (PCL), respectively (Wass 1973). The

sandbar shark is viviparous via yolk-sac placenta,

giving birth to well-developed live young follow-

ing a gestation period of approximately

9–12 months (Springer 1960; Clark and von

Schmidt 1965; Wass 1973; Lawler 1976). In

Hawaiian waters, pups are approximately 47 cm

PCL at birth and litter sizes average 5.5 pups per
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litter (Wass 1973). Wass (1973) estimated matu-

rity to occur at 110 cm PCL for males and at

115 cm PCL for females.

The age and growth of the sandbar shark

off Hawaii has been previously investigated.

However, dissimilarities in some parameter

estimates such as growth rates and age-at-

maturity exist. Using data from captive sharks,

Wass (1973) reported very fast growth rates

(k = 0.4015 year–1 for males, k = 0.3745 year–1

for females) and indicated that sandbar sharks

in Hawaii reached maturity at 3 years of age.

Conversely, growth rate estimates obtained

from tooth replacement calculations suggested

maturity occurred at 13 years of age. The

discrepancy between the two methods may be

due to the use of captive animals, which may

not be indicative of growth rates in the

Hawaiian wild population. Furthermore, the

results based on tooth replacement rates are

comparable to other sandbar shark populations

around the world. For example, sandbar sharks

in the Northwest Atlantic Ocean attain matu-

rity between 12 and 15 years of age (Casey

et al. 1985; Sminkey and Musick 1996). Addi-

tionally, Joung et al. (2004) estimated age-at-

maturity to be between 7.5 and 8.2 years of

age for females and 8.2 years of age for males

for sandbar sharks in Taiwanese waters. Given

the variability in growth estimates calculated

by Wass (1973), we used vertebral centra from

wild sandbar sharks to re-estimate growth-rates

in the Hawaiian population.

Materials and methods

Sample collection and preparation

We collected sandbar sharks using demersal

longlines outside of Kaneohe Bay, Hawaii at

depths between 70 and 100 m (Fig. 1). Long-

lines were set perpendicular to the shoreline

and baited with sardines, Sardinops sagax, chub

mackerel, Scomber japonicus, yellowfin tuna,

Thunnus albacares, skipjack tuna, Katsuwonus

pelamis, barracuda, Sphyraena barracuda, and

mahi-mahi, Coryphaena hippurus. Gangions

consisted of a stainless-steel snap-clip attached

to 3 m of monofilament followed by a 1-m

stainless-steel leader that was attached to a

circle hook. We used two sizes of gangions.

Smaller gangions included 250 kg monofila-

ment, 1.6 mm stainless-steel leaders, and 14/0

galvanized circle hooks, whereas large gangions

included 410 kg monofilament, 2.2 mm stain-

less-steel leaders, and 18/0 stainless-steel circle

hooks. Hooks were allowed to fish for 3 h

before being retrieved. Captured sharks were

landed, measured, and euthanized if needed for

samples. At least five male and female sharks

within each 5 cm size class between 45 cm PCL

and 150 cm PCL were euthanized and vertebral

samples were removed from below the first

dorsal fin. Once the required vertebral samples

had been collected, subsequently caught sharks

were injected with oxytetracycline (OTC,

25 mg kg body weight–1), tagged with Hallprint

dart tags, and released for age-validation pur-

poses.

Vertebral samples were frozen after collection.

We cleaned the thawed vertebrae of excess tissue

and stored five centra from each specimen in 75%

ETOH. Using a Beuhler Isomet rotary diamond

saw, we sectioned vertebral centra sagitally

through the focus of the centrum. Sections were

then dried for 24 h. Once dry, samples were

mounted on a microscope slide via mounting

medium. Samples were polished using a Metaserv

2000 grinder polisher until light was readily

transmitted through the samples and rings were

distinguishable using a dissection microscope.

Vertebrae of sharks that were recaptured and

sacrificed were examined under ultraviolet light

for OTC marks.

Maturity

We determined maturity of males and females

using macroscopic methods. Male sharks were

classified as mature if claspers were deemed

fully calcified (i.e. hard) and could be rotated

forward (Clark and von Schmidt 1965; Drig-

gers et al. 2004). Females were classified as

mature if they were pregnant or had enlarged

oviducal glands and well developed uteri

(Castro 1993).
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Age assignment and validation

The rings or annuli counted for age estimates

were defined as a band pair consisting of an

opaque zone combined with a wider translucent

zone in the intermedialia, which continued on to

the corpus calcareum (Casey et al. 1985; Sminkey

and Musick 1995). The birthmark was determined

as the first band that intersected the inflection of

the corpus calcareum. If annuli were not readily

distinguishable, samples were stained with a

0.01% crystal violet solution to enhance read-

ability.

Mounted vertebral sections were examined for

age using a dissecting microscope and the Opti-

mas video imaging system. The principal author

and another reader conducted multiple blind

readings of all vertebrae. Once all vertebrae were

read, Hoenig’s (1995) and Evans and Hoenig’s

(1998) tests of symmetry were conducted to test

the hypothesis that age estimates between readers

did not differ significantly and were due to ran-

dom error.

Age estimates for vertebrae that were not

consistent between readers were reexamined by

both readers until a consensus was reached. The

consensus estimate was used in the final analysis.

If a consensus age estimate could not be reached

the sample was removed from the study (Cailliet

and Goldman 2004).

A relative marginal increment analysis was

conducted to determine periodicity of ring

formation (Branstetter and Musick 1994;

Natanson et al. 1995; Goldman and Musick

2006). The Marginal Increment Ratio (MIR) is

defined as:

Fig. 1 Sampling area on
the windward coast of
Oahu. All sharks used for
age and growth were
captured within the
rectangle noted as
sampling area

N

Hawaii

MauiOahu

Kauai

N

Oahu

Kaneohe Bay

Sampling Area

HIMB
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MIR ¼ ðVR� RnÞ=ðRn � Rn�1Þ;

where VR = centrum radius, Rn = distance from

the focus to the last complete narrow band, and

Rn–1 = the distance to the penultimate complete

narrow band. All measurements were made along

the corpus calcareum using an Optimas imaging

system. We plotted monthly mean MIR values to

determine the periodicity of band pair formation

and tested for statistically significant differences

for all months and seasons via one-way analysis of

variance. Young-of-the-year sharks were not used

in MIR analyses as they have no fully formed

rings. We used centrum radius measurements to

estimate the relationship between radius and pre-

caudal length.

Growth models

Following Carlson and Baremore (2005), we fit

four growth models to length-at-age data for male

and female sharks. Two forms of the von Berta-

lanffy growth model were fit to the data (von

Bertalanffy 1938; Beverton and Holt 1957; Cailliet

et al. this issue). The first form, a three-parameter

von Bertalanffy model (VB) incorporating the

theoretical age-at-zero (t0) term is described as:

Lt ¼ L1ð1� e�kðt�t0ÞÞ;
where t0 = age or time when length theoretically

equals zero. The second form of the model (VB2)

used the length-at-birth intercept rather than a

theoretical age at zero length and is described as:

Lt ¼ L1 � ðL1 � L0Þe�kt;

where Lt = length at time t, L¥ = theoretical

asymptotic length, k = coefficient of growth, and

L0 = mean length-at-birth (47 cm PCL). Length-

at-birth was estimated from observed at-term

embryos and free-swimming young-of-the-year

during this study as well as previously reported

data by Wass (1973). A modified version of the

Gompertz growth model (Ricker 1975) was also

fitted to the data:

Lt ¼ L0ðeGð1�eðktÞÞÞ;
where G = ln(L¥/L0) (vonBertalanffy 1938).

These lengths were determined from empirical

data from this study and confirmed by Wass

(1973). Finally, a logistic model (Ricker 1975) was

fitted to the data:

Lt ¼ L1=ð1þ e�kðt�t0ÞÞ:

All model parameters were estimated using the

Marquardt least-squares nonlinear (NLIN) pro-

cedure in SAS statistical software (SAS V.9, SAS

Institute, Inc). Growth parameter estimates for

males and females were compared for statistically

significant differences following the methods of

Bernard (1981), Quinn and Deriso (1999), and

Wang and Milton (2000) with a generalized T2-

statistic:

T2 ¼ ðb1 � b2Þ0V�1ðb1 � b2Þ;
where b1 and b2 are vectors of growth-model

parameter estimates, V is the variance–covariance

matrix of

½b1 � b2� : b1 � b2 ¼
L1ð1Þ � L1ð2Þ
kð1Þ � kð2Þ
t0ð1Þ � t0ð2Þ

2
4

3
5:

The coefficient of determination (r2),

residual mean square error (MSE), Akaike’s

Information criteria (AIC) (Akaike 1973),

and standard deviation of the residuals were

used as measures of goodness-of-fit for all

models. A Shapiro–Wilks test and a normal

probability plot of the residuals were used to

test for normality, excessive skew or exces-

sive kurtosis using the univariate procedure

in SAS statistical software (SAS V.9, SAS

Institute, Inc).

Results

Sample collection

We captured a total of 320 sandbar sharks as a

part of this study. Vertebral samples were

obtained from 194 sharks (Fig. 2) while the

remainder of sharks were measured, tagged,

injected with OTC and released. Size ranges for

females and males captured were 46–147 cm PCL
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and 46–132 cm PCL, respectively. Sharks were

captured in all months except March.

Vertebral radius and length analysis

The relationship between vertebral radius and

shark length (PCL = 12.0VR + 8.12) significantly

correlated (n = 148, r2 = 0.97, Fig. 2). No signifi-

cant difference between males and females was

found (Z = 0.109, P = 0.55), thus vertebral radius

measurements were combined to estimate the

regression.

MIR analysis

For combined sexes, MIR analysis suggests a

single growth band pair is formed annually

with the narrow opaque band being formed in

winter months. Marginal increment ratios

increased from spring to winter (Figs. 3, 4).

Differences in monthly marginal increment

ratios were not significant between all months

in which samples were collected, (ANOVA,

n = 120, F = 0.64, df = 8, P = 0.74, Fig. 4). The

periodicity of band formation was also

supported from one recaptured shark. This

shark measured 60 cm PCL at its release on 26

June 2004 and 62 cm PCL at its recapture on

20 January 2005. An OTC stained opaque

growth band was present at the very margin of

the centra, suggesting ring formation had

recently begun during the winter months.

Age estimation

After our initial readings, we reached consensus

age estimates for 187 (105 females, 82 males)

samples. Consensus could not be reached for se-

ven samples which were removed from all anal-

yses. Agreement between blind readings of

readers was reached 43.1% of the time. Reader

agreement was 71.2% within one band and 84.3%

within two bands. We could not reject the

hypothesis of symmetry between ages assigned by

both readers (X2 = 38.64, df = 39, P = 0.488,

Hoenig 1995) indicating that differences between

readers were due to random error.

Growth models

We found significant differences between male

and female von Bertalanffy growth-model

parameters, when using the form of the model

that incorporated the theoretical age at zero

length (T2 = 8.48 > T0
2 = 8.11, P < 0.05). There-

fore, all models were subsequently fitted to male

Fig. 2 Size frequency of
sandbar sharks used for
age and growth in this
study
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and female length-at-age data for each sex sepa-

rately.

All growth models fitted to observed length-at-

age data were significant (P < 0.0001, Table 1,

Figs. 5, 6). Coefficients of determination were all

greater than 0.94. The residuals of all models

were normally distributed and no excessive skew

or kurtosis was detected.

Fig. 3 Regression of pre-
caudal length and
centrum radius (r2 = 0.97,
n = 148) for males and
females combined

Fig. 4 Mean marginal
increment ratio monthly
values and standard
deviation of the monthly
means for both sexes
combined

Table 1 Estimates of model parameters and goodness of fit statistics for models fitted to length-at-age data for male and
female sandbar sharks.

Model L¥ (cm PCL) k (year–1) t0 L0 (cm PCL) AIC r2 MSE SD of residuals

Males VB 151.1(± 16.3) 0.09(± 0.03) –5.01(± 1.02) na 2639 0.951 33.75 5.74
VB2 138.5(± 9.7) 0.12(± 0.02) na 47 3381 0.994 42.74 6.31
Gompertz 130.4(± 6.6) 0.19(± 0.03) na 47 3780 0.993 47.8 6.58
Logistic 134.3(± 7.5) 0.19(± 0.03) 1.98(± 0.66) na 2740 0.995 35.05 5.85

Females VB 164.9 (± 14.9) 0.08(± 0.02) –5.26(± 1.08) na 5307 0.943 51.97 7.14
VB2 152.8(± 8.8) 0.10(± 0.02) na 47 6406 0.994 62.16 7.72
Gompertz 143.5(± 5.6) 0.17(± 0.02) na 47 6976 0.995 67.69 7.98
Logistic 146.4(± 6.4) 0.17(± 0.02) 2.66(± 0.61) na 5278 0.995 51.69 7.12

All length values are for pre-caudal length (PCL) in cm. Values in parentheses are 95% confidence intervals. (VB = von
Bertalanffy three-parameter model with t0 term, VB2 = von Bertalanffy two-parameter model with empirical length-at-
birth (L0), L0 = average measured length-at-birth used in VB2 and Gompertz growth models only, AIC = Aikake’s
Information Criteria, MSE = Mean Square Error, SD = standard deviation, na = not applicable)
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The von Bertalanffy growth model that

included the theoretical t0 term provided the best

statistical fit to the observed size-at-age data for

male sandbar sharks. This model had the lowest

residual mean square error (MSE), and the lowest

AIC values (Table 1). The von Bertalanffy

growth model that included the theoretical t0
term and the logistic model provided the best

statistical fits to the observed size-at-age data for

female sandbar sharks. These models had the

lowest AIC and MSE values, respectively.

The three-parameter von Bertalanffy model

produced the highest estimates for asymptotic

maximum length for both males (151.1 cm

PCL) and females (164.9 cm PCL, Table 1).

The Gompertz model produced the lowest

estimates for asymptotic length for males

(130.4 cm PCL) and females (143.5 cm PCL).

Observed maximum lengths for males (132 cm

PCL) and females (147 cm PCL) fell within the

95% confidence intervals of all models. The

three-parameter von Bertalanffy model pro-

duced the lowest estimates of the growth

coefficient (k) for males (0.09 year–1) and

females (0.08 year–1). The Gompertz and lo-

gistic models produced the highest estimates of

the growth coefficient for males (0.19 year–1)

and females (0.17 year–1).

Six sharks were recaptured over the time per-

iod of this study. Time at liberty ranged from 7 to

526 days. Lengths of recaptured sharks ranged

from 60 to 77 cm PCL at release. The average

growth rate was 6.97 cm year–1 for the five sharks

that were at liberty for more than 100 days. This

value agreed with growth rates for sharks in this

size range estimated from vertebral analyses.

Fig. 5 Length-at-age
estimates and growth
models fitted to data for
male sandbar sharks
(n = 81)

Fig. 6 Length-at-age data
and fit of growth models
to the data for female
sandbar sharks (n = 105)
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Mean length-at-age estimates determined from

the three-parameter von Bertalanffy model dif-

fered between males and females (Table 2).

Females were generally larger at a given age and

attained older ages than males. Males attained

maturity between 100 and 110 cm PCL and

females attained maturity between 110 and

120 cm PCL. These sizes correspond to 8 and

10 years of age for males and females, respec-

tively, as determined by the two-parameter von

Bertalanffy model. Maximum observed age was

19 years for male and 23 years for females.

Discussion

Wass (1973) estimated maturity to occur at

3 years of age and produced k estimates of

0.4015 year–1 for males and 0.3745 year–1 for

females by observing the growth rates of captive

sharks. Wass also estimated maturity to occur at

10.2 and 13.1 years of age for males and females,

respectively, using tooth replacement methodol-

ogy and hypothesized the true value for the wild

population to lie somewhere between the esti-

mates from both methods used in his study. Using

vertebral analyses, our estimated ages-at-maturity

determined from the two-parameter von Berta-

lanffy models were 8 and 10 years of age for

males and females, respectively, and produced k

estimates of 0.12 and 0.10 year–1 for males and

females, respectively.

Although all models fit the data well; sta-

tistically, the three-parameter von Bertalanffy

model described the male size-at-age data

better than the other three models. This model

overestimated observed maximum size, but

observed maximum size fell within the confi-

dence intervals for this model. Size at birth was

also overestimated by this model (47 cm PCL

observed vs. 52 cm PCL predicted). The over-

estimate of size-at-birth could be due to the

lack of newborns sampled during this study.

The smallest male sampled was 46 cm PCL and

only two females under 50 cm PCL were

sampled. Despite the statistical ranking of the

two-parameter von Bertalanffy model amongst

the other models we feel the two-parameter

von Bertalanffy growth model should be used T
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when describing growth of the male sandbar

shark in Hawaii. This model provided a bio-

logically realistic fit to the observed data. Pre-

dicted maximum asymptotic length agreed

closely to observed data (132 cm PCL observed

and 138.5 cm PCL predicted, Table 1) and it

incorporated observed size at birth.

All models fit the female size-at-age data well.

Statistically, the logistic and three-parameter von

Bertalanffy models fit the data better than the

other models. The asymptotic length estimate

from the logistic model agreed with observed

maximum size (147 cm PCL). The logistic model

overestimated the size-at-birth (47 cm PCL

observed vs. 56 cm predicted). The three-param-

eter von Bertalanffy model overestimated

asymptotic length and size-at-birth. As with the

male data, we feel the two-parameter von

Bertalanffy growth model provided a more bio-

logically realistic fit to the female data and should

be employed when describing the growth of the

female sandbar shark in Hawaii.

The Gompertz models fit the data well for both

sexes, but underestimated the maximum asymp-

totic length. This inherently increased the rate at

which asymptotic length was approached and,

therefore, these models provided the highest

growth coefficients. The logistic models for both

males and females provided high growth coeffi-

cient values due to the overestimation of the size-

at-birth and estimate of asymptotic maximum

size. The combination of these factors effectively

increased the rate at which asymptotic length was

approached.

The three-parameter von Bertalanffy growth

model overestimated both size-at-birth and

asymptotic maximum length for both sexes. Both

estimates were unrealistic and caused the esti-

mated growth coefficients to be the lowest

amongst all models.

Given the variability of growth rates within and

between populations it is imperative to conduct

rigorous examination of all possible methods to

describe length-at-age data. As illustrated in this

study,models fitted to size-at-age data can produce

variable estimates of growth parameters. In this

study, the growth coefficient estimates ranged

from 0.09–0.19 year–1 formales to 0.08–0.17 year–1

for females between all models. Growth coeffi-

cients are often used in demographic analyses for

stock assessment purposes. Researchers must

consider statistical results and observed biological

data when determining which model provides the

best fit to the data. Often the two viewpoints do not

agree, as in this study. Although the three-

parameter von Bertalanffy model, which is often

the only model used to describe the growth of

fishes, provided the best statistical fit to these data,

it produced unrealistic asymptotic lengths and si-

zes-at-birth. Thus, we suggest the use of the growth

parameters estimated by the two-parameter von

Bertalanffy model.

Age and growth of sandbar sharks in Hawaii

differ from other populations that have been

studied. Growth coefficients in Hawaii

(K = 0.09–0.19 year–1 for males and 0.08–0.17

year–1 for females) are much higher than those

reported for the northwest Atlantic Ocean

(k = 0.057 year–1, combined sexes, Sminkey and

Musick 1995). Hawaiian sandbar sharks obtain

smaller maximum sizes (132 cm PCL for males

and 147 cm PCL for females, observed) and

reach maturity earlier (8 years for males and

10 years for females) than those in the north-

west Atlantic (172 cm PCL, observed and

15 years at maturity, sexes combined). Sandbar

sharks in Taiwanese waters also reach larger

maximum sizes (209 cm TL for males and

219 cm TL for females, observed—Joung et al.

2004) than those in Hawaii (179 cm TL for

males and 196 cm TL for females, observed).

Joung et al. (2004) estimated the growth coef-

ficient for sandbar sharks in Taiwanese waters

to be k = 0.17 year–1 for both sexes combined

and the onset of maturity to occur at 8 years of

age for both sexes. The youngest sharks sam-

pled in the Taiwanese study were 4 years-of-age

which led to estimates of length-at-birth

(80.8–85.8 cm TL) that were much larger than

observed (60–65 cm TL) for this population.

Therefore, the estimated growth coefficients

may have been overestimated by the use of the

three-parameter von Bertalanffy model, which

incorporated the t0 parameter, and the age-at-

maturity underestimated. It is likely that the life

history parameters of the Taiwanese population

are intermediate between the Hawaiian and

northwest Atlantic populations.
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Vertebrae from larger sharks were more diffi-

cult to read due to decreased band pair widths

near the margin of the vertebrae. This contrib-

uted to the increased variability in age estimates

between readers as shark size increased. This also

contributed to discrepancies in mean size-at-age

estimates for older ages of male and female

sandbar sharks (Table 2). The low sample sizes

for older male sharks also contributed to these

discrepancies. Although there were difficulties in

assigning age estimates to specimens, the oldest

sharks estimated blind consensus was 22 years for

females and 12 years for males.

Our ageing methodology was supported via

OTC mark recapture, but tagging and OTC vali-

dation has only been shown for one at liberty

shark under 78 cm PCL. A more robust tag re-

capture data set is needed to obtain empirical

data on the growth rates of sandbar sharks in

Hawaii and to investigate the long-term move-

ments of sharks in Hawaii. During the period of

the study seven tagged sharks were recaptured.

Time at liberty ranged from 7 to 526 days.

Growth of these sharks during time at liberty

supported our growth models for sharks between

60 and 83 cm PCL. All recaptured sharks were

under 100 cm PCL and thus do not offer any

support of our models for maturing or mature

sandbar sharks in Hawaii.

The age and growth estimates for this popula-

tion of sandbar sharks in Hawaii supports the

generalization that sharks are slow growing and

have low reproductive output. Currently, a legal

fishery does not exist for this population. Should a

fishery open, caution in management of the fishery

should be exercised. The life history parameters of

this population, as with other populations of slow

growing, late maturing and low fecundity fishes,

render it extremely vulnerable to overfishing even

at low levels of fishing effort (Musick 1999).
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Abstract Age and growth estimates for sand ti-

ger sharks,Carcharias taurus, in the western North

Atlantic were derived from 96 vertebral centra

collected from sharks ranging from 94 to 277 cm

total length (TL), and compared to previously

published age and growth data. The oldest female

and male sand tiger sharks aged in this study were

17 and 15 years of age, respectively. von Berta-

lanffy growth parameters derived from vertebral

length-at-age data are L¥ = 295.8 cm TL, k =

0.11 year–1, and t0 = –4.2 years for females, and

L¥ = 249.5 cm TL, k = 0.16 year–1, and t0 = –3.4

years for males. Sexual maturity is estimated to be

9–10 years for females and 6–7 years for males.

Weight-to-length relationships determined for

female and male sand tiger sharks in the western

North Atlantic are; W = 1.3 · 10–4 · L2.4

(r2 = 0.84, n = 55) and W = 9.0 · 10–5 · L2.5

(r2 = 0.84, n = 47), respectively, and 7.9 · 10–5

· L2.5 (r2 = 0.84) for the sexes combined. Our

results show sand tigers possess a slower rate of

growth than previously thought. This information

is crucial for accurately assessing this population’s

ability to recover, and further justifies the need for

this species to be fully protected.

Keywords Elasmobranch Æ Life history Æ
Growth rate Æ Back-calculation Æ Reproduction

Introduction

The sand tiger shark, Carcharias taurus, is a large

coastal species that inhabits subtropical and

temperate waters of the Atlantic, Indian, and

western Pacific Oceans, as well as the Mediter-

ranean Sea (Gilmore et al. 1983; Compagno 1984;

Pollard et al. 1996). The sand tiger shark is fished

or caught as bycatch in all areas it is found, but is

of variable importance regionally (Pollard and

Smith 2005). In the western North Atlantic

Ocean, sand tiger sharks are exposed to several

fisheries due to their highly migratory nature

(Casey and Kohler 1990; Musick et al. 1993). As a

result, the population has been depleted by an

estimated 80–90% since the mid 1970s (Musick

et al. 1993, 2000). To prevent further decline of

sand tiger sharks in the western North Atlantic,
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the sand tiger shark was listed as a prohibited

species in the amendment to the National Marine

Fisheries Service (NMFS) Fishery Management

Plan for Atlantic sharks in 1997 (NMFS 1999).

They also have fully protected status in Austra-

lian waters and their capture in South African

waters is being phased out (Pollard et al. 1996;

Anonymous 2002). Although the western North

Atlantic population may have stabilized since

being listed as prohibited, recovery is not yet

apparent (Musick et al. 2000).

There is still some uncertainty in the life-history

parameters for sand tiger shark in the western

North Atlantic Ocean. Whereas gestation and

embryonic growth are well documented in sand

tiger sharks, their reproductive periodicity has

been a source of some contention. Gilmore (1993)

stated that sand tiger sharks reproduce annually in

the western North Atlantic Ocean and Gordon

(1993) believed they may mate annually in Aus-

tralian waters. Alternatively, Cliff (1989), and

Branstetter andMusick (1994) presented evidence

supporting a 2-year reproductive cycle for sand ti-

ger sharks in SouthAfrican waters and the western

North Atlantic, respectively. However, successful

captive reproduction over the past 10 years lends

strong support to a 2-year reproductive cycle

hypothesis (Henningsen et al. 2004). In terms of

age and growth, Branstetter and Musick (1994)

stated that sand tiger sharks may reach an age of

30–35 years and gave the following von Berta-

lanffy growth parameters for in the western North

Atlantic:L¥ = 323.0 cm PCL, k = 0.14 year–1, and

t0 = –2.6 years for females; L¥ = 301.0 cm PCL,

k = 0.17 year–1, and t0 = –2.3 years for males; and

L¥ = 321.0 cm PCL, k = 0.14 year–1, and t0 = –2.6

for sexes combined. This was based on their esti-

mation that this species forms two pairs of growth

bands annually in the vertebral centra. These au-

thors also stated a caveat about their uncertainty of

that estimation. A re-calculation of the life-history

parameters from Branstetter and Musick’s (1994)

mean back-calculated lengths-at-age was con-

ducted assuming annual formation of a single pair

of growthbands (Goldman1998), which resulted in

the following von Bertalanffy growth parameters:

L¥ = 323.0 cm PCL, k = 0.07 year–1, and t0 = –5.1

for females; and L¥ = 302.0 cm PCL, k = 0.08

year–1, and t0 = –4.5 for males; and L¥ = 322.0 cm

PCL, k = 0.07 year–1, and t0 = –5.2 for sexes com-

bined. The difference in these life-history param-

eter estimations, and their ramifications for

management and conservation of this species

(Musick et al. 1993, 2000), was themajor reason for

our re-examination of sand tiger age and growth.

Herein, we report our findings, comment on the

importance of ageing protocols and use of multiple

back-calculation techniques for chondrichthyan

fishes, and briefly discuss the reproductive period-

icity of this species.

Materials and methods

Sand tiger shark vertebrae (n = 96) were

obtained by the Virginia Institute of Marine Sci-

ence (VIMS) (n = 55) and from the NMFS Nar-

ragansett, RI, laboratory (n = 41). (Some samples

from each institute were tournament or sport

caught.) Twenty-five samples (from the VIMS

survey) previously used for analysis by Branstet-

ter and Musick (1994) were re-examined for this

study. Vertebral samples and weights of sand ti-

ger sharks used in this study from the VIMS

survey were taken between 1980 and 2001; those

obtained from NMFS were taken between 1963

and 1991. Vertebral samples were not obtained

from all animals that were measured and weighed

(over this nearly 40-year period), hence the dis-

crepancy in sample sizes.

Sand tiger sharks taken by VIMS were mea-

sured on a straight line from the tip of the snout to

the tip of the tail while in a natural position, and

precaudal, fork, and total length (TL) (PCL, FL,

and TL) were recorded along with sex and weight

(when possible). A 20–25 cm section of vertebrae

was removed from the area midway between the

first dorsal fin and the gills, and stored frozen.

Samples provided by NMFS included at least one

of the necessary measurements and the date and

location of capture. Weights were obtained (by

VIMS and NMFS) from 102 sand tiger sharks be-

tween 1963 and 1991, including 55 females

(95–272 cm TL), and 47 males (100.7–259 cm TL).

Data were fitted to the power equation, W = aLb

(using SigmaPlot, SPSS Inc. 2000), where

W = weight (kg) and L = length (cm TL). A like-

lihood ratio test was used to determine whether
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differences between female and male weight–

length parameters were significant or if a single set

of parameters better described the data (Kimura

1980; Cerrato 1990; Quinn and Deriso 1999;

Haddon 2001) (SAS Institute Inc. 1999). We use

TL measurements throughout this paper in order

to make direct comparisons with previously pub-

lished data on sand tiger shark growth parameters

(Branstetter and Musick 1994). Linear regression

equations based on measurements taken by VIMS

and the NMFS lab, were developed for converting

TL to FL and PCL.

Vertebral samples were thawed, cleaned of

excess tissue, separated into individual centra,

and stored in 70% ethyl alcohol for at least 24 h.

Centra were sagittally sectioned immediately

adjacent to the focus and then cut again approx-

imately 1.5 mm off-center using an Isomet rotary

diamond saw (Buehler, 41, Lake Bluff, IL, USA).

The sections were pressed between two pieces of

Plexiglas (to prevent warping), air-dried for 24 h

under a ventilation hood, and then mounted onto

microscope slides. After drying, sections were

polished with wet fine grit sand paper (320, 400,

and 600) to approximately 0.5 mm and air-dried.

Sections were viewed using a binocular dissecting

microscope with transmitted light.

Centrum radius (CR) and distance to each ring

were measured to the nearest 0.001 mm as a

straight line from the central focus to the outer

margin of the corpus calcareum (Fig. 1) using a

dissecting video microscope with the Optimus

image analysis system (Media Cybernetics 1999).

TL was plotted against CR to determine the

proportional relationship between somatic and

vertebral growth.

A banding patternwas readily distinguishable in

sectioned centra, with wide translucent bands

separated by distinct narrow opaque bands. This

pattern occurred on both arms of the corpus cal-

careum and the band pairs extended across the

intermedialia. A notch occurring on the outside

edge of the corpus calcareum accompanied the

distinct narrow bands (Fig. 1) providing an addi-

tional ageing feature, particularly in sectionswhere

the cut excluded the radials of the intermedialia.

Each pair of wide–narrow bands was considered an

annual growth cycle; the narrow bands, hereafter

referred to as ‘‘rings’’, were counted (Fig. 1). An

angle change in the intermedialia and a ring on the

corpus calcareum were present approximately 6–

7 mm from the focus of each centrum and consid-

ered to represent a birthmark. The ‘‘pre-birth

rings’’ reported by Branstetter and Musick (1994)

were present in most specimens, but were not

counted nor measured.

Two readers independently aged all centra two

times in blind, randomized trials. This allowed the

calculation of within-reader precision, and

between-reader precision twice. Percent agree-

ment (PA = [no. agreed/no. read]100), and PA

plus or minus 1 year (PA ± 1 year) were calcu-

lated for 10 cm length groups to test for precision

(Cailliet and Goldman 2004; Goldman 2004;

Goldman and Musick 2006; Cailliet et al., this

issue). We used chi-square tests of symmetry to

determine whether difference within and between

readers were systematic (biased) or due to

random error (Hoenig et al. 1995; Evans and

Hoenig 1998; Campana 2001).

A relative marginal increment (RMI) analysis

was used to verify the temporal periodicity of ring

formation in the vertebrae. This is a standardized

marginal increment analysis whereby the margin,

or growth area of a centrum from the last narrow

growth ring to the centrum edge, is divided by the

width of the last fully formed growth increment

(Branstetter and Musick 1994; Conrath et al.

2002; Cailliet et al., this issue). Resulting RMI

values were compared to the month of capture.

Age-zero animals were not included (they have

no fully formed increments).

Fig. 1 Sagittal section of an 11-year-old sand tiger shark’s
vertebral centrum showing typical banding pattern. CR
centrum radius. Arrows represent ages
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To assist in attempting to validate the period-

icity of ring (annulus) formation, two male sand

tiger sharks (152.5 and 157 cm TL) captured off of

Cape May, NJ, USA, in 1998 for public display,

were donated to this study, and injected with

oxytetracycline (OTC) at a dose of 25 mg kg–1

body weight (Tanaka 1990; Gelsleichter et al.

1998). One was kept at Ripley’s Aquarium,Myrtle

Beach, SC, and the other at New England

Aquarium, Boston, MA, USA. In 1999, an addi-

tional sand tiger (estimated at 164 cm TL) at the

New England Aquarium that had a spinal defor-

mity was offered for use in this study and fed OTC

(that was injected into its food). Each individual

was re-administered (injected or fed) OTC again

approximately 1 year later, and two individuals

were administered OTC a third time (Table 1).

All three sharks were sacrificed using buffered

MS222 in either December 2000 or January 2001.

The von Bertalanffy growth function was fit to

the vertebral length-at-age data for sand tiger

sharks with a nonlinear least squares regression

algorithm (‘‘nls’’ in S-Plus, Mathsoft Inc. 2000) to

estimate parameters. The von Bertalanffy growth

function is: Lt ¼ L1 � ½1� expð�kðt � t0ÞÞ� where
Lt = length at age ‘‘t,’’ L¥ = asymptotic or maxi-

mum length, k = the growth coefficient, and

t0 = age or time when length theoretically equals

zero. Growth parameters were estimated for the

sexes separately and combined. A likelihood ratio

test was used to determine whether differences

between female and male growth parameters

were significant or if a single set of growth

parameters better described the data (Kimura

1980; Quinn and Deriso 1999; Haddon 2001)

(SAS Institute Inc. 1999).

Back-calculation is a method for describing the

growth history of each individual sampled, and

numerous variations in methodology exist (see

Francis 1990 for a thorough review, and Goldman

2004 for description and application to elasmo-

branchs). Because our sample size was small and

we did not have samples from all 12 months,

lengths at previous ages were back-calculated

from centra measurements for both sexes and

fitted with the von Bertalanffy growth function.

von Bertalanffy growth parameter estimates were

then obtained from mean back-calculated length-

at-age, and from a combination of back-calculated

lengths-at-age and our sample data. The rela-

tionship between CR and TL for sand tiger sharks

was investigated to determine the most appropri-

ate method for back-calculating previous length-

at-age. This is critical for obtaining accurate

life-history parameter estimates from the von

Bertalanffy growth function. To examine the sta-

tistical and biological accuracy of back-calcula-

tions relative to vertebral sample data (Goldman

2004; Cailliet and Goldman 2004; Goldman and

Musick 2006), we compared several proportional

back-calculation methods. Three different pro-

portions methods were used and compared with

our sample length-at-age data. First, we used the

standard Dahl-Lea direct proportions method

(Carlander 1969):

Li ¼ Lc

CRc

� �
� CRi ð1Þ

Table 1 Dates, aquarium, sex, lengths, and method of administering oxytetracycline (OTC) to three sand tiger sharks,
Carcharias taurus

Shark # Date Aquarium Sex PCL FL TL OTC method

OTC-1 15 October 1998 Ripley’s M 112 127 157 Injected
15 October 1999 138 157 201 Injected
18 January 2001 160 181 218.6 Euthanized

OTC-2 15 October 1998 New England M 110 125 152.5 Injected
4 November 1999 139 156 188 Injected
7 October 2000 – – – Fed
13 December 2000 162 180 219 Euthanized

OTC-3 3 March 1999 New England M – – 164 Fed
21 November 1999 – – 201 Fed
13 October 2000 – – Fed
13 December 2000 154 175 210 Euthanized
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where Li = length at ring ‘‘i’’, Lc = length at

capture, CRc = centrum radius at capture, and

CRi = centrum radius at ring ‘‘i’’. Next, we ap-

plied a modified version of the Dahl-Lea method

that uses parameter estimates from the specific

linear fit that described the TL-CR relationship

(Francis 1990):

Li ¼ Lc
aþ bCRi

aþ bCRc

� �
ð2Þ

where a and b are the linear fit parameter esti-

mates.

Ricker (1992), Francis (1990), and Campana

(1990) suggested that the point of origin of pro-

portional back-calculations should be related to a

biologically derived intercept (i.e., length at birth),

so we also applied a ‘‘size-at-birth-modified’’

Fraser–Lee equation:

Li ¼ Lc þ ðCRi � CRcÞðLc � LbirthÞ
ðCRc � CRbirthÞ

� �
ð3Þ

where Lbirth = length at birth and CRbirth = cen-

trum radius at birth. (Based on Gilmore et al.

1983, and Branstetter and Musick 1994, 100 cm

TL was used for Lbirth).

Results

Length equations

Length measurements from 272 sand tiger sharks

(137 female, 135 male) were obtained by VIMS

and NMFS between 1963 and 2001. Females

ranged from 95 to 277 cm TL, and males ranged

from 98.4 to 248 cm TL. Fork length and PCL can

be derived from TL by:

FL ¼ 0:8471 � TL� 0:592 ðr2 ¼ 0:99; n ¼ 138Þ

PCL ¼ 0:7736 � TL� 5:05 ðr2 ¼ 0:97; n ¼ 134Þ

Weight-to-length relationships for female and

male sand tiger sharks in the western North

Atlantic are; W = 1.3 · 10–4 · L2.4 (r2 = 0.84,

n = 55) and W = 9.0 · 10–5 · L2.5 (r2 = 0.84,

n = 47), respectively, and 7.9 · 10–5 · L2.5

(r2 = 0.84) for the sexes combined. A likelihood

ratio test showed that a single equation for the

sexes combined better describe the data than

separate equations for each sex individually

(v2 = 5.3; df = 2; P = 0.07).

Vertebral analysis

A linear regression gave a significant fit to the TL-

CR data (TL = 10.753 · CR + 36.786; r2 = 0.97;

P < 0.0001). However, it was important to com-

pare the mean back-calculated results from Eq. 1

through Eq. 3 with our mean sample PCL data to

see which method provided better biological

accuracy for modeling growth (Goldman 2004;

Goldman and Musick 2006).

Percent agreement was 68.0% for the first set of

blind reads and 75.0% for the second set, and the

within-reader PA was 75.0% for reader one (the

lead author) and 72.9% for reader two. PA ± 1 -

year was > 92% for all reader comparisons. When

grouped by 10 cm length increments, agreement

for sharks £ 200 cm TL was 100%, except for a

single 1 year disagreement in each set of readings,

and 100% ± 1 year for sharks £ 220 cm TL

(Table 2). The chi-square tests of symmetry

showed that differences between and within

readers were due to random error rather than

systematic error (chi-square test, P > 0.05 in all

cases).

Although we were missing samples from some

winter months, RMI analysis indicates that the

first postnatal and all subsequent rings form

annually between December and February. The

smallest relative margins in our sample occurred

in February, followed by a consistent increase in

RMI with the largest relative margins occurring in

October (Fig. 2).

The administration of OTC was successful in

marking vertebrae in two of the three sand tiger

sharks. The vertebrae from the animal with the

spinal deformity did not mark, possibly due to the

diseased nature of the spine or due to low weight

estimates and subsequently low doses. The two

sharks whose vertebrae were successfully marked

by theOTCwere both aged at 2 years for their date

of capture in 1998.One animal had twoOTCmarks

and the other had three (Table 1). The annual
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OTC marks in both specimens were located near

points where rings had formed (Fig. 3).

Vertebral length-at-age data from 48 female

sand tiger sharks provided von Bertalanffy

parameters of L¥ = 295.8 cm TL, k = 0.11 year–1,

and t0 = –4.2 years (Fig. 4). von Bertalanffy

parameters from the linear-modified Dahl-Lea

back-calculations (the most accurate back-calcu-

lation method; see below) gave slightly lower k

coefficients and slightly higher L¥ and t0 values

with or without sample data included (Table 3).

Results from mean back-calculated data had the

lowest standard error. Vertebral age data from 48

males provided Bertalanffy parameters of L¥ =

249.5 cm TL, k = 0.16 year–1, and t0 = –3.4 years

(Fig. 4). Back-calculated lengths-at-age for male

sand tiger sharks (with or without sample data in-

cluded) again provided slightly lower k coeffi-

cients, slightly higher L¥, and t0 parameters, and

mean back-calculated data had the lowest standard

error (Table 3). Vertebral age data for the sexes

combined (n = 96) provided von Bertalanffy

parameters of;L¥ = 280.5 cm TL, k = 0.12 year–1,

and t0 = –4.1 years. Parameters resulting from

back-calculated data for the sexes combined pro-

duced results with similar trends as those for fe-

males and males (Table 3). A likelihood ratio test

showed that separate von Bertalanffy growth

models better describe the data for each sex than

one model with the sexes combined (v2 = 22.8;

df = 3; P = 0.000044).

The linear-modified Dahl-Lea method (Eq. 2)

most accurately represented the mean sample

length-at-age data. It produced mean back-calcu-

lated lengths-at-age within 9.1 cm of mean sample

lengths-at-age for female sand tiger sharks, except

Fig. 2 Results of relative marginal increment analysis
indicating annual ring formation likely occurs between
December and February (n = 90)

Table 2 Percent agreement (PA) and PA ± 1 year, for both sets of readings for sand tiger sharks, Carcharias taurus, when
placed into 10 cm length (TL) groups

Length group (cm) Read First set of readings Second set of readings

Agree Agree ± 1 PA PA ± 1 Agree Agree ± 1 PA PA ± 1

90.1–100 7 7 7 100 100 7 7 100 100
100.1–110 7 7 7 100 100 7 7 100 100
110.1–120 7 7 7 100 100 7 7 100 100
120.1–130 7 7 7 100 100 7 7 100 100
130.1–140 1 1 1 100 100 1 1 100 100
140.1–150 9 9 9 100 100 9 9 100 100
150.1–160 2 1 2 50 100 2 2 100 100
160.1–170 5 5 5 100 100 4 5 80 100
170.1–180 2 2 2 100 100 2 2 100 100
180.1–190 0 0 0 – – 0 0 – –
190.1–200 4 4 4 100 100 4 4 100 100
200.1–210 5 2 5 40.0 100 2 4 40 80
210.1–220 7 3 7 42.9 100 3 7 43 100
220.1–230 7 2 5 28.6 71.4 3 6 43 86
230.1–240 9 2 7 22.2 77.8 4 8 44 89
240.1–250 7 4 7 57.1 100 4 7 57 100
250.1–260 3 0 2 0 66.7 2 3 67 100
260.1–270 4 2 4 50 100 3 3 75 75
270.1–280 3 0 1 0 33.3 1 3 33 100
n = 96 65 89 72 92
Percent agree 67.7 92.7 75.0 95.8
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for lengths of approximately 195 and 250 cm TL

(Fig. 5a). When applied to males, Eq. 2 produced

mean back-calculated lengths-at-age within

9.8 cm of mean sample lengths-at-age for

sharks < 195 cm TL. At greater lengths, devia-

tion from mean sample length-at-age ranged from

2.7 to 15.1 cm TL (Fig. 5b). Lee’s phenomenon

was present with the individual back-calculated

data. There was a tendency for some age classes

(usually older ones) to underestimate the mean

sample length-at-age data after the first few back-

calculated ages. This is not too surprising consid-

ering the time frame over which samples were

obtained, and the potential for sampling variation

(i.e., where in the spinal column the vertebrae

were removed). However, Lee’s phenomenon was

not apparent in the mean back-calculation values,

which were, overall, very similar to the mean

sample length-at-age data.

Discussion

Branstetter and Musick (1994) suggested that

sand tiger sharks form two rings per year in their

vertebral centra whereas our results support a

hypothesis that only one ring is formed annually.

The difference in ageing protocols and the as-

sumed time of band formation between the two

studies is almost certainly the cause of the dif-

ferent results. We feel it is necessary to state the

reasons that we did not follow the Branstetter and

Musick (1994) ageing protocol in this study, then

discuss our results and comment on their ramifi-

cations for recovery of the western North Atlantic

population.

Branstetter and Musick (1994) ‘‘counted and

measured rings in the intermedialia’’. When the

intermedialia was damaged, they counted along

the corpus calcareum. We found that using the

intermedialia as the primary counting surface for

ageing sand tiger sharks could lead to errors. In

addition to the distinct banding pattern (i.e., band

pairs making up rings) that extended completely

across the intermedialia and corpus calcareum,

and the presence of notches (at or near the rings)

along the outside arm of the corpus calcareum,

the intermedialia contained subtle or indistinct

bands (similar to the fine feature ‘‘rings’’ dis-

cussed in Cailliet et al., this issue). These ‘‘indis-

tinct bands’’ made using the intermedialia as the

primary counting (and measuring) surface prob-

lematic for the following reasons: (1) they

extended completely across the intermedialia, but

did not appear on the corpus calcareum (nor were

they associated with notches on the corpus cal-

careum); (2) they did not extend all the way

across the intermedialia; (3) part-way across the

intermedialia they blended into another indistinct

band; (4) part-way across the intermedialia, they

blended into a distinct band; (5) the number of

indistinct bands (between distinct bands) was

inconsistent ranging from 0–5 in number. Addi-

tionally, some indistinct bands were seen on the

Fig. 3 Sagittally cut vertebral section of OTC sand tiger
shark (OTC-2 (from Table 1). Arrows without asterisks
represent wild growth. Double asterisks indicates initial
OTC mark shortly after capture. Arrows with single
asterisks indicate OTC marks and captive growth rings.
All three OTC marks can clearly be seen

Fig. 4 von Bertalanffy growth curves fitted to female
(n = 48) and male (n = 48) sample data for sand tiger
sharks. Estimates for parameters of the von Bertalanffy
growth function are summarized
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corpus calcareum, but they did not match up with

bands in the intermedialia and did not possess a

corresponding notch along the outer arm of the

corpus calcareum. These reasons were paramount

in our decision to use the corpus calcareum as the

primary counting and measuring surface, with the

distinct rings in the intermedialia and notches as

‘‘confirmation’’ of an annulus.

The radials of the intermedialia of carcharhinid

sharks are relatively hard, robust, and numerous,

making it nearly solid. In contrast, the radials of

the intermedialia in lamnoid sharks are less

numerous, softer, and quite fragile, and the large

amount of interstitial space often prevents its

presence in sectioned vertebrae. When present,

the outer edge of the intermedialia in lamniform

vertebral sections can become warped in a con-

cave manner. When this occurs, the rings near the

outer edge of the intermedialia become ‘‘bunched

up’’ and indistinguishable. The bands on the

corpus calcareum can also become more tightly

grouped at the outer edge, particularly in larger/

older animals, however the rings have a tendency

to remain distinguishable due to the stronger

(more stout) nature of the structure. Based on

these observations, we suggest that future studies

on the age and growth of lamniform sharks use

the corpus calcareum as the primary counting and

measuring surface.

We found that vertebral growth significantly

increased with somatic growth, which along with

the reliability of the marginal increment analysis

(Fig. 2) demonstrates vertebral growth patterns

are a reliable indicator of age in sand tiger sharks.

Precision was high between and within readers

with limited differences (Table 2) that were

attributable to random error. These results

Table 3 von Bertalanffy growth parameters of female, male, and sexes combined for sand tiger sharks in the western North
Atlantic. Numbers in parentheses are standard errors

Females L¥ k t0

Sample data (n = 48) 295.8 (14.0) 0.11 (0.02) –4.2 (0.5)
Back-calculations (n = 366a) 302.4 (7.4) 0.09 (0.006) –4.6 (0.22)
Mean back-calculation (n = 18a) 308.3 (5.2) 0.09 (0.004) –4.8 (0.21)
Back-calculations W/sample data (n = 414a) 305.3 (6.9) 0.09 (0.006) –4.7 (0.20)
Males
Sample data (n = 48) 249.5 (7.2) 0.16 (0.02) –3.4 (0.4)
Back-calculations (n = 278a) 252.7 (6.1) 0.13 (0.009) –4.1 (0.2)
Mean back-calculation (n = 16a) 247.5 (3.6) 0.13 (0.009) –4.2 (0.2)
Back-calculations W/sample data (n = 326a) 256.1 (5.4) 0.12 (0.008) –4.3 (0.2)
Combined
Sample data (n = 96) 280.5 (9.4) 0.12 (0.01) –4.1 (0.4)
Back-calculations (n = 644a) 294.7 (6.5) 0.09 (0.005) –4.8 (0.2)
Mean back-calculation (n = 34a) 293.1 (16.0) 0.09 (0.01) –5.0 (0.7)
Back-calculations W/sample data (n = 740a) 295.2 (5.7) 0.09 (0.004) –4.8 (0.2)

a Not independent

Fig. 5 Mean deviation, from mean sampled total length,
of three proportional back-calculation methods for a
female and for b male sand tiger sharks. Data points
represent mean back-calculated lengths-at-age. A point on
the x-axis would represent zero deviation from the sample
mean length-at-age
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provided a high degree of confidence in the accu-

racy and precision of our age assessments (from

sample data) used in the von Bertalanffy growth

model, and hence in the resulting life-history

parameter estimates. The similar von Bertalanffy

growth parameter estimates generated from our

sample data, back-calculated data, and the com-

bination of the two indicate that our sample size

was sufficiently large and encompassed the known

size range of males, and all but the very upper end

of the known size range of females. While these

back-calculation results are, of course, dependent

on the assumption that growth has not significantly

changed over time, and are applicable only to sand

tiger sharks, they demonstrate the importance of

choosing the appropriate method in order to min-

imize error (Fig. 5a, b), which results in a greater

ability to accurately model growth (Cailliet and

Goldman 2004; Goldman 2004).

The RMI conducted by Branstetter and Mu-

sick (1994) indicated that specimens from the

first part of the year (January–July) had an even

number of bands while specimens from the

second part of the year (August–December).

We found no such relationship—animals from

every month of the year from which we had

more than a single sample possessed both even

and odd numbers of rings. Our RMI analysis

indicated that a single ring is formed annually

sometime between December and February

(Fig. 2). Additionally, the results from the two

OTC sharks support the hypothesis that a single

ring is formed annually. The annual OTC marks

in both specimens were located near points

where rings had formed (Fig. 3) even though

they were kept under a constant photoperiod

and ambient temperature.

Centrum banding patterns may be related to

physiological changes induced by changes in

environmental parameters such as temperature

and photoperiod (Cailliet et al. 1986; Branstetter

1987), however, it has been shown not to be the

case for some species such as the little skate,

Raja erinacea (Natanson 1993), and the Pacific

angel shark, Squatina californica (Natanson and

Cailliet 1990; Cailliet et al. 1992). The north–

south migration of sand tiger sharks has been

proposed as a possible reason that two rings

might be formed in the vertebral centra each

year (Branstetter and Musick 1994) with the

primary cue for the migration being either tem-

perature or photoperiod. The primary cue for

sand tiger migration has not been demonstrated,

but the fact that captive sand tiger sharks appear

to form a single ring in their vertebral centra

each year makes those possibilities less likely.

Vertebral growth is inevitably linked to food in-

take, and a lack of food for short periods of time

can cause subtle bands to appear in vertebral

centra of some species (J. Gelsleichter, personal

communication). This may explain the ‘‘indis-

crete bands’’ we saw in sand tiger vertebrae, and

play a role in the annual formation of rings in the

centra.

The life-history parameters presented by

Goldman (1998) resulted in growth coefficients (k)

that were half of those presented by Branstetter

and Musick (1994). This is because Goldman

(1998) simply doubled the age estimates from

Branstetter and Musick (1994) by assuming that

one ring was formed annually in the vertebral

centra (e.g., a 5-year-old would then be considered

to be 10 years of age), and not from the examina-

tion of any vertebral samples. In contrast, the

estimations of sand tiger life-history parameters

presented herein are the combined result of using

an independently developed ageing protocol

(applied to vertebral samples from 96 sand tiger

sharks), a subsequent RMI analysis and the use of

a direct validation method (OTC), all of which

support a hypothesis that one ring is formed

annually in vertebral centra. As such, we believe

our results are amuch better indicator of sand tiger

shark growth parameters than either Branstetter

and Musick (1994) or Goldman (1998).

Branstetter and Musick (1994) characterized

sand tiger growth based on mean back-calculated

lengths-at-age as follows; ‘‘growth was 25–30 cm

per year for ages 0–1, 20–25 cm per year for ages

2–3, and 15–20 cm per year for ages 4–5. Subad-

ults and adults had a growth rate of 10–15 cm per

year for ages 6–7, and growth declined to 5–10 cm

per year for ages 8 and greater’’. They also

characterized growth in females and males to be

nearly identical throughout life. Our results indi-

cate that growth is similar up to age 5 at which

point-in-time females begin outgrowing males at

a significant rate, and that two separate growth
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curves should be used to describe the rate at

which each sex attains their maximum size

(Fig. 4). Mean back-calculated lengths-at-age

from this study indicate that growth averaged

14.5–18.5 cm per year for ages 0–1, 13–14.5 cm

per year for ages 2–3, and 11 cm per year for age

4. For ages 5 and 6, growth averaged 10–11.2 cm

for females and 9.2–9.5 for males; and for age 7

females averaged 9.3 cm per year whereas males

averaged 6.8 cm per year. For sand tiger sharks

(8 years of age, the growth rates declined to an

average of 6.4 cm per year for females and 4.6 cm

per year for males.

Female sand tiger sharks become sexually ma-

ture at a length of 220–230 cm TL and males ma-

ture at 190–195 cm TL (Gilmore et al. 1983).

Previous estimates of age at maturity stated that

the equivalent ages to those lengths are 6 years for

females and about 4 years for males (Branstetter

and Musick 1994). Our length-at-age results place

age at sexual maturity at 9–10 years for female

sand tiger sharks, and at 6–7 years for males.

Reproduction in captivity (from copulation to

parturition) has been documented in South Africa

and Australia. A female sand tiger shark born at

Underwater World aquarium, Australia, in 1992

became pregnant in 2000 (resulting in two pre-

term stillborn pups ~70–80 cm TL) (Henningsen

et al. 2004). Additionally, a male sand tiger born at

the New York aquarium in 1994 was exhibiting

pre-copulatory behavior in 2001–2002 (H.Walters,

personal communication). These data, although

captive, provide corroboration to our estimates of

age at sexual maturity.

Gilmore (1990) stated that all female sand tiger

sharks he examined from Florida to North Caro-

lina between March and January were impreg-

nated and that no resting stage took place in the

reproductive cycle of this species. However,

Branstetter and Musick (1994) presented strong

evidence that a resting stage did occur and that the

reproductive cycle was at least 2 years. They pre-

sented records from the VIMS longline survey

from 29mature female sand tiger sharks caught off

Virginia (during the 1980s and early 1990s) that

were all noted as either postpartum or in a resting

state with small ovarian egg follicles. Since then,

we have records (from the VIMS survey) for an

additional 17mature females that were in the same

postpartum or resting stage condition. The mother

of the aforementioned female born at Underwater

World, Australia was captured pregnant in 1992,

and while in captivity has given birth two more

times; in 1997 and 1999 (Henningsen et al. 2004). A

gestation period of 9–12 months leaves little to no

energetic ‘‘turn-around’’ time for a female to build

up her reserves and go through another repro-

ductive cycle, unless there is a resting year. If a

female carried pups through a 12-month gestation

period, she would immediately have to mate again

in order to reproduce the following year. Any time

delay in mating would ‘‘throw off’’ her timing for

parturition, and at some point-in-time she would

require a resting period. The current body of evi-

dence strongly supports a 2-year reproductive cy-

cle for female sand tiger sharks. However,

preliminary evidence from captive male sand tiger

sharks indicates that they may mate annually (A.

Henningsen, personal communication).

Maximum observed age for female and male

sand tiger sharks in this study was 17 and 15,

respectively. These ages are close to the maximum

documented ages of sand tiger sharks in captivity.

Govender et al. (1991) reported a male that had

been in captivity at an aquarium in Durban, South

Africa for 16 years, and there is currently a 20-

year-old female (as of 2002) at the National

Aquarium in Baltimore, MD, USA (A. Henning-

sen, personal communication). Branstetter and

Musick (1994) estimated longevity at 30–35 years

by extrapolating their von Bertalanffy curves

generated from back-calculated data. Applying

the same technique to our data, longevity may be

as high as 40 years for females and 30 years for

males. However, estimating longevity using the

time required to reach 95% of its asymptotic

length (i.e., 5 · ln 2/k, see Fabens 1965; Cailliet

et al. 1992) provided longevity estimates of 32–38

for females and 22–27 for males.

Branstetter and Musick (1994) provided a

weight–length equation for sand tiger sharks of;

W = 1.62 · 10–6 · L3.15. This equation was later

found to have an error in it, which has not been

published. The corrected weight–length equation

is: W = 1.62 · 10–6 · L3.24. Our data for length

conversions andmaximum size of sand tiger sharks

are similar to those from the corrected weight–

length equation. The increased sample size

250 Environ Biol Fish (2006) 77:241–252

123



(particularly for smaller individuals) enhances the

accuracy and precision of these estimates. More

importantly, we were able to determine that a

single length–weight curve combined is adequate

for describing that relationship for both sexes.

Our estimates of sand tiger shark life-history

parameters show that they are much slower

growing to adulthood and maximum length than

previously assumed. Since our mean back-calcu-

lated lengths-at-age gave the smallest standard

error in von Bertalanffy estimates (Table 3), they

may better represent the life-history parameters

of this species and should be considered more

valid when used as inputs for determining vital

rates. Considering the large population depletion

suffered by sand tiger sharks in the western North

Atlantic over the past 20 years, this information is

crucial for accurately assessing the ability of the

population to recover, and further justifies the

need for this species to be fully protected. The

life-history parameters presented here also allow

for a re-adjustment of previously predicted vital

rate estimates that can aid managers in taking

appropriate steps for sand tiger shark protection

and conservation.
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Abstract The giant lantern shark, Etmopterus

baxteri, is taken as bycatch of commercial fisheries

that operate in deepwater off southeastern Aus-

tralia. Bands on the second dorsal spine were used

to obtain age estimates. The number of bands on

the external surface of the spine and within the

inner dentine layer increased with animal length.

Most spines had more bands on the external

surface, and the rate of band formation was

significantly different between the external surface

and the inner dentine layer. Females had a max-

imum of 57 external bands and 26 internal bands,

while males had up to 48 external bands and 22

internal bands. Age estimates from external bands

suggest maturity (A50) at 20 years for males and

30 years for females. Internal band age estimates

suggest maturity at 10.5 years for males and

11.5 years for females. Although there is a large

discrepancy between these two preliminary (i.e.,

unvalidated) age estimates, they both suggest that

E. baxteri is a long-lived and late maturing species

that is likely to be susceptible to over fishing.

Keywords Dorsal spine Æ Deepwater dogfish Æ
Francis model

Introduction

Elasmobranchs are typically aged using annuli on

the vertebral centra. However, the centra of most

dogfish are poorly calcified and do not produce

reliable band counts (Wood et al. 1979), creating

the necessity to find an alternate ageing structure.

Fortunately, many dogfishes possess dentine

spines (one anterior to each dorsal fin) that may

be used to investigate age. Kaganovskaia (1933)

was the first to estimate age using the dorsal-fin

spines of the spiny dogfish, Squalus acanthias, and

this species is by far the most common shark to be

aged using the dorsal spines (see Henderson et al.

2002 and references within). The dorsal-fin spine

structure has been described by Maisey (1979),

Beamish and McFarlane (1985) and Tanaka

(1990). Further, Clarke and Irvine (2006) clarify

the terminology used to describe the main struc-

tural components of deepwater dogfish spines.

Studies on deepwater elasmobranchs have fre-

quently used dorsal fin spines for ageing. Tanaka

(1990) used the internal dentine bands found in

transverse spine sections to ageCentrophorus acus

from Japanese waters. Subsequent deepwater

dogfish studies have described the age and growth
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to varying degrees using these internal dentine

bands (Guallart Furio 1998; Machado and Figuei-

redo 2000; Sion et al. 2002; Clarke et al. 2002a, b;

Francis and Maolagáin 2004). However, Irvine

et al. (2006) reported an alternative method of

ageing the golden dogfish Centroselachus crepid-

ater, using bands on the external surface of the

spine. These bands were first reported on S.

acanthias spines (Holden and Meadows 1962),

and are caused by the lack of synchrony in the

deposition of dentine at the spine base and upward

spine growth. Irvine et al. (2006) also counted the

internal dentine bands and found they did not form

at the same rate as external bands.

The use of typical age validation techniques

is impractical for most deepwater fish studies

(Cailliet et al. 2001). However, Irvine et al. (2006)

verified the annual formation of external bands in

C. crepidater using preliminary radiometric age

estimates from Fenton (2001). As internal bands

in C. crepidater spines were either consistently

difficult to read or did not form annually, Irvine

et al. (2006) suggested that internal bands may

underestimate fish age. The aim of this study was

to estimate the age and growth of the giant

lantern shark, Etmopterus baxteri. Age estimates

from both external and internal dorsal-fin spine

bands were used to investigate growth, longevity

and age at maturity. The number of external

bands was compared with the number of

internal bands to assess if they were formed

simultaneously.

Materials and methods

Specimen collection

Giant lantern sharks were opportunistically col-

lected from the bycatch of commercial trawl

fisheries operating in southeastern Australia

between November 2000 and July 2002 (Fig. 1).

Trawls typically had a cod-end mesh size of 90–

110 mm and targeted orange roughy, Hoploste-

thus atlanticus, in 600–1200 m. Most E. baxteri

(71%) were caught at 830–1200 m over sea-

mounts on the Cascade Plateau to the southeast

of Tasmania.

Biological examination

Each dogfish was sexed, and the total length (TL)

and fork length (FL) were measured as a straight

line (±1 cm) by allowing the caudal fin to take a

natural position. All animal lengths hereafter are

TL. For those dogfishes with a damaged caudal

fin, FL was converted to TL using the linear

relationship: TL = 1.07FL + 3.70, (n = 874,

r2 = 0.97). Dogfishes were weighed (±10 g) on a

top-loading digital scale, and the relationship

between weight and length was examined and

compared between each sex using an analysis of

covariance (ANCOVA).

Age and growth analysis

Vertebrae

The vertebral centra of E. baxteri are small and

very deep-coned, and appeared to be adequately

calcified for age determination. A block of 5–10

vertebrae was removed from the vertebral column

below the origin of the first dorsal-fin.A subsample

of vertebrae representing both sexes and various

size classes were cleaned by soaking in 4% sodium

hypochlorite (house-hold bleach) solution for 5–

10 min. Vertebraewere then thoroughly washed in

tap water and examined for the presence of bands

on the centrum face using a magnification lamp or

binocular dissecting microscope at 10–60 times

magnification. A few discontinuous and irregularly

spaced concentric bands were visible, although it

was decided that whole, clean vertebrae were not

suitable for age determination.

Various treatments for enhancing bands on the

centrum face were performed. Whole centra were

stained with silver nitrate (Stevens 1975); alizarin

red S (La Marca 1966); crystal violet (Schwartz

1983); cobalt nitrate (Hoenig 1979); ninhydrin

(Davenport and Stevens 1988) and graphite

powder (Ferreira and Vooren 1991) or decalcified

in nitric acid (Correia and Figueiredo 1997).

Calcium affinity stains (AgNO3 and CoNO3)

accumulated superficially on the vertebra but

did not penetrate into a readable concentric

pattern. All other stains and treatments had

no effect and it was therefore decided that
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chemically treated whole centra were not suitable

for age determination.

Both stained and un-stained whole vertebrae

were air-dried for up to 2 h, placed upright in

Wonderflex� silicon cookware ‘brownie’ moulds

and embedded in epoxy resin (Renlam M-1 AU

resin and HY951 hardener at 9:1 w/w). Each

centrum was individually sectioned using a

lapidary saw (RPM = 1250) fitted with one

0.6 mm wide diamond-tipped blade. Sectioning

twice through the focus along the sagittal plane

resulted in ‘‘bow-tie’’ sections with a thickness of

500 ± 100 lm. Each section was individually

examined using a binocular dissection microscope

equipped with a micrometer. Immersion oil was

used to disguise any saw-blade marks made

during sectioning.

No clear banding pattern was found on the

centrum face, corpus calcareumor intermedialia of

sectioned vertebrae. Thus, the vertebral centra of

E. baxteri could not be used for age determination.

Dorsal-fin spines

Spine preparation. Spines were collected, mea-

sured and prepared following Irvine et al. (2006).

As the second spine is larger and is less often

damaged than the first spine, it was chosen for age

estimation. Excess muscle and connective tissue

was removed using a sharp scalpel and by

immersing in hot water for short periods. Spine

morphometrics, including total spine length

(TSL), external spine length (ESL) and external

spine width (ESW) were measured using digital

callipers (±0.01 mm) following Clarke and Irvine

(2006). Spine growth was investigated by exam-

ining the relationship between spine length and

total length.

40° S

45° S

50° S

St Helens Hill

Pedra Branca

Cascade Plateau

South Tasman Rise

Western Canyons

L
at

it
u

d
e

Tasmania

140° E 145° E 150° E 155° E

Longitude

Australia

Fig. 1 Topographic map
of southeastern Australia
indicating the fishing
locations where E. baxteri
specimens were collected
as bycatch

Environ Biol Fish (2006) 77:253–264 255

123



Growth band enhancement. External base

bands were enhanced following the techniques

outlined by Irvine et al. (2006), which included

staining with an alizarin red derivative for

3–5 days. All spines were kept wet and examined

either under a low power (6·) dissecting micro-

scope, with a magnifying lamp, by the naked eye,

or a combination of all three depending on the

particular spine.

One external band describes either a ridge of

dentine or a white band that resulted after

rubbing a stained spine with abrasive paper.

Counting started at the spine base, and counts

were occasionally made along the posterior edge

due to increased band clarity.

Once external band examination was com-

pleted, spines were embedded and sectioned

following Irvine et al. (2006). Between 5 and 15

transverse sections were taken from the tip of

each spine and section thickness was generally

250–350 lm. The internal spine structure consists

of three dentine layers. Although bands were

present in each dentine layer, bands were more

widely spaced and easier to interpret in the inner

layer. The inner layer was widest below the pulp

cavity and most sections were taken immediately

below the tip of the pulp cavity. Spine sections

were mounted onto glass slides using epoxy resin.

Slide sections were examined using an F-View

Soft Imaging System on a B(51A Olympus

compound microscope using the differential inter-

ference contrast. Within the internal dentine

layers, ‘one band’ refers to a dark (opaque) and

light (translucent) concentric ring. Counting

started at the lumen (spine centre) and continued

outwards until the first trunk primordium (the

junction between the inner and middle layers).

Reading precision and accuracy. Three non-

consecutive band counts were made for each

spine/section without prior knowledge of the

animal’s length, sex or the previous band counts.

A subjective measure of band readability was

used with a sliding scale from 1 (samples with

unambiguous bands and excellent readability) to

5 (an unreadable sample). Samples with a read-

ability score of 1–3 were used in age analysis.

Approximately 20% of the samples were re-

examined 1–3 months after the first examination

to imitate the second (independent) reader as

suggested by Cailliet and Goldman (2004).

Precision was calculated using the coefficient of

variance (CV) across all fish ages (Change 1982).

This gave an assessment of the ease of ageing

dogfish spines and tested the within reader

reproducibility of age determinations (Campana

2001). The upper limit for the CV was set at 20%

for each spine section (adapted from the index of

average percent error (IAPE) for vertebrae

analysis (Beamish and Fournier 1981). Samples

were not included in the growth analysis if the CV

was >20%. The mean age for each of the three

counts defined the age estimate for each shark

(Casey et al. 1985).

Growth analysis

The von Bertalanffy (1938) growth model

(VBGM) is the most commonly used model to

describe fish growth in length or weight (Cam-

pana 2001). However, it does not always provide

a particularly good fit and there has been a wide

array of criticisms (Haddon 2001). The VBGM

curve is strongly determined by values of L¥ and

t0, which are at either end of the curve, generally

where there is the least amount of data (Sainsbury

1980). The stochastic model from Francis (1988)

suggests new biologically significant parameters

for the VBGM, and Moulton et al. (1992) and

Irvine et al. (2006) used this model for shark age

and growth analysis:

L ¼ l/ þ ðlw � l/Þð1� r2ðT�/Þ=ðw�/ÞÞ=ð1� r2Þ

where the three VBGM parameters (L¥, t0 and k)

are replaced with l/ (mean length at reference age

/), lw (mean length at reference age w), lv (mean

length at reference age (/ + w)/2), T is age and

r = (lw – lv)/(lv – l/).

Assuming bands are formed annually, the

Francis model was fitted to the observed length-

at-age data for each sex. In order to compare

growth between each sex, the same reference ages

(/ = 5, w = 40 external bands and / = 3, w = 18

internal bands) were chosen to avoid unnecessary

extrapolations when comparing growth between

sexes.
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In order to present the VBGM equations for

each sex, the Francis parameters were related to

the conventional VBGM parameters using:

L1 ¼ l/ þ ðlw � l/Þ=ð1� r2Þ

k ¼ �ð2 logerÞ=ðw� /Þ

t0 ¼ /þ ð1=kÞ logeððL1 � l/Þ=L1Þ

Confidence intervals (95%) around the Francis

parameters gave a direct measure of the hetero-

geneity in length-at-age and were calculated using

the non-linear regression function in Systat 8.0

(Systat Software Inc., Point Richmond, California

USA).

The Francis parameters are biologically signif-

icant and can therefore be directly compared

between sexes. However, Kimura (1980) sug-

gested the use of v2 tests on each likelihood ratio

to compare the growth curves. This method,

advocated by Moulton et al. (1992) and Haddon

(2001) is a more reliable means of finding a

difference in growth. Chi-square tests on Francis

parameters (by sex and internal/external bands)

were performed in Microsoft Excel similar to that

outlined for the VBGM by Haddon (2001).

Correlation between inner and outer counts

In order to determine if external bands were

formed at the same rate as inner dentine bands,

the number of external bands was compared to

the number of internal bands in each spine. The

rate of band deposition in each growth zone was

assessed via the relationship between the number

of external band and the mean number of internal

bands using the non-linear (mode/loss) regression

function in Systat 8.0.

Longevity. Band counts provided an initial

estimate of theoretical longevity, although these

values may be underestimated if the population

has been commercially fished. Longevity was

investigated using the equations of Taylor

(1958), where the age at which 95% of L¥ is

reached = t0 + (log0(1 – 0.95)/k), Fabens (1965)

where the age at which 99% of L¥ is reached =

7((ln 2)/k) and Ricker (1979) where the age at

which 95% of L¥ is reached = 5((ln 2)/k) where t0

and k are VBGM parameters derived from

Francis growth parameters.

Maturity. Sexual maturity in males was deter-

mined by clasper condition and macro-examina-

tion of the testes. Males were considered mature

when claspers had elongated and were fully

calcified, and when the testes showed signs of

lobulation. The reproductive status of females

was based on the condition of the ovaries and

uteri adapted from Wetherbee (1996) and Steh-

mann (2002). Females were assumed in a mature

condition when distinct oocytes were present in

the ovaries and/or the uteri had expanded away

from the central axis of the body cavity.

Age at maturity was estimated from the rela-

tionship between the proportions of immature

versus mature specimens within 2-year age classes.

Each interval was indicated by its lower value. A

logistic curve was fitted to the proportion PA of

sexually mature individuals by age (A) using:

PA ¼ 1

1þ exp �lnð19Þ ðA�A50Þ
ðA95�A50Þ

h i

where ln is the natural logarithm, and A50 and A95

correspond to the age at which a proportion of 0.5

(or 50%) and 0.95 (or 95%) are mature. A non-

linear regression function was fitted using Systat

8.0 where the sum of squares was minimised and

the standard error of A50 was calculated.

Results

The relationship between weight (Wt) and total

length (TL) differed significantly with sex (AN-

COVA; p < 0.05):

Male : Wt ¼ 0:0107TL2:7943ðr2 ¼ 0:76;

n ¼ 74; length range 24�74 cmÞ
Female : Wt ¼ 0:0012TL3:341ðr2 ¼ 0:88;

n ¼ 137; length range 30�80 cmÞ:

Age and growth

A total of 424 E. baxteri were examined for

age and growth analysis, and the size ranges were

30–80 cm for females and 24–74 cm for males. The

Environ Biol Fish (2006) 77:253–264 257
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spines of the four larger females (> 80 cm) were

broken and were unable to be used. The spines of

eleven embryos (12–22 cm) were also examined.

Spine structure and growth

The first and second dorsal-fin spines of E. baxteri

are structurally similar, although the second ismore

than twice the length of the first. The first spine is

relatively straight, while the second spine is strongly

curved and is higher than the second dorsal fin. The

spines are ivory in colour with an enamel anterior

dentine portion that is often brown. Spines were

visible in embryos > 6 cm TL, full-term embryos

(~20 cm TL) had fully developed spines measuring

18 mm TSL. Of the 424 spines cleaned and mea-

sured, 378 (89%) had no damage, 26 had a worn/

blunt tip, 19hadabroken tip, and threewerebroken

and therefore discarded. The relationship between

TL and TSL for non-damaged spines was linear

[TL = 1.15TSL + 4.36 (r2 = 0.82; n = 362)] and did

not differ between sexes (ANCOVA; p = 0.399;

F = 0.711). Pre-natal spine growth (embryos 10 cm

TL to birth at 20 cm TL) and post-natal spine

growth was similar, with the most rapid growth

between 30 and 50 cm TL (Fig. 2). More than 59%

of the spine length was external (outside the body),

and this proportion increased with animal size.

External bands

A countable banding pattern (Fig. 3) was found

on the surface of 294 (70%) spines. Over-staining

was the main cause of poor readability and most

spines had a readability score of three. The

average reading precision (CV) of readable

counts was 1.45%. Ten ages had a CV above

20% and were excluded from all further age

analysis.

No bands were found close to the spine tip, and

the number of external bands (No.) increased with

spine size (TSL) [Male TSL = 54(1 – e(–0.05(No.+7.8)))

r2 = 0.80, n = 74; Female = 69(1 – e(–0.0.3(No.+7.3)))

r2 = 0.83, n = 137].

The greatest number of external bands ob-

served was 57 (76 cm TL) for females and 48

(53 cm TL) for males. The largest female with a

non-broken spine (80 cm TL) had 46 bands, and

the largest male (72 cm TL) had 36 bands. Near-

term embryos had no external bands, and the

birth-band subtraction was not required. The base

of larger (older) spines was fragile and was

sometimes only partly formed.

Internal bands

Cross-sections of 420 spines were examined,

although only 193 (46%) had a readable banding

pattern in the inner dentine layer (Fig. 4). The
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Fig. 2 Relationship between animal length (TL) and the
mean total spine length (TSL) and internal spine length
(ISL) for E. baxteri

Fig. 3 Second dorsal fin spine of 64 cm TL male E. baxteri stained with an alizarin red derivative to enhance the external
banding pattern (46 bands). Note enamel bands/ridges on the anterior dentine portion
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optimal sectioning position (where band clarity

was the best) was 10–15 mm from the spine tip.

The number of internal bands increased with

animal size and the greatest number of bands

observed was 22 (62 cm TL) for males and 26

(68 cm TL) for females. The spines of the largest

male with readable bands (72 cm TL) had 15

internal bands, while the largest female (78 cm

TL) has 19 internal bands. The CV of these

samples was 3.1%. Only nine spines were

excluded due to poor reading precision

(CV > 20%). Near-term embryos had a poor

inner spine structure and no bands were found

in the dentine layers of embryos, making birth-

band subtractions unnecessary.

Growth

Assuming external bands were formed annually,

the Francis model fitted the observed length-at-

age data well for both sexes (male r2 = 0.78;

female r2 = 0.78) (Fig. 5a). Males and females

exhibited similar growth (29–30 cm) between the

Fig. 4 Transverse-section photomicrograph (magnifica-
tion 100·) of the second dorsal fin spine of a 69 cm female
E. baxteri with 22 bands

0
0 0

10 20 30 40 50 60
Age (years)

10

20

30

40

50

60

70

80

90

T
ot

al
 le

ng
th

 (
cm

)

10

20

30

40

50

60

70

80

90

T
ot

al
 le

ng
th

 (
cm

)

0 5 10 15 20 25 30
Age (years)

(a) (b)Fig. 5 Growth models for
male (•) and female (s) E.
baxteri using (a) external
spine age estimates; (b)
internal spine age
estimates

Table 1 Francis growth parameter estimates for male and
female E. baxteri using external bands and internal bands
(including standard error and 95% confidence limits)

Parameters Male Female

External bands
l5 (cm)

Estimate 24.86 23.11
SE 2.70 3.09
95% CI 6.12 5.38

l22.5 (cm)
Estimate 53.77 53.96
SE 0.66 0.76
95% CI 1.32 1.51

l40 (cm)
Estimate 60.648 68.35
SE 0.56 0.42
95% CI 1.11 0.83

Sample size (n) 83 158
Coefficient of determination (r2) 0.78 0.78

Internal bands
l3 (cm)

Estimate 33.24 28.50
SE 1.65 3.01
95% CI 3.30 5.99

l10.5 (cm)
Estimate 53.64 57.35
SE 0.61 0.93
95% CI 1.22 1.83

l18 (cm)
Estimate 59.64 69.43
SE 0.84 0.88
95% CI 1.67 1.75

Sample size (n) 54 99
Coefficient of determination (r2) 0.79 0.74

r2 coefficient of determination; l5 is the mean TL at age 5;
l22.5 is the mean TL at age 22.5; l40 is the mean TL at age
40; l3 is the mean TL at age 3; l10.5 is the mean TL at age
10.5; l18 is the mean TL at age 18
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ages of 5 and 22.5 years. Over the next 17.5 years

(between 22.5 and 40 years), males grew an

average of 7 cm compared with 14 cm for females

(Table 1). Kimura’s likelihood ratio test calcu-

lated a difference in the growth curves for male

and female E. baxteri (coincident curve:

v2 = 70.96, p < 0.001). The curve intercepted the

y-axis at 7.13 cm for males and 11.87 cm for

females. The von Bertalanffy equations for

external bands were: male Lt = 60.59

(1 – exp(–0.082(t + 1.43))); female Lt = 68.13

(1 – exp(–0.040(t + 4.51))).

Assuming internal bands were formed annu-

ally, the Francis model (Fig. 5b) fitted the male

length-at-age data slightly better (r2 = 0.79), than

the female data (r2 = 0.73). The Francis param-

eters indicated that males and females grow at a

similar rate (29–30 cm) between ages 3 and 18.

Over the next 7.5 years (10.5–18 bands) males

only grew 6 cm on average, compared with 12 cm

for females (Table 1).

Kimura’s likelihood ratio test calculated a

difference in the growth curves for male and

female E. baxteri (coincident curve: v2 = 61.12,

p < 0.001). The curve intercepted the y-axis at

18.69 cm for males and 9.27 cm for females. The

von Bertalanffy equations for internal bands

were: male Lt = 59.55(1 – exp(–0.163(t + 2.00)));

female Lt = 69.25(1 – exp(–0.116(t + 1.56))).

Correlation between external and internal

growth bands

A curvilinear relationship was found between the

number of external bands (EB) and internal

bands (IB) [IB = –0.0074(EB2) + 0.679(EB) +

0.1745, r2 = 0.785, n = 101; Fig. 6]. Most spines

had more external bands than internal bands. The

polynomial relationship showed that the first two

bands were formed at the same rate. Spines with

2–25 external bands had half as many internal

bands, and the proportion of internal bands

rapidly declined in spines with more than 25

external bands. After 30 external bands, no

further internal bands were deposited. The

growth curves from external bands were signifi-

cantly different to the growth curves from inter-

nal bands. Francis parameters differed greatly for

males and Kimura’s likelihood ratio test calcu-

lated a significant difference in the growth curves

from external and internal length-at-age data for

male and female E. baxteri (male coincident

curve: v2 = 118.87, p < 0.001; female coincident

curve: v2 = 61.29, p < 0.001).

Longevity

Internal bands suggest longevity of 26 years for

females and 22 years for males. The maximum

number of external bands suggests female

E. baxteri live longer than males; the oldest male

examined was aged at 48 years and the oldest

female was aged at 57 years. The corrected

longevity estimates for a commercially fished

population were much higher than the maximum

band counts (Table 2).
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Fig. 6 Relationship between the number of external
bands (EB) (age class) and the mean number of internal
bands (IB) for E. baxteri from southeastern Australia.
Error bands represent one SE and the polynomial
relationship is IB = –0.0074(EB2) + 0.679(EB) + 0.1745;
r2 = 0.785, n = 101. The linear line indicates the exponen-
tial relationship if one EB equals one IB

Table 2 Longevity estimates for Etmopterus baxteri using
age and growth data from external and internal bands

Method External bands Internal bands

Female Male Female Male

Maximum band count 57 48 26 22
Taylor (1958) 126 72 27 27
Fabens (1965) 121 59 42 30
Ricker (1979) 87 42 30 21
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Age at maturity

External band maturity-at-age data suggest that

male maturity occurs over a 21-year period, the

youngest mature male was 16, and the oldest

immature male was 37 years. Male A50 was

estimated to occur at about 20 years (SE = 1.6)

(Fig. 7a); this is 53 % of the maximum age

(Amax). Female maturity also occurred over a

broad age period (27–41 years), and A50 was

estimated to occur at 30 years (SE = 1.1)

(Fig. 7a); this is 42% of Amax. The youngest

female in the early stages of pregnancy (fertilised

eggs in utero) was 35 years, whereas the youngest

near-term pregnant female was 39 years.

Internal band maturity-at-age estimates suggest

that males mature at 47% of Amax, with an A50 of

10.5 years (range 8–20 years). Females matured

between 7 and 16 years (A50 = 11.5 years); this is

44% of Amax (Fig. 7b).

Discussion

Age and growth

The vertebral centra of E. baxteri do not have a

concentric banding pattern suitable for age deter-

mination. However, Gennari et al. (2002) used

vertebral bands to estimate the age of E. spinax

from the Mediterranean. Although these age

estimates were not validated, the presence of

bands in E. spinax vertebrae is very interesting

and may be attributed to the warmer tempera-

tures of the Mediterranean deepsea (~13�C below

the thermocline) (Salat and Font 1987).

The precision of the age data as indicated by

the CV values showed that external bands were

easier to interpret than internal bands. Both

internal and external bands increased in number

with animal length, although each spine had more

external bands. The relationship between internal

and external counts suggests that only the first

two bands were formed at the same time. A

similar relationship was found between external

and internal bands in Centroselachus crepidater

dorsal spines (Irvine et al. 2006), and it was

suggested that adult spines stop growing when the

space above the pulp cavity has been filled by

dentine. The present study also supports the

possibility that internal dentine stops forming or

that the internal bands become undistinguishable

when tightly packed.

Verification and validation of the periodicity of

band formation is essential, although most tradi-

tional techniques are unsuitable for deepwater

species. Marginal increment analysis and edge

analysis on internal dentine bands of C. crepidater

proved unsuccessful (Irvine et al. 2006). Gullart-

Furio (1998) outlined the problems associated

with using these analyses on internal bands in

dorsal spines, including the requirement of

obtaining sections from the same location. These

analyses are unsuitable on external bands as the
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Fig. 7 Age at maturity ogives for (s) male and (•) female
E.baxteri fromsoutheasternAustralia. (a)External bandage
estimates, male = 1/(1 + e(–ln(19)((AGE–20.3)/(35.3–20.3)))), r2 =
0.79, n = 111; female = 1/(1 + e(–ln(19)((AGE–30.5)/(43.7–30.5)))),

r2 = 0.91, n = 181; (b) internal band age estimates,
male = 1/(1 + e(–ln(19)((AGE–10.5)/(21.4–10.5)))), r2 = 0.97,
n = 57; female = 1/(1 + e(–ln(19)((AGE–11.4)/(13.44–11.42)))),
r2 = 0.96, n = 100
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banding pattern often consists of ridges of dentine

rather than dark/light growth rings. Independent

ageing techniques including bomb dating or

radiometric isotope analysis may offer the best

means of verifying the age estimates from band

counts. Campana et al. (this issue) showed that S.

acanthias spines could be aged using bomb carbon

(14C) dating. However, 14C dating may be prob-

lematic in deepwater species because of a

potential depleted bomb signal (i.e., phase lag)

in areas where there are low deepwater mixing

rates (Keer et al. 2004). The results of Fenton

(2001) and Irvine et al. (2006) imply that further

research is required into the usefulness of radio-

metric isotope analysis on both dogfish vertebrae

and spines.

Age at maturity

Female age at maturity using external bands

(30 years) differed from the age of the youngest

pregnant female (35 years). However, no differ-

ence was found between the size at maturity (L50)

and the size of the smallest pregnant female (both

62 cm TL) (Irvine 2004), suggesting that females

may not grow during reproductive activity.

Etmopterus baxteri exhibits slower growth and

higher longevity than many other dogfishes, includ-

inga sympatric species (Irvineet al. 2006).However,

Centrophorus squamosus from the northeastern

Atlantic lives to 70 years (Clarke et al. 2002a), and

is the oldest deepwater dogfish aged to date.

Implications

The resilience of a species to fishing pressure

depends on vulnerability to the fishing gear and

biological productivity (Stevens et al. 2000). The

high longevity and late age atmaturity ofE. baxteri

from southeasternAustralia are indicators of a low

productivity. Non-selective trawl fishing off south-

eastern Australia collected a wide age range of E.

baxteri, although most females collected had only

recently matured (24–34 years). The removal of

this important population component is likely to be

unsustainable. Although robust management

arrangements have recently been announced for

some deepwater fisheries, the accurate identifica-

tion and recording of discarded species is crucial to

ensure that the level of bycatch is monitored.

Understanding the movement patterns of deepwa-

ter dogfishes is also of great importance for

identifying sensitive habitats, and effective man-

agement and conservation may require the collab-

oration of different States or nations.
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Abstract The thorny skate, Amblyraja radiata, is

the most widely distributed and abundant of all

skate species worldwide, found on both sides of

the north Atlantic Ocean. Large inter-regional

size differences exist for this species and the few

age and growth studies undertaken have revealed

marked differences in life history traits for geo-

graphically distinct stocks. To facilitate the pro-

gression of further age and growth studies for this

commercially important species, the effectiveness

of caudal thorns as a rapid ageing tool was as-

sessed. Twenty-eight male and 24 female thorny

skates were collected off Greenland, covering the

full size range of the species. Replicate age

readings of crystal violet stained vertebral sagittal

sections and whole silver nitrate stained caudal

thorns revealed mean intra-reader age reading

precision was higher for caudal thorns (Covari-

ance (CV): reader 1 = 9.07, reader 2 = 9.73) than

vertebrae (CV: reader 1 = 14.91, reader 2 = 14.27).

Age bias plots revealed minimal inter-structure

bias, apart from a higher average thorn age

reading of 0.76 years from age classes 5–11 years

for reader 1. Minor inter-reader bias was evident

for vertebrae only; averaging 0.90 years higher for

reader 1 from age classes 11 to 15 years. Pre-

liminary evidence suggests caudal thorns could

prove an effective non-invasive ageing tool for

thorny skates.

Keywords Skate Æ Age Æ Caudal thorns Æ
Vertebrae Æ Bias

Introduction

Amblyraja radiata (Donovan, 1808), commonly

known as the thorny skate or starry ray, has an

almost ubiquitous boreal distribution, spanning

the northern Atlantic Ocean (Bigelow and

Schroeder 1954). In the eastern North Atlantic

Ocean, it is distributed from east Greenland,

Iceland, the Barents Sea, Baltic Sea and as far

south as the mid-North Sea and southern English

Channel (Stehmann and Burkel 1984). In the

western North Atlantic Ocean, it can be found

from off the west Greenland coast, Hudson Bay,

Canada to South Carolina (Bigelow and Schroe-

der 1954; Compagno et al. 1989). This species

accounts for over 80% of the estimated biomass

of all skates in the North Sea, east coast of

Greenland (Rätz 1992, 1999), Barents Sea (Dol-

gov 2004), and Grand Banks (Kulka and Mow-

bray 1999).
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Despite widespread abundance, marked con-

trasts in levels of commercial interest are evident

for the thorny skate, particularly between the

Northwest and Northeast Atlantic. In the North

Sea (NE), it is discarded due to its small size

(maximum size 54 cm total length [TL]) (Walker

1999). However, in the Grand Banks directed

skate fishery (NW), the large growing thorny

skates (maximum size 108 cm [TL]) is the most

important component of directed and by-catch

skate fisheries landing approximately 12,000 t

annually (Kulka and Miri 2003).

Inter-regional heterogeneity in life history

traits for thorny skates also appear to exist pos-

sibly due to a combination of both differing

environmental conditions (Templeman 1987; Del

Rı́o 2002) and compensatory responses to intense

exploitation (Walker and Hislop 1998). There-

fore, robust area-specific age and growth studies

are a basic requisite to enable meaningful

assessments and subsequent management strate-

gies to be implemented (Anderson 1990; Frisk

et al. 2001). Despite being the most studied skate

species, only a relatively small number of age and

growth studies have been undertaken (Vinther

1989; Walker 1999; Sulikowski et al. 2005). In

part, the paucity of age and growth studies can be

attributed to the use of vertebrae for age assess-

ment of skates, which is labour intensive and

necessitates dissection for removal, cleaning,

separation, and often the subsequent application

of various enhancement techniques to improve

band resolution (Cailliet 1990, Cailliet and

Goldman 2004). Additionally, interpretation

problems can often arise with reduced band res-

olution both at the focus and at the periphery of

these structures, particularly for larger specimens

(Cailliet et al. 1990; Francis and O’Maolagain

2005). These problems have also been encoun-

tered in a northeast Atlantic Ocean population of

thorny skates using vertebrae as the ageing

structure, which has lead to, in part, uncertainties

in their derived growth data (Walker 1999).

Gallagher and Nolan (1999) presented an alter-

native ageing technique using caudal thorns,

which proved both rapid and reliable. Close

association between vertebral and thorn band

estimates was evident for four commercial skate

species from the Falkland Islands and derived

growth rate data (Gallagher 2000) were substan-

tiated in a subsequent study utilizing caudal

thorns (Hendersen et al. 2004).

The thorny skate, as its name implies, has a

spinulose covering, distributed both dorsally and

ventrally that vary in abundance depending on

size, sex and maturity status (Bigelow and Sch-

roeder 1954; Stehmann and Burkel 1984; Templ-

eman 1987). Of importance however, is a distinct

row of approximately 10 median caudal thorns

that are consistently present from pre-hatching

through adulthood (Berestovskii 1994; Stehmann

and Merrett 2001). If these caudal thorns prove

effective as a non-invasive, rapid ageing tool it

would undoubtedly enable the proliferation in

necessary age and growth studies for this ubiqui-

tous species. This study set out to ascertain the

effectiveness of these structures in this regard for

the thorny skates by comparing thorn and verte-

bral band data from multiple readers.

Materials and methods

Sample collection

In October 2004, 52 thorny skates were collected

onboard the ‘Walther Herwig III’, a German

research vessel undertaking an annual ground-

fish survey off Greenland. Samples collected

using otter trawl gear to a maximum depth of

400 m were labelled, blast frozen onboard, and

subsequently transported to Ireland for further

analysis.

Sample processing

In the laboratory each skate was sexed, TL (mm)

(straight line distance from the tip of the rostrum

to the end of the tail) and disc width (mm)

(straight line distance between the tips of the

widest portion of the pectoral fins) were mea-

sured. A vertebral segment containing approxi-

mately 10 vertebrae was extracted from each

specimen from the abdominal cavity region. An

incision was made under the thorn base tissue of

the anterior caudal thorns towards the tail region,

which enabled the removal of 7–10 caudal thorns.

Excess tissue was removed from both vertebrae
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and thorns by immersion in hot water (circa.

70–85�C) followed by a light scraping with a fine

scalpel. Both sets of structures were air-dried and

then immersed in a 5% solution of trypsin (hog

pancreatin) at 35–40�C for 24 h to remove neural

and haemal arches and connective tissues from

vertebrae and remove remaining tissue from

caudal thorns. Following this process, centra and

thorns were washed for 30 min in running water

and stored in 70% industrial methylated spirits.

For each sample, a single vertebra and thorn was

selected. Vertebral and caudal thorn processing

followed the protocol of Gallagher and Nolan

(1999). Sagittal vertebral sections were stained

with crystal violet and whole caudal thorns were

stained with silver nitrate.

Age reading

For age reading purposes, a growth increment or

‘band’ on vertebral sagittal sections was defined

as a translucent unstained band appearing at rel-

atively regular intervals along the corpus calcar-

eum, and separated by an opaque band (Fig. 1).

As the intermedialia was often over-stained or

ground away, the majority of band counts were

derived from counts of the heavily stained bands

on the corpus calcareum. The birth or hatching

mark (age zero) was defined as the first mark

after the change in the angle of the corpus cal-

careum. All age readings were made from the

focus towards the distal edge on a single axis

exhibiting greatest resolution. Band counts were

corroborated with readings made along the

remaining three axes. For whole caudal thorns,

bands were defined as concentric surface ridges

separated by broader bands, distal to the base of

the birth-mark ridge (Fig. 2). Caudal thorn band

counts were made from the tip towards the distal

margins. The location of the birthmark (Fig. 3)

was defined by the examination of a recently

hatched juvenile of 11.3 cm (TL). Three non-

consecutive band counts were made indepen-

dently by two readers for each vertebral section

and caudal thorn without prior knowledge of the

specimen’s details.

A dissecting microscope (magnification 6-40·)
was used to view both sets of structures. A fibre-

optic source facilitated the illumination of verte-

bral sections with transmitted light, and whole

thorns were viewed under both reflected and

transmitted light. Each vertebral section was

measured from focus to distal margin, and the

base of each thorn was measured from anterior to

Fig. 1 Sagittal section of crystal violet stained vertebral
centra from a thorny skate A. radiata measuring 356 mm
TL estimated to be 4 years (scale bar = 0.8 mm)

Fig. 2 A whole silver nitrate stained caudal thorn from a
thorny skate A. radiata measuring 316 mm TL estimated
to be 4 years (scale bar = 1.1 mm)

Environ Biol Fish (2006) 77:265–272 267

123



posterior using a graticule on the microscope, to

relate structural to somatic growth.

Precision and bias

Coefficient-of-variation (CV) (Chang 1982) was

used to assess precision, described as

CV ¼ 100x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPR
i¼1

ðXij�XjÞ2
R�1

q
Xj

whereXij is the ith age determination of the jth fish,

Xj themean age estimate of the jth fish, andR is the

number of times each fish is aged. Age bias plots

were used to assess intra reader bias between

structures and inter-reader bias within structures,

as recommended by Campana et al. (1995). This

form of graphical representation allows the plot-

ting of one set of readings versus a second set of

readings with reference to an equivalence line.

Two forms of bias were assessed;

• intra-reader bias between structures: ager X

structure 1 = ager X structure 2

• inter-structure bias assessment within readers:

ager X = ager Y

The age readings of ager Y, or ager X structure

2 are presented as the mean and 95% confidence

interval corresponding to each of the age cate-

gories reported by ager X or ager X structure 1

(Campana et al. 1995).

Results

Structure growth and band morphologies

A strong linear relationship was evident

(r2 = 0.93) for vertebral radius and TL (mm)

(Fig. 4), whereas thorn length and TL was weaker

and was best described by a logarithmic rela-

tionship (r2 = 0.67) (Fig. 5).

Overall, band resolution on vertebral sections

was reasonable. However variable stain uptake

presented problems on occasion, necessitating de-

staining and re-staining. In addition, locating the

birth-mark near the focus and crowding of bands

towards the periphery was evident for a small

number of samples of vertebral sections. Al-

though band resolution was generally very good

on caudal thorns from juveniles ( < 30 cm TL),

thorn-wear near the tip in larger specimens

(>45 cm TL) tended to occlude resolution in this

region and in addition bands near the periphery

were, on occasion, split or crowded.

Precision and bias

Mean CV estimates were similar for both readers,

being consistently lower for thorn readings, at

9.07% and 9.73%, than vertebral readings at,

Fig. 3 A whole un-stained caudal thorn from a recently
hatched thorny skate A. radiata measuring 113 mm TL
(scale bar = 0.9 mm)

Fig. 4 The relationship of TL (mm) to centrum radius
(mm) for combined sexes of thorny skate A. radiata.
n = 52
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14.93% and 14.23%, for reader 1 and reader 2,

respectively.

Age bias plots revealed no appreciable inter-

structure bias (Figs. 6 and 7), apart from a higher

average reading of 0.76 years for thorns com-

pared to vertebrae for reader 1 between age

classes 5–11 years (Fig. 6). Intra-reader bias for

each structure was also minimal, with the largest

bias evident for vertebral age readings, with

reader 1 presenting 0.90 years higher ages than

reader 2 between age classes 11–15 years (Fig. 7).

Discussion

Although relatively commonplace for commercial

teleost species (Casselman 1983; Beamish and

McFarlane 1987), inter-structure comparative age

reading studies for elasmobranchs are rare

(Gallagher and Nolan 1999; Francis and

O’Maolagain 2005; Smith et al. 2005), mainly

because few elasmobranchs, apart from skates,

possess secondary calcified structures that can be

used for age assessment purposes. Even when

well established for certain teleosts, inter-struc-

ture age reading agreements across an entire size

range for a given species are seldom achieved,

especially for the larger size classes (Beamish and

McFarlane 1987). Results from this study suggest

that caudal thorns prove effective as an ageing

alternative for thorny skates or serve as a useful

form of age verification for vertebral age deter-

mination, given the similarity of age readings

from both novel and conventional structures.

Precision estimates for thorns were relatively

reasonable for both readers, considering that over

90% of elasmobranchs studies returned CV esti-

mates in excess of 10% (Campana 2001). CV

estimates for vertebral age readings were higher

for both readers, revealing less precision than

thorns and were in line with precision estimates

from other elasmobranch studies utilising verte-

brae (Cailliet et al. 1990; Campana 2001; Francis

et al. 2001). Consistent bias was not prevalent

apart from slightly higher inter-reader vertebral

age estimates for reader 1. This may in part be

explained by the fact that unlike reader 2, reader

1 had previous experience at elasmobranch

vertebral age reading, and generally more

experienced age readers tend to resolve more

bands in ageing structures (Officer et al. 1996).

It is however difficult to ascertain which structure

or indeed which reader presents the most

accurate age estimates without knowing the true

age of structures examined (Cailliet and Goldman

2004).

As with most elasmobranchs studied to date,

the periodicity of band formation has not been

comprehensively validated for the thorny skate

(Sulikowski et al. 2005). However a comparison

of tag-recaptures and vertebral age estimates in

the North Sea (Walker 1999) and a study of

marginal vertebral increments undertaken on

samples collected in the Gulf of Maine (Suli-

kowski et al. 2005) support an annual band pair

deposition cycle, as has been documented for

other skate species (Holden and Vince 1973;

Gallagher et al. 2005a). In addition, the oldest age

Fig. 5 The relationship of TL (mm) to thorn length (mm)
for combined sexes of thorny skate A. radiata. n = 52

Fig. 6 Inter-structure age bias plot for the thorny skate
A. radiata. Each error bar represents the 95% confidence
interval for the mean caudal thorn age estimate, around
that of a given vertebral age estimate by readers 1 and 2.
The straight line represents the 1:1 equivalence line.
n = 52
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suggested by Sulikowski et al. (2005) for vertebral

band counts of 16 years is comparable to 15 and

16 years for vertebral and caudal thorn band

counts respectively in this study. Furthermore,

Templeman’s (1984) long-term tagging studies

also revealed that the thorny skate has a longevity

of at least 20 years.

Plotting of vertebral radius versus TL revealed

a strong linear relationship (r2 = 0.93), indicating

that vertebral growth correlates well with

somatic growth for the thorny skate. Gallagher

et al. (2005b) demonstrated a strong logarithmic

relationship between thorn height and TL for the

white tipped skate Bathyraja brachyurops.

However, thorn wear and proto-thorn damage

was evident for several specimens in this study

and precluded the effective use of this mea-

surement. Thorn length versus TL was used

instead, however the derived logarithmic rela-

tionship was relatively poor (r2 = 0.67), largely

due to the variability in intra specimen thorn

size. It is probable that selection of a larger

sample of specimens where thorn wear was not

evident and measurement of thorn height would

reveal allometric growth, as has previously been

observed for caudal thorns (Gallagher et al.

2005b).

For elasmobranchs, there remains uncertainty

about the causal factors of band formation pro-

cesses and the link between environmental and

physiological cues (Officer 1995; Cailliet and

Goldman 2004). Natanson (1993) revealed that

holding little skate, R. erinacea, under a constant

temperature environment did not influence the

rate of vertebral band formation, but did however

influence band morphology. As initially postu-

lated for dorsal fin spines (Holden and Meadows

1962), Gallagher et al. (2005b) suggested that

surface defined ridges on caudal thorns are the

external expressions of bases of successive cones

that form with the cessation in somatic growth as

a result of a marked annual cyclical reduction in

seawater temperature. Although we collected

samples within a narrow time period (October

2004), the majority of vertebral samples had ei-

ther a fully formed opaque band or had initiated

the formation of a translucent band, which con-

curs with the timing of vertebral band formation

of other skate species in the north east Atlantic

(Holden and Vince 1973; Gallagher et al. 2005a).

In addition, for caudal thorns either a fully

formed broad band or the initiation of a surface

ridge was evident, which coincides with the initi-

ation of the annual winter cycle of seawater

temperature reduction (Rätz 1999), and also the

movement of thorny skates into deeper colder

water at this time of year in this area (>400 m)

(Rätz 1999).

Not all skate species possess suitable caudal

thorns for age assessment. The apparent absence

of surface band patterns on caudal thorns from

four temperate skate species from Irish coastal

waters was attributed to a lack of a marked sea-

sonal drop in seawater temperatures (Gallagher

et al. 2005b). It has also been suggested that

surface band patterns on caudal thorns were not

evident on thorny skates collected off New Eng-

land (Sulikowski personal communication). This

was however a preliminary appraisal and it was

acknowledged that further study was required to

verify this (Sulikowski personal communication).

It is clear that the cues for band formation war-

rant further investigation in this novel structure

particularly if intra-specific regional differences

exist. Of importance is the need for additional

work on thorn growth processes through detailed

analysis of the underlying band structures utiliz-

ing available technologies (e.g. histology, electron

microscopy, laser ablation, electron microprobe,

X-ray analysis) in conjunction with captive

rearing trials.

Fig. 7 Inter-reader caudal thorn and vertebral age bias
plot for the thorny skate A. radiata. Each error bar
represents the 95% confidence interval at the mean of
reader 2’s age estimate around that of a given age estimate
by reader 1. The straight line represents the 1:1 equiva-
lence line. n = 52
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The need for future research on thorn and

band growth processes should not preclude their

application as valid ageing tools for the thorny

skate. Particularly since much remains unresolved

regarding our understanding of vertebral growth

band formation processes, the commonly used

ageing tool for elasmobranchs (Cailliet and

Goldman 2004). Caudal thorns offer a number of

distinct advantages over conventional vertebral

ageing including ease of removal and preparation

for ageing (which results in minimal commercial

loss). More importantly specimens do not need to

be sacrificed, which is vital either in tag-recapture

studies, where thorns can be removed at tagging

and recapture for age validation, or where bio-

logical information is required for depleted stocks

without further impacting on their status. This

preliminary study has revealed that caudal thorns

from thorny skates possess a surface band pattern

that relates to vertebral band formation and thus

can be used for age assessment purposes.
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Abstract Dorsal-fin spines are becoming increas-

ingly popular as a suitable structure for ageing

some chondrichthyan fishes. However, the

terminology used to describe dorsal-fin structure

is often inconsistent between studies, and is

consequently unclear. Standardised terms and

definitions of the dorsal-fin spine structure are

proposed, with particular focus on those areas

that are used for age and growth studies.

Keywords Squaliformes Æ Heterodontiformes Æ
Chimaeriformes Æ Age Æ Growth

Introduction

Dorsal-fin spines are present in three extant

orders of chondrichthyan fishes: Squaliformes

(dogfishes), Heterodontiformes (horn sharks) and

Chimaeriformes (chimaeras/ghost sharks). Spines

are located at the dorsal midline over the verte-

bral column, and are not shed like teeth, denticles

and stingray barbs. Chimaeras have a single spine

anterior to the first dorsal fin that lies just beneath

the skin and can be raised and lowered (Maisey

1979). Most dogfishes and horn sharks have two

spines (one anterior to each dorsal fin) that are

usually deeply embedded into the epaxial muscle

tissue, and cannot be raised and lowered.

Spines of the spiny dogfish, Squalus acanthias,

have been used to estimate age since the early

1900s (Kaganovskaia 1933), and the spines of

other Chondrichthyes are receiving increasing

attention as suitable structures for estimating

age and growth (Clarke et al. 2002; Francis and

ÓMaolagáin 2000; Irvine et al. 2006a). The

structure of the dorsal-fin spine has been ade-

quately detailed by Maisey (1979), Beamish and

McFarlane (1985) and Tanaka (1990), although

each study uses slightly different terms to define

spine structure. Our objectives are to standardise

the terms and definitions of dorsal-fin spines used

in age and growth studies.

Spine structure

Standardised terms for the description of the

external and internal spine structure are pre-

sented in Table 1. The spines of dogfishes and

horn sharks are structurally similar, although

most dogfish spines are generally curved posteri-

orly while horn sharks spines are almost vertical.
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The appearance of chimaera spines differs con-

siderably (Freer and Griffiths 1993). The internal

structure of dogfish and horn shark spines are

similar, although there is disagreement as to the

number of dentine layers in each spine. Several

authors (Holden andMeadows 1962; Beamish and

McFarlane 1985; McFarlane and Beamish 1987;

Tanaka 1990; Irvine et al. 2006a) have reported

three dentine layers. However, Guallart Furio

(1998) and Clarke et al. (2002) reported only two

layers (inner and outer), and defines the ‘middle’

layer reported in other studies as a discontinuity

(Table 1). We do not seek to resolve this debate

here; rather we hope that researchers of sub-

sequent studies identify the inner dentine layer

correctly by following the standardised terminol-

ogy presented here to avoid further confusion.

Growth zones

Standardised terms for the growth zones of the

spine and the related definitions for those regions

used for ageing are presented in Table 2. This is

based largely on the work of Wilson et al. (1983),

and the definitions do not depart from that sem-

inal glossary. There are three different areas that

may exhibit growth bands; enamel, stem and

internal dentine. Enamel (including anterior

Table 1 Standardised definitions for dorsal-fin spine structure

Structure Definition

External
Anterior dentine portion Thickened strip of dentine on anterior edge of external portion of some spines. Some

deepwater dogfish species spine have enamel coating over portion. Sometimes
referred to as the anterior keel on chimaera spines

Anterior–lateral faces Forward faces of the spine
Enamel Hard, sculptured tissue overlaying the stem
External spine point/base Point where spine enters the body
Posterior face Rearward face of spine, usually concave
Posterior–lateral
dentine portions

Thickened, reduced rib of enamel present on posterior corners of the spines of some
deepwater species

Mantle Dentinous zone of the enamel cap
Spine base Base of spine, point where stem ends within the body
Tip Apex of spine
Stem The main body of the spine often referred to as the trunk
Internal
Cartilage rod Rod of cartilage occupying the proximal part of lumen
Dentine layer One of several layers of dentine that comprise the stem. Form separately, so age

estimation must be based on only one layer
Discontinuitya An irregular band between the inner and outer layers
Inner dentine layer Inner concentric zone of dentine
Middle dentine layera Middle concentric zone of dentine
Outer dentine layer Outer concentric zone of dentine
Lumen Central cavity
Pulp cavity Pulp filled part of the lumen, houses the nerves and blood vessels
Trunk primordium Thin mineralised layer representing the beginning of dentinogenesis

a Authors differ on whether this is a part of the inner layer or a separate middle layer

Fig. 1 External structure of a generalised spine
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dentine portion) bands (Fig. 1) are usually com-

posed of a smoother area and ridge of enamel

that is often pigmented (Kaganovskaia 1933;

Clarke et al. 2002). Stem (external) bands gen-

erally follow the shape of the spine base (Irvine

et al. 2006a; Irvine et al. 2006b). Bands in the

Table 2 Suggested definitions for age and growth studies using dorsal-fin spines

Ageing term Definition

Annual mark A feature that is formed annually. Often incorrectly termed annulus, which means a circular or
ring-shaped structure

Band A concentric zone or mark. One band generally refers to a dark and light ring/zone
Check An abrupt discontinuity within or between structures
Cross-section Transverse section sensu Wilson et al. (1983) to examine internal bands
Enamel band Obvious band/ridge on the enamel. One band consists of either a ridge of enamel, or

pigmented pair of dark and light rings
External band A band that follows the shape of the spine based on the stem
Dorsal-fin spine A spine of a squalid or heterodontid shark or a chimaera, being:

• Open based
• Unbranched distally
• Unsegmented

Internal band Growth band within the inner dentine layer. One band consists of dark and light ring that
usually encircle the lumen or pulp cavity

Longitudinal section Horizontal section sensu Wilson et al. (1983)
Marginal increment The band/zone beyond the last identifiable band/zone at the margin of an ageing structure
Opaque A zone inhibiting passage of light

• Under transmitted light: appears dark
• Under reflected light: appears bright

Primordium A self-contained zone that represents the point of origin of growth
Ring Light or dark concentric zone
Translucent A zone allowing passage of light

• Under transmitted light: appears bright
• Under reflected light: appears dark

Validation The process of showing that a method for age determination is accurate. Usually used for
determining the annual formation of bands

Verification The process of verifying the precision of band counts using multiple methods or ageing
structures

No wear point The most distal point of enamel/dentine on the anterior edge of a spine that has been abraded
at the tip. Enamel bands past this point may be faint, difficult to read, or eroded away

Fig. 2 Spine cross-section showing the internal structure
[using the second dorsal spine of an Endeavour dogfish
(Centrophorus cf. uyato) from southern Australia as an

example]. Authors differ on whether the middle layer is a
separate layer or part of the outer layer
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Fig. 3 Spine morphometric measurements. (a) Squalid or heterodontid spine (lateral view); (b) chimaera spine (posterior
view); (c) chimaera spine (lateral view). Acronyms and definitions in Table 3

Table 3 Definitions of morphometric measurements and the suggested acronyms

Measurement Acronym Definition

Total spine lengtha TSL Distance between tip to spine base
External spine length ESL Distance between tip and point of entry into body
External spine width ESW Width of spine at point of entry into the body
Wear point width WPW Width of spine at no wear point
Spine base width SBW Width of spine at spine base
Apex spine length ASL Distance between apex of the pulp cavity to spine base
Apex pulp cavity diameter APC Width of spine at the apex of the pulp cavity

a Unusable in worn spines
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inner dentine layer (Fig. 2) are found in spine

cross-sections, and one band comprises a trans-

lucent and opaque ring (Tanaka 1990; Freer and

Griffiths 1993).

Morphometrics

Prior to the examination of growth bands, spine

growth should be investigated by measuring spine

morphometrics (Table 3; Fig. 3). The external

spine length and external spine width must be

measured prior to cleaning the spine. It is un-

known if spines shrink when dried, therefore we

suggest that all spines be measured whilst in the

same condition (i.e. all fresh/frozen or all dried).

The morphometric spine measurements are

similar for dogfishes and horn sharks, although

chimaera spines require different measurements

(Ketchen 1975; Tanaka 1990; Francis and

ÓMaolagáin 2000). Spine wear is an important

issue when using enamel bands or trying to

identify the optimum sectioning location when

using internal dentine bands. We therefore sug-

gest the method outlined in Ketchen (1975) be

used for dogfish and horn shark spines, and the

method of Sullivan (1977) for estimating the worn

area in chimaera spines.
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Synopsis We examined life history traits (e.g.,

mean length-at-age, growth rate, age-at-maturity)

for blacktip sharks collected from two separate

geographical areas (eastern Gulf of Mexico and

South Atlantic Bight) to address the potential for

separate stocks in southeastern US waters. Sam-

ples were obtained from fishery-dependent and

independent sources. Growth and logistic models

were fitted to observed length-at-age and repro-

ductive data, respectively. von Bertalanffy growth

parameters derived for blacktip shark from the

Gulf of Mexico show that they attain a statisti-

cally smaller theoretical maximum length

(L¥ = 141.6 cm vs. L¥ = 158.5 cm for female and

L¥ = 126.0 cmFLandL¥ = 147.4 cmFL formale)

and have a faster growth rate (k = 0.24 yr–1 vs.

k = 0.16 yr–1 for female and k = 0.27 yr–1 vs.

k = 0.21 yr–1 for male) than conspecifics in the

South Atlantic Bight. Median length- and age-at-

maturity were significantly different between sex

and area. Length at which 50% of the population

is mature was 117.3 cm FL for females and

103.4 cm FL for males in the Gulf of Mexico and

126.6 cm FL for females and 116.7 cm FL for

males in the South Atlantic Bight. Median age-at-

maturity was 5.7 yrs and 4.5 yrs for females and

males in the Gulf of Mexico, respectively, while

age-at-maturity was 6.7 yrs for females and

5.0 yrs for males for sharks from the South

Atlantic Bight. Due to varying statistical results,

temporal problems of sampling, and potential for

gear bias, we could not definitively conclude that

differences in life history characteristics exist.

Keywords Growth Æ Reproduction Æ Age Æ Stock

Introduction

Life history traits are the result of the strategy to

which fish populations or stocks have evolved.

Growth rates, age-at-maturity, and mortality re-

flect the underlying dynamics of the population.

Estimates of these parameters are thought to be

representative of individuals within a presumed

stock and can be used to distinguish among
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separate stocks because these parameters are

phenotypic expressions of the interaction of

genotype and the environment (Begg 2005). Thus,

differences in life history traits found between

groups of individuals are assumed to be evidence

that stocks of fish are geographically isolated and

therefore are discrete stocks for management

purposes (Ihssen et al. 1981).

Differences in life history between geographi-

cally separated stocks of elasmobranchs are

becoming more widely documented. In waters off

the United States (US), Carlson et al. (2003)

noted a larger length-at-maturity for finetooth

sharks, Carcharhinus isodon, from South Carolina

than from the northeast Gulf of Mexico. Black-

nose sharks, Carcharhinus acronotus, in the US

south Atlantic Ocean have significantly lower

growth rates (k) and reach maturity later than

conspecifics in the Gulf of Mexico (Driggers et al.

2004). Neer and Thompson (2005) reported

cownose rays, Rhinoptera bonasus, in the Gulf of

Mexico have lower estimates of theoretical max-

imum length and growth rate than those from

Chesapeake Bay, Virginia. However, these stud-

ies could not rule out that differences were

artifacts of low sample sizes, methodology, or

inter-annual comparisons.

Blacktip sharks, Carcharhinus limbatus, inhabit

coastal waters off the United States from Massa-

chusetts through Texas (Compagno 1984; Castro

1996). Blacktip sharks occur within two separate

large marine ecosystems (Southeast US Conti-

nental Shelf and Gulf of Mexico, Musick et al.

2004), and conventional tagging evidence suggests

little exchange between areas (Kohler et al. 1998;

Carlson unpublished). However, blacktip sharks

are managed as one stock under the current fed-

eral management plan (NMFS 2003). If sharks

from separate geographic areas are assumed

to share similar life history traits but actually dif-

fer, information used in the development of

age-structured population models could result in

errors in stock assessments and, possibly, overex-

ploitation. To address the potential for separate

stocks of blacktip sharks in US waters, we exam-

ined life history traits (e.g., mean length-at-age,

growth rate, age-at-maturity) for sharks collected

from two separate geographical areas, the eastern

Gulf of Mexico and the South Atlantic Bight.

Materials and methods

Biological samples were collected during

1996–2002 through fishery-independent surveys

(Hueter and Manire 1994; Grace and Henwood

1998; Carlson and Brusher 1999) and from

fishery-dependent programs (Trent et al. 1997;

Burgess and Morgan 2003). Additional repro-

ductive data were also provided from a study by

Castro (1996). Precaudal (PC), fork (FL), total

(TL), and/or stretched total (STL) length (cm),

sex, and maturity state were determined for each

shark. When possible, weight was measured to the

nearest kg (±0.1).

Age and growth

Vertebrae for age determination (3–6) were col-

lected from either the column below the first

dorsal fin or above the branchial chamber of each

shark. Vertebral sections were placed on ice after

collection and frozen upon return to the labora-

tory. Thawed vertebrae were cleaned of excess

tissue and soaked in a 5% sodium hypochlorite

solution for 5–30 min to remove remaining tissue.

After cleaning, vertebrae were soaked in distilled

water for 30 min and stored in 95% isopropanol.

One vertebra was randomly selected, removed

from alcohol, dried, fixed to a clear glass slide

with resin, and sectioned using a Buehler 82 Iso-

met1 low-speed saw.

Todetermine themost appropriate technique for

enhancing visibility of growth bands, sagittal

sections were cut from the vertebral centrum at

3different thicknesses (±0.2 mm)and stainedor left

unstained (see review in Cailliet and Goldman

2004). Each section was mounted on a glass micro-

scope slide with clear resin and examined using a

dissecting microscope under transmitted light.

The annual periodicity of band pair formation

was investigated using a marginal increment ratio

analysis (MIR), which was calculated as the ratio

between the final fully formed band pair and

penultimate band (Cailliet and Goldman 2004).

We observed that annuli in older adult specimens

were compressed; therefore marginal increments

1 Reference to trade names does not imply endorsement
by NOAA Fisheries Service.
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were calculated from randomly selected juvenile

specimens below age 5 (e.g., Simpfendorfer 2000;

Sulikowski et al. 2003, 2005). Measurements of

the last complete band pair and the penultimate

band from the centrum edge were taken using a

compound microscope and optical micrometer.

Mean marginal increment ratios were plotted by

month of capture to identify trends in band for-

mation, and a Kruskal–Wallis one-way analysis of

variance on ranks was used to test for differences

in marginal increment ratios by month.

In developing theoretical growth models, we

assumed that (1) the birth mark is the band asso-

ciated with a pronounced change in angle in the

intermedialia and is formed on an arbitrary birth

date of 1 May, (2) broad light bands are formed

during summer, and (3) narrow dark bands are

deposited in winter. Although vertebrae were

taken from two different regions of the vertebral

column (cervical and thoracic), an independent

study found no significant difference in band

counts between regions (B. Cullum, Florida Fish

and Wildlife Commission, personal communica-

tion). Ages (yr) were calculated following the

algorithm of Carlson et al. (1999): age = birth

mark + number of winter marks –1.5. If only the

birth mark was present, age was 0+ yrs. All age

estimates from growth band counts were based on

the hypothesis of annual growth band deposition

(Branstetter 1987; Killam and Parsons 1989).

Vertebrae were read independently and ran-

domly by two readers (JKC & IEB) without

knowledge of location, sex, length or date of

capture. Vertebral age estimates for which the

readers disagreed were reviewed jointly by using

a Meiji Techno R2 Dissecting Microscope

equipped with a Hitachi KP-D50 Digital Camera

and software.1 Precision among age determina-

tions was evaluated using percent agreement

[(PA = Number agreed/Number read)*100] and

percent agreement plus or minus 1 yr calculated

for 10 cm FL (e.g., 76–85 cm) length intervals

(Cailliet and Goldman 2004; Goldman 2004).

Bowker’s test of symmetry following Hoenig

et al. (1995) was used to determine if differences

between readers were systematic or due to ran-

dom error. The Index of Average Percent Error

(IAPE, Beamish and Fournier 1981) was calcu-

lated to compare the average deviation of read-

ings from the means of all readings for each

vertebral section:

IAPE ¼ 1

N

XN
j¼1

1

R

XR
i¼1

jxij � xjj
xj

" #

where N = number of sharks aged; R = number

of readings; xij = ith age estimation of jth shark at

ith reading, and xj = mean age calculated for the

jth shark.

Following Carlson and Baremore (2005), sev-

eral growth models were fitted to the observed

length-at-age data: the von Bertalanffy growth

model (von Bertalanffy 1938; Beverton and Holt

1957; see also Cailliet et al. this issue), an alter-

nate equation of the von Bertalanffy growth

model with a length-at-birth intercept rather than

the to parameter (Van Dykhuizen and Mollet

1992; Goosen and Smale 1997; Carlson et al.

2003), and a Gompertz growth model (Ricker

1975). All growth model parameters were esti-

mated using Marquardt least-squares non-linear

regression and SAS statistical software (PROC

NONLIN, SAS Inst., Inc). Models were assessed

based on a combination of examining residual

mean square error (MSE), coefficient-of-deter-

mination (r2), level of significance (P < 0.05),

and standard residual analysis.

Several methods were employed to test for

differences in age and growth within and between

geographic areas. Following Kimura (1980), v2-
tests of likelihood ratios were used to test for

differences in combined parameters within the

von Bertalanffy growth model. Comparisons of

observed mean length-at-age between ages were

made using a Welch modified two-sample t-test

(Zar 1984). Growth rates were calculated from

predicted fork lengths by the von Bertalanffy

growth model. Growth intervals were represented

by the time between band deposition (growth

interval one is the time between band counts one

and two). Sex-specific predicted growth rates

(cm yr–1) were compared between the areas.

Length-at-maturity estimation

Maturity was assessed following the guidelines

of Castro (1996). To quantitatively assess

Environ Biol Fish (2006) 77:279–292 281
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length-at-maturity, the length at which 50% of the

population is mature for male and female sharks

was determined (i.e., median length-at-maturity).

Data from the Gulf of Mexico and South Atlantic

Bight were fitted separately to a logistic model:

Y ¼ 1=ð1þ e�ðaþbXÞÞ

where Y = the binomial maturity data (imma-

ture = 0, mature = 1) and X = length. Median

length-at-maturity was expressed as –a/b. The

model was fitted using maximum likelihood

(PROC LOGISTIC, SAS Inst., Inc.) and the ef-

fects of area and sex were compared using v2-tests
of likelihood ratios.

To assess age-at-maturity, lengths were back-

transformed to age using each respective von

Bertalanffy growth model. Similar to determina-

tion of length-at-maturity, ages were fitted to a

logistic model using maximum likelihood and the

effects of area and sex compared used v2-tests of
likelihood ratios.

Results

A total of 628 biological samples were collected

throughout the study (Fig. 1). Using data col-

lected in this study and that from fishery-inde-

pendent surveys (Carlson and Brusher 1999;

Carlson 2003), several morphometric relation-

ships to convert length measurements were

developed. Linear regression formulae were

determined as FL = 1.10(PC) + 0.29 (n = 1,096);

Fig. 1 Length frequency
distributions for male and
female blacktip sharks
collected from the South
Atlantic Bight (solid bar)
and eastern Gulf of
Mexico (open bar)
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TL = 1.12(FL) + 1.12 (n = 1,248); and STL =

1.02(TL) + 0.99 (n = 926). All equations were

highly significant (P < 0.0001) and had r2

between 0.98 and 0.99.

Age and growth

Growth bands were found to be most apparent on

unstained sagittal sections with a thickness of

0.3 mm (Fig. 2) and less apparent on 0.5 mm and

0.7 mm. The precision of band counts was high

between readers and Bowker’s test of symmetry

(Hoenig et al. 1995) indicated that differences

between readers were due to random error (v2

test, P > 0.05).

The first set of readings resulted in an index of

average percent error of 3.9%. Initial percent

agreement in all band counts between the read-

ers was 76.5% within 1 band, 94.2% within 2

bands, 98.4% within 3 bands, 99.8% within 4

bands, 100.0% within 5 bands, and 99.8% within

6 bands. When grouped by 10 cm length intervals,

agreement for combined sexes was reached for an

average of 77.2% and 97.3% ±1 band for sharks

less than 105 cm FL (Table 1). Above 105 cm FL,

agreement was reached for 46.6% and 71.9% ±1

band of samples initially read. For those samples

where band counts differed, consultation resulted

in agreement for 608 out of 628 vertebrae. Sam-

ples with no resolution were discarded.

A total of 79 vertebral samples were considered

usable for marginal increment analyses. Six to 10

samples were available each month except for

October and December, which were represented

by a sample size of two and three, respectively, and

April and November, when no specimens were

collected. Marginal increment ratios were signifi-

cantly different among those 8 months (Kruskal–

Wallis, P < 0.001) with a distinct trend of

increasing monthly increment growth that peaked

in May, followed by a sharp decline to a numerical

low in June (Fig. 3). Based on this information, the

increment analyses support the likelihood that a

single opaque band is formed annually on the

vertebral centrum during the month of June.

All three growth models fit the data well (e.g.,

high r2, low standard deviation of residuals).

Because of the general similarity between the

models and the ubiquitous use of von Bertalanffy

model, we present and compare further age and

growth results using only the von Bertalanffy

equation. Growth parameters derived for blacktip

sharks from the Gulf ofMexico indicated that they

attain a smaller theoretical maximum length (L¥)

and that they reach L¥ at a faster rate (k) than

conspecifics in the South Atlantic Bight (Table 2,

Fig. 4). von Bertalanffy growth parameters for

sharks in the Gulf of Mexico were L¥ = 141.6 cm

FL, k = 0.24 yr–1, to = –2.18 yr and L¥ = 126 cm

FL, k = 0.27 yr–1 to = –2.21 yr for females and

males, respectively (Table 2). In the South

Fig. 2 Sagittal section from a blacktip shark vertebra used
for age determination. Translucent bands (winter marks)
correspond to thin areas under transmitted light, whereas
opaque bands (summer marks) correspond to wide zones

Table 1 Percent agreement and percent agreement ±1
band from the initial set of readings for blacktip shark

FL interval Total
read

Percent
agreement

Percent
agreement ±1

Sexes combined
36–45 3 66.7 100.0
46–55 61 100.0 100.0
56–65 62 96.8 100.0
66–75 63 81.0 96.8
76–85 76 68.4 100.0
86–95 58 65.5 93.1
96–105 68 61.8 91.2
106–115 48 52.1 85.4
116–125 39 56.4 89.7
126–135 66 60.6 90.9
136–145 62 54.8 82.3
146–155 18 55.6 83.3
156–165 4 0.0 0.0
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Atlantic Bight, L¥ = 158.5 cm FL, k = 0.16 yr–1,

to = –3.43 yr and L¥ = 147.4 cm FL, k = 0.21 yr–1,

to = –2.58 yr for female and male blacktip sharks,

respectively. Significant differences between von

Bertalanffy growth curves of males and females

were found within populations (Gulf log-likeli-

hood ratio = 33.21, P < 0.001; Atlantic log-like-

lihood ratio = 9.32, P < 0.05) and between

populations (females log-likelihood ratio = 18.65,

P < 0.001; males log-likelihood ratio = 53.15,

P < 0.001).

The maximum observed ages were 15.5+ yr

(female) and 13.5+ yr (male) for sharks collected

in the South Atlantic Bight and 12.5+ yr (female)

and 11.5+ yr (male) in the Gulf of Mexico, based

on vertebral band counts. Theoretical longevity

estimates were 21.6 yr and 14.4 yr for females and

16.6 yr and 12.8 yr for males from South Atlantic

Bight and Gulf of Mexico, respectively, using

values obtained through von Bertalanffy growth

models. The largest female aged in the Gulf of

Mexico was 158 cm FL (11.5 yr) and 164 cm FL

Fig. 3 Mean marginal
increment ratio
(MIR ± standard error)
by month for combined
sexes from sharks less
than age 5. Numbers
above each month
represent sample size

Table 2 Von Bertalanffy growth parameters for male, female, and sex combined blacktip sharks

Male SE LCL UCL Female SE LCL UCL Combined SE LCL UCL

Gulf of Mexico
L¥ (cm) 126.0 3.50 119.1 132.9 141.6 2.99 135.7 147.5 139.4 2.61 134.2 144.5
k (yr–1) 0.27 0.02 0.22 0.33 0.24 0.02 0.20 0.27 0.23 0.01 0.20 0.26
to (yr) –2.21 0.18 –2.57 –1.84 –2.18 0.16 –2.49 –1.87 –2.33 0.13 –2.58 –2.07
N 161 207 368

South Atlantic Bight
L¥ (cm) 147.4 2.60 142.2 152.5 158.5 5.71 147.1 169.8 150.9 2.51 145.9 155.8
k (yr–1) 0.21 0.02 0.17 0.24 0.16 0.02 0.11 0.21 0.19 0.01 0.16 0.22
to (yr) –2.58 0.24 –3.06 –2.11 –3.43 0.50 –4.43 –2.43 –2.89 0.23 –3.34 –2.44
N 162 78 240

Areas combined
L¥ (cm) 150.8 2.67 145.6 156.1 148.5 2.49 143.6 153.4 148.7 1.76 145.2 152.2
k (yr–1) 0.18 0.01 0.16 0.20 0.21 0.01 0.18 0.23 0.20 0.01 0.18 0.22
to (yr) –2.76 0.15 –3.06 –2.46 –2.42 0.15 –2.74 –2.13 –2.57 0.11 –2.79 –2.36
N 323 285 608

Estimates are provided for the Gulf of Mexico, South Atlantic Bight, and areas combined. Standard error = SE and 95%
lower and upper confidence limits = LCL and UCL, respectively
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(15.5 yr) from the South Atlantic Bight. For male

blacktip sharks, the largest shark aged was 136 cm

FL (9.5 yr) and 153 cm FL (age 13.5 yr) for the

Gulf of Mexico and from the South Atlantic

Bight, respectively.

Observed length-at-age and predicted growth

rates were not significantly different (P ‡ 0.05)

between most ages for populations in the Gulf of

Mexico and South Atlantic Bight (Table 3).

Among females, mean observed length-at-age

was only statistically different for one of out of 13

age classes (age 4.5). For male sharks, mean ob-

served length-at-age was significantly differences

in five of nine age classes (ages 1.5, 2.5, 3.5, 5.5,

and 6.5). Predicted growth rates from age 0 yr to

12 yrs were similar among ages, averaging

6.6 cm yr–1 and 6.5 cm yr–1 for females and

5.5 cm yr–1 and 6.5 cm yr–1 for males from the

Gulf of Mexico and South Atlantic Bight,

respectively. Two-factor analysis of variance

found no significant differences in growth rates

(log transformed) between sexes (F = 0.549,

df = 1, P = 0.462), area (F = 1.060, df = 1,

P = 0.308) or their interaction (F = 0.116, df = 1,

P = 0.734).

Length- and age-at-maturity

Median length- and age-at-maturity were differ-

ent between sexes and areas. Length of the pop-

ulation at 50% maturity was 117.3 cm FL for

females and 103.4 cm FL for males in the Gulf of

Mexico (Fig. 5). The largest immature shark was

122 cm FL and 106 cm FL and the smallest ma-

ture shark was 109 cm FL and 102 cm FL for fe-

males and males, respectively. In the South

Fig. 4 Von Bertalannfy
growth functions fitted to
observed length-at-age
data for male and female
blacktip sharks. Solid
circles for sharks and
dashed lines = South
Atlantic Bight while open
circles and solid
lines = Gulf of Mexico
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Atlantic Bight, median length-at-maturity was

126.6 cm FL for females and 116.7 cm FL for

males (Fig. 5). The largest immature shark was

134 cm FL and 119 cm FL and the smallest ma-

ture shark was 112 cm FL and 111 cm FL for fe-

males and males, respectively. Significant

differences between logistic curves of males and

females were found within populations (Gulf log-

likelihood ratio = 310.19; P < 0.0001) (Atlantic

log-likelihood ratio = 262.37; P < 0.001) and

between populations (females log-likelihood

ratio = 18.65; P < 0.001) (males log-likelihood

ratio = 53.15; P < 0.001).

Converting length to age and fitting the logistic

model resulted in an age-at-maturity of 5.7 yr and

4.5 yr for females and males in the Gulf of Mex-

ico, respectively (Fig. 6). In the South Atlantic

Bight, age-at-maturity was 6.7 yr for females and

5.0 yr for males.

Discussion

Life history parameters of many marine fish

stocks have been shown to vary in response to

environmental change and to the interaction be-

tween genotype and that particular environment

(Begg 2005). Regional differences in annual sea

surface temperatures are evident between the

eastern Gulf of Mexico and the South Atlantic

Bight (24.4�C vs. 22.5�C, respectively; NOAA/

NOS/Center for Operational Oceanographic

Products and Services, http://www.lternet.edu/

technology/sensors/arrays.htm). Keeney et al.

Fig. 5 Logistic models
fitted to predicted length-
at-maturity for male and
female blacktip sharks.
Lines = upper and lower
95% confidence intervals
of the logistic curve. Solid
circles and dashed
lines = South Atlantic
Bight while open circles
and solid lines = Gulf of
Mexico
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(2005) demonstrated genetic heterogeneity and

female philopatry, which resulted in multiple ge-

netic reproductive stocks among blacktip sharks

in the Gulf of Mexico and South Atlantic Bight.

Further, recoveries from conventional tagging of

over 6,000 sharks since 1963 suggest very little

mixing of sharks between these two areas (Kohler

et al. 1998; Carlson unpublished data; J.P.

Tyminski, Mote Marine Laboratory, personal

communication). Despite these mechanisms that

could potentially cause differences in life history

traits in blacktip sharks between the South

Atlantic Bight and eastern Gulf of Mexico, we

could not definitively conclude that they exist.

Although significant differences between sexes

from each area were found in the overall von

Bertalanffy growth models, mean length-at-age

was not different for most ages and growth rates

were similar. Length- and age-at-maturity differ-

ences could have been due to temporal disjunc-

tion, since most samples from the South Atlantic

Bight (Castro 1996) were collected in 1981–1993

while sharks from the eastern Gulf of Mexico

were captured during 1996–2002.

The temporal periodicity of growth zones

should be evaluated to fully understand differ-

ences in shark stocks. In the current study, mini-

mal marginal increment ratios occurred in sharks

captured in June and maximal ratios occurred in

sharks captured in May. These results support the

hypothesis of that one band pair form annually in

the vertebral centra of this species. These results

compare favorably to cycles in marginal incre-

ments (Cailliet and Goldman 2004) and to annual

vertebral band patterns in other shark species

examined in both the Gulf of Mexico (Carlson

Fig. 6 Logistic models
fitted to predicted age-
at-maturity for male and
female blacktip sharks.
Lines = upper and lower
95% confidence intervals
of the logistic curve. Solid
circles and dashed
lines = South Atlantic
Bight while open circles
and solid lines = Gulf of
Mexico
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et al. 1999, 2003) and the Atlantic Ocean (Nat-

anson et al. 1995; Conrath et al. 2002). However,

Killam and Parsons (1989) suggest ring deposition

occurs in January for blacktip sharks captured in

Tampa Bay, Florida. The reason for this differ-

ence in marginal increment formation between

the studies is unknown but may be due to dif-

fering techniques. For example, Killam and Par-

sons (1989) used vernier calipers on whole

vertebrae whereas the present study utilized an

ocular micrometer on sectioned vertebrae.

Since band counts of the largest and oldest

animals in the present study were compressed

(too small to discern marginal increments from

their widths), marginal increment analysis

was only conclusive for juvenile animals

(sharks < 5 yrs in age). Thus, the annular nature

of growth bands was verified for only those age

groups. Nevertheless, we assumed that as sharks

grew larger and older, the annual nature of

growth ring deposition continued throughout

their lifetimes (Cailliet and Goldman 2004).

Geographic variation in growth for at least two

stocks of starspotted dogfish, Mustelus manazo,

was proposed by Taniuchi et al. (1983), but a re-

examination of their data using cross-exchange

and comparative reader analysis found no signif-

icant differences (Cailliet et al. 1990). Similarly,

Tanaka et al. (1990) reported that differences

among band readers and methodologies produce

variations in growth for blue shark, Prionace

glauca, that were artifacts. We attempted to

control these factors and feel they had little effect

on our results. We suspect the most significant

factor in our study that could affect our results

was inherent bias associated with gear selectivity.

An ideal study would ensure all samples would be

collected using a similar fishery-independent gear.

Growth models fitted to fishery-dependent data

can have biases due to length-selective fishing

where more fast-growing sharks, fewer large

young sharks, and small old sharks are differen-

tially removed from the stock (Kimura 1980;

Walker et al. 1998). In our study, blacktip sharks

were collected with a variety of sampling gears

from scientific gillnets to commercially fished

longlines. This is a common problem when

attempting to model growth on sharks with

wide ranges in lengths. Blacktip sharks range

in length from 35 cm to 170 cm. Gear utilized for

catching smaller sharks would not be appropriate

for larger sharks. For example, longlines designed

to capture smaller sharks (i.e., small hooks, low

gangion leader strength) would not be appropri-

ate for sampling larger sharks due to differential

catchability as a result of bite-offs from low leader

strength (Beerkircher et al. 2003). Conversely,

gillnets of larger mesh lengths designed for adult

sharks would not be suitable for juvenile sharks as

smaller sharks would simply pass through the net.

Carlson and Cortés (2003) documented gillnet

selectivity for small coastal sharks in US waters,

but few controlled experimental studies are

available on how gear variation affects catches of

sharks or resulting growth models (Walker et al.

1998).

Despite these fundamental biases associated

with determining variation in life history traits, at

least one study has illustrated that differences in

life history traits do occur in shark populations.

Lombardi-Carlson et al. (2003) demonstrated

increasing length-, age-at-maturity, and mass of

near-term embryos in bonnetheads, Sphyrna

tiburo, with increasing latitude in the eastern Gulf

of Mexico. Further, these authors documented an

increase in shark growth rate with an increase in

latitude (termed countergradient variation,

Conover and Present 1990). Along with control-

ling for sample preparation and reading, Lom-

bardi-Carlson et al. (2003) collected sharks

simultaneously in all areas with similar sampling

gear to minimize sampling bias.

Estimates of age, growth, and length- and age-

at-maturity for male and female blacktip sharks in

the Gulf of Mexico were different than those

reported by Killam and Parsons (1989) for sharks

collected off Tampa Bay, FL. von Bertalanffy

growth parameters were L¥ = 160 cm FL,

k = 0.19, and L¥ = 137 cm FL, k = 0.28 during

1985–1987 for females and males, respectively.

These indicate an increase in growth and a

decrease in theoretical maximum length for sharks

collected for our study 11–14 yrs later. Observed

maximum age also increased from 10 yrs and 9 yrs

in 1985–1987 to 12.5 yrs and 11.5 yrs in the pres-

ent study. Length- and age-at-maturity

decreased from about 110 (age = 4–5 yrs) and

132 cm FL (age = 6–7 yrs) in 1985–1987 to 103
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(age = 4.5 yrs) and 117 cm FL (age = 5.7 yrs) in

1996–2001 for males and females, respectively.

Blacktip sharks have been heavily harvested in the

Gulf of Mexico since the 1980’s (NMFS 2003),

thus the observed decrease in length- and age-at-

maturity and increased growth rate lends support

to the potential for a density-dependent compen-

satory response. Compensatory growth and

reproductive responses have been documented in

a few species of sharks (Sminkey andMusick 1995;

Carlson and Baremore 2003). For reasons previ-

ously outlined, it could not be determined if these

temporal changes in age and growth were due to

differences in methodology, anthropogenic influ-

ences, or natural causes.

Given the caveats observed in this study and

the current data, we could not definitively con-

clude that differences in life history characteris-

tics exist between blacktip sharks in the eastern

Gulf of Mexico and South Atlantic Bight. A

synoptic study sampling the entire geographic

range of blacktip sharks (i.e., entire Gulf of

Mexico and northwest Atlantic Ocean) would be

required to fully resolve the question of separate

stocks. The application of archival satellite tags

could also help to define spatial distributions and

long-term movement patterns, information that

can assist in stock discrimination (Punt 2001).
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Abstract It is often assumed that the von Ber-

talanffy growth model (VBGM) is appropriate to

describe growth in length-at-age of elasmo-

branchs. However, a review of the literature

suggests that a two-phase growth model could

better describe growth in elasmobranchs. We

compare the two-phase growth model (TPGM)

with the VBGM for 18 data sets of elasmobranch

species, by fitting the models to 36 age-length-at-

age data pairs available. The Akaike Information

Criteria (AIC) and the difference in AIC between

both models revealed that in 23 cases the proba-

bility that the TPGM was true ‡50%. The VBGM

tends to estimate larger L¥ values than the two-

phase growth model, while the k parameter tends

to be underestimated. The growth rate in length-

at-age appears tends to decrease near the age at

first maturity in several species of elasmobranch.

The importance of the TPGM lies in that it may

better describe this aspect of the life history of

many elasmobranchs. In this context, we conclude

that the TPGM should be used along with other

growth models in order to precisely estimate

elasmobranch life history parameters.

Keywords Elasmobranchs Æ von Bertalanffy Æ
Two-phase growth Æ Sharks Æ Skates

Introduction

Knowledge of the age structure of a population

and the k parameter of the von Bertalanffy

growth model (VBGM, von Bertalanffy 1938) are

central to understanding the responses of an

exploited elasmobranches population. In fact, k

has been used as an index of the vulnerability of a

stock subject to excessive mortality and is useful

for comparing life history strategies and limita-

tions among species (Pratt and Casey 1990;

Musick 1999). Those groups having a k coefficient

value of < 0.1 seem to be particularly vulnerable.

Most elasmobranchs fall under that category

(Cailliet and Goldman 2004).

The VBGM is one of the most used models to

describe growth in elasmobranchs. It is based on

the premise that an organism is analogous to a

chemical reaction that obeys the mass action law

and is described by the familiar equation:

Lt ¼ L1 1� e�kðt�t0Þ
� �
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where L¥ is the asymptotic length-at-age, which

represents the average length-at-age of individu-

als in a stock would attain if they grew indefi-

nitely, k is a curvature parameter determining the

rate at which the fish reach the asymptotic length-

at-age, and t0 is a position parameter defining the

initial condition on the time axis when mean fish

length-at-age is zero.

Caillet et al. (1992) proposed a variant of the

VBGM replacing t0 by L0 because length-at-age

at-birth is generally more easily obtainable in

elasmobranchs. This model is expressed as:

Lt ¼ L1 � ðL1 � L0Þekt

where L0 is the length-at-age-at-birth.

Other models used to describe growth in

elasmobranchs include the generalized VBGM

(Pauly 1981) and Schnute’s model (Schnute

1981) used by Goosen and Smale (1997) for

Mustelus mustelus and a seasonal growth model

for M. lenticulatus (Francis and Francis 1992). A

modification of the VBGM known as the two-

phase growth model (TPGM, Soriano et al.

1992) has recently been used to describe the

growth of Isurus oxyrinchus, Prionace glauca,

and Lamna nasus1. The importance of this

TPGM resides in that the model predicts the

decrease in growth rate observed for different

species between the ages of four and seven.

Natanson et al. (2002) also observed a decrease

in growth rate when male and female Lamna

nasus from the Northeast Atlantic Ocean first

reached sexual maturity, but they fitted the

VBGM to the data when a TPGM might have

been more appropriate. Similarly, Natanson and

Caillet (1990; see their Fig. 4) identified a

change in growth between 800 and 1000 mm TL

(approximately 28 bands) in Squatina californica,

which was coincident with the length-at-first

maturity of this species, but they did not fit any

model to describe the growth. Skomal and

Natanson (2003) described a two-phase growth

for Prionace glauca by using a non-parametric fit

(LOESS), whose change in phase was coincident

with the age-at-maturity of females, but sug-

gested that it could have been a problem due to

low sample size for females.

A review of published papers on age and

growth of elasmobranchs, reveals that in many

of the figures in which length-at-age is plotted

against age, a decrease in growth rate in

length-at-age is observed, coinciding with the

attainment of the age at first maturity. This

pattern in growth is evident in several elas-

mobranch species, but it is usually ignored

because the VBGM is adopted when the

TPGM might be more appropriate, for exam-

ple; Carcharhinus obscurus (Natanson and

Kohler 1996), Dasyatis chrysonota chrysonota

(Cowley 1997), Squalus acanthias (Avsar 2001),

and Prionace glauca (Skomal and Natanson

2003). The problem is compounded in some

studies that have fitted growth curves to back-

calculated data, which tends to obscure the

decrease in growth rate when first reaching

maturity. Other studies do not present the

distribution of observed length-at-age against

age at all (Natanson et al. 1995; Sminkey and

Musick 1995).

It seems warranted to propose that elasmo-

branchs may follow a pattern of growth in

length-at-age different from that predicted by

the VBGM. The most appropriate growth

model for elasmobranchs (or groups of elas-

mobranchs) has not been clearly established,

and no studies have yet attempted to explain

the decrease in growth rate near the age at first

maturity within a growth model. Walker et al.

(1998) and Walker (1998) provide evidence of

length-at-age selective fishing mortality as a

cause for distorting von Bertalanffy growth

curves. These authors also stress the potential

effects of length-at-age selective sampling bias

and overestimation of age for distorting growth

curves. Is two phase growth a common charac-

teristic in the growth of elasmobranchs? We

addressed this question by comparing the fit of

the TPGM and the VBGM to 36 length-at-age

data sets available for 18 populations of

elasmobranchs.

1 Acuña, E., L. Cid, E. Pérez, I. Kong, M. Araya, J. Lamilla
& J. Peñailillo. 2001. Estudio biológico de tiburones
(marrajo dentudo, azulejo y tiburón sardinero) en la zona
norte y central de chile. Informe FIP N� 2000-23. Subsec-
retarı́a de Pesca. 128 pp. Available from the Internet URL
http://www.fip.cl/pdf/informes/inffinal%202000-23.pdf
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Materials and methods

Data and growth models

Length-at-age data were requested and made

available by several authors that previously had

published their results in peer-reviewed journals.

In a few cases, data was extracted directly from

published figures. In other cases, we used

unpublished data1. Data based in the analysis

belonged to 16 species and 4 orders of elasmo-

branches (Table 1). Depending on the available

information, the analyses were carried out for

male, female, or combined sexes.

Growth parameters of both the VBGM and the

two-phase growth model were estimated by fitting

the model to the observed data through non-lin

ear regression by considering an additive error

structure. In the case of the VBGM, this is

expressed as:

Lt ¼ L1ð1� e�kðt�t0ÞÞ þ et

where et is the random error, which is assumed

normally distributed.

The TPGM of Soriano et al. (1992), which

consists of a modified version of the VBGM, is

expressed as:

Lt ¼ L1ð1� e�kAtðt�t0ÞÞ þ et

This equation is the second variant in Soriano

et al. (1992), where At is a factor that modifies k

when the age is increased, and can be defined by:

At ¼ 1� h

ðt � thÞ2 þ 1

where th is the age at which the transition be-

tween the two phases occur, and h determines the

magnitude of the maximum difference in length-

at-age between the VBGM and the TPGM in the

point th. The loss-function in both models used

was least-squares.

Model selection

A maximum likelihood method was used to select

the model that best fitted elasmobranch growth

(Burnham and Anderson 2002; Motulsky and

Christopoulos 2003). The objective of the method

is to evaluate the relative power of the evidence

supporting a given model. Relative support was

evaluated by considering likelihood theory com-

bined with Akaike’s Information Criterion (AIC)

(Burnham and Anderson 2002). A single AIC

Table 1 Elasmobranchs species considered in the present study

Species Order F M Both Source

Squalus acanthias Squaliformes X X X Avsar (2001)
Deania calceus Squaliformes X X Clarke et al. (2002)
Raja clavata Rajiformes X X Holden (1972)
Raja batis Rajiformes X Du Buit (1976)
Raja naevus Rajiformes X Du Buit (1976)
Rhinobatos productus Rajiformes X X Timmons and Bray (1997)
Dasyatis chrysonota chrysonota Rajiformes X X Cowley (1997)
Leucoraja ocellata Rajiformes X X X Sulikowski et al. (2003)
Dipturus chilensis Rajiformes X X X Araya et al.1

Alopias vulpinus Lamniformes X Cailliet et al. (1983)
Lamna nasus Lamniformes X X X Natanson et al. (2002)
Lamna nasus Lamniformes X Acuña et al. (2001)
Isurus oxyrinchus Lamniformes X X X Acuña et al. (2001)
Negaprion brevirostris Carcharhiniformes X X X Brown and Gruber (1988)
Triakis semisfaciata Carcharhiniformes X Kusher et al. (1992)
Carcharhinus leucas Carcharhiniformes X Cruz-Martı́nez et al. (2002)
Prionace glauca Carcharhiniformes X Skomal and Natanson (2003)
Prionace glauca Carcharhiniformes X X X Acuña et al. (2001)

F: females; M: males
1 M. Araya, H. Arancibia & P. Ortiz (Unpublished data)
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value does not have an interpretation by itself,

but comparisons between different values of AIC

allow evaluation of the relative support of the

data for two or more models. The AIC penalizes

the complexity of the model, given by the number

of parameters, by attaining an optimum between

parsimony and accuracy. The expression used is:

AIC ¼ n ln r̂2
� 	þ 2p

where p is the number of estimated parameters, n

is the number of observations, and r2 is given by:

r̂2 ¼
P

ê2i
n

where êi are the residuals for a given model. The

model with the lowest AIC value is selected as the

most probable and true model for the data. How

much more probable? According to Burnham and

Anderson (2002) and Motulsky and Christopou-

los (2003) the difference between the AIC with

the higher number of parameters and the model

with fewer parameters, DAIC, allows computa-

tion of the AIC weight (w), which corresponds to

the probability of choosing the true model, i.e., in

this case the TPGM:

w ¼ e�0:5 DAIC

1þ e�0:5 DAIC

Results

The values of AIC’s, DAIC and w, were obtained

for the different species (Table 2). There were

significant differences between models in the L¥
parameter estimates as suggested by the slope of

the regression (=0.866), which was significantly

different from unity (p < 0.0001; Fig. 1a). The

VBGM tends to estimate larger values of L¥ than

the TPGM. In 15 cases, the difference in L¥ val-

ues between the two models was between 10 and

141 cm, in 19 cases the difference was between 9.4

and 9.7 cm, and in only two cases the difference

was less than –26 cm (Fig. 1b).

The opposite occurred in the case of the k

parameter, i.e., the VBGM tends to estimate a

lower k compared with the TPGM. The slope of

the regression (=0.866) was not significantly dif-

ferent from unity (p = 0.318), but the intercept

(=0.036) was significantly different from zero

(p < 0.01). The majority of k values estimated by

the TPGM was above the based or line of 45�
(Fig. 2a). In 13 cases, the difference in k values

was between –0.026 and –0.165 year–1, while in 23

cases the difference ranged between –0.017 and

0.018 year–1 (Fig. 2b).

Length-at-age Lth of different species at age th
when the difference between the models is max-

imum was always higher for the VBGM than for

the TPGM (Fig. 3). This means that there is a

time in the life history of elasmobranchs when the

rate of change in growth in length-at-age tends to

decrease. In fact, in 23 of 36 cases, the probability

that the TPGM is true was ‡50% (Fig. 4), repre-

senting 16 species (9 cases were females, 7 males,

and 7 sexes combined).

Discussion

The AIC is a good criterion for selecting the most

parsimonious model for explaining the observed

variation in the data while using fewer parameters

(Burnham and Anderson 2002). However, which

model is better or worse will always depend on

the context. Wang et al. (1995) pointed out that

choosing a growth curve is often subjective and

recommend that in some cases a pragmatic deci-

sion based on previous studies and experience

rather than goodness-of-fit of the data should be

used. In contrast, Haddon (2001) stated that the

model best explaining the growth process should

be used, but unfortunately it is not so simple to

decide what the ‘‘better’’ description of the pro-

cess is since statistical results and biological

interpretation can sometimes conflict (see Cailliet

et al. this issue). Generally, it is not possible to

maximize all of the attributes of a particular

model simultaneously, because often parsimony,

precision, accuracy, and biological realism are not

independent attributes.

Ricker (1979) considered that growth may be

divided into a series of stages in the life history of

a fish, and the changes between stages are char-

acterized by some crisis or discontinuity in

development, such as maturity, changes in behav-

ior, or changes in habitat. This is in agreement
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Table 2 Values of AIC for the two models (AICVB: von
Bertalanffy model growth; AICTP: two-phase model);
DAIC: difference between the AIC with the higher

number of parameters and the model with fewer
parameters; wTPGM: AIC weight corresponds to the
probability of the TPGM being correct

Species Female Male Both

AICVB AICTP DAIC wTPGM AICVB AICTP DAIC wTPGM AICVB AICTP DAIC wTPGM

S. acanthias 42.35 43.04 0.68 41.5% 27.11 30.51 3.39 15.5% 38.52 38.89 0.38 45.3%
D. calceus 337.21 341.08 3.87 12.6% 235.46 237.56 2.10 25.9%
R. clavata 105.45 101.85 –3.60 85.8% 48.34 46.36 –1.97 72.9%
R. batis 275.85 269.31 –6.54 96.3%
R. naevus 96.00 95.96 –0.04 50.5%
R. productus 103.77 100.16 –3.61 85.9% 179.76 181.49 1.73 29.6%
D. ch. chrysonota 74.82 73.67 –1.15 64.0% 47.69 37.39 –10.30 99.4%
L. ocellata 892.36 892.30 –0.07 50.8% 682.64 681.45 –1.19 64.5% 1576.19 1578.76 2.57 21.6%
D. chilensis 228.18 222.47 –5.71 94.6% 136.70 140.41 3.71 13.6% 368.30 371.18 2.88 19.1%
A. vulpinus 949.06 952.85 3.79 13.1%
L. nasus 1485.81 1487.28 1.47 32.4% 1412.45 1408.85 –3.59 85.8% 2981.25 2977.23 –4.02 88.2%
L. nasus 313.66 312.86 –0.80 59.8%
I. oxyrinchus 1373.13 1345.83 –27.30 100.0% 1537.23 1534.70 –2.52 77.9% 3110.73 3133.11 22.38 0.0%
N. brevirostris 183.44 178.66 –4.78 91.6% 187.70 186.45 –1.25 65.2% 360.25 370.79 10.54 0.5%
T. semifasciata 1519.49 1516.22 –3.27 83.7%
C. leucas 124.31 121.84 –2.47 77.5%
P. glauca 603.23 592.51 –10.72 99.5%
P. glauca 993.23 992.88 –0.35 54.4% 553.97 560.07 6.08 4.6% 1584.36 1593.63 9.27 1.0%

Fig. 1 (a) Relationship between parameter L¥ (Linf)
estimated by the models. The dotted line corresponds to
1:1. (b) Relationship between Linf estimated by VBGM
and the difference between both models. VBGM: von
Bertalanffy growth model; TPGM: two-phase growth
model

Fig. 2 (a) Relationship between parameter k estimated by
both models. The dotted line corresponds to 1:1. (b)
Relationship between k estimated by VBGM and the
difference between both models. VBGM: von Bertalanffy
growth model; TPGM: two-phase growth model
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with the suggestion of Day and Taylor (1997),

who stated that the growth trajectory should be

specified by two separate equations: one describ-

ing pre-maturity, in which essentially no surplus

energy is destined to reproduction and post-

maturity equation, in which all (determinate

growth) or some (indeterminate growth) surplus

energy is used for reproduction. These authors in

fact suggested that there are not reasons for the

use of the VBGM when studying the relationship

between growth and maturity because growth in

pre- and post-maturity seems to be different. The

maturity principle involves a reduction in the

energy destined to growth because the energy is

allocated to reproduction (Jensen 1985). Conse-

quently, the growth trajectory should exhibit a

fundamental change at the onset of maturity, and

growth models should be able to distinguish be-

tween the process of growth before and after

maturity (Day and Taylor 1997).

Attaining maturity would likely be recognized

as a new growth phase if individual growth data

were available, but growth in wild populations is

inferred by using averages of individuals from

different year classes (Ricker 1979). As such,

changes in growth rate at the onset of maturity

are obscured by data from fish that come from

different year classes.

According to Soriano et al. (1992), the two-

phase growth would be apparent when individuals

are sampled only in a single episode and the

average length-at-age is computed from various

annual classes. If one-year class has had a lower

growth rate, then a decline will appear in the

growth curve. However, most elasmobranch

growth studies surveyed here had samples col-

lected during one or more years, so lower growth

rates at intermediate ages should not be related to

the sampling procedure. Conversely, when the

two-phase models fitted to length-at-age data

pairs of combined sexes is considered, e.g.,

Leucoraja ocellata, Negaprion brevirostris, Isurus

oxyrinchus, Prionace glauca, the probability (w)

in choosing the TPGM is very low. However,

when we take into account male and female

individually the conclusion is completely differ-

ent. There is a higher probability favoring the

TPGM. This situation could be because usually

female and male attain their first maturity at

different ages, and therefore the reduction in the

length-at-age growth rate predicted by the two-

phase model for both sexes could be masked,

affecting the fit of the model when both sexes are

combined. Of course, this explanation is right

only if the reduction in the length-at-age growth

rate is related to the age at first maturity.

Fig. 3 (a) Relationship between the length-at-age at age th,
L(th) as estimated by both models. The dotted line
corresponds to 1:1. (b) Relationship between L(th) esti-
matedwithVBGMand the difference between bothmodels

Fig. 4 Frequency distribution of the differences in the
AIC between models VBGM and TPGM (DAIC) and
corresponding Akaike’s probability that the TPGM is true
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The TPGM could be related to the age at first

maturity in elasmobranchs. Indeed, length at first

maturity of most elasmobranchs coincides with

the average length-at-age (i.e. th in Fig. 5), where

the slope was not significantly different from the

unity. In 7 of 10 species, th of females was higher

than that of males, since females reach maturity

at a larger size than males (Cortés 2000).

According to our results, growth in elasmo-

branchs should be analyzed carefully because the

VBGM does not always apply (Cailliet et al.

2006). Many of the elasmobranchs considered in

this study seem to follow a different growth pat-

tern, characterized by a decrease in the growth

rate in length-at-age at a time that apparently

coincides with the onset of maturity. This could

result in errors in stock assessments that make use

of growth parameters derived from the VBGM,

as well as in age-structured models that take into

account the average weight and length-at-age.
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Abstract The von Bertalanffy growth equation

(VBGE) is commonly used in ecology and

fisheries management to model individual

growth of an organism. Generally, a nonlinear

regression is used with length-at-age data to

recover key life history parameters: L¥
(asymptotic size), k (the growth coefficient),

and t0 (a time used to calculate size at age 0).

However, age data are often unavailable for

many species of interest, which makes the

regression impossible. To confront this prob-

lem, we have developed a Bayesian model to

find L¥ using only length data. We use length-

at-age data for female blue shark, Prionace

glauca, to test our hypothesis. Preliminary

comparisons of the model output and the

results of a nonlinear regression using the

VBGE show similar estimates of L¥. We also

developed a full Bayesian model that fits the

VBGE to the same data used in the classical

regression and the length-based Bayesian

model. Classical regression methods are highly

sensitive to missing data points, and our anal-

ysis shows that fitting the VBGE in a Bayesian

framework is more robust. We investigate the

assumptions made with the traditional curve

fitting methods, and argue that either the full

Bayesian or the length-based Bayesian models

are preferable to classical nonlinear regressions.

These methods clarify and address assump-

tions made in classical regressions using von

Bertalanffy growth and facilitate more detailed

stock assessments of species for which data are

sparse.

Keywords Markov Chain Monte Carlo Æ
Elasmobranch Æ Stock assessment Æ Asymptotic

size

Introduction

The von Bertalanffy growth equation (VBGE)

can be used to describe the way individual

organisms grow (von Bertalanffy 1938, 1957). The

form used by Beverton and Holt (1959) is the

following
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L að Þ ¼ L1 1� e�k a�t0ð Þ
� �

ð1Þ

where a is age, k is the growth coefficient, t0 is a

value used to calculate size when age is zero, and

L¥ is asymptotic size. Generally, to obtain esti-

mates of the parameters, the VBGE is fit to

length-at-age data using classical nonlinear

regression techniques (Grafen and Hails 2002).

This curve-fitting technique somewhat changes

the assumptions of the VBGE; using a least

squares estimate assumes an average maximum

size for the population rather than a truly

asymptotic size—often termed Lmax in the liter-

ature rather than L¥. However, there is a physi-

ological maximum size a fish can attain. Bayesian

methods presented in this paper allow for the use

of the VBGE while maintaining its biological

assumptions.

Individual growth is the basis of many stock

assessment models (Jennings et al. 2001).

However, length-at-age data—required for

parameter estimation—are not available or

abundant for many populations, particularly

for long-lived species. Length data are easier

to gather, and more available for fished spe-

cies. We developed a Bayesian model to esti-

mate the maximum size using only length

data.

We also present a full Bayesian model

designed to fit the VBGE to the length-at-age

data. We include literature-derived priors in our

analysis and compare our results from both

Bayesian models to the results from a classical

nonlinear regression.

Methods

We have length-at-age data with a = 0,…,i

indexing age and r indexing the number of

length data per age. The number of data varies

per age, and the following is a visualization of

our data:

a ¼ 1 L1;1 . . . L1;r

..

. ..
. ..

.

a ¼ i Li;1 . . . Li;r

ð2Þ

There are likely two sources of error in our

data: process error and observation error

(Hilborn and Mangel 1997). We expect the pro-

cess error to be the variability of vital rates such

as growth and mortality within each age class.

Observation error will manifest in the way each

population is sampled; we expect to see variation

in the selectivity of the gear (i.e. the distribution

of sizes caught by the gear type). However, for

this paper, we include one multiplicative error

term to represent all error.

For each of the following models, we used the

same data set from the literature to test the ideas

(Acuña et al. 2001).1 The length-at-age data are

for female blue shark, Prionace glauca, from the

Eastern Tropical Pacific, representing ages 0–14.

We used only female shark data, since many

shark species have different growth trajectories

for each sex (Cortés 2000). Although we have

length-at-age data, we only use the age data for

the least squares regression and the full Bayesian

model.

Least squares regression

Least squares regression is a common technique

used to fit curves to data (Grafen and Hails 2002).

We used the VBGE (Eq. 1) to calculate predicted

length at age and then compared those values

with the observed length data. The best fit

parameters minimize the sum of the squared dif-

ferences between predicted and observed lengths.

For this analysis, we used the solver in Microsoft

Excel to find the best combination of parameters

minimize the sum of the squared errors.

Full Bayesian model

Our full Bayesian model fits the VBGE to the

length-at-age data using Markov Chain Monte

Carlo (MCMC) methods (Hastings 1970; Gelman

et al. 2004). These methods require the following

four steps:

(1) Find the likelihood of the data,

(2) Establish priors for all parameters,

1 See the reference for sampling and aging methods.
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(3) Find the full conditional probabilities for

parameters, when possible, and

(4) Decide whether to use the Metropolis Has-

tings or the Gibbs sampling algorithm to

sample the posterior distribution for each

parameter (Gelman et al. 2004).

We start with the VBGE, including multipli-

cative error

L að Þ ¼ L1 1� e�k a�t0ð Þ
� �

eea ð3Þ

and then find the log transform

la ¼ l1 þ log 1� e�k a�t0ð Þ
� �

þ ea ð4Þ

ea � N 0; r2
� 	 ð5Þ

where the lower case l indicates the log of the

value. Thus, our likelihood is the following:

L lar l1; k; t0; r
2



� 	 /Y14
a¼0

YRa

r¼1

1ffiffiffiffiffiffiffiffiffiffi
2pr2

p exp

� 1

2r2
lar � l1 þ log 1� exp �k a� t0ð Þf gð Þð Þð Þ2

� �
ð6Þ

where Ra is the number of length data for each

age.

We constructed informative priors for k and t0
based on published estimates of the same

parameters in the literature for blue shark

(Holden 1973; Cailliet et al. 1983; Hoenig and

Gruber 1990; Cortés 2000):

p kð Þ ¼ Gamma 15; 100ð Þ2 ð7Þ

p �t0ð Þ ¼ Gamma 14; 4ð Þ ð8Þ

We show the probability density functions

(pdfs) of the priors for k and t0 in Figs. 1 and 2

respectively. We used diffuse priors for l¥ and r2,
giving the full power of estimation to the data:

p l1ð Þ / 1 ð9Þ

p r2
� 	 / 1

r2
ð10Þ

Our prior for r2 is a Jeffreys prior (a form of

non-informative prior, see Gelman et al. 2004).

Marginalizing the joint posterior—the likelihood

multiplied by the four priors—for each parameter

gave two full conditionals:3

L1 � log normal �l�
P14
a¼0

PRa

r¼1

log 1�exp �k a� t0ð Þf gð Þ
n

;
r2

n

0
BBB@

1
CCCA

ð11Þ

r2 � Inverse�gamma
�n
2
;2
X14
a¼0

XRa

r¼1��
lar�

�
l1þ log

�
1�exp

n
�k
�
a� t0

�o���2��
ð12Þ

where �l is the average logged lengths and Ra is

the number of lengths for each age (Appendix).

Since the conditional probabilities for l¥ and

r2 are known pdfs (Eqs. 9 and 10), we used a

Gibbs sampler for these parameters in the

MCMC. However, we had to use a Metropolis

step for k and t0 because we could not find their

full conditional distributions. We used a random

walk jumping distribution4 for both Metropolis

steps.

Length-based Bayesian model

The full Bayesian model is not only computa-

tionally intensive but also requires length-at-age

data. For cases where only length data are avail-

able—which is frequently the case in developing

fisheries—we developed a method to estimate the

maximum size of the fish in the stock using the

2 We used the following form of the gamma distribution:
Gamma a; bð Þ � ba

C að Þ x
a�1ð Þe�xb for x[0

3 For the functional forms of the lognormal or inverse-
gamma distributions, see Gelman et al. (2004)
4 A random walk jumping distribution samples the prob-
ability space around the initial point following a normal
distribution, with the initial point as the mean of the nor-
mal. The variance is subjectively changed at the start of
each MCMC run to achieve a desirable acceptance rate,
between 0.3 and 0.5. See Hastings (1970)
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available data. The new method employs the

following Bayesian model. Let {x1,..., xn} be indi-

vidual lengths and

Yi ¼ log
xi
h

1� xi
h

� �
for xi\h ð13Þ

where h is our proxy for Lmax and we assume Yi

~N(l, r2). A plot of the transformed data was

used to determine if the Yis were distributed

normally (Fig. 3). We used the logit transfor-

mation of the individual lengths divided by the

maximum datum. The parameter h is our proxy

to the maximum attainable size a fish in the

population can achieve. Our key condition is

that all data be less than h.
Our likelihood is the following, based on the

normal distribution of the Yis:

L l; r2; h
� 	 ¼ exp

1

2r2
Xn
i¼1

log
xi
h

1� xi
h

� �
� l

� �2
( )

1

r2

� �n
2 Yn

i¼1

1

xi 1� xi
h

� 	
 !

ð14Þ

We include no information from the literature

for the mean and variance parameters of the

normal distribution in Eq. 14 by assuming Jeffreys

priors for both parameters

p l; r2
� 	 / 1

r2
ð15Þ

However, we used information from the liter-

ature for our prior for Lmax (h)

p hð Þ � Normal 310; 80ð Þ ð16Þ
where 310 cm TL is the mean and 80 is the vari-

ance of the normal prior. From the full joint

posterior, we found two full conditionals

Fig. 1 The frequency of values for k, the Brody growth
coefficient, given the prior probability density. Most of the
density lies between 0.09 and 0.19

Fig. 2 The frequency of values for t0 given the prior
probabilities. Most of the density lies between –2 and –5

Fig. 3 A histogram of the transformed data shows an
approximate normal distribution
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p ljr2; h; data� 	 / Normal
1

n

X
i

xi
h

1� xi
h

� �
;
r2

n

 !

ð17Þ

p r2


l; h; data� 	 / Inverse� gamma

n

2
;

2Pn
i¼1

log
xi
h

1�xi
h

� �
� l

� �2
0
BB@

1
CCA ð18Þ

Again, since we have recognizable pdfs for l
and r2, we used a Gibbs sampler for these

parameters. We used the Metropolis Hastings

algorithm with a random walk jumping distribu-

tion3 to find h (Hastings 1970).

Results

Least squares method

The combination of parameters that minimized

the sum of the squared error was 252 cm, 0.13,

and –3.09 for L¥, k, and t0 respectively (Table 1).

Full Bayesian model

We used a burn-in period of 1,000 samples and

generated posteriors for the three parameters of

the VBGE with the remaining samples. Our mean

results are as follows: 419 cm TL, 0.06, and –3.25

for L¥, k, and t0 respectively. We include 95%

probability intervals for each estimate in Table 1.

Length-based Bayesian model

We initialized the model with a number slightly

larger than the maximum data point. The chain

converged quickly to an estimate of 308 cm

(Table 1). Using our estimate for L¥ in the least

squares regression, we generated a value for k

and t0 to use for comparison (0.08 and –4.13

respectively).

Convergence

We tested the convergence of our Bayesian

models using both the Z-scores of the Geweke

test, and by starting the runs at various initial

values to see if the sample chains converge on the

same number. Both tests were successful, showing

convergence in the models.5

Discussion

Comparing estimates

First, we compare the least squares regression and

the full Bayesian model (Figs. 4, 5 & Table 1).

The estimates of t0 are very similar; however, the

difference in assumptions is very obvious when

comparing the estimates of L¥ and k. The full

Bayesian model estimates a much larger asymp-

tote. However, since L¥ and k are inversely pro-

portional, we expect, and find, a much smaller k

estimate.6 To ensure the difference between the

model estimates was not only due to that corre-

lation, we checked the correlation between

parameters and the influence of the priors on the

estimates (Fig. 6). The scatter plots have no

structure in any of the other parameters, there-

fore we ruled out other correlations. We then

examined the sensitivity of the full Bayesian

model to the informative prior for k. Recall the

mean of the gamma prior for k was 0.15. Our full

Bayesian model estimate is 0.06, which means

that there was enough information in the data to

overwhelm any influence of the prior on the

estimate (Fig. 7). In fact, when we used a non-

informative prior for k, the posterior estimate was

not significantly different. We also removed the

ten largest data points and ran the full Bayesian

model and classical regression again. The Bayes-

ian model output did not change significantly, but

the regression results changed drastically. There-

fore, we are confident with our model estimates

for the full Bayesian model.

Next, we compare the least squares regression

with the length-based Bayesian model. The esti-

5 See Gelman et al. (2004). For information on conver-
gence diagnostics.
6 The VBGE comes from the following differential equa-

tion: dL
dt

¼ k L1 � Lð Þ. When most of the data are small

lengths, it becomes dL
dt

� kL1 if L1 � L, exacerbating

the correlation problem.
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mates of these two models overlap significantly

(Table 1). In fact, the mean of the length-based

model is well within the confidence interval of the

regression.

Finally, we compare the two Bayesian models

(Table 1). The length-based model is essentially a

compromise between the physiological basis of

the VBGE and the availability of length-at-age

data. It performs similarly to the least squares

regression while maintaining the maximum size

assumption (recall that the logit treats all data as

a proportion relative to the maximum datum).

However, we argue that the full Bayesian model

is the most desirable model, if the data are

available. The maximum reported size of blue

shark is 396 cm TL (Smith 2006) and our full

Bayesian estimate is closer than the length-based

model estimate. However, when length-at-age

data are unavailable, this new method provides a

sound estimate of asymptotic size. As data avail-

ability and sampling coverage improve, we expect

the length-based model estimate to converge on

the full Bayesian estimate.

Conclusion

Our full and length-based Bayesian models are

designed to solve two problems: estimate

asymptotic size in the absence of length-at-age

data, and maintain the biological assumptions of

the VBGE when fitting the model to data.

The length-based method uses the distribution

of the data to determine what the maximum size

is for individuals in the population. In contrast,

the least squares regression calculates an average

Table 1 A summary of the results from the three different models

Model Estimate of L¥ Estimate of k Estimate of t0

Least squares estimation (VBGE) 252 cm [192, 312] 0.13 –3.09
Full Bayesian model (VBGE) 419 cm [378, 457] 0.06 [0.05, 0.07] –3.25 [–3.23, –3.29]
Length-based Bayesian model 308 cm [304, 312] 0.08 –4.13

All three parameters are estimated using the two models that use age data. Although our length-based model only estimates
L¥, it is possible to draw a von Bertalanffy growth curve using the inverse relationship between k and L¥

Fig. 4 The full Bayesian model and the least squares
regression are fit to the length-at-age data for the female
blue shark. The Bayesian model assumes L¥ is a true
asymptote Fig. 5 The posterior of L¥ for the full Bayesian model
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maximum size across individuals in the popula-

tion. The distinction is a subtle, but important

one. That is, how should one think about

asymptotic size? Is it an individual or population-

level parameter? Data are gathered to assess

population dynamics, and we offer our length-

based and full Bayesian models to assess param-

eters on the population scale. Our methods are

generally applicable to species for which we ex-

pect asymptotic growth, and they may be partic-

ularly useful for assessments of developing

fisheries or of long-lived fishes.
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structureless scatterplot. There is an apparent inverse
correlation between k and L¥
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Appendix

The full Bayesian model

In our computations, we replaced t0 with q be-

cause it is easier to work with a strictly positive

distribution. At the end of the model runs, we

take the negative results for q and set them equal

to t0.

Our joint posterior is the combination of the

four priors—for k, q, L¥, and r2—and the likeli-

hood:

p l1;k;q;r2 larj� 	/ 1

r2
q13 exp �4qf gk�85

exp �k 100ð Þf g�
Y15
a¼0

YR
r¼1

1ffiffiffiffiffiffiffiffiffiffi
2pr2

p

exp � 1

2r2
lar� l1þ log 1�exp �k aþqð Þf gð Þð Þð Þ

� �

Marginalizing, or multiplying out each of the

parameters one at a time, give us either a formula

to use in a Metropolis Hastings algorithm or a full

conditional to use with a Gibbs sampler as de-

tailed in the main text.
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Abstract Marginal increment ratio (MIR) anal-

yses were conducted as part of age and growth

studies on three coastal/semi-oceanic species, the

smalltail shark, Carcharhinus porosus, dagger-

nose shark, Isogomphodon oxyrhynchus and the

night shark C. signatus, and two ubiquitous oce-

anic species, blue shark, Prionace glauca, and

whitetip shark, C. longimanus, collected in equa-

torial areas off Brazil with the aim of establishing

the interspecific temporal nature of vertebral

band formation. Monthly variations in marginal

bands were analyzed using mean MIR on the

entire sample as the standard method for all

species. Reasons for the inconclusive results

regarding these species are critically appraised

with respect to three main sources of bias that are

associated with marginal increment analysis

(MIA). Bias due to insufficient sample sizes may

have hampered the analysis for I. oxyrhynchus

and C. longimanus due to movements from shal-

low waters to seamounts for the former species

and to extensive migrations for the latter. Bias

due to data collection over too long a period is

thought to have influenced monthly mean MIR

for C. porosus and P. glauca. For the latter,

individuals from different age groups lay down

rings at different times, making band deposition

inconsistent between individuals. Finally, bias due

to births occurring over too long a period was the

prevalent cause for confounding MIR values

among I. oxyrhynchus and C. signatus species,

whose birth period lasts several months and leads

to different ages within the same cohort. Other

approaches used for MIA in C. signatus and

P. glauca led to distinct times of band formation

by age-groups when compared to MIR applied

on the entire sample. For the daggernose shark,

delays in events related to the reproductive

cycle from one year to the next were also found

to confound MIR. Requirements for the use of

MIR implying a band width that displays a

sinusoidal cycle when temporally plotted

(month or season) were not fulfilled for any of

these species. The method has been of little

utility for detecting the periodicity of band

deposition among sharks from the tropics. This

emphasizes the need for supplying information

on the temporal periodicity of pair deposition

based on other methods.
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Introduction

Information on elasmobranch growth has been

derived from counts of opaque and translucent

bands in the vertebrae (Cailliet and Goldman

2004). Marginal increment analysis (MIA)

involves the characterization or measurement of

band on the margin of growth structures and is

one of the most commonly applied age verifi-

cation methods used for elasmobranchs to

establish the periodicity of band formation

(Cailliet 1990). Such an evaluation is essential

for the understanding the growth process and is

critical when using hard parts for age estimates

(Wilson et al. 1983; Cailliet et al. 1986).

Although several verification methods are

available, MIA has become the most popular

due to its moderate sampling requests and low

costs. This technique, however, has proven

problematic, particularly due to technical diffi-

culties related to resolving the margins of

growth bands (Campana 2001).

Several authors have postulated various rea-

sons for MIA failure to indicate the timing of

annulus formation (Brothers 1983; Cailliet et al.

1986; Campana 2001), particularly in migratory

oceanic sharks. Brothers (1983) and Cailliet

(1990) identified three main sources of bias gen-

erally associated with, insufficient sample sizes,

excessively extended sample periods and a lack of

a defined reproductive period. In an attempt to

improve the resolution of MIA, specimens have

been separated by age class, and relative (MIR)

rather than the absolute size of the marginal band

has been used in order to reduce bias (Brothers

1983; Campana 2001).

Strict requirements for the use of MIA meth-

ods imply that periodicity verification of growth

increments carried out on younger (and faster

growing) individuals should not be extended to

older age groups, as the number of bands and

time of deposition may vary with age (Beamish

and McFarlane 1983; Brothers 1983; Cailliet et al.

1986; Campana 2001).

When band pairs are formed on an annual

basis (the general pattern for elasmobranchs),

band width should display a sinusoidal cycle when

temporally plotted (month or season) (Carlson

et al. 1999), reaching values close to one when the

band is completed, and values close to zero when

a new band starts to form. Age verification

through MIA requires knowledge on life cycles

and an understanding of species distribution, for a

correlation is necessary between the time of band

formation and both environmental and life his-

tory events (Brothers 1983). However, verifica-

tion through MIA often proves inconclusive even

with the associated distribution and life cycle

information.

As part of age and growth studies MIA, using

mean MIR, were conducted on three coastal/

semi-oceanic species: smalltail shark, Carcharhi-

nus porosus, daggernose shark, Isogomphodon

oxyrhynchus and night shark, C. signatus and two

ubiquitous oceanic species: blue shark, Prionace

glauca and whitetip shark, C. longimanus, to

establish the interspecific temporal nature of

vertebral band formation. The findings of these

analyses are presented in this paper and discussed

using results from published works.

Methods

Carcharhinus porosus was sampled from 1984 to

1987 and I. oxyrhynchus from 1984 to 1987 and in

1998 in the western coast of the state of

Maranhão in northern Brazil. The third species is

the semi-oceanic C. signatus, caught from 1995 to

1997 on seamounts off northeastern Brazil. Sam-

ples of the migratory oceanic P. glauca and the

oceanic C. longimanus were caught by commer-

cial vessels operating in the southern Atlantic

from 1992 to 2000 and by research vessels from

1992 to 1997 (Lessa and Santana 1998; Lessa et al.

1999a, 2000, 2004; Santana and Lessa 2004). For

all the species mentioned above the gestation

period lasts 1 year and the protracted birth season

takes several months. Life history data are pre-

sented in Table 1.

Previous analyses carried out on the study

species have used different approaches for
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marginal increment (MI) assessments. Currently,

monthly variations in marginal bands were ana-

lyzed using mean MIR on the entire sample as the

standard method for all species (Natanson et al.

1995, see also Cailliet et al., this issue).

MIR ¼ ðVR� RnÞ=ðRn � Rn�1Þ;

where VR = the vertebral radius; Rn = the last

complete band; and Rn–1 = the next to last (pen-

ultimate) complete band.

Mean MIR, with confidence interval, and

standard deviation (s.d.) was plotted monthly in

order to locate periodic trends in annulus for-

mation (Fig. 1). Data were tested for normality

and variance analyses (ANOVA) were performed

to detect significant differences throughout the

year. All statistical inferences were made at a

significance level of 0.05.

Results

Bias due to small sample

‘The small sample size in any particular month or

for any age group weakens MIA’ (Brothers 1983;

Campana 2001).

For I. oxyrhynchus, low sample sizes may have

been caused by movements from shallow waters

to seamounts outside the fishing area. Thus,

highest MIR value obtained in October (n = 1)

hampered MIA interpretation. Monthly mean

MIR values were around 0.5 and did not result in

the expected sinusoidal shape (Fig. 1).

Also, for C. longimanus significant differences

found in MIR during the July peak corresponded

to a small number of individuals (n = 3). Although

differences were significant (P < 0.0062), the

sinusoidal shape was not exhibited. For both spe-

cies MIR could not be performed by age groups

due to the limited size of samples (Fig. 1).

Bias due to data collection over too long

a period

‘Data collection over too long a period causes

variability on account of annual marks that areT
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not formed at the same time in consequence of

life-cycle events (reproduction, migration, mat-

ing, etc...) that do not occur at the same time

every year. Thus, when data are collected over a

long span of time, considerable variability is in-

cluded into the system’ (Brothers 1983).

Monthly mean MIR for C. porosus showed

maximalvalues in July–August and lowest values in

October, oscillating from 0.4 to 0.7. Throughout

most of the evaluated period, low and high mean

MIR occurred, as suggested by the confidence

intervals (Fig. 1). Lower MIR values were dis-

played for C. signatus from February to April.

However, a small sample sizewasobtained inApril.

Throughout the year MIR was around 0.4–0.5, but

standard deviations of means indicated that high

and low values were present year round (Fig. 1).

For P. glauca, monthly mean MIR ranged from

0.3 to 0.5 throughout the year, with high standard

deviations of means indicating that narrow and

Fig. 1 Mean vertebral marginal increment ratios (MIR) ± s.d. by month for I. oxyrhynchus, C. porosus, C. signatus,
P. glauca and C. longimanus caught in northern and northeastern Brazil. Boxes are the confidence interval for the means
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large edges were present during the entire period

(Fig. 1). The absence of clear periods of low and

high increments throughout the year yielded no

temporal MIA trends.

Bias due to births occurring over a too long

period

‘Protracted parturition period may lead to varia-

tion in MI of the same cohort as individuals are

born in different birth dates varying by several

months’ (Santana and Lessa 2004).

For I. oxyrhynchus, birth was estimated to take

place from the halfway point of the dry season/

beginning of the raining season (October) to the

end of rainy season, over a period of about

6 months (Lessa et al. 1999c). This context leads

to different ages within the same cohort, with

differences spanning 6 months. Similarly,

C. signatus embryos measuring 10–40 cm TL were

collected in February, whereas 31.8–37.2 cm TL

embryos were found in June, indicating that the

birth period lasts several months (Fig. 1).

Discussion

A parturition period spreading over a long season

represents an adaptation to the exploitation of

food by juveniles over a long growing period; it

maximizes species survival and tends to be com-

mon in fish from low latitudes (Nikolsky 1969).

This adaptation is true for the equatorial species

analyzed here, which appear to have long birth

periods. Such a context is considered to have

confounded MIA by generating biases due to fish

from the same cohort being born at different

times. Regarding coastal/semi-oceanic species,

although I. oxyrhynchus partially shares the

environment with C. porosus, the former seems to

present a more complex behavior, dwelling in

turbulent banks during the rainy season (Lessa

et al. 1999b). Delays in events related to the

reproductive cycle from 1 year to the next have

been recorded for the daggernose shark by Stride

et al. (1992), who observed that the movement to

bays, which took place from October to February

in 1991, began 4 months later in 1992. This

implies a postponing of mating and gestation

periods perhaps due to changes in environmental

conditions. Thus, the species may be capable of

compensating for interannual climate variability

that delays annual cycle events. This kind of

adaptation has never been clearly described for

tropical sharks and merits further investigation.

Furthermore, the small size of the vertebral

sample impeded the annual analyses both for the

entire sample and by age groups.

Overall, sampling time ranged between 4 and

5 years for all analyzed species. The one excep-

tion was C. signatus for which vertebral collection

took place from 1995 to 1997 when vertebrae

were more evenly sampled. In a previous study,

MIA for the night shark was carried out using

different approaches (Santana and Lessa 2004). It

was expressed: (1) as the percentage marginal

increment—PMI (Crabtree and Bullock 1998),

and (2) as characterizing the vertebral edge

(Carlson et al. 1999). Results of these analyses

coincided and significant differences were found

for the former (P < 0.0463), indicating that

bands are completed from June to October when

the highest frequency of broad-light edges (MI

0.6–1) occurred. A third analysis using absolute

MI by quarter for juveniles (4 and 5 years) and

adults (6 to >8 years) led to significant differences

for juveniles with highest values in the third and

fourth quarters (P < 0.05). Contrarily, no signif-

icant difference was detected for adults as a result

of the smaller sample size. Currently, no signifi-

cant differences were detected using mean MIR,

which highlights the need for different ap-

proaches, as contradictory results were obtained

for PMI and MIR. Moreover, the use of absolute

MI allowed a better understanding of the differ-

ences in band deposition by age groups. These

differences may have hindered the detection of

the time of ring deposition using MIR.

Variability in embryo size suggests a protracted

birth season for the night shark, with births re-

corded over a period of at least 6 months (Hazin

et al. 2000). Furthermore, individuals measuring

~40 cm TL in February are born long before

individuals measuring 37.2 cm TL in June. This

leads to differences in MI within the same cohort.

Thus, after a 12-month gestation period, individ-

uals are born with birth dates varying by several
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months. Such a pattern was assumed to have led

to inconclusive MIA (Santana and Lessa 2004).

Nikolsky (1969) related the adaptation discussed

here to unstable conditions, which seems to be

the case for C. signatus, as the species inhabits

seamounts where the physical regime is most

variable due to the proximity of the Northern-

Brazilian Current, causing turbulence to the

environment.

Concerning more highly mobile species that

undergo extensive migrations over tropical and

temperate regions of the southern hemisphere,

the traditional MIA approach is complicated, as

individuals of different age groups may lay down

rings at different times, making band deposition

inconsistent between individuals. Moreover,

referring to large pelagics the analysis of data

collected over a large time span (as is the case

here, 4–5 years) is obscured, as fish do not spawn

at the same time every year (Brothers 1983). This

introduces high variability when data are ana-

lyzed on an annual basis. Results obtained in the

current study are in accordance with criticisms by

the above-quoted author indicating reasons why

MIR for these species failed in the study area.

For P. glauca, absolute MI was used in a pre-

vious study showing a majority of individuals with

recently formed bands from November onward

and significant differences occurring in mean MI

throughout the year for the 3–5 age group and for

the overall sample. However, MI analysis did not

conclusively supported the annual periodicity of

bands, as it does not depict a clear trend of low

and high periods with low standard deviations of

means during the months when the new zone is

forming. In the current study, an identical pattern

was depicted using mean MIR, the values of

which ranged between 0.2 and 0.4 throughout the

year, with no significant difference found.

A review of papers addressing age validation in

recent decades makes it clear that MIA methods,

which were regarded as powerful tools in 1983

(Brothers 1983; Casselman 1983), are currently

deemed problematic as an analysis method for

certain species (Campana 2001). The most defin-

itive validation method for elasmobranchs is tag-

ging and release with chemical markers (mostly

OTC) used on specimens of known-age (Cailliet

1990), which should ideally be carried out for all

age classes, as the periodicity of band formation

may change with age (Cailliet and Goldman 2004)

as shown above. However, results obtained thus

far make it clear that the lack of oxytetracycline-

injected recaptured fish over the entire size range

has not allowed for full age and growth validation,

such as for Lamna nasus, validated in juveniles up

to an age of 11 years (Natanson et al. 2002);

P. glauca, validated up to 4 years (n = 2, Skomal

and Natanson 2003); and Carcharodon carcharias

(n = 1, Wintner and Cliff 1999).

In conclusion, MIR method for the study spe-

cies has been of little utility in validating the

periodicity of band deposition among tropical

sharks from the southern Atlantic Ocean. This

emphasizes the need for supplying information

based on tagging and chemical marking (OTC).

Such information is required for management and

is particularly crucial for the coastal species that

were recently listed as endangered (MMA 2004).
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Abstract Although numerous studies have uti-

lized elemental analysis techniques for age deter-

mination in bony fishes, little work has been

conducted utilizing t‘hese procedures to verify age

assessments or temporal periodicity of growth

band formation in elasmobranchs. The goal of this

study was to determine the potential of laser

ablation inductively coupled plasma-mass spec-

trometry (LA-ICP-MS) to provide information on

the seasonal deposition of elements in the verte-

brae of the round stingray collected from Seal

Beach, California. Spatially resolved time scans

for elements across the round stingray vertebrae

showed peaks in calcium intensity that aligned

with and corresponded to the number of seasonal

growth bands identified using standard light

microscopy. Higher signals of calcium were asso-

ciated with the wide opaque bands while lower

signals of calcium corresponded to the narrow

translucent bands. While a close alignment be-

tween the numbers of calcium peaks and annual

growth bands was observed in round stingray

samples aged 5 years or younger, this relationship

was less well defined in vertebral samples from

round stingrays over 11 years old. To the best of

our knowledge, this is the first study of its kind to

utilize ICP-MS to verify age assessments and

seasonal band formation in an elasmobranch. The

results from this preliminary study indicate that

LA-ICP-MS elemental analysis of the vertebral

cartilage of the round stingray may have potential

to independently verify optically derived age

assessments and seasonal banding patterns in

elasmobranch vertebrae.

Keywords Round stingray Æ Elemental

composition Æ TOF-ICP-MS Æ Laser ablation

Introduction

Age and growth analyses are the first step in

examining fundamental biological processes of a

population of fish species (Casselman 1983). Esti-

mations of the age structure of a population and

growth rates of a species are used to determine
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longevity, mortality, productivity, yield, and pop-

ulation dynamics which in turn are essential for

management of populations (Casselman 1983).

Ages are typically assessed by enumerating the

growth bands in calcified structures such as the

otoliths and vertebrae using light microscopy,

which correlate closely with the age of the fish

(Casselman 1983). While this approach is applica-

ble formost bonyfishes, it cannot always beutilized

for some species such as elasmobranchs which do

not have comparable calcified structures (Cailliet

et al. 1986).

A number of alternative approaches have been

advocated for determining age in cartilaginous

fishes. The use of disequilibrium analyses between

radioisotopes through bomb radiocarbon dating

has provided a method for age validation for many

hard-to-age fish such as rockfish (Kastelle et al.

2000; Cailliet et al. 2001; Andrews et al. 2005) and

has been applied to elasmobranchs (Campana

et al. 2002). Welden et al. (1987) used radiometric

dating to determine ages of the leopard shark,

Triakis semifasciata, the Pacific angel shark,

Squatina californica, the common thresher shark,

Alopias vulpinas, and the white shark, Carchar-

odon carcharias, but found that the age estimates

based on radiometric dating were highly variable

and in some cases predicted negative ages. How-

ever, Campana et al. (2002) subsequently utilized

radiometric dating techniques to successfully age

the porbeagle,Lamnanasus, and the shortfinmako

shark, Isurus oxyrinchus.

Another more generally applicable approach

that has been used to age elasmobranchs has been

to utilize spatially resolved elemental analyses to

determine the periodicity of annual growth bands

in cartilaginous structures such as vertebrae. En-

ergy dispersive X-ray microanalysis was used by

Jones and Geen (1977) to determine the age of the

spiny dogfish, Squalus acanthias. They found the

peaks of calcium and phosphorus in the dorsal fin

spine corresponded with age estimations from

length–frequency analysis and suggested that ele-

mental analysis of the cartilage of elasmobranchs

could be useful in ageing elasmobranchs when no

alternate ageing structure can be found (Jones and

Geen 1977). Cailliet and Radtke (1987) used

electron microprobe analysis to spatially analyze

the temporal peaks in calcium and phosphorus in

the vertebrae of the gray reef shark, Carcharhinus

amblyrhynchos, and the common thresher shark,

Alopias vulpinus, and found a strong correlation

between the periodicity of deposition of these

elements and optically determined annual growth

band counts. They suggested the use of elemental

analysis of elasmobranch vertebral cartilage as a

way to verify the temporal periodicity of growth

bands; however, no further studies have been

published using this procedure for age verification

in this group of fishes.

The current study aims to investigate the utility

of laser ablation inductively coupled plasma mass

spectroscopy (LA-ICP-MS) as a new methodol-

ogy for studying the spatial distribution of ele-

ments in elasmobranch cartilage. The major

advantage of LA-ICP-MS for studying the spatial

distribution of elements in a solid sample over

other established techniques such as energy dis-

persive (EDX) and wavelength dispersive X-ray

(WDX) spectroscopy is its sensitivity. Thus, the

relative elemental detection limits for interfer-

ence free isotopes by LA-ICP-MS are generally in

the sub-lg g–1 range while those for EDX and

WDX are typically in the 0.01–1% range (Cam-

pana et al. 1997; Durrant and Ward 2005).

The utility of this technique has been tested by

identifying the seasonal and annual peaks in cal-

cium and phosphorus in the vertebrae of the

round stingray, Urobatis halleri, from Seal Beach,

California and determining if these elemental

peaks correspond with the annual periodicity of

optically determined growth band pairs in the

vertebrae. Recently, Hale (2005) utilized stan-

dard light microscopy to assess the calcified con-

centric growth bands in round stingray vertebral

cartilage and determined that these fish live to be

at least 14 years old and becomes sexually mature

at 4 years of age. To the best of our knowledge,

this is the first study of its kind to use elemental

analysis by LA-ICP-MS for age assessment in an

elasmobranch (Campana 2005).

Methods

Vertebrae preparation and ageing

Vertebrae were dissected from 12 specimens of

round stingrays collected in 2003 and 2004
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(Table 1). The vertebrae were mounted in Tap

Plastics resin and a 0.5 mm wide bow-tie section

was made using a Buehler isomet saw. Vertebral

sections were viewed and growth bands were

counted using a stereo-microscope with trans-

mitted light field at 4· magnification (OlympusTM

model SZX-12). Two readers independently as-

sessed the age of each round stingray by counting

the bands in individual vertebral centra. Annual

periodicity of growth band formation was vali-

dated by maintaining 10 oxytetracycline-injected

round stingrays in captivity for 2 years (Hale

2005).

Elemental composition

The round stingray vertebral sections were ana-

lyzed for elements using a GBC Optimass

orthogonal time of flight inductively coupled

plasma mass spectrometer (oTOF-ICP-MS) with

an attached New Wave Research (Fremont, CA)

LUV-213 high performance Nd:YAG UV laser

operated at 213 nm (Reish and Mason 2003).

Sectioned vertebrae samples were mounted on

plexiglass slides and inserted into the ablation

chamber of the laser system. Prior to analysis, the

sections were pre-ablated with the laser to re-

move external contamination, after which the

specimen chamber and transmission line was

purged with high-purity argon gas to remove

residual analytes in the sample introduction sys-

tem. For data acquisition, a laser spot size of

30 lm with a constant energy density of 8.95 J

(cm2)–1 and a repetition rate of 20 Hz was used to

ablate the sample. The laser was scanned at a rate

of 10 lm s–1 and elemental data was collected

along a linear transect running through the focal

region and from edge to edge of the whole ver-

tebral corpus calcareum. The ICP-MS was oper-

ated in the time resolved mode. The instrumental

conditions of operation were as follows: nebulizer

flow 1.1 l min–1; plasma flow 10 l min–1; auxiliary

flow 0.5 l min–1; RF 1,600 W; skimmer –1,300 V;

extraction lens –1,250 V; pushout plate 590 V;

pushout grid –400 V; blanker 200 V; and reflec-

tron 650 V. Calcium (44Ca), phosphorus (31P),

magnesium (24Mg) and strontium (88Sr) were the

main elements screened in the vertebral sections

and the isotopic data were acquired at an acqui-

sition rate of 1 point s–1, representing a total ion

pushout of 14,705.

Analytical precision was determined under

these operating conditions for a suite of elements

including sodium (Na), magnesium (Mg), alumi-

num (Al), silicon (Si), calcium (Ca), scandium

(Sc), titanium (Ti), vanadium (V), chromium

(Cr), manganese (Mn), iron (Fe), nickel (Ni),

cobalt (Co), copper (Cu), zinc (Zn), arsenic (As),

rubidium (Rb), strontium (Sr), yttrium (Y), zir-

conium (Zr), niobium (Nb), tin (Sn), antimony

(Sb), cesium (Cs), barium (Ba), lanthanum (La),

cerium (Ce), praseodymium (Pr), neodymium

(Nd), samarium (Sm), europium (Eu), gadolinium

(Gd), terbium (Tb), dysprosium (Dy), holmium

(Ho), erbium (Er), thulium (Tm), ytterbium (Yb),

lutetium (Lu), hafnium (Hf), tantalum (Ta), lead

(Pb), thorium (Th), and uranium (U) using a

NIST 612 glass standard reference material both

before and after sample analyses (40 lg g–1). The

recorded %RSD values were typically below 6%

over five analysis replicates with the exception of

As and Zr which were 8.2 and 7.2%, respectively.

Air analyses were used for blanks. Theoretical

detection limits, based upon the 3r value of the

blank signal and the responses from the NIST

612, were typically < 1 lg g–1 as reported by

others (Sanborn and Telmer 2003; Trejos et al.

2002).

The presence of growth bands was determined

from the peaks in the time resolved ion

profiles and the spatial distribution of elemental

Table 1 Round stingray samples used in ICP-MS
elemental analysis. It is unknown when UH-094 was
caught, so it was excluded from any seasonal analyses

Sample
number

Sex Disc
width
(mm)

Age
(yr)

Month
caught
(mm/dd/yr)

19 M 250 11 05/16/03
54 M 82 0 10/24/03
69 F 151 5 08/15/03
74 F 253 12 09/19/03
86 F 104 1 01/30/04
94 F 95 1 –

100 F 143 5 03/19/04
105 M 84 0 03/19/04
114 M 150 3 05/19/04
116 F 155 4 06/09/04
149 F 154 4 08/27/04
159 M 254 12 08/27/04
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signatures was compared to the annual and sea-

sonal periodicity of growth bands used for age

assessment. Statistical tests to identify peaks from

background noise were conducted using a statis-

tical integration program (OriginTM, Microcal

Software Inc. 1997). An 11-point running average

was applied to smooth the data, and peaks were

identified using prescribed parameters within the

software that included a minimum height of 3%

of the total amplitude of the data in the range and

a minimum width of 3% of the total number of

points in the data range. For the elements of

interest these values were approximate to the

recommended 3r of the smoothed blank signal

(Sinclair et al. 1998; Sanborn and Telmer 2003).

Additionally, the spatial patterns in the ion

intensity ratios of calcium to strontium, phos-

phorus and magnesium across the vertebrae were

compared to identify changes in the relative dis-

tribution of these elements. Expression of the ion

intensities in the form of ratios normalizes the ion

intensities of the analytes to compensate for

variations in laser ablation efficiency and topo-

graphical effects to provide a better index of the

enrichment of these elements relative to 44Ca

along the transect (Reish and Mason 2003).

Average Sr:Ca ratios were calculated by averag-

ing the intensity ratio at each time point.

Results

A representative photomicrograph of a sectioned

vertebrae across a transect, together with the

corresponding smoothed spatial ion signal for
44Ca, is shown in Fig. 1. Oscillations in the rela-

tive signal intensity of 44Ca were observed along

the transect that closely correlated with the

identified growth bands with increased signal

intensities occurring at the mid point of each

yearly band and peaks in 44Ca that were statisti-

cally identified above the background noise cor-

responded with growth bands (Fig. 1). Elevated

signals were obtained from the edges of the

specimen while a marked depression was noted in

the 44Ca signal at the foci of each vertebrae

(Fig. 1). Analyses of other elements showed

strong discernible signals for 88Sr and 31P that

closely tracked the signal for 44Ca (Fig. 2). Other

elements producing pronounced signals correlat-

ing with 44Ca included 24Mg and 23Na (not

shown). Barium (137Ba) was found primarily

within the foci region while lead (208Pb) was lo-

cated at the edges of the vertebrae (not shown).

No significant signals were obtained for other

elements including uranium (238U), niobium

(93Nb), and cerium (140Ce) which have been re-

corded at relatively high concentrations within

the biomineralized shells of various marine poly-

chaetes (Reish and Mason 2003). Plots of the ion

intensity ratios of 31P and 24Mg to 44Ca showed

that the relative abundances were conservative

along the transect while those for 88Sr showed

Fig. 1 Laser scan across a sectioned vertebrae of round
stingray sample UH-114 showing the relative distribution
of 44Ca. The focus (FOC), change in angle (CIA), and year
marks are indicated with arrows. The statistically deter-
mined peaks are indicated with a diamond (¤). The
position of the laser transect is indicated with a diagonal
line across the whole left corpus calcareum

Fig. 2 Representative transect scan for calcium (44Ca;
solid line), strontium (88Sr; dotted line), and phosphorus
(31P; dashed and dotted line) across a sectioned vertebrae
of round stingray sample UH-054
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variations in ratios indicative of differential

deposition of these elements into the structure

(paired t-test, P = 0.004; Fig. 3). The spatial

periodicity of the changes in Sr:Ca ratio corre-

lated with the growth bands and there was no

significant difference in the statistically identified

peaks between the 44Ca time scan and the Sr:Ca

ratio time scan (paired t-test, P = 0.86; Fig. 4).

However, no discernable trends were observed

between the mean Sr:Ca ion intensity ratio with

age or date captured.

To determine whether the observed fluctua-

tions in 44Ca signal intensity within the cross

sectioned vertebrae could be used to determine

age, a series of analyses were conducted on dif-

ferent vertebrae samples from fish whose age was

determined by counting the number of calcified

growth bands using standard light microscopy

(Hale 2005). Time resolved ion intensity profiles

for 44Ca for fish of age classes 0–1, 3–4, 5, and 11–

12 showed an increase in the number of peaks
44Ca in older aged fish (Fig. 5 a–d). However, the

magnitude of the 44Ca signal differed for samples

of similar age (Fig. 5 a–d). Demarcations in the
44Ca signal used to identify the tentative position

of a growth band were determined visually in a

manner comparable to that used optically to as-

sess the age of the fish (Cailliet and Radtke 1987).

There was a strong positive correlation between

the number of 44Ca peaks and the assessed age

(P < 0.001, r = 0.98, Fig. 6).

Discussion

Hale (2005) used centrum edge analysis to dem-

onstrate that round stingrays expressed a pattern

of seasonal growth in their vertebrae, with faster

growth occurring in the summer months and

slower growth occurring in the colder winter

months. The observed patterns of peaks and val-

leys in 44Ca correspond spatially with the seasonal

growth bands, with higher peaks of 44Ca corre-

sponding to the wide opaque bands laid down in

the summer months of warmer water and longer

day lengths and lower valleys of 44Ca corre-

sponding to the narrow translucent bands depos-

ited during the winter months of colder water and

shorter day lengths. Cailliet and Radtke (1987)

ascertained that the variation in calcium and

phosphorus in the vertebrae of the grey reef shark

and the common thresher shark was seasonal,

with higher levels in the summer and lower levels

in the winter. Similar patterns of seasonal depo-

sition have been found using LA-ICP-MS in a

bivalve, which had low strontium, magnesium,

barium, and manganese levels in the winter and

peaks in these elements in the summer (Leng and

Pearce 1999).

The seasonal nature of the mineralization

process produces a periodicity in the 44Ca en-

riched bands that correlates closely with the as-

sessed age of the fish. This correlative relationship

is particularly strong in younger fish (up to age 5)

Fig. 3 Smoothed elemental ratios of 88Sr (dashed line),
31P (dotted line) and 24Mg (solid line) normalized to the
44Ca ion intensity across the vertebrae of round stingray
sample UH-114. The statistically determined peaks are
indicated with a diamond (¤)

Fig. 4 Laser scan across a sectioned vertebrae of round
stingray sample UH-114 showing the relative distribution
of 88Sr. The focus (FOC), change in angle (CIA), and year
marks are indicated with arrows. The statistically deter-
mined peaks are indicated with a diamond (¤)
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where the bands are discrete and are sufficiently

spatially resolved to enable the probe to ablate

between the bands to give statistically defin-

able depressions in the signals. However, this

correlation is less defined in the older round

stingrays, where the ICP-MS data show a ten-

dency to underestimate the age of round stingrays

over 11 years old. These findings are in accord

with those of Panfili and Tomas (2001) who found

that peaks in elements tended to underestimate

the true age of tilapia in general, and that this

underestimation was more pronounced in older

fish.

One explanation for the discrepancy between

the number of optically and analytically defined

bands in older round stingrays is that in elasmo-

branchs the growth bands towards the perimeter

of the vertebrae tend to become more closely

opposed (Goldman 2004). Thus, light microscope

estimations of the inter-band distances show a

progressive decrease in distance with the age of

the band with the 1–5 year old round stingray

growth bands 95–160 lm apart while growth

bands for 5–13 year old round stingrays were

Fig. 5 (a) Transect scan for calcium for round stingray
samples aged 0–1 year old. Statistically determined peaks
are indicated with a symbol. (b) Transect scan for calcium
for round stingrays aged 3–4 years old. Statistically
determined peaks are indicated with a symbol. (c)

Transect scan for calcium for round stingray samples aged
5 years old. Statistically determined peaks are indicated
with a symbol. (d) Transect scan for calcium for round
stingray samples aged 11–14 years old. Statistically deter-
mined peaks are indicated with a symbol

Fig. 6 Relationship between assessed age (yr) and num-
ber of calcium peaks in all samples from round stingrays
(P = 0.83, r = 0.98)
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44–66 lm apart (Hale unpublished data). Spatial

resolution studies by Sanborn and Telmer (2003)

on natural and artificially zoned materials have

shown that the spatial resolution of LA-ICP-MS

is influenced by a number of factors including

spot size, scan rates, concentration gradients,

memory effects and instrument acquisition

parameters. Based on their data, it would appear

that the distances between the outer bands of

older stingrays are close to the expected attain-

able limit of spatial resolution using a LA-ICP-

MS (Sanborn and Telmer 2003). If so, then a loss

in signal amplitude below the statistical confi-

dence window necessary for peak detection

caused by signal overlap and averaging as the

laser moves across adjacent bands would result in

an underestimation in the numbers of bands in

these older fish.

There was no discernable pattern in the relative

amount of calcium present within the different

annuli within a given vertebrae. Similarly, no

trends were observed in the degree of minerali-

zation with the age of the fish, and significant

variability was noted in the 44Ca signals between

individuals of the same or similar age which could

not be accounted for by the inherent imprecision

of the methodology. Kalish (1989) attributed this

variability in salmon as within-individual differ-

ences in growth based on location, health, or so-

matic growth. Cailliet and Radtke (1987) also

observed inter-annual variation in the magnitude

and periodicity of the peaks and valleys of calcium

and phosphorus with some individuals showing

double peaks within a year, which they attributed

to perturbations such as stress, changing temper-

ature, or altered food availability. The variability

in the calcium patterns in the round stingray may

also be due to such perturbations, but further

studies are necessary to resolve this issue.

Despite the observed intra- and inter-vertebrae

variability in ion signals, reduced ion signals were

consistently noted in the center of the structure

and elevated 44Ca signals were invariably ob-

served from the edges of the structure when

compared to the focus of the vertebrae. These

findings are consistent with those of Cailliet and

Radtke (1987) who also found a lower level of

calcium and phosphorus in the vertebrae of the

gray reef shark and the common thresher shark at

the time of embryonic growth that was then fol-

lowed by a peak in calcium and phosphorus at

birth and first feeding. The focus of the vertebrae

of the round stingray appears to have much lower

levels of elements than the other parts of the

vertebrae (other than barium, which appears to

be enriched), but further analysis of this region is

necessary to identify the natal signature of the

round stingray. The elevated signals for 44Ca at

the outside edges of the vertebrae could be due to

active calcification at the vertebrae perimeter

(Cailliet and Radtke 1987). However, since all

samples had an increase in analyte signal at the

vertebrae edge irrespective of month captured,

the elevated levels of elements could also be due

to a topographical effect and the vertebral edge

amplifying the efficiency of the ablation process

(Reish and Mason 2003).

It is clear that LA-ICP-MS has great future

potential for the elemental fingerprinting of

elasmobranch cartilage. In particular, field and

laboratory studies should be conducted to deter-

mine the degree of fidelity and distinctiveness of

the elemental fingerprint to the chemistry of the

surrounding environment. Round stingrays are

seasonally abundant at Seal Beach (Hoisington

and Lowe 2005) and Vaudo and Lowe (2006)

found that these fish show seasonal site fidelity to

this area. Additionally, the location of pupping

for the round stingray is currently unknown, al-

though it is thought to occur in inshore estuaries

(Hoisington and Lowe 2005; Vaudo and Lowe

2006). Subtle changes in isotopic elemental sig-

natures may provide a tool to track round stingray

movements between estuarine and coastal habi-

tats (Gillanders and Kingsford 2003; Gillanders

2005) and distinguish between genetically distinct

populations of the round stingray in southern

California (Campana et al. 1994, 2000; Thresher

1999; FitzGerald et al. 2004).

In conclusion, this preliminary study represents

the first attempt to conduct spatial elemental

analysis on the vertebrae of the round stingray.

While the sensitivity of LA-ICP-MS is better than

most other forms of microanalysis, the spatial

resolution of the technique is inferior to

both EDX and WDX. At present, the major lim-

itation of the technique is that it is, at best, a semi-

quantitative procedure (Durrant and Ward 2005).

Environ Biol Fish (2006) 77:317–325 323

123



Precision tends to be poor (5–8% under current

conditions) even with short-wavelength, high en-

ergy lasers having high absorption efficiency and

reduced ablation and plasma induced fraction-

ation, and accurate quantification of elements in

solid samples requires that the unknowns be

carefully matrix-matched to certified standard

reference materials (Durrant and Ward 2005).

Consequently, accurate estimations of elemental

content cannot be readily made by direct com-

parisons of signal intensities between different

samples and this inherent limitation restricts the

usefulness of the procedure to qualitatively study

the relative distribution and content of elements

within the sample (Durrant and Ward 2005).

Nevertheless, this technique appears to have

potential for verifying age estimations and also

quantify seasonal patterns in calcification. As

suggested by Cailliet et al. (1986) and Cailliet and

Radtke (1987), elemental microanalyses of

growth bands lend credibility to age assessments

derived from optical measurements. At the pres-

ent time, the methods commonly used to assess

the age of elasmobranchs are highly subjective

(Goldman 2004). Optically-derived age estimates

require the personnel be highly trained to ensure

precision and decrease ageing errors and biases

(Goldman 2004). Age assessment using LA-ICP-

MS therefore provides an alternative, objective

method to standard light microscopy for the ver-

ification of growth bands.
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Abstract Bomb radiocarbon has previously

been used to validate the age of large pelagic

sharks based on incorporation into vertebrae.

However, not all sharks produce interpretable

vertebral growth bands. Here we report the first

application of bomb radiocarbon as an age vali-

dation method based on date-specific incorpora-

tion into spine enamel. Our results indicate that

the dorsal spines of spiny dogfish, Squalus

acanthias, recorded and preserved a bomb radio-

carbon pulse in growth bands formed during the

1960s with a timing which was very similar to that

of marine carbonates. Using radiocarbon assays

of spine growth bands known to have formed in

the 1960s and 1970s as a dated marker, we con-

firm the validity of spine enamel growth band

counts as accurate annual age indicators to an age

of at least 45 year. Radiocarbon incorporation

into northeast Atlantic dogfish spines occurred in

similar years as those in the northwest Atlantic

and northeast Pacific, although the amount of

radiocarbon differed in keeping with the radio-

carbon content of the different water masses.

Published reports suggesting that Pacific dogfish

are longer lived and slower growing than their

Atlantic counterparts appear to be correct, and

are not due to errors in interpreting the spine

growth bands. Radiocarbon assays of fin spine

enamel appears to be well suited to the age vali-

dation of sharks with fin spines which inhabit the

upper 200 m of the ocean.

Keywords Age determination Æ Shark Æ
Longevity Æ Growth rate

Introduction

Spiny dogfish, Squalus acanthias, are small squa-

loid sharks common in the surface mixed layer of

coastal temperate oceans around the world.

Studies to date suggest that they are both long-

lived and slow-growing, making them among the

least productive of the shark species (Smith et al.

1998; Cortés 2000). Most of these productivity

calculations have been based on the dogfish

population in the northeast Pacific Ocean, which
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appears to grow much more slowly and reach a

much greater longevity than does the population

in the northwest Atlantic (Ketchen 1975; Nam-

mack et al. 1985; Saunders and McFarlane 1993).

While it is possible that the reported differences

are real and reflect true differences in growth

rate, it is also possible that the differences are due

to errors in age determination associated with the

interpretation of the growth bands on the fin

spines, a process which is subjective and whose

accuracy is difficult to confirm. Based on recap-

tures of oxytetracycline-tagged individuals, the

spine growth bands have been demonstrated to

form annually in dogfish of the northeast Pacific

(Beamish and McFarlane 1985; McFarlane and

Beamish 1987). However, age validation studies

are not available for the northwest Atlantic spiny

dogfish population, nor have any studies been

done which demonstrate that the interpretation of

the growth bands was comparable between the

two populations.

Dogfish lack the otoliths, which are typically

used to age teleost fish. Whereas otoliths grow

concentrically in all dimensions around a central

core, with no subsequent resorption or reworking

of deposited material (Campana and Thorrold

2001), dogfish spines grow both from the base of

the spine, and internally along the length of the

vascularized pulp cavity (Holden and Meadows

1962; Beamish and McFarlane 1985). A non-

mineralized dentine layer separates the pulp

cavity from the outer, mineralized enamel layer.

Although there is some evidence of annual

markings in the dentine layer, their presence can

be difficult to detect and it is not clear that the

entire growth sequence can be observed

(McFarlane and Beamish 1987). Only the growth

bands in the enamel layer are both readily ob-

served and believed to be metabolically static.

However, the composition of the spine enamel

(which is unknown, but may be hydroxyapatite) is

very different than that of otoliths (calcium car-

bonate). The carbon source also differs: whereas

the primary source is dissolved inorganic carbon

in the case of otoliths (Schwarcz et al. 1998), it is

likely to be metabolic carbon in the case of spines.

These differences make the growth and content

characteristics of the spine somewhat more diffi-

cult to predict than in the otolith.

Atmospheric testing of atomic bombs in the

1950s and 1960s resulted in a rapid and well-doc-

umented increase in radiocarbon (14C) in the

world’s oceans (Druffel and Linick 1978). The

period of radiocarbon increase was almost syn-

chronous in marine carbonates such as corals,

bivalves and fish otoliths around the world (Kalish

1993; Weidman and Jones 1993; Campana 1997),

allowing the period of increase tobeused as a dated

marker in calcified structures exhibiting growth

bands. A similar pattern of increase, lagged by

several years due to the incorporation of dietary

carbon, has been documented in shark vertebrae

(Campana et al. 2002). Here we report the first

radiocarbon assays of the fin spines of spiny dog-

fish, demonstrating that they too recorded and

preserved a bomb radiocarbon pulse in growth

bands formed during the 1960s. Through compar-

ison of radiocarbon assays in recently formed spine

material collected between 1960 and 2002 with

growth bands of older dogfish matched for year of

formation, we confirm that growth bands form

annually on the dogfish spine. Based on the age-

validated spines, we then test for differences in the

growth rate and longevity of spiny dogfish between

the northwest Atlantic and the northeast Pacific.

Methods

Second dorsal spines were collected from 32 spiny

dogfish caught in the northwest Atlantic (n = 8),

northeast Atlantic (n = 11) and northeast Pacific

(n = 13) between 1959 and 2002 (Table 1). Sam-

ples from the northeast Atlantic (which occasion-

ally consisted of first dorsal spines rather than

second dorsal) were obtained as part of a tag-re-

capture program carried out by the Institute of

MarineResearch inBergen,Norway between 1958

and 1980, while those from the northwest Atlantic

were obtained from the commercial dogfish fishery

off of Nova Scotia in 2002. Northeast Pacific dog-

fish samples were obtained on research vessel

cruises carried out by the Pacific Biological Station

in 1980–1981, and again in 2003. The total length of

samples from all regions ranged from 69 cm to

99 cm. All spines had been stored dry in paper

envelopes after removal from the dogfish.
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Table 1 Summary of d13C (&) and D14C assay results for
annual growth bands microsampled from dogfish spines
from three populations. Growth bands sampled are shown

as the range of bands sampled, counting distally from the
spine base. Mean year of growth band formation is that
based on the mean number of growth bands

Area Dogfish ID Year
collected

Age Growth
bands sampled

Mean year
of band formation

d13C of
band

D14C of
band

NE Atlantic H265 1959 22 13–22 1942.0 –14.1 –69.4
1–2 1958.0 –13.8 –71.9

H401 1960 15 7–15 1949.5 –14.1 –81.1
1–2 1959.0 –13.6 –67.6

H661 1963 25 17–25 1942.5 –13.7 –61.0
1–2 1962.0 –14.3 –50.0

H2257 1964 19 16–19 1947.0 –13.5 –81.7
1–2 1963.0 –15.1 –23.4

H1719 1965 14 11–14 1953.0 –13.8 –80.4
1–2 1964.0 –14.0 –44.8

H6136 1966 15 12–15 1953.0 –14.2 –72.4
1–2 1965.0 –14.2 1.5

HB1294 1976 16 18 1958.5 –13.7 –21.3
1–6 1973.0 –13.6 98.2

HB1201 1977 19 18–19 1959.0 –13.6 –40.3
1–8 1973.0 –14.3 101.7

HB1170 1978 16 14–16 1963.5 –13.7 61.7
1–6 1975.0 –15.2 85.3

HB1263 1978 22 20–22 1957.5 –13.9 –11.8
1–7 1974.5 –14.2 109.5

NOR11529 1979 15 12–15 1966.0 –13.7 92.9
1–8 1975.0 –14.7 89.5

NW Atlantic 85D 1996 10 3–4 1993.0 –14.4 30.5
1416 2002 21 18–21 1983.0 –15.0 50.8
1834 2002 21 17–21 1983.5 –14.1 62.7
254 2002 21 17–21 1983.5 –14.3 50.3
260 2002 25 22–25 1979.0 –14.2 54.3
904 2002 21 18–21 1983.0 –14.0 27.8
1412 2002 17 3–4 1999.0 –15.0 1.8

14–17 1987.0 –13.1 54.6
2238 2002 20 18–19 1984.0 –14.0 62.3

NE Pacific 10 1980 39 30–39 1946.0 –13.9 –113.0
25–28 1954.0 –12.6 –106.0
8–11 1971.0 –12.8 –12.1
1–6 1977.0 –12.4 49.7

17 1980 9 1–6 1977.0 –13.9 –49.2
2 1980 31 28–30 1951.5 –13.0 –108.0

8–11 1971.0 –13.2 19.5
1–6 1977.0 –13.5 3.2

5 1980 52 44–52 1932.5 –14.0 –133.0
28–32 1950.5 –12.7 –104.0
8–11 1971.0 –12.3 29.7
1–6 1977.0 –11.7 59.6

DF22220 1980 13 10–13 1969.0 –13.2 36.0
1–4 1978.0 –14.5 0.8

DF22170 1980 12 11–12 1969.0 –13.8 –11.8
1–8 1976.0 –13.8 –4.8

DF19979 1980 9 9 1971.5 –13.1 –8.7
DF23042 1981 11 10–11 1971.0 –12.2 –1.2

1–8 1977.0 –14.4 18.5
12 1981 7 1–4 1979.0 –14.0 0.5
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All ages were based on counts of presumed

annual growth increments (growth bands) that

were visible on the external spine surface after

light polishing. The strong white band near the

spine base was assumed to represent a check

rather than a growth band. Age interpretation

was carried out while working at 6· magnifica-

tion under reflected light with a binocular

microscope. Spine growth bands were also digi-

tally photographed at a minimum resolution of

1,280 · 1,024 then enhanced. Transverse and

longitudinal sections of the spine did not reveal

interpretable growth bands, nor were complete

growth sequences visible in whole or sectioned

vertebrae.

To insure comparability in age interpretation

among regions, all age interpretations used to

guide micromilled samples were made by the

same experienced age reader of Atlantic dogfish

spines, and replicated by a second experienced

age reader (SC). To insure that these age inter-

pretations were also consistent with the original

interpretations of the region, a subsample of Pa-

cific spines were aged by both the above-men-

tioned age reader and the primary reader of

dogfish spines in the Pacific (GM). Age compar-

isons were restricted to the no-wear region of the

spine, so as to remove all error associated with

worn growth bands. Bias between age readers was

evaluated with age bias plots, whereas precision

was quantified using the coefficient of variation

(CV) (Campana 2001).

Multiple samples (n = 64), usually representing

groups of 1–3 growth bands (up to 10 bands, in

areas of slow growth), were micromilled from the

enamel layer of each spine. In most cases, at-

tempts were made to isolate samples from near

the base (representing the period just prior to

collection), the unworn region nearest the tip

(representing the oldest portion of the spine), and

the mid-region of each spine. Enamel samples

were isolated as solid pieces with a Merchantek

computer-controlled micromilling machine using

steel cutting bits and burrs. Any dentine which

remained attached to the enamel sample after

micromilling was removed using a Gesswein high-

speed hand tool fitted with a steel burr. The date

of sample formation was calculated as the year of

dogfish collection minus the growth band count

from spine base to the midpoint of the range of

growth bands comprising the sample, to which

was added 0.5 to adjust for the fact that the spine

base was counted as the first growth band. After

sonification in Super Q water and drying, the

sample was weighed to the nearest 0.1 mg in

preparation for 14C assay with accelerator mass

spectrometry (AMS). Since the carbon content of

the spine enamel was about 10%, the minimum

sample weight which could be assayed was about

3 mg. AMS assays also provided d13C (&) values,

which were used to correct for isotopic fraction-

ation effects and provide information on the

source of the carbon. Radiocarbon values were

subsequently reported as D14C, which is the per

Table 1 continued

Area Dogfish ID Year
collected

Age Growth
bands sampled

Mean year of
band formation

d13C of
band

D14C of
band

DF43719 1989 11 9–11 1979.5 –12.8 –8.4
1–7 1985.5 –14.4 24.1

DF100 2003 52 26–34 1973.5 –14.0 2.8
16–24 1983.5 –13.1 11.6
1–10 1998.0 –13.7 –2.2

DF15 2003 52 46–52 1954.5 –13.8 –121.8
27–34 1973.0 –14.0 3.4
16–25 1983.0 –13.7 16.2
1–10 1998.0 –13.4 5.7

DF94 2003 51 40–51 1958.0 –13.8 –6.0
27–35 1972.5 –13.8 10.8
16–24 1983.5 –12.9 8.6
1–10 1998.0 –13.4 4.0

330 Environ Biol Fish (2006) 77:327–336

123



mil (&) deviation of the sample from the radio-

carbon concentration of 19th-century wood, cor-

rected for sample decay prior to 1950 according to

methods outlined by Stuiver and Polach (1977).

The onset of nuclear testing in the late 1950s

resulted in a marked and widespread increase in

D14C in marine dissolved inorganic carbon (DIC)

which is easily detected in all marine carbonates

growing in surfacewaters during the 1960s (Druffel

1989; Campana and Jones 1998). To assign dates of

formation to an unknown sample, it is necessary

that the D14C of the unknown sample be compared

with a D14C chronology based on known-age

material (a reference chronology). In the case of

carbonates, the years corresponding to the onset of

radiocarbon increase are synchronous in reference

chronologies based on corals, bivalves and otoliths,

and are thus interchangeable (Campana 1999). In

the case of spinematerial however, synchrony with

carbonates could not be assumed. Therefore, we

used newly formed dogfish spine enamel (within

two growth bands of the spine base) for our known-

age, or reference, chronology. Dogfish spines are

known to grow outward from the base of the spine,

with the newest material being found at the base

(Holden and Meadows 1962; Beamish and

McFarlane 1985). Since the date of collection was

known for all dogfish, and making the reasonable

assumption that 1–2 growth bands from the base

represents 1–2 years before the date of collection

with amaximumerror of nomore than ±2 year, the

dates of formation of the basal growth bands were

considered to be of known age.

The reference D14C carbonate chronology for

the northwest Atlantic was derived from assays of

known-age fish otoliths formed between 1949 and

2000. The collection and radiocarbon assay of 56

age 1–3 haddock, Melanogrammus aeglefinus, and

redfish, Sebastes spp., otoliths has been described

elsewhere (Campana 1997; Campana et al. 2002);

the chronology was supplemented by 17 age 1–2

haddock and yellowtail flounder, Limanda fer-

ruginea, otoliths collected between 1980 and 2000

and prepared in a similar manner. There was no

detectable difference between the haddock, red-

fish and yellowtail chronologies; therefore they

were pooled and used as the reference carbonate

chronology. The D14C chronology of aragonitic

fish otoliths in the NW Atlantic parallels that of

North Atlantic corals and bivalves (Campana

1997), and thus is a good proxy for the D14C DIC

history of the spiny dogfish environment. The

reference chronologies for the northeast Pacific

Ocean were drawn from known-age assays of

Pacific halibut and rockfish otoliths (Kerr et al.

2004; Piner and Wischniowski 2004).

Results

Growth band sequences were clearly visible along

fin spines, although it was often difficult to dis-

tinguish between a broad diffuse band and two or

more closely packed growth bands in spines from

the Atlantic (Fig. 1). In such cases, similarity in

appearance and spacing to adjacent growth bands

was used as a guide to interpretation. Spines from

the Pacific tended to be more clear, and charac-

terized by narrower growth increments, than were

those from the Atlantic (Fig. 1). In most cases,

the most medial growth mark appeared as a white

check, which we interpreted as approximating the

region of current enamel formation. The distal

tips of larger dogfish (>60 cm fork length) were

Fig. 1 Second dorsal spine of spiny dogfish collected in
the northwest Atlantic (Top) and northeast Pacific
(Bottom) annotated to show annual growth bands. The
ages of the Atlantic (fork length 74 cm) and Pacific (total
length 95 cm) dogfishes were interpreted as 20 and
28 years, respectively, before adjustment for growth bands
formed before birth and the expected number of unob-
served bands in the worn tip. The white check (W) was
assumed to represent the region of active enamel forma-
tion. Scale bar is 2 mm

Environ Biol Fish (2006) 77:327–336 331

123



often worn to the extent that enamel was no

longer visible. Since the tip of the spine corre-

sponded to the region formed at or around birth,

the oldest enamel of the spine (corresponding to

the age of the dogfish) was often not available for

assay.

A comparison between Atlantic and Pacific age

readers indicated that the spines from the two

oceans were interpreted consistently. Age bias

plots indicated no bias between Atlantic and Pa-

cific age readers interpreting Pacific spines, and

no bias between multiple Atlantic age readers

interpreting Atlantic spines. Ageing precision was

similar in both populations: the CV was 7.2%

between Atlantic and Pacific agers of Pacific

spines, and 8.0% between multiple Atlantic age

readers of NW Atlantic spines.

Although spine d13C would not be expected to

change very much through the period of bomb

testing, it can be a reflection of the carbon source.

Spine d13C ranged between –11.7& and –15.2&
with an overall mean of –13.7& (SE = 0.09)

(Table 1). Differences in d13C among areas were

significant (ANOVA, P < 0.05), with the Pacific

spines (mean = –13.3&) significantly less de-

pleted than those from the northeast Atlantic

(mean = –14.0&) and northwest Atlantic

(mean = –14.2&). d13C declined weakly but sig-

nificantly with both year of formation (P < 0.05,

r2 = 0.20) and age at formation (P < 0.05,

r2 = 0.21) in the northeast Atlantic, but not in the

other areas.

Although the magnitudes differed among

areas, the increase in the spine D14C through the

1960s was very similar to the bomb signal ex-

pected of D14C in the marine environment

(Fig. 2). In the Atlantic, spine D14C increased

sharply from about –80 in spine enamel formed

before 1958, to values of about 100 after 1970,

declining slowly thereafter to just above 0 in 1998

(Fig. 2A). Both the northeast and northwest

Atlantic spine samples resembled the reference

chronology for the northwest Atlantic (based on

known-age otoliths), suggesting that the uptake of
14C into the spine enamel mirrored that of marine

DIC. In the northeast Pacific, spine D14C also

reflected the otolith-based reference chronologies

for the region, albeit with more variance for the

post-bomb (1970–1998) section of the curve

(Fig. 2b). Pre-bomb D14C (between 1932 and

1958) measured in Pacific spines averaged about –

110, while post-bomb spine D14C tended to be

above 0.

Bomb radiocarbon can only serve as a reliable

dated marker if its position relative to the growth

bands remains static through the subsequent life

of the animal. There was little evidence of meta-

bolic reworking of the radiocarbon signal in the

spine enamel. Of the 22 dogfish from which

multiple growth bands were sampled, all showed

the same within-spine bomb signal across year of

formation as that demonstrated by the across-

spine analysis (Fig. 3). Ontogenetic effects were

not evident, indicating that the bomb signal was

Fig. 2 D14C in individual growth bands of dogfish spines
versus year of formation inferred from counts of the
growth bands. The D14C chronology of the spines (sym-
bols) was similar to that of a reference carbonate
chronology (lines smoothed with a loess curve) from the
same area, with the crucial feature being the period of
rapid increase. (Top) Fish from the northeast Atlantic (•)
and northwest Atlantic (s) have been plotted with the
reference chronology from the Atlantic (solid line);
(Bottom) Fish from the northeast Pacific (m) have been
plotted with the Pacific reference chronologies from Piner
and Wischniowski (2004) (solid line) and Kerr et al. (2004)
(dashed line)
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not diluted by subsequent growth over a period of

up to 44 year.

It is safe to assume that samples milled from

near the base represent enamel formed within 1–

2 years of capture; hence, a year of formation can

be assigned to these samples with considerable

certainty. The D14C chronology prepared using

these known-date samples was very similar to that

based on earlier-formed growth bands nearer to

the spine tip (Fig. 4). Since any errors in the age

interpretation of the older spines would have

been evident in D14C values that lay-off the curve

defined by the known-date spines, the dogfish

aged 7–52 years must have been aged correctly

(on average) based on the number of growth

bands. No known-date samples from pre-bomb

growth bands were available for the Pacific dog-

fish, which limited the comparisons, which were

possible. However, in the case of the Atlantic

dogfish, both the known-date and the test samples

extended through the period of rapid increase in

bomb radiocarbon through the 1960s. In light of

the relative stability in D14C after 1970, it would

have been difficult to detect any under-ageing in

dogfish born after 1970. However, over-ageing

would have been easily detected, since a D14C

value of more than 0 would have been completely

incompatible with a date of formation before

about 1963. Thus the D14C values between 60 and

95 in the growth bands of dogfish collected in

1978 and 1979, and presumed to have formed

14 years before collection based on growth band

counts from the spine base, cannot have been

Fig. 3 D14C in individual growth bands of dogfish spines
versus year of formation inferred from counts of the
growth bands. The D14C chronology within each dogfish
spine (each line corresponds to an individual spine)
paralleled the across-spine chronology, indicating that
the bomb signal of a single growth band remained stable as
the dogfish grew older. (Top) Atlantic Ocean; (Bottom)
Pacific Ocean

Fig. 4 D14C in individual growth bands of dogfish spines
versus year of formation inferred from counts of the
growth bands. The radiocarbon chronology apparent in
growth bands formed shortly before collection of the
dogfish (implying that the date of band formation was
known to within 1–2 year) (•) was similar to that of growth
bands formed earlier in life (nearer the spine tip) (s). This
indicated that the age of the growth bands was relatively
accurately interpreted in the older dogfish. (Top) Atlantic
Ocean; (Bottom) Pacific Ocean
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aged with an error of more than ±1–2 year or the

assay values would have been totally inconsistent

with both the known-date assay curve and the

reference chronology. Similarly, under-ageing of

any sharks born before 1958 would have been

easily detected based upon the presence of de-

pleted D14C values in apparently post-bomb

samples. None of the spines with pre-bomb D14C

values were underaged to an extent that would

place them into the period of radiocarbon in-

crease. Nevertheless, there were three samples

with presumed dates of formation in the late

1950s whose D14C was slightly higher than ex-

pected based on the known-date samples. These

samples, micromilled 18–21 growth bands from

the spine base, may either have been overaged by

a few years or may have inadvertently included

underlying dentine representing later years of

formation.

Discussion

Our results indicated that the amount and timing

of bomb radiocarbon incorporated into dogfish

spine enamel was very similar to that of DIC in

the surrounding water. Comparison of D14C val-

ues in spine growth bands formed at different

ages within a spine indicated that the bomb signal

was not transported across growth bands through

time. Similar stability in deposited radiocarbon

was reported for vertebral growth bands in large

pelagic sharks (Campana et al. 2002). Since the

period of increase in radiocarbon in the water is

both known and predictable throughout the sur-

face marine waters of the world (Druffel and Li-

nick 1978; Campana 2001), and given the

metabolic stability of the radiocarbon once

deposited in the spines, radiocarbon in spiny

dogfish spines appears to be well suited as a dated

marker for age validation. Since ageing errors

would have shifted the presumed date of growth

band formation, the annual correspondence be-

tween spine and DIC radiocarbon chronologies

supported the conclusion that our interpretation

of spine growth bands as age indicators must have

been accurate, at least on average, to an age of

52 year.

Spine d13C averaged –13.7, which is markedly

different than the values of –1 to –3 typically

found in otoliths (Kalish 1993; Campana 1997).

Whereas the carbon source for otoliths is largely

DIC with a d13C close to zero (Schwarcz et al.

1998), strongly depleted values such as those ob-

served in the dogfish spines are more character-

istic of metabolic and dietary carbon (Fry 1988).

As such, it seems likely that the carbon source for

the spine enamel is of dietary origin, similar to

that of shark vertebrae (Campana et al. 2002).

Campana et al. (2002) documented a phase-

shifting between the vertebral radiocarbon of

porbeagle sharks and the reference carbonate

chronology due to the presence of deepwater,
14C-depleted prey in the diet. The absence of this

phase-shifting in dogfish spines is also consistent

with a dietary source for spine carbon, since most

of the dogfish diet would be expected to be found

with the dogfish in shallow coastal waters

( < 200 m) (Jones and Geen 1977; Alonso et al.

2002), and thus reflect the radiocarbon content of

the surface mixed layer DIC.

There was a visible but small tendency for the

recently formed growth bands in some of the

spines growing during the 1960s to be slightly

depleted in D14C compared to growth bands

formed earlier in life. A similar phenomenon in

porbeagle vertebrae was attributed to diet

switching to larger, older prey by bigger sharks

(Campana et al. 2002). It is possible that a similar

explanation applies to dogfish. The tendency for

spine D14C to decrease with dogfish age would be

consistent with this view, since larger, older prey

would provide more depleted D14C if tissue

accumulated during the period of bomb 14C in-

crease. Alternatively, some of the spines may

have been over-aged, or underlying dentine may

not have been completely removed from the en-

amel samples.

The pre-bomb spine D14C was very similar to

the otolith carbonate chronologies from the

same waters, as would be expected given the

surface mixed layer depths occupied by dogfish

and their diet. The post-bomb spine D14C was

also similar to that of the otolith carbonate

chronology in each region, but the correspon-

dence in the northeast Pacific was much more

variable than in the Atlantic; since the absolute
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value of post-bomb D14C in the water column is

sensitive to water mass mixing rates and resi-

dence times (Druffel 1989; Weidman and Jones

1993), the area- and time-specific upwelling of

the eastern Pacific would be expected to intro-

duce more variability into radiocarbon levels.

This variability in water-borne Pacific D14C was

also evident in the difference between the two

North Pacific reference chronologies shown in

Fig. 2. Of more importance to age validation is

the timing of the initial post-bomb increase in

spine radiocarbon relative to that in the DIC,

since it is the year of initial increase that is most

invariant throughout the world, and thus serves

as the most reliable dated marker (Piner and

Wischniowski 2004). The correspondence be-

tween the Atlantic spine chronology and the

reference chronology was quite precise, both

appearing to increase around 1958. With the

data available, it was more difficult to pinpoint

the initial increase in the Pacific spine chronol-

ogy. However, with the Pacific spine D14C

showing peak values around 1970 and minima

around 1954, the period of increase must have

been within a couple of years of that evident in

the reference chronologies.

Do Pacific dogfish grow more slowly and live

longer than northwest Atlantic dogfish? This

study indicates that our interpretation of the

growth bands on the spines is accurate in both

oceans. Moreover, our age comparisons in which

spines from both oceans were aged by the same

primary age reader indicates that our age inter-

pretations for both populations are consistent

with those that have been published. Therefore,

the published work suggesting that Pacific spiny

dogfish are both longer lived and slower growing

than their northwest Atlantic counterparts ap-

pears to be accurate, and is not due to interpre-

tational errors in one or both populations

(Ketchen 1975; Nammack et al. 1985; Saunders

and McFarlane 1993). The cause of the difference

in growth rates between the two oceans remains

unknown, but may be linked to population-level

differences in reproductive output (Campana,

unpublished).

The use of spine enamel bomb radiocarbon to

determine age and confirm the periodicity of

growth bands should be appropriate for all

surface mixed layer shark species with fin spines

where at least some of the growth bands were

formed prior to 1965. If fin spines in teleost fishes

form similarly to those in sharks, the method

should also be appropriate for age validation in

teleost fishes with fin spines. It is unlikely that

deepwater shark species could be used, due to the

delayed arrival of the bomb radiocarbon signal at

depth. Whereas bomb signals in fish otoliths are

limited by the small amounts of material available

for assay (Campana 1999), sequential sampling of

multiple growth bands from a single spine can be

used to prepare a complete D14C chronology and

thus confirm the age of a single shark. Adjust-

ments for phase shifting of the bomb signal in

vertebrae is sometimes required depending on

location and depth; although this was not an issue

with spiny dogfish, phase shifting due to diet

might be expected in the case of other shark

species.
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Abstract The white shark, Carcharodon car-

charias, has a complex life history that is charac-

terized by large scale movements and a highly

variable diet. Estimates of age and growth for the

white shark from the eastern North Pacific Ocean

indicate they have a slow growth rate and a rel-

atively high longevity. Age, growth, and longevity

estimates useful for stock assessment and fishery

models, however, require some form of valida-

tion. By counting vertebral growth band pairs,

ages can be estimated, but because not all sharks

deposit annual growth bands and many are not

easily discernable, it is necessary to validate

growth band periodicity with an independent

method. Radiocarbon (14C) age validation uses

the discrete 14C signal produced from thermonu-

clear testing in the 1950s and 1960s that is re-

tained in skeletal structures as a time-specific

marker. Growth band pairs in vertebrae, esti-

mated as annual and spanning the 1930s to 1990s,

were analyzed for D14C and stable carbon and

nitrogen isotopes (d13C and d15N). The aim of this

study was to evaluate the utility of 14C age vali-

dation for a wide-ranging species with a complex

life history and to use stable isotope measure-

ments in vertebrae as a means of resolving com-

plexity introduced into the 14C chronology by

ontogenetic shifts in diet and habitat. Stable iso-

topes provided useful trophic position informa-

tion; however, validation of age estimates was

confounded by what may have been some com-

bination of the dietary source of carbon to the

vertebrae, large-scale movement patterns, and

steep 14C gradients with depth in the eastern

North Pacific Ocean.

Keywords Radiocarbon Æ Stable isotope ratios Æ
Age validation Æ Shark vertebrae

Introduction

The life history of the white shark, Carcharodon

carcharias, varies seasonally, geographically, and

ontogenetically, making it difficult to fully char-

acterize the lifestyle of this animal. The white

shark is globally distributed, ranging in habitat

from temperate coastal and shelf to pelagic
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waters (Compagno 2001; Boustany et al. 2002).

Recent satellite tagging data revealed that juvenile

white sharks occur in nearshore waters, whereas

adults are wide-ranging, with extensive periods of

oceanic travel and what appears to be distinct

oceanic and coastal phases (Boustany et al. 2002;

Dewar et al. 2004; Bonfil et al. 2005). Both juvenile

and adult white sharks exhibit deep-diving

behavior below the ocean’s mixed layer, with

juveniles documented to dive to depths of 100 m

(Dewar et al. 2004) and adults to 980 m (Bonfil

et al. 2005). The diet of the white shark is variable

and it is often described as a scavenger, feeding

upon a wide range of prey taxa that includes

marine mammals, teleost fishes, and invertebrates

(Compagno 2001). In addition, an ontogenetic

shift in diet has been documented for the white

shark, with diet mainly composed of fishes (for

sharks less than 2 m) to a diet of marine mammals

(for sharks >3 m; Tricas and McCosker 1984;

Klimley 1985; Compagno 2001). Although our

understanding of the life history of the white shark

is advancing, there still exists relatively limited

knowledge of the habitat and diet of this animal

over its lifetime. In addition, basic demographic

information, including reliable age, growth, and

longevity estimates, useful for stock assessment

and fishery models, are not well defined.

Age determination of sharks is most commonly

performed by counting growth band pairs in the

vertebral centra that comprise the vertebral col-

umn (Ridewood 1921; Cailliet 1990). Vertebral

centra are calcified cartilage, composed primarily

of the mineral hydroxyapatite [Ca10(PO4)6(OH)2]

deposited within an organic matrix, of which

collagen is the primary component (Urist 1961).

In most elasmobranchs, this mineralization pro-

cess occurs incrementally, resulting in vertebral

growth bands (Cailliet 1990). One translucent and

one opaque band comprise a band pair that is

often assumed to represent one year of growth

(Cailliet et al. 1983; Cailliet and Goldman 2004).

The only age and growth study for the Pacific

coast white shark population revealed they may

have a slow growth rate and be long-lived based

on growth band counts (Cailliet et al. 1985).

However, no age validation has been successfully

undertaken to date. Results from the Cailliet

et al. (1985) study indicated that white shark may

mature at an age of 9–10 years and live up to

27 years (assuming a maximum size of 7.6 m).

Sharks were estimated to grow at a rate of 25–

30 cm year–1 for young animals and 22 cm year–1

for older animals. In addition to a relatively late

age at maturity and a slow growth rate, life his-

tory characteristics such as low fecundity and

hypothesized infrequent reproduction frequency

(Mollet et al. 2000), may make the white shark

particularly vulnerable to exploitation (Cailliet

et al. 1985). Validation of age and age estimation

procedures is essential because proper manage-

ment strategies rely heavily on accurate growth

rates, age, and longevity.

Age can be estimated by counting vertebral

growth band pairs; however, not all sharks deposit

annual growth bands and many are not easily

discernable (Cailliet and Goldman 2004). Thus, it

is necessary to validate growth band periodicity

with an independent method. Traditional age

validation techniques, such as captive rearing,

mark-recapture, and tag-recapture, can be diffi-

cult or impractical for these long-lived, pelagic

fishes (Cailliet 1990). Marginal increment analysis

and oxytetracycline injection of white sharks was

attempted off the coast of South Africa, but re-

sults were inconclusive with regard to determin-

ing periodicity of growth band formation

(Wintner and Cliff 1999). Radiometric age vali-

dation using lead-210 dating was also explored for

this species, but results were inconclusive (Wel-

den et al. 1987), due to failed assumptions. The

irregular radiometric results were attributed to

possible metabolic reworking of the vertebrae

(likely the inorganic component, hydroxyapatite),

or the result of an ontogenetic shift in habitat and

diet of individual animals. A recent captive

juvenile white shark held at the Monterey Bay

Aquarium established the longest time span and

record of growth in captivity. Prior to its release,

the white shark was shown to have increased from

5 feet (1.52 m) TL and 62 lbs (28.1 kg) to 6 feet

4.5 inches (1.94 m) TL and 162 lbs (73.5 kg)

during the 198 days of captivity1. This shark had a

growth rate more than double that estimated by

Cailliet et al. (1985); however, this high growth

1 Monterey Bay Aquarium News Release, 31 March 2005
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rate is not reflective of growth rates in the wild

due to the sizeable feeding regime of this animal

in captivity.

Measurement of the change in radiocarbon

levels (D14C) produced by atmospheric testing of

thermonuclear devices in the 1950s and 1960s has

been established as an effective method for

validating age estimates in calcified skeletal

structures (Campana 2001). The discrete D14C

signal created by this testing was incorporated into

the oceans of the world and has been used as a

time-specific marker. Recent studies have

correlated the changes in marine 14C over time

and used this temporal information to either: (1)

make estimates of age and growth where no reli-

able age estimations were possible (e.g. calcareous

algae, invertebrates, and some fishes; Frantz et al.

2000; Ebert and Southon 2003; Andrews et al.

2005; Frantz et al. 2005); or (2) validate estimates

of age and growth (e.g. fishes; Kalish 1995; Kerr

et al. 2005). For some D14C records, age and

growth of an organism was validated with another

method and used to establish a D14C reference

time-series (e.g. hermatypic corals and fishes;

Guilderson et al. 1998; Kerr et al. 2004; Piner and

Wischniowski 2004). The utility of the method is

dependent upon the 14C signal retained in the

skeletal structure of marine organisms as a

permanent record of the 14C present in ambient

seawater at the time of formation. In fishes, this

application is most commonly applied to the

calcified ear bones, or otoliths. Recently, the use

of this technique was expanded to shark verte-

brae, including the school shark, Galeorhinus

galeus, (Kalish and Johnston 2001) and two

lamnoid sharks (Campana et al. 2002). Results of

D14C analyses for porbeagle, Lamna nasus,

vertebrae indicated the D14C signal was conserved

across growth bands through time. Therefore, it

was concluded that metabolic reworking of the

organic or cartilaginous component of the verte-

brae was minimal (Campana et al. 2002). This

notion was further supported by a preliminary

determination of the D14C values for four growth

bands from a single shortfin mako, Isurus oxyrin-

chus, vertebrae (Campana et al. 2002).

Radiocarbon age validation has been success-

fully applied to marine teleosts and sharks

inhabiting surface waters during the period of life

sampled from the growth structure for D14C

analysis. It has been noted, however, that the

application of this technique can be problematic

for species inhabiting waters below the mixed

layer; due to the dependence of the 14C signal in

deeper waters on oceanic circulation and mixing

rates (Kalish 1995). Therefore, knowledge of both

seasonal and ontogenetic movements of a study

species is important for interpreting D14C values,

especially in the case of elasmobranchs for which

we are able to serially sample growth bands from

vertebrae over the lifetime of the individual.

Interpretation of vertebral D14C values is fur-

ther complicated by the source of 14C to the shark

vertebrae. Unlike fish otoliths, which primarily

obtain 14C from ambient seawater (70–90% de-

rived from dissolved inorganic carbon (DIC) in

seawater and 10–30% is dietary; Kalish 1991;

Farrell and Campana 1996), shark vertebrae

reflect the 14C composition of their diet (Kalish

and Johnston 2001; Campana et al. 2002). Thus,

an understanding of a species’ diet is also neces-

sary for interpreting shark vertebral D14C values.

Documented large-scale movements (Boustany

et al. 2002; Bonfil et al. 2005) and a variable diet

(Tricas and McCosker 1984; Klimley 1985)

present complications in the application of 14C

age validation to the white shark. We proposed

to approach these complications using stable

isotopes in concert with 14C measurements in

vertebrae to discern possible changes in life

history and diet over the lifetime of animals.

The objectives of this study were to: (1) mea-

sure D14C in aged vertebrae as a means of

determining the validity of white shark age esti-

mates and the periodicity of growth band forma-

tion, and (2) use d13C and d15N measurements in

white shark vertebrae to better understand the

trophic position and carbon source to the verte-

brae and to aid in the interpretation of D14C

values.

Materials and methods

Archived white shark vertebrae collected off the

coast of central and southern California (capture

years ranging from 1936 to 1994) were obtained

from various collections for this study (sources

Environ Biol Fish (2006) 77:337–353 339
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included vertebrae from collections at Moss

Landing Marine Laboratories, Los Angeles

County Museum, California Academy of Sci-

ences, Sea World San Diego, and from Leonard

J.V. Compagno at the Shark Research Center,

Iziko-Museums of Cape Town South African

Museum, Cape Town, South Africa (Table 1).

Age estimation

One whole vertebra from each specimen was

transversely sectioned, using the thin-section

technique, for age estimation purposes. Section-

ing was performed on a low-speed saw with two

diamond blades separated by a spacer (2–3 mm)

and polished with a Buehler� Ecomet III lapping

wheel using 600 and 800 grit silicon-carbide wet/

dry sandpaper for optimal viewing thickness.

Sections were examined and images captured

using a Leica dissecting microscope with an at-

tached Spot RT� video camera. Transmitted light

was used to make growth bands visible for

counting. A growth band pair was defined as one

translucent and one opaque growth band. Thin

section age estimates were estimated by one

reader (3 independent reads) and compared to

whole vertebra age estimates and/or calculated

age (for those vertebrae that were not used in the

original age and growth study by Cailliet et al.

1985). Calculated age was estimated with the von

Bertalanffy growth function (VBGF) determined

by Cailliet et al. (1985). Coefficient of Variation

(CV) was calculated for thin section age estimates

as a measure of ageing precision (Chang 1982).

Radiocarbon analysis

Vertebrae from nine individual white sharks were

sectioned (described previously) for D14C analy-

sis. In total, 22 white shark vertebra growth band

pairs, with estimated growth years ranging from

the pre-bomb 1930s to the post-bomb mid-1980s,

were extracted for D14C analyses. The limited

availability of archived vertebrae with known

capture years restricted the selection of vertebra

and growth band years to be analyzed for D14C.

Individual growth band pairs were sampled from

thin-sections of the corpus calcareum using a New

Wave� micro-milling machine with a small-scale

end mill. The width of growth band pairs was used

to guide extraction and minimize the amount of

older or younger material incorporated in the

sample. Hence the amount of material extracted

decreased as growth slowed and band width de-

creased. The first growth band pair past the birth

band (estimated as the first year of growth after

birth) and one to three subsequent growth band

pairs further up the corpus calcareum were ex-

tracted for analysis from each vertebrae. The last

band pair, corresponding to the last year of

Table 1 Summary of data from white shark collected off
the coast of California. Sample number identifies the
individual white shark with corresponding sex, year of
capture, capture location and total length (TL).
Application indicates if vertebrae from the individual

was used for ageing (Age), stable isotope analysis (SI), and
radiocarbon analysis (14C). The number of samples
analyzed for stable isotopes or 14C for each individual is
noted in parentheses

Sample # Sex Year of Capture Capture location TL (cm) Application

WH 1 M 1978 Moss Landing, CA 393 Age, SI (5), 14C (3)
WH 3 M 1968 Half Moon Bay, CA 234 Age, SI (2), 14C (3)
WH 6 F 1959 Tomales Bay, CA 277.5 Age, SI (3), 14C (4)
WH 7 F 1936 Malibu, CA 167.6 Age, 14C (1)
WH 8 M 1981 southern CA 147.3 Age, 14C (1)
WH 9 M 1981 southern CA 159 Age
WH 12 ? 1977 Ventura, CA 210 Age, 14C (1)
WH 17 M 1982 southern CA 460.9 Age, SI (4), 14C (4)
WH 25 ? 1984 Half Moon Bay, CA 168a Age, 14C (1)
WH 90 M Unknown California 471 SI (4)
WH 128 F 1994 California 534.4 SI (5)
WH 26694 ? 1959 NE Pacific, CA 225.4 Age, 14C (1)

a TL not recorded and calculated from a total length to centrum diameter regression
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growth, was targeted to provide a sample where

time of formation was constrained by the collec-

tion date. In some cases, the penultimate growth

band pair was targeted because the width of the

last growth band pair provided insufficient sample

size. Extraction of the sample with the micro-mill

resulted in a solid sample of material that was

weighed to the nearest 0.1 mg.

Pre-treatment of vertebral samples was per-

formed to isolate the organic portion (collagen)

and maximize the carbon yield from vertebrae

(Brown et al. 1988). Inorganic carbon was

removed through the process of demineralization

by soaking vertebral samples in 0.25 N HCl at

refrigerator temperatures (slows reaction). Trea-

ted samples were dried in an oven and placed in

clean quartz tubes. CuO (copper oxide, oxidizing

agent) and Ag (silver, used to remove impurities:

SOx and NOx) were added to the treated organic

sample. Three samples from individual vertebrae

were replicated and analyzed for D14C without

demineralization to evaluate the effect of

demineralization on D14C measurements. Quartz

tubes were evacuated, sealed, and heated for 2 h

at 900�C to convert the organic carbon to CO2.

Sample CO2 was converted to graphite (Vogel

et al. 1984; Vogel et al. 1987) and measured for
14C content using an accelerator mass spectro-

meter (AMS) at the Center for Accelerator Mass

Spectrometry, Lawrence Livermore National

Laboratory. The 14C values were reported as D14C

(Stuivier and Polach 1977).

A qualitative comparison of the white shark

D14C record was made with existing marine re-

cords including two otolith-based records, the

yelloweye rockfish, Sebastes ruberrimus, (Kerr

et al. 2004) and Pacific halibut, Hypoglossus

stenolepis, (Piner and Wischniowski 2004), and

three vertebra-based shark records, the western

North Atlantic porbeagle (Campana et al. 2002),

western North Atlantic shortfin mako (Campana

et al. 2002; Ardizzone et al. 2006), and the wes-

tern South Pacific school shark (Kalish and

Johnston 2001).

Stable isotope analysis

Vertebrae from six individual white sharks were

sectioned (described previously) for isotopic

analysis (d15N and d13C). Four of the six vertebra

samples were also analyzed for D14C and many of

the growth band pairs analyzed for stable isotopes

were targeted to coincide with those analyzed for

D14C. In total, 23 white shark vertebra growth

band pairs were extracted from the corpus

calcareum using a New Wave micro-milling

machine and analyzed for d13C and d15N. Verte-

bral samples were demineralized to isolate colla-

gen from the vertebrae (Brown et al. 1988). In

addition, lipids were extracted from samples

analyzed for d13C and d15N using a 2:1:0.8 meth-

anol/chloroform/water mixture. Samples were

analyzed by continuous flow isotope ratio mass

spectrometer (IRMS) at University of California,

Davis. Values are reported as d13C and d15N
relative to standards of Pee Dee Belemnite

limestone (13C) and atmospheric N2 (
15N).

Trophic position (TP) of the white shark was

calculated using the equation:

TP ¼ kþ ðd15Nconsumer � d15NbaseÞ
Dn

Where k is the trophic position of the organism

employed to estimate the baseline d15N for the

region, d15Nconsumer is the average value of

the consumer, d15Nbase is the average value of the

base organism, and Dn is the average enrichment

per trophic level (Post 2002). The northern

anchovy, Engraulis mordax, was chosen as a

representative secondary consumer (assigned a

trophic position (k) of 3.0) for estimating d15Nbase

of the region and an average trophic enrichment

(D15N) of 3.4 was assumed following Estrada et al.

(2003).

Results

Age estimation

The vertebrae from white sharks were relatively

difficult to age. A comparison of thin section age

estimates with corresponding whole vertebral-

based estimates revealed there was reasonable

agreement (H0: no significant difference between

techniques; paired t-test: P = 0.65, a = 0.05;

Table 2). Thin section age estimates were, on
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average, higher than whole vertebral age esti-

mates. The mean CV for thin section age esti-

mates was 16.0% of the individual age. Age

estimates from thin sections deviated by as much

as 2 years.

Radiocarbon analysis

Radiocarbon values measured in growth band

pairs from white sharks varied considerably over

time (Table 3). When D14C values were plotted

against estimated growth year, the values pro-

duced a D14C time series from 1936 to 1984

(Fig. 1). Overall, D14C values increased as growth

year progresses into the post-bomb era. However,

this increase was not synchronous with the char-

acteristic bomb 14C rise and had considerably

more scatter in the post-bomb period than could

be explained by D14C measurement uncertainty.

Replicate samples from 1956 had very depleted

D14C values that were atypical of D14C measured

in surface waters of the Pacific Ocean. These

replicate samples differed from each other by

87.8&. Pre-bomb D14C values (1936 to approxi-

mately 1959, excluding the 1956 outliers) had a

trend similar to the pre-bomb record from the

reference time-series, averaging –90.5 ± 5.1&
(mean ± SD). The first evidence of an increase

due to atmospheric testing of thermonuclear de-

vices was the elevated D14C value measured for

the 1966 growth band pair (–72.24&). This value

was the first to have a D14C value that was sig-

nificantly above pre-bomb D14C levels using a +2

SD criteria (+10.2&). The rise in D14C continued

until 1984 (the last growth year sampled) with a

maximum observed D14C value of 79.8& and no

indication of a post-bomb decline.

Radiocarbon values for the first year of growth

from five age-1 (±1 year) white sharks created a

D14C reference time-series for this species com-

posed of essentially known-age specimens

(Fig. 1). The D14C values in these vertebrae

showed a response to the bomb pulse that is

similar in magnitude to the two otolith reference

time-series from the Pacific Ocean, but differed

by what appears to be a significant phase lag.

Radiocarbon values from vertebral material

near the known year of capture (up to minus

2 years from date of collection) revealed a very

different pattern relative to the known-age juve-

nile series (Fig. 1). Radiocarbon values in these

vertebrae showed a depleted and/or delayed

bomb 14C signal based on knowledge of the col-

lection year. All other samples, for which age was

estimated from growth band pair counts, had

D14C values distributed between these two sets of

time-constrained samples.

Radiocarbon values for demineralized and

untreated vertebral samples (these samples were

as close to replicates as we could get based on the

position in the corpus calcareum) indicated a

difference in the D14C between treated and un-

treated samples; hence, the inorganic portion of

the vertebrae had different D14C levels (Table 3).

All untreated samples had elevated D14C values

compared to their demineralized counterparts.

Stable isotope analysis

Twenty-three growth band pairs, extracted from

the vertebrae of six individual white sharks, were

analyzed for d13C and d15N. A decreasing trend

with increased age was exhibited for d13C values

within individual vertebrae (Fig. 2). Growth band

pairs ‡ age 6 in the vertebrae were used to dis-

criminate between what we have termed juvenile

and adult growth, a criterion based on a reported

Table 2 Age estimate comparison between values
obtained from thin sections in this study, and whole
vertebral reads and calculated age based on von
Bertalanffy growth function (VGBF) from Cailliet et al.
1985. Age estimation error was the uncertainty associated
with the thin section age estimates (individual coefficient
of variation (CV); rounded to the nearest whole number).
Mean CV = 16%

Sample # Estimated age

Thin section
(±CV)

Whole
vertebrae
(Cailliet
et al.
1985)

Calculated
age (VBGF)
(Cailliet
et al.
1985)

WH 1 7 (±1) 9 9
WH 3 3 (±0) 2 3
WH 6 4 (±1) 2 4
WH 7 1 (±0) 1 1
WH 9 0 (±0) 1 0
WH 12 1 (±1) 2 2
WH 17 18 (±1) 13 12
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size at transition in diet of 3 meters documented

by Compagno (2001) and estimated age at tran-

sition (6 years) based on the VBGF estimated

from Cailliet et al. (1985). Mean stable isotope

values associated with juvenile growth (1–5 years:

d13C: –11.81 ± 0.60&, d15N: 19.16 ± 1.01&) and

adult growth (6–18 years: d13C: –12.73 ± 0.62&,

d15N: 19.34 ± 0.93&) showed no significant dif-

ference in d15N (paired t-test, P = 0.70) or calcu-

lated trophic position (paired t-test, P = 0.70), but

did exhibit a significant difference in d13C values

between juvenile and adult growth (paired t-test

P = 0.01).

Overall, d15N values ranged from 17.68 to

20.84& (Mean: 19.24& ± 0.95&) and d13C values

ranged from –13.31 to –11.10& (Mean: –

12.24 ± 0.76; Table 4). Across longitudinal sec-

tions of individual vertebra, nitrogen values dif-

fered by a maximum of 0.51–2.85& and carbon

values differed by a maximum of 0.39–2.05&
(Table 4). An approximate increase of 1& d13C

and 3–4& d15N is associated with an increase in

one trophic level (Michener and Schell 1994).

Four individual vertebrae exhibited differences in

d13C across longitudinal sections of verte-

bra >1&, however no vertebrae exhibited differ-

ences in d15N values >3& across longitudinal

sections. White shark stable isotope ratios indi-

cated feeding at an upper trophic level relative to

fish and marine mammal stable isotope values

from the eastern North Pacific Ocean (Fig. 3).

Trophic position calculation of the white shark

based on mean d15N value resulted in an esti-

mated trophic position of 4.57 (range 4.11–5.04).

Discussion

Age estimation

The observation that thin section age estimates

were, on average, higher than those from whole

Table 3 Summary of vertebral and D14C data from white
shark collected off the coast of California. Resolved age is
the final age estimate. Birth year is collection year minus
the resolved age. Ageing error is the uncertainty

associated with the age estimate (CV). Radiocarbon
values for the extracted samples were expressed as
D14C ± AMS analytical uncertainty

Sample # Resolved age
(years ± age error)

Capture
Year

Birth
Year

Year Sampled
for 14C analysis
(years)

D14C (&)

WH 7 1 ± 0 1936 1935 1936 –94.2 ± 3.5
WH 26694 2 ± 1 1959 1957 1956a –92.7 ± 3.5
WH6 4 ± 1 1959 1955 1956 –318.2 ± 2.9
WH 6 4 ± 1 1959 1955 1956 –230.4 ± 3.0
WH 6b 4 ± 1 1959 1955 1956 –63.1 ± 3.6
WH 6 4 ± 1 1959 1955 1957 –83.0 ± 3.5
WH 6 4 ± 1 1959 1955 1959 –92.1 ± 4.0
WH 3 3 ± 0 1968 1965 1966 –72.2 ± 4.0
WH 3 3 ± 0 1968 1965 1967 –21.8 ± 3.7
WH 3 3 ± 0 1968 1965 1968 –98.5 ± 3.7
WH 3 b 3 ± 0 1968 1965 1968 –72.9 ± 3.9
WH 17 18 ± 1 1982 1964 1966 –74.1 ± 5.0
WH 17 18 ± 1 1982 1964 1971 –65.6 ± 4.9
WH 17 18 ± 1 1982 1964 1976 –29.2 ± 4.2
WH 17 18 ± 1 1982 1964 1981 34.7 ± 4.5
WH 1 7 ± 1 1978 1971 1972 –59.7 ± 4.2
WH 1 7 ± 0 1978 1971 1975 –58.3 ± 3.5
WH 1 7 ± 1 1978 1971 1978 –55.8 ± 3.6
WH 1b 7 ± 1 1978 1971 1978 1.8 ± 3.8
WH 12 1 ± 1 1977 1975 1975 58.2 ± 4.9
WH 8 1 ± 0 1981 1980 1981 75.0 ± 4.2
WH 25 1 ± 0 1984 1983 1984 79.8 ± 4.1

a indicates sample was composed of pre-birth material
b indicates samples that were not demineralized
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vertebrae was expected based on what we know

about these two techniques. Currently, thin sec-

tioning is accepted as the more accurate tech-

nique (Cailliet and Goldman 2004); and because

growth band pairs were isolated from thin sec-

tions for D14C analyses, we relied on these age

estimates in this study.

Radiocarbon analysis

It is well established that the initial rise in D14C is

nearly synchronous in all marine carbonate

records, but the white shark record exhibited an

asynchronous D14C time series. The uncharacter-

istic timing of D14C values differed from the

nearest chronologies in the region (Kerr et al.

2004; Piner and Wischchniowski 2004). There are

three plausible mechanisms for explaining this

uncharacteristic trend: (1) an apparent delay of

the D14C signal due to age underestimation; (2)

metabolic reworking of the vertebral collagen;

and (3) a depletion of the D14C levels due to

depleted dietary sources of carbon. Each of these

factors could explain the observed trend individ-

ually, but a combination of some or all of them

cannot be ruled out.

Age underestimation of white shark vertebrae

would be manifested as a delayed D14C time ser-

ies. The degree of age underestimation was esti-

mated by tracing estimated growth years back to

their appropriate place on the white shark refer-

ence curve (known-age juvenile series). Potential

age underestimation ranged from 6–11 years

Fig. 2 Stable carbon ratio (d13C) for samples (n = 23)
taken across longitudinal sections of six individual white
shark, Carcharodon carcharias, vertebrae. Unique symbols
represent d13C results for samples from an individual white
shark vertebra

Fig. 1 Radiocarbon (D14C) values for white shark, Car-
charodon carcharias, (solid symbols) vertebral cores
(n = 22) in relation to year. The solid line connects values
from known-age juvenile white sharks, the dashed line
connects values from known-collection years of the sharks,
the unconnected black circles are D14C values plotted in
relation to years based on estimated age, and black
diamonds are replicate untreated samples that were

analyzed for D14C. Horizontal error bars represent the
age estimate uncertainty, rounded to the nearest whole
number, and vertical error bars represent the 1r AMS
analytical uncertainty. The white shark 14C time series is
plotted with two regional D14C chronologies for the
yelloweye rockfish (open circles, Kerr et al. 2004) and
Pacific halibut otoliths (open squares, Piner and Wisch-
niowski 2004)
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(mean 9 ± 3 years). Examination of the residuals

(estimated age versus expected age based on the

reference time series) for potential age underes-

timation indicated there was no systematic ageing

bias (no significant trend observed, r2 = 0.02). If

age underestimation were the sole source of the

apparent delay, it would not explain the delay in

the time constrained samples taken near the

collection year. These samples alone strongly

suggest there are other factors responsible for the

observed trend.

A more plausible explanation is that there is a

metabolic reworking of the vertebrae through the

life of the fish. The question of metabolic

reworking of vertebrae has been hypothesized for

the white shark in relation to radiometric age

determination. Analysis of vertebrae for lead-210

indicated this may not be a static or conserved

structure with respect to the inorganic portion of

the vertebrae (Welden et al. 1987). Unlike

cancellous or ‘‘true’’ bone which undergoes

remodeling over the lifetime of the animal,

hydroxyapatite, the primary component of shark

cartilage, is thought to grow by accretion with

little remodeling; therefore, recording conserved

information for different periods of the animal’s

life (Koch et al. 1994).

Because there is no empirical evidence to sup-

port or refute the temporal stability of the organic

portion of vertebral cartilage, we looked to iso-

topes for indirect evidence. Differences in D14C,

d13C, and d15N values preserved across longitudi-

nal sections of vertebrae, with differences in D14C

as great as 235& (sample WH 6), support the

conclusion that vertebrae are not completely

reworked. This is also supported by D14C results

for the porbeagle that indicated metabolic

reworking was minimal and the 14C signal was not

transported across growth bands through time

(Campana et al. 2002). These findings suggest that

carbon in the vertebral material is metabolically

and temporally stable (Campana et al. 2002).

Table 4 Summary of vertebral and stable isotope data
from white shark collected off the coast of California.
Sample number identifies the individual white shark.
Isotope values are reported as d13C and d15N relative to

standards of Pee Dee Belemnite limestone (d13C) and
atmospheric N2 (d

15N). Overall difference in stable isotope
ratios is the maximum difference observed across
longitudinal sections of an individual vertebra

Sample # d13C (&) d15N (&) Estimated
Age (year)

Overall
difference
in d13C (&)

Overall
difference
in d15N (&)

WH 17 –11.39 19.51 2 1.75 0.51
WH 17 –12.88 20.03 6
WH 17 –13.14 20.00 11
WH 17 –13.06 19.81 16
WH 90 –11.28 17.87 2 1.71 2.16
WH 90 –11.74 19.51 5
WH 90 –12.19 20.03 10
WH 90 –12.99 18.67 18
WH 128 –11.49 19.87 0 2.05 1.69
WH 128 –11.73 19.48 2
WH 128 –11.26 19.13 6
WH 128 –12.87 18.18 10
WH 128 –13.31 19.70 15
WH 6 –11.92 18.31 1 0.82 0.91
WH 6 –11.87 19.21 2
WH 6 –11.10 18.86 4
WH 3 –13.08 17.68 1 0.39 0.53
WH 3 –12.69 18.21 3
WH 1 –12.20 20.61 1 2.00 2.85
WH 1 –11.20 20.78 4
WH 1 –12.09 20.84 6
WH 1 –13.01 18.41 7
WH 1 –13.20 17.93 7
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However, further research is needed to provide

direct evidence to validate the assumption of

shark vertebrae functioning as a closed-system

with respect to carbon and nitrogen.

A third possibility for the uncharacteristic

trend in the white shark D14C signal is that values

were depleted due to the dietary source of carbon

to the vertebrae. Because the composition of

vertebral collagen reflects dietary sources, low

D14C values of vertebrae could be the result of

prey consumption that has integrated a 14C

depleted signal, possibly from a deep-sea source

(Campana 1999). Incorporation of 14C in the

ocean is related to ocean circulation and mixing,

with different water masses reflecting different
14C values and values becoming attenuated with

depth (Broeker and Peng 1982). Radiocarbon

enters the food web through photosynthetic

organisms and is transferred to higher trophic

levels (Pearcy and Stuvier 1983). Lower meso-

pelagic, bathypelagic and abyssopelagic animals

in the northeastern Pacific Ocean, however, were

found to have depleted D14C values relative to

surface dwellers (1973–1976), indicating that sur-

face-derived POC was not the major source of

organic carbon for deep-sea fish (Pearcy and

Stuvier 1983).

A steep gradient in bomb D14C values with

depth was documented in the North Pacific

Ocean, with D14C values of DIC in the North

Central Pacific reaching approximately –100& at

about 500 m (1986), and values of –150& in the

Santa Monica Basin at about 500 m (1986–1987;

Druffel and Williams 1990). Similarly, low DOC

D14C values have been documented in the North

Pacific Ocean (~ –375& at 500 m in the North

Central Pacific and ~ –300& at 100 m in Santa

Monica Basin; Druffel and Williams 1990).

Druffel and Williams (1990) proposed three pos-

sible mechanisms for the incorporation of 14C

depleted carbon into the oceanic food chain: (1)

uptake of DOC by bacteria in the water column,

or adsorption of depleted DOC through webs and

mucous of filter feeders (e.g. larvaceans and

salps), (2) chemosynthetic production of organic

matter from DIC, and (3) resuspension of

depleted sedimentary organic carbon. Druffel

and Williams (1990) identified this depleted deep-

sea source of carbon as responsible for depletion

of surface water POC D14C values by an average

of 93& in these regions. This magnitude of

depletion was strikingly similar to the average

depletion of white shark vertebral values

(93& ± 53&).

Until recently, white sharks in the Pacific

Ocean were thought to reside in waters of the

upper continental shelf and were not known to

dive below 100 m. Satellite tagging results

revealed the white shark are deep diving, with a

bimodal depth of occurrence at 0–5 and 300–

500 m (Boustany et al. 2002). This tagging study,

along with Bonfil et al. (2005), revealed that white

sharks are wider ranging than previously thought,

with extensive periods of oceanic travel and what

appears to be distinctive oceanic and coastal

phases. Based on what is now known about its

depth of occurrence and extensive movements,

consumption of deep-dwelling prey or prey that

feed in deep waters is a strong possibility. This

depleted source offers a reasonable explanation

Fig. 3 Stable carbon isotope ratios (d13C) for individual
white shark, Carcharodon carcharias, vertebral cores
(open circles; n = 23) in relation to stable nitrogen ratios
(d15N) plotted with mean marine mammal (open triangles;
harbor seal, Phoca vitulina, elephant seal Mirounga
angustirostris, California sea lion, Zalophus californianus,
Stellar sea lion, Eumetopias jubata; Burton et al. 2001;
Jamon et al. 1996) and fish stable isotope values (open
squares; rockfishes, Sebastes spp., white croaker, Geny-
onemus lineatus, shortraker rockfish, Sebastes brevispinis,
northern anchovy, Engraulis mordax, and California
market squid, Loligo opalescens (Toperoff 1997; Jarman
et al. 1996)), and blue shark (crosses, Prionace glauca; R.
Leaf personal communication). Mean (±SD) isotope ratio
for juvenile growth band pairs (closed circle; n = 12,
growth band pairs 1–5 years) and adult growth band pairs
(closed square; n = 11, growth band pairs 6–18 years) in
white shark vertebrae are shown. This distinction based on
ontogenetic shift in diet at size 3 m
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for the unusually low D14C values for replicate

measures of the 1956 white shark samples and

attenuated values measured for known collection

years during the post-bomb era. In addition, the

degree of variation in depletion could be related

to the variable diet of this pelagic species that

inhabits both inshore and offshore habitats and

consumes a wide spectrum of prey over the course

of their lifetime.

The reference chronology comprised of

known-age juveniles reflected a more rapid re-

sponse to the bomb pulse, most likely due to the

habitat utilized during the juvenile stage. Satellite

tagging results of a juvenile (young of the year)

white shark off the coast of California supported

by evidence of capture locations indicate that

juvenile white shark remain in coastal waters

(Klimley 1985; Dewar et al. 2004). Juveniles

inhabiting and feeding nearshore on coastal fish

would reflect a D14C signal typical of coastal,

surface waters and would be more synchronous

with the reference time series.

Employing a simple mass balance equation for

D14C allowed us to examine the likelihood the

observed values in white shark vertebrae were

attributable to the influence of a depleted deep-

water carbon source. The equation describing this

deep-water influence is:

D14Cobserved¼D14CexpectedðxÞ�D14Cdeep-waterð1�xÞ

where D14Cobserved is the value measured in the

vertebrae, D14Cexpected is the value expected based

on the white shark reference curve, x is the frac-

tion contributed from the ‘‘expected’’ surface

water source, D14Cdeep-water is a value of a possible

deep-water source based on 14C gradients off the

coast of California (Druffel and Williams 1990),

and 1–x is the fraction contributed from the

‘‘deep-water’’ source. As a result of this modeling

exercise, most observed D14C values for white

shark vertebrae were found to be similar in value

to contributions ranging from a small percent of

the diet composed of a highly depleted 14C source

(25% contribution of a –300& source) to a large

percentage of the diet composed of a slightly

depleted 14C source (75% contribution of a –

100& source). Based on the highly variable diet

of white sharks and this modeling, it is likely that

depleted values are attributable to a small

contribution of highly depleted 14C sources in the

diet.

Factors associated with the sampling method

should also be considered. There are two factors

that may have influenced the outcome of D14C

levels measured in white shark vertebrae: (1) the

location of sampling within the vertebrae and (2)

the preparation of vertebrae for D14C analysis

(demineralized versus untreated vertebrae). The

variation in replicated demineralized samples

(WH 6: 1956 samples) from the same location

within the vertebra indicated that small devia-

tions in coring location can result in large devia-

tions in D14C (an observed difference of 87.8&).

This can be explained by large variations of 14C in

food sources that were variably accreted during

the period of formation. In addition, relatively

little is known about the growth and accretion of

white shark vertebrae. If growth was episodic and

accretion was not uniform, but rather focused

where material is needed from a structural per-

spective, this could explain regional variations of

the D14C signal of the vertebrae.

Results from untreated samples (the inorganic

and organic portions) indicated the potential

presence of carbonates in the inorganic portion of

the vertebrae in two ways. First, we observed

bubbling during the acid dissolution of the ver-

tebrae indicating CO2 was liberated from the

inorganic portion of the vertebral matrix. Second,

the elevated levels of D14C in replicate untreated

samples compared to demineralized (the organic

portion) samples indicated a 14C source in the

inorganic portion of the vertebrae. The depletion

of D14C values in the organic portion of the

vertebrae likely reflects the different sources of
14C to the organic and inorganic portions of

the vertebrae. The dominant source of carbon to

the organic portion of the vertebrae is known to

be metabolic (Kalish and Johnston 2001,

Campana et al. 2001). The difference between the

demineralized and untreated vertebrae represents

the addition of elevated 14C values, most likely

from a DIC source. Evidence of a similar trend

was identified in the treatment of organic (colla-

gen) and inorganic (carbonate) portions of

swordfish, Xiphias gladius, vertebrae (Kalish and

Demartini 2001). Results from the study revealed
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the organic component of the swordfish vertebrae

was more 14C depleted than the inorganic com-

ponent (Kalish and Demartini 2001). This differ-

ence was attributed to the dominant source of

carbon to the organic portion of the vertebrae

being metabolically derived and the source to

inorganic portion derived from DIC. Our results

indicate this same trend is present in the white

shark vertebrae.

A comparison of the white shark D14C record

with three other shark records indicated the white

shark record was most temporally similar to the

school shark record from the South Pacific Ocean

(Fig. 4; Kalish and Johnston 2001). The school

shark D14C time series was delayed in relation to

the nearest marine carbonate chronology and in

this case the delay was attributed to age under-

estimation. A 3-year lag observed in the porbea-

gle D14C time series, based on comparison to a

juvenile porbeagle reference time series, was

attributed to both the mean age and depth of

occupied by prey in the diet of porbeagle (Cam-

pana et al. 2002). All of these shark records show,

to differing degrees, a nonconforming D14C signal

compared to their nearest D14C chronology. In the

case of the white shark, we hypothesize that there

is depletion of the D14C time series due to the

influence of depleted 14C sources to the vertebrae.

This nonconformity indicates the increased

complexity of interpreting D14C values in shark

vertebrae for the purpose of validating age and

the necessity to interpret values in the context of

diet, movement, and regional 14C gradient infor-

mation.

Stable isotope analysis

Stable isotope ratios can provide valuable infor-

mation relative to trophic level, carbon flow to a

consumer, and location of feeding (Vander

Zanden and Rasmussen 2001). While gut content

analysis provides a snapshot of what was most

recently consumed by an animal, stable isotopes

(d13C and d15N) can provide time-integrated diet

information (Vander Zanden and Rasmussen

2001). This application is based on predictable

enrichment factors of both 13C (approximately

1& enrichment) and 15N (approximately 3–4&
enrichment) in consumer bone collagen relative

to prey with increasing trophic level, termed tro-

phic fractionation (Deniro and Epstein 1981;

Schoeniger and Deniro 1984; Vander Zanden and

Rasmussen 1999). Additionally, d13C can provide

information relative to feeding habitat (inshore

versus offshore; France 1995). A caveat to this

approach is that spatial and temporal variability

in stable isotope ratios must be considered when

interpreting stable isotope values.

In general, adults are reported to feed

primarily on marine mammals and juveniles on

fishes (Le Boeuf et al. 1982; Tricas and McCosker

1984; Klimley 1985; Compagno 2001). Current

Fig. 4 Radiocarbon
(D14C) values from white
shark, Carcharodon
carcharias vertebral cores
(closed circles) and three
vertebral-based shark
records, the northwest
Atlantic porbeagle (open
diamonds, Campana
2002), northwest Atlantic
mako shark (solid
triangles; Campana 2002;
Ardizzone et al. 2006),
and the southern Pacific
school shark (open
squares; Kalish and
Johnston 2001)
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knowledge of the white shark diet is based on

stomach contents from opportunistic nearshore

landings and observed feeding events. The main

prey items of the white shark include marine

cephalopods, crustaceans, ray-finned bony fishes,

cartilaginous fishes, mammals, and birds (Klimley

1985; Compagno 2001). In an examination of

white sharks captured off the coast of northern

and central California, Tricas and McCosker

(1984) found stomach contents to be comprised

solely of elasmobranchs and teleost fishes that

inhabit both pelagic and inshore habitats.

Stable isotope values obtained in this study for

white shark vertebrae, when compared with rep-

resentative prey item values for bony fishes and

mammals off the coast of California, indicate that

the white shark is an upper trophic level con-

sumer. d13C values indicate enrichment relative to

fish and most marine mammals and d15N values

indicate isotopic enrichment relative to fishes and

similar values to mammals in the region. Differ-

ences in d13C and d15N values across longitudinal

sections of individual vertebra were variable over

the lifetime of individuals (Table 4).

Calculated trophic position (TP) for the white

shark was greater in value than trophic position

calculated for the basking shark Cetorhinus

maximus = 3.1 (primary prey: zooplankton), blue

shark Prionace glauca = 3.8 (primary prey: fish),

and shortfin mako Isurus oxyrinchus = 4.0

(primary prey: fish) and similar to the TP calcu-

lated for the common thresher shark Alopias

vulpinus = 4.5 (primary prey: fish and squid). The

white shark had similar variability in TP (TP

ranged from 4.11 to 5.04) as calculated for the

shortfin mako (TP ranged from 3.6 to 4.5), this

was attributed to migration and feeding in both

inshore and offshore regions (Estrada et al. 2003).

Calculated white shark TP for this study agrees

with the determination of trophic level for the

family Lamnidae by Cortes (1999) based on diet

composition (mean = 4.3, range = 4.22–4.5) and

specifically the trophic level determined for the

white shark (4.5) based on diet composition. In

this analysis the mean TP of marine mammals was

estimated at 4.0, placing the trophic level of white

sharks somewhat higher than marine mammals

(Cortes 1999).

Estrada et al. (2003) contend that TP values

obtained for sharks in their study do not support

the idea put forth by Fisk et al. (2002), that

retention of urea in elasmobranchs may lower

d15N values and therefore lead to underestima-

tion of trophic position. Based on our limited

data, we cannot determine whether urea reten-

tion may have affected white shark d15N values.

However, the similarity of calculated TP in this

study to the diet analysis TP supports the idea

that urea retention was not a problem.

Values of d13C measured in juvenile growth

band pairs were significantly enriched compared

to adult growth bands; which may reflect variation

of 13C due to feeding location rather than trophic

level. Isotopic signatures in mobile animals may

reflect feeding in different environments or an

actual change in diet (Michener and Schell 1994).

Gradients of 13C in the northeast Pacific Ocean

demonstrate an enriched nearshore signal (ben-

thic-based food web) compared to the offshore,

oceanic signal (phytoplankton-based food web)

and a ~2& enrichment in d13C has been associ-

ated with marine mammals foraging in nearshore

versus offshore waters of California (Burton and

Koch 1999). In addition, gradients of 13C with

depth have been observed in the northeast Pacific

Ocean (off the coast of British Columbia,

Canada) where the slope/deep ocean food web

was determined to be depleted relative to the

pelagic food web (4.3& depletion in d13C based

on measurements of fish larvae; Perry et al. 1999).

Therefore, feeding on prey from offshore, deeper

waters will reflect a depleted d13C signal relative

to prey inhabiting nearshore regions.

The trend in d13C across individual longitudi-

nal sections of vertebrae tended to decrease with

increased age of white shark, thus perhaps

reflecting an ontogenetic shift in habitat and for-

aging location. Evidence suggests that juveniles

are residing and feeding in shallow inshore waters

and adults spending increased time offshore

feeding in deep oceanic waters, incorporating

prey reflecting a depleted d13C signal relative to

nearshore surface waters. However, the decrease

observed in d13C is a small one (~1.5& differ-

ence) with respect to potential spatial and tem-

poral variability of d13C and cannot be considered
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as evidence alone for this behavior, but is sup-

ported by the tagging literature.

Although an ontogenetic shift in trophic level

has been documented in the diet literature and

identified through stable isotope analysis of white

shark vertebrae from the western North Atlantic

(Estrada et al. 2006), we found no significant

difference between mean d15N or calculated

trophic position of juvenile growth and adult

growth band pairs (juvenile versus adult classifi-

cation is based solely on an ontogenetic shift in

diet documented at 3 m length). The lack of

evidence for an ontogenetic trophic level shift

based on d15N values may reflect environmental

(spatial and temporal) variation in d15N (Vander

Zanden and Rasmussen 1999) and/or a variable

adult white shark diet with lower trophic items

remaining an important component in the adult

diet (Estrada et al. 2006). Because white shark

migratory movements consist of coastal and

pelagic periods (Boustany et al. 2002), lower

trophic items, such as pelagic fish, could dominate

the diet during these pelagic phases. Although

most diet studies stress the importance of pinni-

peds in adult white shark diets, Tricas and

McCosker (1984) documented the greater

numerical importance of teleosts and elasmo-

branchs over marine mammals in white shark

diet. If no change in d15N is attributable to diet,

this finding would support an increased diversity

and size spectrum of prey consumed as white

shark increase in size, as opposed a strict shift

from a fish to a marine mammal diet (Compagno

2001). Alternatively, the time period over which

growth bands were sampled from white shark

vertebrae coincided with the decline in abun-

dance of pinnipeds in the North Pacific Ocean

over the last several decades (Springer et al.

2003). Therefore, the relatively low trophic posi-

tion observed in adult white sharks, relative to

juveniles and marine mammals, during this period

may reflect the low abundance of higher trophic

level prey (Sora Kim, personal communication).

Conclusions

The uncharacteristic trend in D14C in white shark

vertebrae is most likely attributable to the

influence of a deep-water depleted carbon source

to the vertebrae. Conclusive age validation of

vertebral age estimates of white shark was con-

founded by what may have been some combina-

tion of the dietary source of carbon to the

vertebrae, large-scale movement patterns, and

steep D14C gradients with depth in the eastern

North Pacific Ocean. Stable isotopes provided us

with time-integrated trophic information, reflect-

ing the upper trophic level status of the white

shark. No evidence of an ontogenetic shift in diet

was detected, although increased movement into

offshore, deeper waters with age was supported

by a decrease in d13C values.

Future application of this technique is best

suited to sharks with well-characterized diet and

movement patterns, inhabiting surface waters in

an area for which there is knowledge of regional

D14C gradients. Sampling strategies should

include both known age individuals to construct a

reference chronology and older individuals with

samples taken from growth bands over the life-

time of the individual. This approach enables

indirect confirmation of the stability of the 14C

signal within vertebrae. To gain a better under-

standing of the chemical composition of shark

vertebrae, the pathway of elemental uptake, and

the metabolic stability of tissue more studies need

to be done. Captive rearing studies, feeding small

shark species prey with known 14C content and

measuring the D14C values in blood, tissue, and

vertebrae over time would improve our under-

standing of carbon pathways and turnover rates.

This could be used to provide direct evidence for

the assumption of metabolic stability of carbon in

shark vertebrae, one of the main assumptions in

the application of this technique in elasmo-

branchs.
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Abstract Age estimation is an issue for the

shortfin mako, Isurus oxyrinchus, because of dis-

agreement on vertebral band-pair deposition

periodicity. In the 1950s–1960s, thermonuclear

testing released large amounts of radiocarbon

into the atmosphere, which diffused into the

ocean through gas exchange. This influx created a

time-specific marker that can be used in age val-

idation. Annual band-pair deposition in the por-

beagle, Lamna nasus, was validated in a previous

study and indicated preliminary annual deposi-

tion in the shortfin mako, using four samples from

one vertebra. In the present study, age estimates

from 54 shortfin mako vertebrae collected in

1950–1984 ranged 1–31 years. Ageing error be-

tween readers was consistent, with 76% of the

estimates ranging within 2 years. Twenty-one

D14C values from eight shortfin mako vertebrae

(collected in the western North Atlantic in 1963–

1984) ranged –154.8& to 86.8&. The resulting

conformity with the D14C timeline for the por-

beagle supported annual band-pair deposition in

vertebrae of the shortfin mako.

Keywords Shark vertebrae Æ Lamnidae Æ Band
pairs Æ Growth

Introduction

There is an ongoing disagreement regarding the

ageing of the shortfin mako due to a difference of

interpretation in the periodic deposition of ver-

tebral growth band pairs, especially for the larger

size classes. Pratt and Casey (1983), using analysis

of length-month information, tagging data, and

length-frequency analysis, concluded that two

band pairs were formed in the vertebral centrum

every year (biannual band-pair interpretation).

Cailliet et al. (1983), however, presented growth

parameters based on the common assumption

that one band pair forms annually (annual band-

pair interpretation). Therefore, growth rates
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obtained by Pratt and Casey (1983) were twice

that of Cailliet et al. (1983) and could lead to age

discrepancies of about 15 years for maximum

estimated ages on the order of 30 from the annual

band-pair interpretation.

Serious consequences in the population

dynamics could occur for this species if inputs are

based on an invalid age interpretation. The latest

Fishery Management Plan (FMP) for Highly

Migratory Species (HMS), for example, adopted

the biannual band-pair deposition hypothesis be-

cause it apparently fit the observed growth pat-

terns best (Pacific Fishery Management Council

2003). However, the ongoing uncertainty about

the ageing of the shortfin mako was acknowl-

edged and it was recommended that an endeavor

to resolve this issue be made.

Since 1983, five additional studies on the age

and growth of the shortfin mako have been con-

ducted (Chan 2001; Campana et al. 2002; Hsu

2003; Ribot-Carballal et al. 2005; Bishop et al.

2006). Using Marginal Increment Ratio (MIR),

Hsu (2003) indicated the formation of annual

translucent bands from July to September in

western North Pacific Ocean shortfin makos.

Using Marginal Increment Analysis (MIA)

Ribot-Carballal et al. (2005) supported the an-

nual band-pair interpretation for 109 shortfin

makos collected in the eastern Pacific Ocean.

Although the study provided support for annual

band-pair deposition, no statistical test was per-

formed and the number of samples for MIA

analysis was insufficient for some months. Hence,

unequivocal validation of shortfin mako age esti-

mates has yet to be accomplished.

Atmospheric testing of thermonuclear devices

in the 1950s and 1960s effectively doubled the

natural atmospheric radiocarbon (14C; Druffel

and Suess 1983; Broeker et al. 1985). The ele-

vated 14C levels were first recorded in 1957–1958,

with a peak around 1963 (Nydal and Lovseth

1983). As a consequence, 14C entered the ocean

through gas exchange with the atmosphere at the

ocean surface and in terrestrial runoff (Broeker

et al. 1985). Despite variable oceanographic

conditions, a worldwide rise of the bomb 14C

signal entered the ocean mixed layer as dissolved

inorganic carbon (DIC) in 1957–1958 (Druffel

1980). The large amounts of 14C released from the

bomb tests produced a signature that can be fol-

lowed through time, throughout the marine food

web, and into deeper waters (Pearcy and Stuiver

1983). The marked increase of radiocarbon levels

was first measured in the DIC of seawater and in

biogenic marine carbonates of hermatypic corals

in Florida (Druffel and Linick 1978). Subse-

quently, this record was documented in corals

from other regions (e.g. Nozaki et al. 1978;

Druffel 1980; Druffel and Suess 1983; Druffel

1989; Guilderson et al. 1998) and in the thallus of

rhodoliths (Frantz et al. 2000, 2005). The accu-

mulation of radiocarbon in the hard parts of most

marine organisms in the mixed layer (such as fish

otoliths and bivalves) was synchronous with the

coral time-series (Kalish 1993; Weidman and

Jones 1993).

This technique has been used to validate age

estimates and longevity of numerous bony fishes

to date, as well as to establish bomb radiocarbon

chronologies from different oceans (e.g. Kalish

1993; Campana 1997; Campana and Jones 1998;

Piner and Wischniowski 2004; Andrews et al.

2005; Kerr et al. 2005). In the first application of

this technique to lamnoid sharks, Campana et al.

(2002) validated annual band-pair deposition in

vertebral growth bands for the porbeagle, Lamna

nasus, aged up to 26 years. Radiocarbon values

from samples obtained from 15 porbeagle caught

in the western North Atlantic Ocean (some of

which were known-age) produced a chronology

similar in magnitude to the reference carbonate

chronology for that region. The observed phase

shift of about 3 years was attributed to different

sources of carbon between vertebrae and those

for otoliths, bivalves and corals. In the same study

by Campana et al. (2002), a single vertebra from a

shortfin mako caught in 1977 was aged at 21 and

10 years, using the annual versus the biannual

deposition hypotheses, respectively. Vertebral

samples were extracted from the first, last, and

two intermediate bands and were assayed for

radiocarbon. The results indicated the ageing

interpretation for the vertebra from this fish best

fit the timing of the porbeagle time-series by

adopting the annual band-pair interpretation.

To provide a more comprehensive basis for

valid ageing criteria and a definitive growth

function for the shortfin mako, more radiocarbon
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assays were required (Campana et al. 2002). The

goal of our research was to take heed of this

suggestion and continue the use of bomb radio-

carbon to validate the ageing of the shortfin

mako, and specifically to resolve the validity of

either annual or biannual band-pair age inter-

pretations.

Materials and methods

Age assessment

Vertebral samples were collected from shortfin

makos caught in the western North Atlantic,

eastern North Pacific, western South Pacific, and

western South Indian Oceans between 1950 and

1984 to obtain sufficient sample size across size

classes. These centra were sectioned for age

estimation using the growth bands visible in the

corpus calcareum, an approach commonly used in

shark age estimation. Each vertebral centrum was

sectioned along the sagittal plane using a Ray

Tech gem saw with two diamond blades separated

by a 0.6 mm spacer at the NOAA Fisheries

Northeast Fisheries Science Center, Narragansett

Laboratory, Rhode Island (NMFS). The resulting

sections were placed under water with a black

background and digitally photographed using an

MTI� CCD 72 video camera mounted on an

Olympus� SZX9 stereomicroscope under re-

flected light. Magnification ranged between 4·
and 12· according to the size of the vertebra. For

larger vertebrae, an additional photograph at

higher magnification was taken to resolve the fi-

ner bands toward the edge. The sections were

stored in 70% EtOH.

Ages were estimated by counting the number

of band pairs in the images using the annual band-

pair interpretation. Brightness and contrast of the

images was adjusted to enhance the banding

pattern of the section using Adobe Photoshop 7.0.

Each band pair consisted of one opaque and one

translucent band, corresponding to the light-dark

pattern observed against a dark background un-

der reflected light.

Vertebrae were independently aged by a sec-

ond reader at the NMFS Narragansett lab to as-

sess reading precision and for cross-calibration

between readers. Age discrepancies were plotted

to show the age difference frequency between

readers. An age-bias plot was produced to detect

bias among the size range and to suggest trends in

this type of error. In addition, Average Percent

Error (APE), Percent Error (D) and Coefficient

of Variation (CV) were calculated to measure

precision of the readings (Beamish and Fournier

1981; Chang 1982; Campana 2001). The resulting

CV was used as a measure of the potential age

range in the assigned year of formation for the

samples assayed for radiocarbon. Because the

uncertainty in assigning the year of formation

decreased from the first-formed band to the last-

formed band (where the collection date was

known), the closer the sample to the band pair

corresponding to the year of collection, the

smaller the error and vice versa. Hence, the effect

of this uncertainty increased as the samples ap-

proached the birth year. Individual CV values for

each sample were calculated multiplying the dif-

ference between the collection year and the year

of band-pair formation by CV.

Sample preparation

To address the validity of age interpretations,

samples for radiocarbon analysis were extracted

from growth bands of specimens collected from

the western North Atlantic Ocean with estimated

collection years between 1963 and 1984. The

sharks were from the same collection as those

used by Campana et al. (2002). To avoid the use

of vertebrae sectioned for ageing, adjacent ver-

tebrae were sectioned along the sagittal plane to a

thickness of 1.3 mm using a Buehler Isomet�

1000 low-speed saw with a diamond blade. Sam-

ples corresponding to specific years of formation

were extracted from the center of growth bands

using a New Wave Research� Micromill with

Brasseler� Carbide tips (0.3 mm). The drill bits

were rinsed in 10% HCl and MilliQ water be-

tween sampling events to prevent cross-contami-

nation. Vertebral sections were mounted for

milling using double-sided tape and samples were

extracted by drilling a series of holes along the

boundary of the two growth bands. The extracted

samples were solid pieces composed of one opa-

que and one translucent band, corresponding to
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what would be interpreted as one year of growth,

based on the annual band-pair interpretation, or

half a year’s growth, based on the biannual band-

pair interpretation. Samples were weighed to the

nearest 0.1 mg and placed in glass culture tubes

(13 · 100 mm) for processing prior to radiocar-

bon analysis. For all but one specimen, the first-

formed band pair and a series of other growth

band pairs ranging to the most recently formed

were extracted from the corpus calcareum of each

vertebral section. Four of these samples were

cored from vertebrae belonging to the same

shortfin mako assayed by Campana et al. (2002)

to provide a basis for direct comparisons.

Prior to radiocarbon analysis, samples were

demineralized to remove any carbon bound into

what could be more transient carbonate forms.

This step was necessary to attribute all carbon,

and measured 14C, to the organic component of

the cartilage. To demineralize the sample, culture

tubes containing the samples were filled half way

with 0.25 N HCl (GFS Chemicals, double distilled

acid); acidified samples were capped with foil and

placed in a refrigerator for 2 h to slow the reac-

tion (Brown et al. 1988). Hydrochloric acid was

drawn off with a pipette from the remaining solid

sample, leaving the extracted piece of cartilage at

the bottom of the tube; the tubes were re-filled

with fresh acid and placed in a refrigerator over-

night to complete the dissolution of the inorganic

component.

Demineralization was considered complete

once the solid material appeared translucent.

Samples were rinsed, centrifuged, and transferred

into pre-weighed 6 mm quartz tubes. Samples

were dried overnight at 95�C and weighed. Dried

samples were prepared for combustion by adding

the equivalent of 20 times the sample weight in

Alpha Aesar� CuO (99.9999%) and 2 mg of Al-

pha Aesar� Ag (99.999% metals basis). Tubes

were evacuated and sealed, placed in an oven at

900�C for 3.5 h and analyzed for D14C by Accel-

erator Mass Spectrometry (AMS).

Bomb radiocarbon dating

The D14C values from each sample were plotted

against the year of band formation based on

estimated age and compared to reference time-

series obtained from the western North Atlantic

for the porbeagle by Campana et al. (2002), the

haddock Melanogrammus aeglefinus (Campana

1997), and the bivalve Arctica islandica (Weid-

man and Jones 1993). Results from the shortfin

mako bomb carbon analysis were expected to

produce a sigmoidal curve similar to the three

D14C time-series from the western North Atlantic

Ocean. A phase lag was defined as a shift in time

of onset and increase between chronologies. D14C

values were subjectively considered elevated

when above 30&.

To verify the synchrony of the onset and in-

crease of the bomb radiocarbon signal within

individual sharks, sequential samples obtained

from each specimen were plotted with those from

the porbeagle chronology. Differences in timing

of the bomb radiocarbon signal observed when

the two different ageing interpretations were ap-

plied, radiocarbon values from samples of the two

longest-living specimens available (life span from

pre- to the post-bomb era) were also plotted with

the reference time-series. To provide the best

analysis using known-age samples for the shortfin

mako, samples from the edge of the vertebrae

were plotted with the porbeagle reference time-

series. The resulting time-series was used to verify

the presence of the bomb radiocarbon signal.

These values served also as a reference time-ser-

ies for the shortfin mako because the year of

formation was known or had little uncertainty.

Results

Age estimates for the 54 shortfin mako vertebrae

ranged from 1 years to 31 years, using the annual

band-pair interpretation. Estimated birth years

for those samples spanned from 1948 to 1972,

covering the period of the bomb radiocarbon in-

crease. If the biannual band-pair interpretation

was used, the age range would be reduced to

1–15 years with corresponding birth years be-

tween 1957 and 1978. Vertebral growth bands in

the early life stages of shortfin mako sharks ap-

peared broad and clear, as shown in transverse

section; however, the bands became narrower and

less defined, often blending with other bands, as

age increased (Fig. 1).
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Band-pair counts remained consistent between

two readers and showed no ageing bias through-

out the available size range (Fig. 2). Comparison

of age estimates with the second reader yielded

an APE value of 11.5% and D value of 7.7%. The

CV of 10.8% was used as a measure of the po-

tential age range in the assigned year of formation

for the samples assayed for radiocarbon.

The vertebrae of two male and six female

shortfin makos, (133–366 cm TL), were analyzed

for 14C, producing a total of 21 samples (Table 1).

Collection dates ranged from 1963 to 1984. Ages

of the selected specimens, adopting the annual

band-pair criteria, were estimated at 2–31 years

with corresponding birth years of 1948–1972. The

error associated with assigned year of band-pair

formation for each sample (CV) ranged between

0.1 years and 3.3 years.

For the samples assayed, radiocarbon values

for 21 samples ranged between –154.8&
(±3.2 SD) and 86.8& (±4.6) D14C and were esti-

mated to have formed between 1948 and 1983,

using the annual band-pair interpretation. The

lowest value (–154.8& ± 3.2) corresponded to the

estimated year 1957; the highest values

(86.5& ± 4.8 and 86.8& ± 4.6) corresponded to

the estimated years 1968 and 1978, respectively.

Radiocarbon values of shortfin mako vertebrae,

relative to their estimated year of band-pair

formation, revealed the presence of a bomb

radiocarbon signal and followed the general pre-

dicted trend (Fig. 3). The resulting chronology

was comparable to existing reference time-series

of the North Atlantic Ocean. The phase lag of the

rise in D14C levels toward more recent dates,

however, was most similar to the porbeagle and

the increase in started as early as 1960, whereas

the first elevated values for the shortfin mako

were recorded between 1962 and 1968. The most

elevated radiocarbon values for the shortfin mako

were 86.5& ± 4.8 (1968) and 86.8& ± 4.6 (1978),

whereas those for the haddock (Campana 1997)

and the porbeagle (Campana et al. 2002) were

75& (1970) and 63& (1975), respectively.

Fig. 1 Transverse section of a vertebra (M191) from a
350-cm (TL) shortfin mako shark collected in 1979 and
aged at 22 years. Each dot is centered on the opaque
region of a band pair, but represents one whole year of
growth. Age 0+ was assigned to the first-formed band
(marked as Birth)

Fig. 2 Age-bias plot
showing inter-reader
comparison, Average
Percent Error (APE),
Percent Error (D), and
Coefficient of Variation
(CV) (n = 53). Vertical
error bars represent 95%
Confidence Interval (CI).
The unusually long bars
for years 9, 13 and 21 are
due to small sample size
of the pair-wise
comparisons for those
year classes
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Some D14C values were lower than other pre-

bomb values for the shortfin mako (>50&) and

the reference time-series. Depleted radiocarbon

levels were found in the first-formed band pair of

two specimens (M001 and M191) and in an

intermediate band pair of another (M011). These

values ranged between –132.7& ± 4 SD and –

154.8& ± 3.2 SD and were estimated to have

formed in 1955 (±0.9 years), 1957 (± 2.4years),

and 1963 (±0.2 years).

Within-shark vertebral analysis suggested that

radiocarbon levels within individual sharks fol-

lowed the same trend (Fig. 4). Bomb radiocarbon

values obtained from sequential samples of the

oldest sharks used in this study (M151 and M186)

indicated the sharks began life in the pre-bomb

phase, continued to live through the sharp in-

crease in radiocarbon and into the post-bomb

phase. All samples from those specimens tended

to agree with the expected bomb radiocarbon

trend. Some samples showed a phase lag of about

3–5 years relative to the porbeagle chronology for

a total lag of 6–8 years relative to more synchro-

nous records. The remainder was in phase with

the porbeagle time-series. The most evident shift

from the expected trend appeared in four indi-

vidual samples from three different specimens

(M151-1965, M151-1968, M186-1966, and M191-

1966) assumed to have formed between 1965 and

1968, during the rapid increase of radiocarbon

levels. These samples were collected from growth

bands formed at ages estimated between 9 years

and 18 years, based on annual deposition.

There was a measurable discrepancy in radio-

carbon values for one growth band between the

present study and that reported by Campana

et al. (2002) (circled samples, Fig. 4). A differ-

ence of 26.9& was recorded between values from

samples from the first-formed band of a specimen

(M151) sampled in Campana et al. (2002) and the

present study. These samples were similar by

location on the vertebral column, location in the

centrum and estimated age, but were not repli-

cates. Application of the two age interpretations

to the two largest specimens, which were esti-

mated to span throughout the bomb 14C era, re-

vealed two different scenarios (Fig. 5). Using data

from M151 and M186, the initial rise and sub-

sequent peak of the bomb radiocarbon levels

differed markedly when applying the annual

Fig. 3 Values of D14C from individual growth band pairs
of shortfin mako vertebrae collected from the western
North Atlantic and plotted with the reference time series
available from the same region, with the single shortfin
mako previously assayed by Campana et al. (2002). The

estimated years of formation were based on the annual
band-pair interpretation. Horizontal error bars represent
uncertainty associated with age estimation from growth
bands (CV = 10.8%). Vertical bars represent the 1 SD
AMS analytical uncertainty
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versus biannual band-pair deposition hypotheses.

The outcome was an apparent 3–5 years of lag

relative to the porbeagle chronology with the

annual band-pair interpretation. The phase lag

would be 10–13 years relative to the porbeagle

for this interpretation to be valid. The biannual

band-pair interpretation resulted in time series

that indicated the first effects of the bomb

radiocarbon signal were not recorded before 1970

and a much sharper rise.

Fig. 5 Radiocarbon
values for two individual
shortfin makos versus the
estimated year of
formation as the result of
two growth band
interpretations. Solid lines
connect sequential
sampling from specimens
aged using the annual
band-pair interpretation.
Dotted lines connect
sequential growth bands
of specimens aged using
the biannual band-pair
interpretation

Fig. 4 Radiocarbon values from sequential samples (of
vertebral growth bands) in individual sharks. Each line
connects growth bands sampled from the same specimen
and is plotted with the porbeagle time-series (Campana
et al. 2002). The estimated years of formation of the
sampled bands used the annual band-pair interpretation.

Circles highlight values from the first-formed band pair
assayed both in this study and that by Campana et al.
(2002) for M151. Horizontal error bars represent uncer-
tainty associated with age determination from growth
zones (CV = 10.8%). Vertical bars represent the 1 SD
AMS analytical uncertainty
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Discussion

Application of the bomb radiocarbon technique

to the vertebrae of shortfin mako has demon-

strated its utility as an age validation tool for this

species. The bomb radiocarbon signal measured

in the shortfin mako was temporally similar to the

records observed in western North Atlantic

Ocean bivalves and fish (Weidman and Jones

1993; Campana 1997), although more comparable

to the slightly out-of-phase record determined for

the porbeagle (Campana et al. 2002). Records

from water samples (Nydal et al. 1998) and corals

(Druffel and Linick 1978; Druffel 1980, 1995;

Guilderson et al. 1998) show a synchronous rise

in radiocarbon levels in the late 1950s to the early

1960s, though the years of peak differ depending

on the oceanography and depth of sampling. For

fishes, most records have been from teleosts and

followed the same trend (Kalish 1993; Campana

1997; Campana and Jones 1998; Kalish et al. 2001;

Kerr et al. 2004). For elasmobranchs, one possi-

ble exception is with the school shark, Galeorhi-

nus galeus, from the western South Pacific Ocean

(Kalish and Johnston 2001); the first effects of the

bomb radiocarbon signal may have appeared in

1979, more than 15 years after the onset recorded

in otoliths from the same region (Kalish 1993).

This was attributed to underestimation of age.

The dietary source of carbon for the shortfin

mako, combined with slight underageing, could

be responsible for the phase shift in the bomb

radiocarbon signal and some of the unusually low

levels (Campana et al. 2002; Kerr et al. this is-

sue). The source of carbon in elasmobranch non-

calcified tissue comes from the diet (Fry 1988;

Campana et al. 2002). The incorporation of this

carbon in the vertebrae carries the signature of

the prey and may be generally older than the

surrounding water because of a trophic level de-

lay. This effect may be more evident in larger

prey because radiocarbon is carried through more

trophic levels. Therefore, large sharks may have

incorporated a more delayed signal because they

often feed on larger prey (Stillwell and Kohler

1982). The four samples showing more of a phase-

lag were taken from growth bands formed at an

older age (age 9–18), hence a slight depletion in

radiocarbon could explain the discrepancy.

The D14C levels from three samples are among

the lowest recorded for the pre-bomb period in

the western North Atlantic Ocean. These values

are about twice as low as the pre-bomb D14C levels

from other regional marine organisms and water

samples, which range between –40& and –80&
(Druffel 1989; Campana 1997; Campana and

Jones 1998; Nydal et al. 1998; Baker and Wilson

2001; Kalish et al. 2001). Only the porbeagle has

pre-bomb values more depleted than corals and

fishes in the western North Atlantic Ocean (as low

as –114&; Campana et al. 2002). These depleted

levels can be explained based on a diet of prey that

live in waters deeper than the mixed layer, depths

where the radiocarbon is depleted, relative to

surface waters (Broeker et al. 1985; Kalish 2001).

Movement and feeding studies support the

notion that an increase in the variability of the

source of radiocarbon could partially explain the

phase lag observed in some samples. Analyses of

feeding habits and tracking studies indicated

deep-water squid were a component of the

shortfin mako diet in the western North Atlantic

Ocean (Carey et al. 1978; Stillwell and Kohler

1982). Tracking studies in the eastern North Pa-

cific Ocean indicated young shortfin mako (up to

1.7–1.8 m TL) frequent the upper 50 m of the

water column (corresponding to the 18–20�C
range), but make excursions to deeper waters,

presumably to feed (Holts and Bedford 1993;

Klimley et al. 2002; Sepulveda et al. 2004).

Although dietary effects can explain some of

the variation, there is no empirical evidence to

rule out some degree of metabolic reworking.

Based on 210Pb distributions within vertebrae,

Welden et al. (1987) determined that the inor-

ganic component in shark vertebrae may be

metabolically unstable. The within-shark D14C

signal for the adult shortfin makos that lived

through the pre-bomb to post bomb era, however,

indicated there is strong evidence that the organic

carbon is conserved to a significant extent.

Otherwise, no recorded increase with time would

be evident and the distribution of pre- and post-

bomb values would likely be randomly distrib-

uted. The observed variability within this general

trend, however, could be due to either minor

differences in sample extraction or differences in

localized growth and deposition. This notion is
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supported by the different measured D14C levels

in the sample that was similar in vertebral loca-

tion to one analyzed by Campana et al. (2002)

and similar findings were recorded for the white

shark (Kerr et al. this issue). However, the sam-

ples from Campana et al. (2002) were not

demineralized prior to radiocarbon analysis.

The geographic location of an individual shark

during a particular period of its life can also

introduce further variability in the radiocarbon

signal. Follows and Marshall’s (1996) model, con-

sistent with the observed patterns, indicated there

was an excess of bomb 14C in the western part of

the North Atlantic Ocean basin, due to enhanced

eddy stirring in the western region. Results of a

study onmovements of 231 shortfinmako sharks in

the western North Atlantic Ocean indicated that

31 (13.4%) sharks recaptured were caught after

traveling distances exceeding 1000 nautical miles

(Casey andKohler 1992). One of the sharks tagged

off the northeastern United States was recaptured

off the coast of Spain, after a straight-line journey

of 2452 nautical miles. Because shortfin mako are

highly migratory, exposure to prey in different

regions might play a role in the variable radiocar-

bon levels seen here.

The results of this work support the annual

band-pair interpretation for western North

Atlantic shortfin mako aged up to 31 years, but

does not rule out the early age findings for biannual

band-pair deposition. The biannual band-pair

interpretation could be valid for the first few years

of growth, as was indicated by length-frequency

and tag/recapture data (Pratt and Casey 1983).

However, extrapolation of the early growth pat-

tern to older ages is not supported by the findings

of this study.
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Abstract Age and growth estimates for the

shortfin mako, Isurus oxyrinchus, derived from

vertebral centra of 258 specimens (118 males, 140

females), ranging in size from 64 to 340 cm fork

length (FL) were compared with data from 22 tag–

recaptured individuals (74–193 cm FL) and

length–frequency data from 1822 individuals (1035

males, 787 females; 65–215 cm FL). Annual band-

pair deposition, confirmed by a concurrent bomb

radiocarbon validation study, was used as the basis

for band interpretation. Validation was further

confirmed with a tetracycline-injected male short-

finmako recaptured after being at liberty off South

Africa for 1 year and aged at 18 years. Growth

rates from tag–recapture analysis (GROTAG)

were higher than those derived from vertebral

annuli and were only available from sharks up to

193 cm FL at recapture. Modal length–frequency

data were used to verify the first four age classes.

Growth curves were fit using both von Bertalanffy

andGompertz models. The 3-parameter version of

the von Bertalanffy growth function produced the

most biologically reasonable values for males,

based on observed data (L¥ = 253 cm FL,

K = 0.125 year–1 (estimated longevity = 21 year),

and L0 = 72 cm). The 3-parameter version of the

Gompertz growth function produced the most

biologically reasonable estimates, for females

(L¥ = 366 cm FL, K = 0.087 year–1 (estimated

longevity = 38 year) and L0 = 88 cm. Males and

females were aged to 29 (260 cm FL) and 32 years

(335 cm FL), respectively. Both sexes grew simi-

larly to age 11 (207 cm FL, 212 cm FL for males

and females, respectively) when the curve leveled

in males and continued to rise in females. Age at

50% maturity was estimated at 8 years for males

(185 cm FL) and 18 years for females (275 cm

FL). The species grows slower, matures later and

has a longer life span than previously reported in

North Atlantic waters.

Keywords tag/recapture Æ length–frequency Æ
mako shark Æ validation Æ bomb carbon Æ
tetracycline

Introduction

Age and growth studies of lamnoid sharks have

often been confounded by debate over the
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periodicity of band-pair formation. Parker and

Stott (1965) first suggested that two growth band

pairs formed each year (biannual band-pair

deposition) in their study of the basking shark,

Cetorhinus maximus. Pratt and Casey (1983) as-

sumed the same band deposition pattern for the

shortfin mako based on consistency with length–

frequency and tag/recapture data. Branstetter and

Musick (1994) also suggested biannual band-pair

deposition for the sand tiger shark, Carcha-

rias taurus, based on marginal increment analysis

(MIA) and examination of aquarium-reared

sharks. Additionally, Chen et al. (1990) proposed

biannual band-pair periodicity for the scalloped

hammerhead, Sphyrna lewini, which was further

extended by Anislado-Tolentino and Robinson-

Mendoza (2001).

For each species where biannual periodicity

has been proposed, an alternate study was per-

formed where annual periodicity was assumed or

biannual periodicity refuted. Wintner (unpub-

lished data)1 is re-aging the basking shark

assuming annual periodicity. Goldman et al. (this

volume) re-evaluated the age of the sand tiger

shark. Using relative MIA and results from two

oxytetracycline (OTC)-injected captive sharks

they determined that the band pairs are deposited

annually. Schwartz (1983) used marginal incre-

ments to support annual periodicity in the scal-

loped hammerhead and Branstetter’s (1987)

marginal increment data on this species, though

limited, also supported annual band-pair deposi-

tion. Additionally, while Cailliet et al. (1985) as-

sumed annual periodicity for the white shark,

Carcharodon carcharias in the Pacific, Wintner

and Cliff (1999) could not conclusively validate

band periodicity using MIA in this species off the

coast of South Africa, but one OTC-injected re-

capture suggested annual deposition.

Data from Natanson (2001) indicate that Pratt

and Casey (1983) overestimated the number of

band pairs on vertebral centra of small sharks.

Since this was the portion of the growth curve

used for comparison with the other methods, the

decision to divide their counts in half to make the

vertebral growth coincide with the other methods

was unfounded and resulted in vastly overesti-

mating the growth rate in larger fish. Bomb

radiocarbon analysis was used to examine the

periodicity of the bands on the shortfin mako

from the North Atlantic Ocean (Ardizzone et al.

this volume; Campana et al. 2002). These data

clearly demonstrate that a single band pair per

year is formed in sharks with between two and 31

band pairs and that the two band-pair per-year-

hypothesis for this species is incorrect.

Annual band periodicity has been validated for

the porbeagle, Lamna nasus, using OTC, known-

age fish and bomb radiocarbon dating (Campana

et al. 2002; Natanson et al. 2002). Recently, four

studies have been conducted on the age of the

shortfin mako in the Pacific, Bishop (2004) as-

sumed annual periodicity based on Cailliet et al.

(1983b) and Campana et al. (2002). Using whole

vertebrae, annual band-pair deposition was sup-

ported by MIA for shortfin makos off Mexico up

to approximately 7 years of age (Ribot-Carballal

et al. 2005), and in the northwestern Pacific by

Hsu (2003), though the results of this latter study

were not statistically evaluated. Chan (2001) as-

sumed biannual deposition following Pratt and

Casey (1983). Three of the four studies showed

distinct differences in growth between males and

females (Bishop 2004; Chan 2001; Hsu 2003); the

one study that did not (Ribot-Carballal et al.

2005), had very few samples from animals that

were larger than the size at male maturity, the

point at which the growth begins to diverge be-

tween the sexes.

In view of these recent validation studies that

contradict the biannual band-pair deposition

hypothesis, and the necessity of age information

for management, a revision of the age estimates

for the shortfin mako from the North Atlantic

Ocean using updated techniques and increased

sample sizes was undertaken.

Materials and methods

Vertebrae were obtained from shortfin makos

caught on research cruises, commercial and rec-

reational fishing vessels, and at sport fishing

tournaments between 1962 and 2004. Primary

sampling took place between Cape Hatteras, N.C.

1 Wintner SP (2005 unpublished data) Natal Sharks Board,
Private Bag 2, Umhlanga Rocks, 4320 South Africa
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and the Gulf of Maine (NE coast of the US), al-

though sampling extended south into the Gulf of

Mexico. Vertebrae between the number 15 and 20

were excised from each specimen, except on fish

that were commercially dressed, in which samples

were obtained closer to the head. The vertebrae

were trimmed of excess tissue and stored either

frozen or preserved in 10% buffered Formalin or

70% ethanol (ETOH). To determine if the

number of growth bands differed along the ver-

tebral column, whole columns from four animals

(166–208 cm FL) were removed.

Samples that had measured fork length

(FL—tip of the snout to the fork in the tail, over

the body-OTB), straight line FL (FLSL), total

length (TL—tip of the snout to a point on the

horizontal axis intersecting a perpendicular line

extending downward from the tip of the upper

caudal lobe to form a right angle—OTB), or total

weight (WT) were used. All lengths reported are

in OTB FL unless otherwise noted. Conversions

used in this study were:

FL¼ 0:9286 ðTLÞ � 1:7101N ¼ 199r2

¼ 0:99 ðKohler et al: 1996Þ ð1Þ

WT ¼ 5:2432 � 10�6 � FL3:1407 N¼ 2081r2

¼ 0:96 ðKohler et al: 1996Þ ð2Þ

OTBFL ¼ 1:03 ðFLSLÞ � 0:79N ¼ 30r2

¼ 0:99 ðBishop et al: 2006Þ ð3Þ

in which weights and lengths are expressed in

metric units (kg and cm).

One vertebra from each sample and every fifth

vertebrae from the whole columns were removed

for processing. The centra were sectioned using a

Ray Tech Gem Saw2 with two diamond blades

separated by a 0.6 mm spacer. Each centrum was

sectioned through the middle along the sagittal

plane, and the resulting bow-tie sections were

stored in individual capsules in 70% ETOH. Each

section was digitally photographed with an MTI

CCD 72 video camera attached to a SZX9

Olympus stereomicroscope using reflected light.

Band pairs (consisting of one opaque and one

translucent band) were counted and measured on

the images using Image Pro 4 software. Mea-

surements were made from the midpoint of the

notochordal remnant of the full bow-tie to the

opaque growth bands at points along the internal

corpus calcareum. The radius of each centrum

(VR) was measured from the midpoint of the

notochordal remnant to the distal margin of the

intermedialia along the same diagonal as the band

measurements.

The relationship between FL and VR was used

to determine if the vertebrae grew relative to FL

and were therefore suitable as an aging structure.

Potential differences in vertebral growth between

the sexes were tested using the linear interaction

model of Neter and Wasserman (1974) to test for

statistically significant differences between the

sexes.

Vertebral centrum interpretation

Entire vertebral columns were collected from

sharks of various lengths to examine the band-

pair counts along the column. Band-pair count

was plotted against location along the vertebral

column for every fifth vertebrae to determine if

the counts changed based on location along the

vertebral column. Presuming the counts remained

the same any vertebrae obtained could then be

used for aging.

A band-pair consisted of one opaque and one

translucent band. The criteria for designating a

band pair were based on broad opaque and

translucent bands, each of which was composed of

layers of distinct thinner rings (sensu Cailliet

et al. 1983a; Martin and Cailliet 1988). A solid

broad opaque band through the intermedialia and

continuing to the corpus calcareum as a translu-

cent band constituted a growth band.

Twenty-one vertebrae from this study had

previously been used in bomb carbon age vali-

dation studies (Campana et al. 2002; Ardizzone

et al. this volume). Thus, these samples were

considered to be of known age and the criteria for

the band pairs were based on the bands identified

in sections from these samples.

Validation of annual band periodicity was also

obtained through recapture of an OTC-injected

2 Reference to trade names does not imply endorsement
by the National Marine Fisheries Service.
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and tagged individual. Shortfin makos of various

lengths have been tagged and injected with

25 mg OTC/kg of OTC in both the North

Atlantic Ocean and off the east coast of South

Africa. A returned vertebra from a recaptured

shark from South Africa was examined with re-

flected UV light for the OTC mark. The number

of band pairs distal to the mark was then com-

pared with the number of years at liberty.

The first opaque band distal to the focus was

defined as the birth band (BB). A slight angle

change in the corpus calcareum coincided with

this band. Additionally, the identity of the birth

band was confirmed with back-calculation and

comparison of the birth band with the vertebral

radius from young of the year (YOY).

Data analysis

To ensure that vertebral counts were consistent

with those of researchers aging this species in

other regions, a three-laboratory intercalibration

study was done among researchers at the NMFS

Narragansett, RI Laboratory, Moss Landing

Marine Laboratories (MLML), Moss Landing,

CA and The University of Auckland (UA),

Auckland, New Zealand. Digital images of 53

vertebrae were exchanged with MLML and 50

with UA; criteria were discussed and readers

counted the bands without prior knowledge the

FL of the samples. All counts were made using

digital images although the actual samples were

available if necessary. Aging bias and precision of

bands counts were examined using age-bias plots

and the coefficient of variation (Campana et al.

1995).

Once the criteria for the bands were deter-

mined using the intercalibration, the first author

counted the entire sample twice. Pairwise com-

parisons of precision and bias were conducted on

the two counts. Samples that still did not agree

were recounted and then sent to the other labo-

ratories for confirmation of the band number, if a

consensus was not reached at that time the sam-

ple was discarded.

Von Bertalanffy growth functions (VBGF)

were fit to length-at-age data using the original

equation of von Bertalanffy (1938) with size at

birth L0 rather than t0:

LðtÞ ¼ L1 � ðL1 � L0Þexp�kt ð4Þ

where L(t) = predicted length at time t;

L¥ = mean asymptotic fork length;

k = a rate parameter (year–1); and

L0 = fork length at birth.

Three variations of the model were used:

3-parameter calculation estimated L¥, k and L0,

2-parameter method estimated L¥ and k and

incorporated a set L0 = 70 cm FL (H. Mollet

unpublished data3), and a 1-parameter method

estimated k with observed values for both

L0 = 70 cm and L¥ = 338.85 and 267.7 cm fe-

males and males, respectively. L¥ was estimated

by taking the mean FL of the three largest spec-

imens from each sex in our sample. These values

were considered justified because our sample in-

cluded all of the largest confirmed measured

shortfin makos measured in the sampling area in

the past 40 years (N. Kohler unpublished data4).

As an alternative to the VBGF analysis, we

also used the Gompertz growth function (GGF)

as described in Ricker (1979):

LðtÞ ¼ L0e
Gð1�eð�ktÞÞ ð5Þ

where:

L¥ = L0e
G is the mean maximum FL (t = ¥);

k (=g in Ricker 1979) is a rate constant (year–1),

and

L0 = fork length at birth.

Three variations of this model were also fit to

the data as above with either unconstrained

parameters and with certain set parameters using

the same values as with the VBGF.

All of the growth equationswere fit to the length

and vertebral band count data using non-linear

regression in Statgraphics (Manuguistics)�.2

Counts of vertebral band pairs were adjusted for

the date of capture assuming a theoretical birthday

of 1 Marchbased on the beginning of the estimated

period of parturition from Mollet et al. (2000).

Thus a specimen with three complete bands caught

3 Henry F. Mollet Moss Landing Marine Laboratories,
8272 Moss Landing Road, Moss Landing, CA 95039-9647
4 Nancy E. Kohler National Marine Fisheries Service, 28
Tarzwell Dr., Narragansett RI 02879
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6 months after 1 March would be assigned an age

of 3.5 years.

Variable band-pair deposition

Additional growth curves were generated using

the assumption that individuals less than or equal

to 160 cm FL deposited two band pairs per year

and greater than 160 cm FL deposited one band

pair per year. Data were sorted based on size and

an average band count was calculated for sharks

between 150 and 160 cm FL, which was 5 for

males and 6 for females. For specimens less than

or equal to 160 cm FL, the band count was

divided by two to obtain an age estimate. In

sharks greater than 160 cm FL, the average band

count calculated for the 150–160 cm grouping was

subtracted from the total count and the average

age of the 150–160 grouping was added to the

band count. Thus a 241 cm FL male with a band

count of 15 would have an age of 12.5. These data

were then used to calculate growth curves using

the methods detailed above.

Length–frequency analysis

Length–frequency data were obtained from

sharks caught by commercial and recreational

fishermen and by biologists operating along the

US Atlantic Coast primarily between the Gulf of

Maine and Florida Keys between 1961 and 2004.

The data set was examined in two ways: combined

for all years; and for 20 year groupings based on

approximate 20 year generation times: 1961–1980

and 1981–2004, to determine if there were chan-

ges over time. Monthly length–frequency histo-

grams separated by sex were initially produced in

addition to one with sexes combined. Histograms

were plotted in 5-cm intervals using the above

three scenarios. The months of June, July and

August had the largest samples and were used as

comparison to follow the first four age classes.

Tagging data

From 1963 through 2003, members of the NMFS

Cooperative Shark Tagging Program tagged 6334

and recaptured 757 shortfin makos. Only those

sharks reliablymeasured by biologists or fishermen

trained by NMFS biologists at both tagging and

recapture were used in the analyses.

The Gulland and Holt (1959), Fabens (1965),

and Francis (1988a) models were used to generate

VBGFs from the tag–recapture data. The Gul-

land and Holt (1959) model uses graphical inter-

pretation of the recapture data to produce

estimates of L¥ and k. Specifically, annualized

growth rate (cm/year) was plotted against average

FL (cm) between tagging and recapture to cal-

culate linear regression coefficients.

d½FL�ðtÞ=dt ¼ a þ b½FL� ¼ k½FL�1 � k½FL� ð6Þ
is the Gulland and Holt (1959) equation where:

d[FL](t)/dt is the first derivative of FL as a func-

tion of time, i.e. annualized growth rate, b = –k is

the slope, a = k[FL]¥ is the growth rate at size 0

(y-axis intercept), and [FL]¥ = –a/b (x-axis inter-

cept) = a/k is the mean maximum size.

½FL�END ¼ ½FL�INI þ ð½FL�1 � ½FL�INIÞð1� e�kTÞ
ð7Þ

is the Fabens (1965) equation where: T is the time

between two consecutive measurements [FL]INI

and [FL]END, and the parameters [FL]¥ and k are

the same as in the Gulland and Holt (1959)

equation. Only sharks at liberty for at least

0.9 years were included in these analyses.

The Francis (1988a) model (GROTAG) uses

maximum likelihood techniques to estimate

growth parameters and variability from tagging

data. A coefficient of variation of growth vari-

ability (v), measurement errors (m and s) and

outlier contamination (p) are estimated as well as

growth rates at two user selected lengths (a and

b). The reference lengths, a and b, were chosen to

lie within the range of tagged individuals. The

form of the von Bertalanffy equation becomes:

DL ¼ bga � agbga � gb � L1


 �
1� 1 þ ga � gba� b

� 	DTh i ð8Þ

The simplest model, a linear fit with minimal

parameters (a and s) was used initially with

additional parameters added to successively

increase the model complexity. Significant
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improvement in the model results was determined

using log likelihood ratio tests as per Francis

(1988a). Bootstrapping was used to calculate the

95% confidence intervals for the final parameter

estimates. The modeling and bootstrapping were

carried out using the Solver add-in in Microsoft

Excel� (C. Simpfendorfer personal communica-

tion5).

Longevity

Three methods were used to estimate longevity.

The oldest fish aged from the vertebral method

provides an initial estimate of longevity, however,

this value is likely to be underestimated in a

fished population due to a decrease in the largest

sizes. Taylor (1958) defined the life span of a

teleost species as the time required to attain 95%

of L¥. The estimated age at 95% of L¥ (= lon-

gevity in years) was calculated by solving the

VBGF and Gompertz growth functions for t and

replacing L(t) with 0.95 L¥. For the VBGF we

obtained:

Longevity ¼ ð1=kÞ ln ðL1 � L0Þ
L1ð1� xÞ
� �

ð9Þ

and for the Gompertz growth curves we obtained:

Longevity ¼ ð1=kÞ ln lnðL0=L1Þ
lnðxÞ

� �
ð10Þ

with x = L(t)/L¥ = 0.95.

Data from recaptured shortfin makos at liberty

for the longest time period in the NMFS Coop-

erative Shark Tagging Program were tabulated.

Ages at tagging were assigned to these fish based

on size at tagging, time at liberty was then added

to estimate longevity.

Results

Vertebral samples from 290 shortfin makos

(64–340 cm) were processed. Additionally, ver-

tebrae from three mid-term embryos ranging in

size from 42.5 to 44.7 cm were processed. Fish

with vertebrae taken from the head region, with

OTB FL calculated from other measurements, or

of unknown sex were not included in the FL/VR

analysis reducing the sample size to 236 (108

males, 128 females).

Vertebral centrum interpretation

The FL-VR data was log-transformed and fit with

a linear regression (Fig. 1). There was no signifi-

cant difference between the sexes for intercept

(P = 0.075) or slope (P = 0.051). Therefore, we

calculated the power regression for sexes com-

bined. The back-transformed power regression

was:

FL¼ 18:53VR0:8927r2 ¼ 0:983; n¼ 236:

Examination of the four whole columns

revealed that although bands were more difficult

to count on smaller vertebrae, counts between

vertebrae along the column never differed by

more than one. This indicated that vertebrae

collected from all regions along the column could

be used for counts, though not for band mea-

surements.

Shortfin mako vertebrae did not show consis-

tent pre-birth marks; thus, the first distinct opa-

que band was defined as the birth band. The
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location of the birth band (BB) coincided with a

slight change in the angle of the corpus calcareum

(Fig. 2). The mean BB value of the total sample

(mean BB ± 95% CI = 4.49 mm ± 0.04 mm;

N = 250) was lower than the mean vertebral ra-

dius (VR) of 16 YOY (64–79.5 cm; mean

VR ± 95% CI = 4.89 mm ± 0.19 mm) and higher

than the mean VR of three mid-term embryos

(42.5–44.7 cm; mean VR ± 95% CI = 2.52 mm

± 0.32 mm) (Fig. 1). The location of the BB

between the VR of the mid-term embryos and

YOY indicates the birth band was identified

correctly.

Vertebrae from one OTC-injected shark were

returned after 1.04 years at liberty. This shark

came from the east coast of South Africa; the

estimated size at tagging (212 cm pre-caudal

length) was the same as the measured size at re-

capture (240.7 cm FL OTB) thus the shark

showed no growth. The vertebra from this speci-

men had a distinct OTC mark and one full band

pair (the expected number of growth bands after

1 year at liberty) had been deposited between the

time of tagging and recapture (Fig. 3). This ma-

ture male was aged at 18 years at recapture,

which confirms annulus formation at this size and

agrees with estimates from bomb radiocarbon

dating.

Data analysis

Comparison of counts between readers at the

different laboratories indicated that all readers

were identifying the same bands. The coefficient

of variation between NMFS and MLML (n = 53)

varied about a mean of 10.8%, while those be-

tween NMFS and the University of Auckland

(n = 50) varied about 9.0%. Age bias plots gen-

erated for both studies showed variation around

the 1:1 plot but no systematic bias.

Comparison of the first and second counts of the

first author also indicated no systematic bias

(Fig. 4). The individual coefficients of variation

fluctuated around the mean at 3.9% and the APE

andDwere 2.8%. This level of precision was much

lower than for the porbeagle (15%) (Natanson

et al. 2002) and was thus considered acceptable;

and the second countwas used for those counts that

differed by one band (64%). A third count was

completed on those that differed by two or more

bands, if the third count did not agreewith either of

the first two, the vertebrae were sent to the other

labs for confirmation and discarded if no consensus

was reached (3%). Quality control was maintained

by periodically recounting earlier samples and

cross-checking the readings. Eighteen additional

samples were discarded due to questionable length

Fig. 2 Photograph of a vertebral section from a
151 cm fork length (FL) female shortfin mako estimated
to be 5 years old. The birth band (BB) is indicated and
band pairs are marked with a dark circle. Vertebral
radius = 10.2 mm

Fig. 3 Vertebra from an oxytetracycline (OTC) injected
240.7 cm 18-year-old male shortfin mako showing location
of the OTC mark. Magnification = 8·
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data or poor sectioning, the remaining 264 (118

male, 140 female and 6 of unknown sex) were used

for the age analyses.

All the growth curves fit the data over the

observed size ranges (Fig. 5a, b). However, com-

parison of the estimates from the VBGF and

GGF parameters showed that the VBGF 3-

parameter function provided the most reasonable

estimates of maximum size and size at birth for

males, while the GGF 3-parameter provided the

most reasonable estimates of the parameters for

females based on observed values of size at birth

and maximum size (Table 1, Fig. 6). For females,

estimates of maximum size and size at birth from

the VBGF were substantially higher than ob-

served values. Additionally, the low K estimates

resulted in high longevity values, while the GGF

predicted lower estimates of maximum size and

longevity, closer to observed values. Size at birth

and maximum size estimated by the 3-parameter

GGF, while slightly high, were more reasonable

than those estimated using the other methods.

Additionally, longevity estimated using the 3-

parameter GGF was consistent with the actual

aged values. The largest female in our sample

(366.2 cm FL) was estimated to be 20 years,

which is clearly an underestimation. In addition,

the shark was not measured by the authors and

the length could not be confirmed, thus this data-

point was not included in the calculations (Fig. 6).

In contrast, the growth for males was better

represented by the VBGF, as the GGF predicted

lower values for maximum size and longevity and

a higher size at birth (Table 1, Fig. 6). The L¥

estimated for the males by all of the methods was

lower than the largest known male, thus under-

estimating longevity. The 3-parameter VBGF fit

the male data well with the exception of the

largest male shark (289 cm) collected from the

Gulf of Mexico (Fig. 6). The age estimate for this

shark seems to fit better within data from the

females (Fig. 6). This fish was not measured by us

and the length is unconfirmed, thus it was not

included in calculations. The data from the OTC-

injected male shark fit well on the growth curve.

Length-at-age data indicate that males and fe-

males grow at similar rates until approximately

11 years (207–212 cm). After this point, which is

close to the length-at-maturity of males, there is a

dramatic differencebetween the sexes, as indicated

by the lack of overlap in observed size at age data

(Fig. 6). Males growth starts to level out after the

size at 50%maturity (185 cm FL), whereas growth

of females continues to rise. Subsequent compari-

sons are for the sexes separate.

Variable band-pair deposition

Growth functions for the variable band deposi-

tion scenario produced lower values of L¥ and

higher values of K than those for annual band

deposition alone, showing the faster initial growth

as would be expected assuming two bands per

year during a portion of the lifetime (Table 1).

Corresponding estimates of longevity, and size at

maturity, for both sexes, were lower than those

derived from annual band deposition, yet higher

than the Pratt and Casey (1983) values.

Length–frequency

Data from 3374 shortfin makos (1575 female,

1799 male) obtained between 1961 and 2004 were

examined for length–frequency modes (Fig. 7).

No visual differences were observed in the modes

between the two 20-year time periods thus all the

data were combined. Though the first few modes
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in the summer months were quite clear, the later

modes became obscured and it was decided to use

only juveniles (up to 215 cm, higher than male

maturity of 185 cm) so that the entire last mode

of immature males was included in the final plots.

Since juvenile growth in this species is similar, the

sexes were combined. The majority of the sam-

ples were collected in June (n = 1822), and four

distinct modes are visible (Fig. 7). Additionally a

small mode is visible at 100 cm, but it blends into

the next mode by August and becomes indistinct;

thus it was not considered to be a true mode.

Based on the modal analysis sharks grow 40 cm in

the first year, 35 cm in the second and 30 cm in

the third year.

Tagging data

A total of 22 shortfin mako was recaptured with

sufficient information for tag/recapture analysis.

Time at liberty ranged from 0.08 to 2.56 years and

size at tagging ranged from 74 to 137 cm. Data

from 14 sharks at liberty >0.9 years were used for

Gulland and Holt’s (1959) and Fabens’ (1965)

methods whereas all individuals were used for

GROTAG (Francis 1988a).

None of the tag/recapture methods produced

biologically reasonable values for maximum size

and longevity (Table 1). The different models of

the likelihood ratio tests using GROTAG (Francis

1988a) all produced the same results (Table 2).

The mean annual growth rates are

g85 = 47.5 cm year–1. and g130 = 29.5 cm year–1,

corresponding to growth rates at FL = 85 cm and

130 cm, respectively. The Fabens (1965) and

GROTAG results were quite similar to each other

but had a lower L¥ and a higher K than Gulland

and Holt (1959) (Table 1). All of the plotted

curves looked similar but GROTAG better fit the

data and was considered a more reliable curve due

to its use of all available data. However, as pre-

viously stated due to limited number of samples,

size range and times at liberty, the growth pre-

dicted from the tag/recapture data could be

questioned, particularly in light of the high confi-

dence intervals around the parameter estimates

and lack of a strong relationship between the

Gulland and Holt (1959) parameters (Fig. 8).

While direct comparison of the growth curves

using the vertebral, length–frequency and tag/re-

capture generated growth curves is misleading, it

can be useful to compare the growth rates at set

sizes (Francis 1988b). The tag/recapture curves

and the length–frequency modes indicate a much

faster growth for the young mako sharks than the

vertebral growth indicates (Table 2).

Longevity

The maximum age based on vertebral band-pair

counts was 29 and 32 years, for males and females,

respectively. The calculated longevity estimate of

21 years for males is an underestimate and was

lower than that obtained directly; while for fe-

males, the calculated longevity (38 years) was

older than that obtained using vertebral counts.

The maximum ages of 21 for males and 32 for

females calculated using the tag/recapture analy-

sis are close to the ages obtained by vertebral

counts. None of the long-term recaptures were
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measured, however, the estimated lengths com-

bined with the times at liberty gives information

on longevity. Three recaptured sharks were at

liberty longer than 10 years. The male with the

longest time at liberty (12.7 year) was estimated

at 183 cm (corresponding to 7.9 years) at tagging

and 21 years at recapture. The longest time at

liberty for a female was 12.4 years. The shark was

estimated at 100 cm (3 year) at tagging and

15.4 years at recapture. Another female, at liberty

10.5 years was estimated to be 274 cm at tagging

corresponding to 21.3 years and 31.8 years at re-

capture.

Discussion

In 1983, Pratt andCasey, in aging the shortfinmako

in the North Atlantic Ocean, put forth the

hypothesis that this species deposits vertebral

bands twice per year. Although the two-band-per-

year hypothesis was brought into doubt several

times since its inception (Cailliet and Bedford

1983; Natanson 2001; Natanson et al. 2002), there

has been no evidence that this hypothesis is erro-

neous until recently. Recent advances in the vali-

dation of the periodicity of bands using bomb

carbon techniques have been used to confirm that

bands in this species are deposited annually

(Campana et al. 2002; Ardizzone et al. this vol-

ume; Cailliet and Goldman 2004). Additionally,

the results from one recaptured male after OTC-

injection supports annual band periodicity at

18 years. Thus, the previous ages for the shortfin

mako using the two-band-per year hypothesis

(Pratt and Casey 1983) were underestimated.

Biannual band-pair deposition has also been

suggested in other shark species, including the sand

Table 1 von Bertalanffy
growth function
parameters and 95%
confidence intervals
calculated by using
vertebral and tag/
recapture methods

Method L¥ K L0 n Longevity

von
Bertalanffy—3
parameter

Male 253.3 0.125 71.6 118 21.3
CI± 8.3 0.016 5.9
Female 432.2 0.043 81.2 140 65.8
CI± 54.8 0.011 7.4

von
Bertalanffy—2
parameter

Male 252.1 0.128 118 20.8
CI± 7.1 0.011
Female 393.1 0.054 140 51.6
CI± 31.5 0.009

von
Bertalanffy—1
parameter

Male 0.109 118 24.8
CI± 0.004
Female 0.074 140 37.3
CI± 0.003

Gompertz—3
parameter

Male 241.9 0.191 76.7 118 16.3
CI± 0.020 5.3
Female 365.6 0.087 88.4 140 38.1
CI± 0.013 6.6

Gompertz—2
parameter

Male 238.3 0.212 118 15.0
CI± 0.013
Female 331.3 0.118 140 28.9
CI± 0.010

Gompertz—1
parameter

Male 0.159 118 20.5
CI± 0.007
Female 0.113 140 30.2
CI± 0.004

Tag/recapture
Gulland and
Holt (1959)

Combined 281.7 0.24 14 11.4
CI± 95.7 0.05

Fabens (1965) Combined 199.41 0.58 14 4.5
CI± 46.65 0.51

GROTAG Combined 203.9 0.51 22 5.1
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tiger (Branstetter andMusick 1994), basking shark

(Parker and Stott 1965), and scalloped hammer-

head (Chen et al. 1990; Anislado-Tolentino and

Robinson-Mendoza 2001). Goldman et al. (this

volume) validated annual periodicity in the sand

tiger, using OTC. The data for the assumption of

biannual deposition for the other two species were

inconclusive and the studies lacked the appropriate

supporting evidence. There are therefore no vali-

dated studies proving biannual band-pair deposi-

tion for any species.

In the present study, there was no difference in

band-pair counts in vertebrae along the vertebral

column. Bishop (2004) also found no difference

using vertebral columns of three shortfin makos

of varying size. This factor is important in the

present study as many samples were taken from

the head region from fish that were processed for

sale. However, Hsu (2003) found a distinct dif-

ference in the vertebral counts along the column.

Band counts are expected to vary between tech-

niques, oceans and readers. The authors in the

present study intercalibrated with Bishop (2004)

and coordinated efforts to use the same method-

ology for processing, measuring and counting,

thus it is not surprising that the results of these

studies agreed. The discrepancy with the Hsu

(2003) study could be attributed to the use of

whole vertebrae versus sections and thus tech-

nique. Counts on whole vertebrae often under-

estimate those in sections in because of

compression of the last bands. In a smaller ver-

tebra, such as those at the extreme head or tail, it

would be difficult to distinguish between bands in

a whole vertebra which might be clear in a sec-

tion. Although it has yet to be investigated, it is

also possible that the differences between the Hsu

(2003) and other studies represent a real differ-

ence in the populations of the species.
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The band counts from Natanson (2001) support

Pratt and Casey’s (1983) original band counts on

sharks greater than 150–160 cm FL but disagree

with their assigned age estimates. Conversely,

band counts from Natanson (2001) on sharks less

than 150 cm FL disagree with the bands counts

from the 1983 study but agree with the assigned

age estimate and also correspond to the growth

estimates based on Pratt and Casey’s (1983) other

three methods. Direct comparison of age-length

and length-increment-derived growth curves has

been shown to be inappropriate since the publi-

cation of the Pratt and Casey (1983) study

(Francis 1988b). In the present study, we also

used juvenile length–frequency and tag/recapture

data to independently estimate growth. The

current results based on increased sample sizes

and improved data analysis techniques are very

similar to the Pratt and Casey (1983) results in

that the growth rates predicted by the juvenile

length–frequency modes and the tag/recapture

data are higher than that of the vertebral analysis.

In the present study, however, the vertebral bands

pairs are validated from age two to 31 (Ardizonne

et al. this volume) and the vertebral growth curve

cannot be manipulated to agree with the other

methods; rather those methods need to be

examined.

The high estimates for L¥ and K from GRO-

TAG can be attributed to the different derivation

of the VBGF parameters, small sample size and

the absence of older recaptured sharks in the

sample. Additionally, the tag/recapture growth

data examined graphically using Gulland and

Holt (1959) shows no relationship and a large

variation in growth rate of these individuals

(Fig. 8). The length–frequency modes are pri-

marily applicable to the young size classes and

may be a better indicator of growth for those si-

zes. Both tag–recapture and length–frequency

show similar fast growth in the younger fish as

compared to the vertebral method. However, the

data from these methods is only slightly above the

length at age data from the vertebrae (Fig. 6).

The fast initial growth represented by the data is

not reflected in the growth curves as they are

unable to handle rapid initial growth. The tag–

recapture growth curves approach L¥ faster than

those derived from vertebral analyses and

asymptote at a lower size than biologically rea-

sonable due to the dependence on the younger

size classes. The difference between these meth-

ods is not entirely unexpected and was also seen

in the shortfin mako in Bishop (2004). Size-mode

analysis in the porbeagle was also quite distinct in

the first year but also showed a much faster

growth rate than the vertebral growth curve

(Natanson et al. 2002). Since the assigned ages in

this study were based on validated counts, the

more rapid growth, as seen in modal analysis, is

difficult to interpret. Perhaps the modes coalesce

at younger ages than was previously presumed

due to the large variation of size at age combined

with the rapidity of the growth. This effect was

seen in one mode, which appeared in July at

100 cm and blended into the next by August.

The vertebral results provide an estimate of

growth for the entire size range of the species

and thus are more likely to reflect species growth

than methods based on juveniles alone. Male

Table 2 Log-likelihood function value and parameter
estimates for Growth rates from tag–recapture analysis
(GROTAG) (Francis 1988a) growth model fitted to
shortfin mako tagging data

Parameter Symbol
(unit)

Values Growth
vertebral

Growth
length–
frequency

Log likelihood k –86.89
Mean growth
rates

g85(cm/year) 47.5 17.4 42.5
g130 (cm/year) 29.5 13.1 36.1

Measurement
error

s (cm) 11.01

Vertebral growth based on male growth curve

y = -0.2352x + 66.27

R2 = 0.105
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and female growth past age 11 was markedly

different and the sexes required different growth

functions to best describe them. The female data

do not appear to reach an asymptote while the

male curve did. For the female, the VBGF

produced an unrealistically high estimate of size

Table 3 Growth function parameters and 95% confidence intervals calculated by using vertebral ages adjusted for
deposition rate of two band pairs per year until 160 cm FL followed by one band-pair per-year deposition

Method Lmax K L0 n Longevity

von Bertalanffy—3 parameter Male 240.2 0.18 84.8 118 13.9
CI± 8.11 0.03 6.64
Female 388.9 0.06 90.7 140 43.7
CI± 37.07 0.01 7.00

von Bertalanffy—2 parameter Male 232.5 0.24 118 11.2
CI± 5.99 0.02
Female 347.0 0.90 140 30.9
CI± 20.48 0.01

Gompertz—3 parameter Male 234.4 0.25 89.8 118 11.7
CI± 0.04 6.33
Female 388.9 0.11 97.3 140 29.5
CI± 0.02 6.47

Gompertz—2 parameter Male 225.0 0.37 118 8.5
CI± 0.03
Female 315.3 0.16 140 20.4
CI± 0.02

Table 4 Growth function parameters for shortfin makos from seven studies

Study Size range
cm FL

L¥
cm FL

K t0 n Location Age at
maturity

Oldest
aged

Bands/
year

Longevity
years

Pratt and
Casey (1983)**

Male 69–328* 302 0.266 –1 49 Western
North Atlantic

3 4.5 2 10

Female 345 0.203 –1 54 Western
North Atlantic

7 11.5 2 14

Cailliet and
Bedford (1983)

80.6–293 292.8 0.072 –3.75 44 Pacific,
California

7–8 17 1 38

Ribot-Carballal
et al. (2005)

68.6–264 375.4 0.05 –4.7 109 Pacific,
Baja, CA

7 m; 15 f 18 1 55

Bishop
et al. (2006)

Male 100–347* 302.2 0.052 –9.04 145 Pacific,
New Zealand

7–9 29 1 48

Female 820.1 0.013 –11.3 111 Pacific,
New Zealand

19–21 28 1 219

Hsu (2003) Male 72.6–250.9 321.8 0.049 –6.07 133 China 13–14 23.6 1
Female 72.6–314.9 403.62 0.040 –5.27 174 China 18–19 30.6 1

Chan (2001)** Male 66–274 267.0 0.312 –0.95 24 Pacific,
Australia

Not reported 7 2 9

Female 74–314 349.0 0.155 –1.97 52 Pacific,
Australia

Not reported 10 2 17

Natanson
et al. (this volume)***

Male 72–260 253.3 0.125 71.6 118Western
North Atlantic

8 29 1 21

Gompertz Female 64–340 365.6 0.087 88.4 140Western
North Atlantic

18 32 1 38

All lengths are fork length, those originally presented in total length were converted using equations published in the study
or conversions from Bishop (2004) for the Pacific and Kohler et al. (1996) for the Atlantic. 95% Longevity is calculated

* Only total size range listed

** 2 Band/year assumed

*** Validated
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at birth, maximum size and longevity, while the

GGF provided reasonable estimates for these

parameters. Bishop (2004) and Bishop et al.

(2006) had similar findings with females such as

no asymptote and high estimates of size at birth

from their von Bertalanffy (1938) equation and

felt that the Schnute (1981) four parameter

function better described growth. The best fit for

the female, in this study, was the 3-parameter

GGF. The VBGF 3-parameter function was the

best fit for males providing reasonable estimates

for all parameters.

One other possibility we explored was one in

which the band deposition rate changes with size

and thus with age. If we accepted that Pratt and

Casey (1983) were correct that biannual band-

pair deposition occurred in the size range they

used (less than or equal to 155–160 cm FL), and

that the current validation of the annual period-

icity in the older sharks is also correct, one can

construct a growth curve that reflects this change.

As expected, the values for growth rate, age at

maturity and longevity fall between the current

values and Pratt and Casey’s (1983) values
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(Table 3). Without direct OTC-validation of the

youngest size classes, we could not be certain that

the band-pair deposition rates do not change. We

feel, however, that this scenario is unlikely and

that band-pair deposition is annual throughout

the life of the shortfin mako.

The change from the two-band-per-year to the

one-band-per-year interpretation results in a dif-

ference in growth rate, age at maturity and lon-

gevity, which has far-reaching implications for

this species. The only previous study of this spe-

cies in the western North Atlantic Ocean resulted

in age at maturity of approximately three and

seven for males and females, and a longevity

estimate for females of 11–12 years (Pratt and

Casey 1983). Data from the current study show an

age at 50% maturity of 8 and 18 years (185 and

275 cm) for males and females respectively, and

longevity estimates of 29 and 36.

The longevity estimates derived from the

growth curves for males is an underestimation,

while the estimate of female longevity was

reasonable when compared with that obtained

from vertebral analysis. The estimates provided

fit the maximum size of makos in the WNA for

the past 40 years (N. Kohler unpublished data)

and assume that the largest-aged female is in

the range of the maximum size in the current

population. In an unfished population, this

maximum age and corresponding size was per-

haps higher. Longevity estimates calculated

from other studies of mako sharks are higher in

those studies using calculations based on VBGF

parameters (Cailliet and Bedford 1983; Hsu

2003; Ribot-Carballal et al. 2005; Bishop et al.

2006) and lower for those based on two band

pairs per year (Pratt and Casey 1983; Chan

2001) (Table 4).

Other studies have also shown the difference in

growth between male and female shortfin makos.

Bishop et al. (2006) had a high L¥ (2.1 times

higher than her largest measured sample

[347 cm FL]) and low K for the females using a 3-

parameter VBGF. Although their curve fit the

data in the size range of their samples they chose

to use the Schnute (1981) curve instead of both

the Gompertz and VBGF. Neither Cailliet et al.

(1983b) or Ribot-Carballal et al. (2005) had suf-

ficient samples to analyze their data by sex and

also lacked large females. Chan (2001) had only

nine females over approximately 250 cm and only

two over 300 cm, thus the larger sizes were

underrepresented; this may account for the lower

L¥ and higher K in his study (Fig. 9).

The occurrence of sexual differences in growth

is well documented in elasmobranchs, with fe-

males usually growing larger than males. In the

shortfin mako there is ample evidence that the

female attains a larger size than the male. Maxi-

mum size male and female specimens in this

study, 260 and 340 cm, respectively, represent the

largest reliably measured shortfin makos from the

North Atlantic Ocean.

Using validated vertebral band counts it has

been shown that the shortfin mako grows slower,

matures later and lives a longer life than previ-

ously thought in the North Atlantic Ocean. We

believe that the validated vertebral interpreta-

tions generated in this study provide robust esti-

mates of age and growth for the shortfin mako.
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Abstract Sandbar sharks, Carcharhinus plumb-

eus, collected from commercial shark fisheries in

Western Australia were aged by examination of

sectioned vertebrae and analysis of tag-recapture

data. Growth curves were derived from consensus

counts of growth bands from the vertebrae of 238

individuals ranging in size between 47 and 154 cm

fork length (FL). The annual periodicity of

growth band formation was validated using ver-

tebrae from tagged sharks, which were injected

with oxytetracycline (n = 9) and calcein (n = 23)

and were at liberty for up to 8.1 years. The oldest

female was estimated to be 25 years of age and

the oldest male was 19 years. The ages at which

50% of female and male sharks were mature were

estimated to be 16.2 and 13.8 years, respectively.

Growth increment data from 104 tagged

C. plumbeus, which were at liberty for up to

7.4 years, were used to construct growth curves

for comparison with those derived from vertebral

analysis. The two methods yielded noticeably

different results. Based on a known size at birth of

42.5 cm FL, von Bertalanffy parameters esti-

mated using length at age data from verte-

bral analysis were: K = 0.039 year–1 and

L¥ = 245.8 cm; K = 0.044 year–1 and L¥ =

226.3 cm; and K = 0.040 year–1 and L¥ =

239.6 cm for females, males and both sexes com-

bined. The von Bertalanffy parameters derived

from tag-recapture data were: K = 0.153 year–1

and L¥ = 142.0 cm for combined sexes. However,

as sharks longer than 142.0 cm were commonly

encountered during sampling, these estimates

appear to be biologically unrealistic. Also, given

the high variability in growth rates of tagged

sharks, compared to those derived from the larger

vertebral analysis dataset, vertebral ageing was

concluded to provide a better description of age

and growth in this study. These results confirm

that C. plumbeus is a slow-growing and late

maturing species and thus recovery times

from periods of overexploitation would be

considerable.
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Introduction

The sandbar shark, Carcharhinus plumbeus (Nar-

do 1827), is a medium-sized carcharhinid shark,

which occurs globally in tropical and temperate

coastal waters (Compagno 1984). Due to their

cosmopolitan distribution, abundance in coastal

waters, vulnerability to multiple gear-types, high

quality flesh and large fins, C. plumbeus stocks

support significant commercial target fisheries

throughout the species’ range, particularly on the

east coast of the United States1 (Sminkey and

Musick 1996), east coast of Mexico (Bonfil 1994),

East China Sea (Taniuchi 1971; Joung and Chen

1995) and on the west coast of Australia2,3,4

However, due to their slow growth, late onset of

maturity, small litter sizes and long reproductive

cycle, sandbar sharks are highly susceptible to

overfishing and the effects of commercial exploi-

tation need to be well understood and carefully

managed to avoid overfishing1 (Sminkey and

Musick 1996; Smith et al. 1998; Castro et al. 1999;

Brewster-Geisz and Miller 2000). Furthermore,

where overfishing of C. plumbeus stocks has

occurred, e.g. in the north-west Atlantic Ocean

(Sminkey and Musick 1995, 1996; Castro et al.

1999), stock restoration is likely to takemany years

(Bonfil 1994; Musick et al. 2000). Reliable age and

growth estimates can provide important informa-

tion for assessing the status of exploited stocks and

for predicting their capacity for recovering from

periods of overfishing.

In Australia, C. plumbeus occurs off both the

east and west coasts and to a lesser extent off the

north and south coasts (Last and Stevens 1994).

In Western Australia, sandbar sharks are pri-

marily distributed between Cape Leveque

(16�30¢S, 123�E) on the north coast and Albany

(118�E) on the south coast. Throughout this

range, they are caught by a number of fisheries

that take sharks as both targeted catch and by-

catch. Between 1995 and 2004, reported catches

of C. plumbeus in Western Australia increased

nearly fivefold, from 83 to 402 tonnes live

weight3,4 (R.B. McAuley, unpublished data).

Sandbar sharks are now the main component of

the catch in the west coast region of the temper-

ate shark fishery (between latitudes 26�30¢S and

33�S), where they are primarily caught by

demersal gillnets. The developing northern shark

fishery (which operates north and east of 22�78¢S,
114�06¢E) also targets C. plumbeus using demer-

sal longlines. Both the temperate and northern

shark fisheries are limited entry, with effort in the

temperate fishery controlled by restrictions on the

amount of gear that can be used3,4 (Simpfendor-

fer and Donohue 1998).

There are currently no published age and

growth data for C. plumbeus from Australian

waters and age and growth estimates for other

populations vary considerably between studies

(Springer 1960; Wass 1973; Casey et al. 1985;

Casey and Natanson 1992; Sminkey and Musick

1995; Joung et al. 2004). Although separate

C. plumbeus populations do exhibit markedly

different biological characteristics (Springer 1960;

Bass et al. 1973; Wass 1973; Cliff et al. 1988; Joung

and Chen 1995; Sminkey and Musick 1995; Joung

et al. 2004), the magnitude of the differences in

previously reported growth curves are too large to

confidently be attributed to either population

density or environmental effects. An alternative

explanation for some of these differences is that

tagging data, which have previously been used to

estimate growth rates and verify the annual for-

mation of vertebral growth bands (Casey et al.

1985; Casey and Natanson 1992), can provide an

unreliable basis for growth rate analyses. Because

the periodicity of vertebral growth band forma-

tion has never been comprehensively validated for

this species, it is difficult to resolve whether the

1 Hoff TB (1990) Conservation and management of the
western North Atlantic shark resource based on the life
history strategy limitation of sandbar harks. PhD disser-
tation, University of Delaware, Newark, 149 pp.
2 McAuley R, Simpfendorfer C (2003) Catch composition
of the Western Australian temperate demersal gillnet and
demersal longline fisheries, 1994–1999. Fisheries Research
Report No. 146. Department of Fisheries, Western Aus-
tralia, 78 pp.
3 Gaughan D, Chidlow J (2005) Demersal gillnet and
longline fisheries status report. In: Penn JW, Fletcher WJ,
Head F (eds) State of the Fisheries Report 2003/04.
Department of Fisheries, Western Australia, pp.186–191.
4 Gaughan D, Chidlow J (2005b) Northern shark fisheries
status report. In: Penn JW, Fletcher WJ, Head F (eds)
State of the Fisheries Report 2003/04. Department of
Fisheries, Western Australia, pp.146–150.
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reported differences in growth indicate real vari-

ability within and between C. plumbeus popula-

tions or whether they were caused by different

ageing methods or inconsistent interpretation of

growth bands between studies.

Due to its demonstrated vulnerability to

overfishing and the rapid increases in commercial

landings in Western Australia, a clear under-

standing of the biology and status of the

C. plumbeus stock is essential to ensure sustain-

able levels of exploitation. In order to develop an

age-structured population assessment of this

stock, accurate and locally derived estimates of

size-at-age and growth rates are necessary. The

primary aim of the present study was, therefore,

to determine age and growth parameters for

C. plumbeus in Western Australian waters. Sec-

ondly, as the periodicity of growth band forma-

tion in C. plumbeus vertebrae has not previously

been validated in wild sharks, this study also

aimed to determine whether the growth bands

visible in sectioned vertebrae form annually. The

final aim was to examine whether growth rates

derived from tagging data vary from those de-

rived from vertebral analysis and whether the

former approach could have contributed to the

variation in previously reported growth rates of

this species.

Materials and methods

Vertebral sample collection

Vertebral samples from 680 C. plumbeus, which

ranged in size from 47 to 166 cm fork length (FL),

were collected from both commercial and fishery-

independent sources between 6 April 1999 and 28

May 2002. Sharks obtained from commercial cat-

ches were caught by demersal gillnets (n = 379)

and longlines (n = 263). A smaller number of

sharks were caught during fishery-independent

sampling using demersal longlines (n = 20) and

drumlines (n = 22). Gillnets were constructed of

0.9–1.0 mm diameter monofilament meshes of

between 165 mm (6.5†) and 178 mm (7†) stretched
mesh sizes with either a 15 or 20 mesh drop. Both

commercial and fishery-independent longlines

comprised size 12/0 J-shaped hooks, attached to

the main line via approximately 2 mmetal snoods.

Longline hooks were baited with mullet, Mugil

cephalus, or mackerel (family Scombridae).

Drumlines consisted of size 14/0 Mustad shark

hooks, baited with Australian salmon, Arripis

truttaceus, and attached to anchored 20 l plastic

drums via lengths of chain, so that hooks floated

approximately 1 m below the surface. Gillnets and

longlines were set demersally in depth ranges of 9–

121 and 14–157 m, respectively, and drumlines

were fished in depths of between 54 and 100 m.

Vertebral sampling was conducted between

Eighty Mile Beach (20�S, 120�E) on the north

coast and east of Cape Leeuwin (35�S, 115�E) in
the south west of the state (Fig. 1).

Each shark was sexed and FL measured to the

nearest centimetre, as a straight line from the tip

of the snout to the fork of the caudal fin. For

comparison with results of other studies, the

relationships between FL and total length (TL) in

Western Australian C. plumbeus are described by

the equations:

TL ¼ 1:118ðFLÞþ6:302

ðn ¼ 878; r2 ¼ 0:984Þ for males;

TL ¼ 1:113ðFLÞþ5:819

ðn ¼ 895; r2 ¼ 0:986Þ
for females and

TL ¼ 1:122ðFLÞþ6:004

ðn ¼ 1; 773; r2 ¼ 0:985Þ
for both sexes combined:

The relationships for males and females were

significantly different (ANCOVA, F = 5.53;

df = 2, 1,769; P = 0.041).

As vertebral samples were largely obtained

from commercial catches, centra were removed

from the vertebral column anterior to the origin of

the first dorsal fin and stored frozen until

being processed. Reproductive condition was also

recorded for subsamples of male (n = 65) and

female (n = 48) sharks, according to the following

definitions. Males were defined relative to the de-

gree of clasper calcification: immature (uncalcified,

where claspers were small and could be easily bent
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along their entire length), maturing (partially cal-

cified, where claspers had begun to elongate and

calcify but could still be bent along most or all of

their length) and mature (calcified, where claspers

were elongate and could not be bent at all). Female

maturity was defined by a combination of uterine

and ovarian development: stage 1 (immature),

uterus very thin along its entire length and empty

and ovaries indistinguishable from epigonal organ;

stage 2 (maturing), uterus very thin along most of

its length but enlarged posteriorly and empty,

ovaries difficult to distinguish from epigonal organ;

stage 3 (mature, not pregnant), uterus enlarged

along its entire length but empty and functional

ovary clearly distinguishable from epigonal organ,

with differentiated ovarian follicles or developing

Fig. 1 Sampling locations of 680 C. plumbeus from waters off the west coast of Australia, which were used for vertebral
analysis of age and growth
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yolky ova; stage 4 (mature, ovulatory and post-

ovulatory), uterus containing yolky eggs but no

visible embryos on eggs; stage 5 (mature, preg-

nant), uterus containing visible embryos; stage 6

(mature, post-partum), uterus enlarged andflaccid,

appearing to have just given birth, possibly with

visible placental scars.

Vertebral processing and analysis

After defrosting, the neural arch, transverse pro-

cesses and excess tissue were excised from each

vertebral sample and individual centra were sep-

arated. Centra were soaked in a 5–10% sodium

hypochlorite solution for up to 60 min, depending

on their size and quantity and the age of the

solution, until all remaining tissue had been re-

moved. Cleaned centra were thoroughly rinsed in

fresh water and dried in an oven at 50�C for

periods of up to 24 h. Three centra from each

shark were embedded in polyester casting resin

and longitudinal cross-sections of 170 lm thick-

ness were taken from as close to the focus of each

centrum as possible, using a variable speed linear

precision saw. Sections were mounted on micro-

scope slides with casting resin and digitally pho-

tographed through a dissecting microscope under

reflected light.

Images were viewed and minor adjustments to

their brightness and contrast were made using

Microsoft Photo Editor. Growth bands (defined

as a narrow translucent band and adjacent wide

opaque band pair) were independently counted

by three readers, without knowledge of the size,

sex or previous results for any shark. Two readers

had experience in ageing sharks, while the third

had no experience in ageing sharks but was

experienced in ageing teleosts. Counts com-

menced after the birth-mark, which was identified

by a change of angle on the outer edge of the

corpus calcareum and an associated translucent

band. The readability of each section was scored

according to the following definitions: 0, unread-

able; 1, bands visible but difficult to interpret; 2,

bands visible but the majority difficult to interpret

accurately; 3, bands visible but a minority difficult

to interpret accurately; and 4, all bands unam-

biguous. Sections with a readability score of 0

were excluded from further analysis.

A consensus was determined for each reader’s

counts of the three centra from each shark using

the following criteria: (i) where at least two

counts matched, the matching count was adopted;

(ii) where no counts matched but two counts

varied by 1, the count with the higher readability

was adopted; (iii) where no counts matched but

two counts varied by 1 and readability was equal,

the final reading was adopted, since this was made

with greater experience in the interpretation of

band formation. Where a consensus could not be

reached, that specimen was excluded from further

analysis of that reader’s results. Final consensus

of the number of growth bands for each specimen

was determined among readers by taking the

count that matched in at least two of the con-

sensus counts from each reader.

The index of average percentage error (IAPE)

was calculated for each reader’s counts and for

the consensus counts according to the method

described by Beamish and Fournier (1981):

IAPE ¼ 1

N

XN
j¼1

1

R

XR
i¼1

Xij �Xj



 


Xj

 !
� 100;

where N is the number of animals aged, R is the

number of readings, Xij is the count from the jth

animal at the ith reading and Xj is the mean age

of the jth animal from i readings.

A form of the von Bertalanffy growth equation

that fits the curve to a known size at birth

(Simpfendorfer et al. 2000) was fitted to the

resulting length at age data:

LT ¼ L0 þ ðL1 � L0Þð1� e�KTÞ;
where L0 is the mean size at birth (42.5 cm FL for

both sexes, R.B. McAuley, unpublished data), LT

is the mean length at time T, L¥ is the mean

asymptotic length and K is the growth coefficient.

The equation was fitted using the non-linear

regression function of Sigmaplot 9.01 (Systat

2004). Ninety-five percent confidence intervals

were estimated for von Bertalanffy parameters by

re-sampling the length-at-age data from vertebral

analysis, to create 1,000 new datasets (of the same

size as the original data) and re-fitting the growth

curve to each through the known size at birth of

42.5 cm FL. Values of t0 were derived from each
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of the resulting estimates using the standard def-

inition of the von Bertalanffy curve:

Lt ¼ L1 1� e�Kðt�t0Þ
h i

:

Validation of growth band periodicity

A total of 2,107 sharks, caught by a variety of fishery-

dependent and -independent methods, were tagged

between 22 March 1994 and 15 June 2004 in waters

between Cape Leveque (16�30¢S, 123�E) on the

north coast and Bremer Bay (34�S, 120�E) on the

south coast. Prior to release, sharks were sexed,

measured (FL) and tagged with Jumbo Rototags

(Dalton I.D. Systems, Dalton Group Ltd, Dalton,

UK) in the first dorsal fin. Subsamples of tagged

sharks were injected with either oxytetracycline

(OTC, prior to December 2000, n = 151) or calcein

(post-December 2000, n = 725) to mark their verte-

bral centra for age validation. BothOTC and calcein

were injected as an aqueous solution (25 mg ml–1)

into thedorsalmusculature anterior to thefirst dorsal

finandadjacent to thevertebral columnatdosesof25

and 3–5 mg kg–1 body weight, respectively. Due to

concerns about the potential toxicity of low doses of

calcein in sharks (Gelsleichter et al. 1997), three

calcein-injected sharks were held in captivity for

observation over 12 months. The two females (69

and72 cmFL)andonemale (72 cmFL)were caught

by demersal longlines during fishery-independent

surveys inAugust 2002 andwere tagged and injected

following capture according to the methods de-

scribed above. Captive sharks were held in a shaded

circular outdoor tank of 5 m diameter and 1.5 m

depth with open seawater circulation. The tank was

subject to natural photoperiod and temperature

regimes and sharks were fed to satiation 2–3 times

weekly with pilchards Sardinops neopilchardus.

Marked vertebraewere prepared according to the

previously described methods and digitally photo-

graphed via a dissecting microscope under both

normal reflected light and then under fluorescent

light with an ultraviolet filter. Fluorescent images

were superimposed on their non-fluorescent coun-

terparts using Adobe Illustrator 10.0 software. The

transparency of the fluorescent layer of the com-

posite imagewas thenadjusted so that thefluorescing

mark was visible while banding patterns from the

non-fluorescent layer could be easily distinguished.

The number of complete growth bands after the

mark were then counted and plotted against time at

liberty. The slope of the linear regression between

post-injection band counts and time at liberty

equates to the number of bands formed per year.

Growth rate estimation using tagging data

Recapture data were collected for 104 tagged

C. plumbeus, which were at liberty for between 1

and 2,723 days (up to 7.4 years). Capture infor-

mation, including date, location and FL were

collected by commercial fishers and scientific

observers during fishery-dependent and -inde-

pendent surveys. To assist in the collection of

comprehensive and accurate tag capture data,

commercial fishers and observers were provided

with measuring tapes, standardised tag-recapture

reporting forms and training in measuring sharks

and in the collection of vertebral samples.

Growth rates were calculated from tag length-

increment data using the Francis (1988a) maximum

likelihood method. This method estimates growth

(DLi) of tagged fish based on growth rates, ga and gb,

at two arbitrary lengths of a (70 cm FL) and b
(110 cmFL), which were chosen as they represented

the range of most of the empirical data, so that:

DLi ¼ bga � agb
ga � gb

� Li

� �
1� 1þ ga � gb

a� b

� �DTi

" #
;

where Li is the length at release and DTi is the

period at liberty.

Variability in growth rates (m), measurement

error (m, s) and the probability of incorrectly

recorded length data, referred to as the contam-

ination probability (p), were estimated by maxi-

mising the likelihood function:

k ¼
X
i

log ð1� pÞki þ p=R½ �;

where

ki ¼ expð�0:5ðDLi � li �mÞ2=ðr2i þ s2Þ
2pðr2i þ s2Þ
 �0:5 ;
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R is the range of observed growth increments and

subscript i refers to the ith fish. This method as-

sumes that m is normally distributed with a mean

of l and a standard deviation r and that r is

proportional to l, such that r = ml. Net mea-

surement error at release and recapture is also

assumed to be normally distributed with a mean

of m and a standard deviation s.

Confidence intervals of parameter estimates

were calculated by refitting the model to 500

‘bootstrapped’ length-increments. Bootstrapped

data were generated by randomly selecting (with

replacement) from a normal distribution with a

mean equal to the predicted growth increment

and a standard deviation of ml. Bootstrapped

measurement error data were generated by ran-

domly selecting from a normal distribution with a

mean equal to m and a standard deviation of s.

Resulting values of ga and gb were used to

estimate the von Bertalanffy growth curve

parameters by:

K ¼ � ln ð1þ ððga� gbÞ=ða� bÞÞÞ; and

L1 ¼ ðbga� agbÞ=ðga� gbÞ:

Results

Validation of growth band periodicity

Apart from an orange discolouration of their

teeth for a period of approximately 3 weeks,

captive sharks showed no immediate or longer-

term signs of being adversely affected by calcein

injection or tagging. One shark (72 cm FL

female) was released after 12 months due to

worsening abrasions on its snout and body caused

by impacts with the tank wall or circulation pipes.

The remaining sharks were released 2 weeks

later, suffering no apparent ill effects from their

captivity.

Vertebral samples from nine OTC-injected

and 26 calcein-injected sharks were either col-

lected by researchers or returned after recapture

by commercial fishers. However, one OTC-

marked sample and three calcein-marked sam-

ples were returned with insufficient capture data

(capture date or length) and were omitted from

further analysis. Fluorescing marks were visible

in all calcein-marked sections and in all but two

sections from OTC-injected sharks. Times at

liberty for the sharks from which the 29

remaining samples were collected varied be-

tween 16 and 2,963 days (up to 8.1 years). There

was a significant linear relationship between the

number of complete growth bands counted after

the injection marks and the periods for which

the corresponding sharks were at liberty

(ANOVA, r2 = 0.972; F = 945; P < 0.0001;

Fig. 2). The slope of this regression was 1.02

(SE = 0.033), demonstrating that growth bands

were formed annually.

Vertebral analysis

Vertebrae from 680 C. plumbeus, ranging in size

between 47 and 166 cm FL (Fig. 3), were sec-

tioned and read. Mean band counts, mean read-

ability, IAPE and the percentage of readings by

each reader that were in agreement with final

consensus counts were similar for all three read-

ers (Table 1), although readers A and B obtained

slightly more individual consensus counts than

reader C. Reader C provided both the highest

individual growth band count (27 years) and the

highest individual consensus age (26 years). Final

consensus counts between readers were obtained

for 238 specimens, ranging in size from 47 to

154 cm FL.

The oldest female and male sharks for which

consensus ages were agreed were 25 years

(152 cm FL) and 19 years (142 cm FL), respec-

tively. The oldest immature female and male

sharks were both 12 years. Maturing females

were aged at between 12 and 16 years and a single

maturing male was aged at 15 years. The youn-

gest mature female and male sharks were aged at

14 and 13 years, respectively. On the basis of

these data, age at maturity is estimated to be 12–

16 years for females and 12–15 years for males.

Based on the known sizes at which 50% of

Western Australian C. plumbeus are mature

(L0.5 = 135.9 cm FL for females and 126.9 cm FL

for males, R.B. McAuley, unpublished data), ages

at maturity were calculated from these curves as

16.2 and 13.8 years for females and males,
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respectively. These estimates concur with the

ranges determined from aged sharks with known

reproductive condition.

The modified form of the von Bertalanffy

equation provided adequate descriptions of the

male, female and combined length-at-age data

derived from vertebral analysis (r2 = 0.92, 0.94

and 0.93, respectively). Although the fitted

growth curves suggested that males grew slightly

faster and reached a smaller asymptotic length

than females (Fig. 4; Table 2), these differences

were not significant (Kimura 1980; Likelihood

Ratio Test, v2 = 0.350, df = 2, P = 0.839). The

growth rate for both sexes combined was pre-

dicted to slow gradually from 7.8 cm year–1 in the

first year, to 2.4 cm year–1 at the projected age

of 30.

Based on the maximum observed sizes of

C. plumbeus in Western Australia (165 cm for

males and 166 cm FL for females, R.B. McAuley,

unpublished data), maximum ages were estimated

from these parameters to be 23.9 and 25.3 years

for females and males, respectively. Using the

maximum reported size of C. plumbeus in Aus-

tralian waters [240 cm stretched TL (Last and

Stevens 1994), which equals 196 cm FL, according

to the relationship given in Stevens and

McLoughlin (1991)], these parameters gave

maximum age estimates of 36.4 and 40.9 years for

females and males, respectively.

Tagging data

The von Bertalanffy parameter estimates derived

from analysis of tagging data by the Francis

(1988a) model were noticeably different to and

less precise than those calculated from vertebral

analysis (Fig. 4d; Table 3). With the observed

data, the model predicted that L¥ was consider-

ably lower (142.0 cm) and K was higher

(0.153 year–1) than their values estimated by

vertebral analysis. This combination of parame-

ters indicated that initial growth was more rapid

but that C. plumbeus reached a far lower

asymptotic length than estimated by vertebral

analysis. However, sharks longer than the theo-

retical maximum size (L¥) estimated from tag-

ging data were commonly encountered during

sampling (Fig. 3) and this estimate was consider-

ably less than the maximum observed size in this

population (166 cm FL, R.B. McAuley, unpub-

lished data).

The observed growth rates of tagged sharks

were highly variable, especially for those sharks

captured after less than 3 months at liberty

(Fig. 5). The model estimated that growth rate

variability (m) amounted to 26.4% of the annual

growth predicted by the model (with 95% confi-

dence intervals of 1.6–38.4%). Although the

mean net measurement error estimate (m = –

0.322 cm) was reasonably low, the standard

Fig. 2 Number of
complete growth bands
counted after OTC or
calcein mark in 29
sectioned C. plumbeus
centra. Numbers beside
datapoints are the
estimated ages of sharks
at capture, shown by
white circles. Centra for
which absolute age
estimates could not be
determined are shown as
grey circles
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deviation of measurement error (s = 2.510 cm)

was high, accounting for ± 24.6 and ± 55.8% of

the predicted annual growth at lengths a (70 cm)

and b (110 cm), respectively. The bootstrapped

data suggested that the range of measurement

error was even higher with a median estimate of

s = 3.643 cm and 95% confidence intervals of

2.383–5.162 cm (i.e. 23.4–50.6% of predicted

Fig. 3 Size frequency
distributions of a 672
sexed C. plumbeus
specimens used for
vertebral analysis (NB.
vertebrae from a further
eight unsexed specimens
were also aged) and b
release lengths of 104
tagged C. plumbeus used
for analysis of growth
increment data

Environ Biol Fish (2006) 77:385–400 393

123



annual growth at length a and 53.0–114.7% of

growth at length b). The model also estimated a

contamination probability of 6.4% in the

observed data, which increased to 8.9% in the

bootstrapped data (with 95% confidence limits of

1.9–22.7%), indicating that data from between

Table 1 Growth band count statistics from the vertebrae of 680 C. plumbeus from waters off the west coast of Australia, for
three readers and for final consensus count

Reader Mean
readability

Mean band
count

IAPE No individual
consensus counts

Agreement with final
band count (%)

A 1.8 10.9 10.0 528 49.8
B 2.1 10.2 14.0 522 44.8
C 1.9 10.6 12.6 482 47.3
Final – 8.7 11.7 238 –

Fig. 4 Length at age of C. plumbeus, determined by:
vertebral analysis of a males (n = 105, filled circles), b
females (n = 130, open circles), c sexes combined (n = 238,
unknown sexes shown as grey triangles) and d growth
increments of tagged sharks (n = 104). Solid lines are the

fitted von Bertalanffy growth curves for each dataset,
dashed lines indicate 95% confidence intervals and in (d)
dotted line is the growth curve derived from median
estimates of von Bertalanffy growth parameters

Table 2 Summary of von Bertalanffy parameters, estimated by fitting the growth curve to length-at-age data derived from
vertebral analysis of 238 C. plumbeus from waters off the west coast of Australia

Sex N K (year–1) L¥ (cm FL) t0 r2

Male 105 0.044 (0.044, 0.063) 226.3 (188.6, 229.2) –4.7 (–4.0, –4.7) 0.925
Female 130 0.039 (0.029, 0.040) 245.8 (241.3, 297.9) –4.9 (–4.8, –5.4) 0.940
Combined 238 0.040 (0.033, 0.047) 239.6 (222.2, 273.0) –4.9 (–4.5, –5.1) 0.934

Values in parentheses are 95% confidence intervals of bootstrapped estimates
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seven and nine sharks were likely to exert undue

influence in the model fitting procedures.

Discussion

This study validated the annual nature of vertebral

growth band formation in sandbar sharks up to

17 years of age, from waters off the west coast of

Australia. As such, it is the first to validate the an-

nual periodicity of growth band formation for this

commercially valuable species. Although Branstet-

ter (1987) did previously provide validation based

on two captive juveniles, other age and growth

studies have had to rely on the indirect methods of

marginal increment analysis (Casey et al. 1985;

Sminkey and Musick 1995; Joung et al. 2004) or

comparison of vertebral results with growth rates of

tagged sharks (Casey et al. 1985; Casey and Natan-

son 1992). This study is also one of only a few that

have demonstrated annual band formation in the

genus Carcharhinus in the wild (Branstetter 1987;

BrownandGruber 1988; Simpfendorfer et al. 2002).

However, unlike these previous studies, annual

growth bands were validated for a relatively wide

range of age classes (3–17 years), which were at

liberty for periods of up to 8.1 years.

This is also believed to be the first study of

elasmobranch age and growth that has used cal-

cein to mark the centra of wild sharks. These

results confirm the conclusions of Walker et al.5

and Gelsleichter et al. (1997), that calcein pro-

duces distinct fluorescent marks in vertebrae from

Table 3 Growth and growth variability parameter estimates for C. plumbeus from waters off the west coast of Australia,
with 95% confidence intervals, calculated from tagging data by the Francis (1988a) model

ga
(cm year–1)

gb
(cm year–1)

m m (cm) s (cm) p L¥
(cm FL)

K
(year–1)

t0
(years)

Fitted 10.2 4.5 0.264 –0.322 2.510 0.064 142.0 0.153 –2.3
Median bootstrap 10.2 4.85 0.095 –0.428 3.643 0.089 146.2 0.144 2.4
95% confidence
intervals

6.8,
15.2

1.1,
10.8

0.016,
0.384

–4.581,
3.017

2.383,
5.162

0.019,
0.227

117.5,
209.8

0.115,
0.155

–1.5,
–3.9

Fig. 5 Growth rate
versus time at liberty of
104 recaptured
C. plumbeus, which were
tagged off the west coast
of Australia between
March 1994 and October
2003

5 Walker TI, Officer RA, Clement JG, Brown LP (1995)
Southern shark age validation: Part 1—project overview,
vertebral structure and formation of growth-increment
bands used for age determination. Final report to Fisheries
Research and Development Corporation (FRDC Project
91/037). Department of Conservation and Natural
Resources, Queenscliff, Vic., Australia.
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captive sharks. Although the former study

reported no deleterious effects on the health of

school sharks, Galeorhinus galeus, or gummy

sharks, Mustelus antarcticus, injected with calcein,

the latter study found that doses of 25 mg kg–1,

which are typically used in validating the age and

growth of teleosts (e.g. Monaghan 1993), had a

toxic effect on nurse sharks, Ginglymostoma

cirratum. Gelsleichter et al. (1997) therefore

suggested administering calcein at a dose of

5 mg kg–1, as this produced suitable marks for age

validation without inducing mortality. The results

of the current study indicate that even lower do-

ses of calcein might be adequate for marking

centra, as the 3–5 mg kg–1 doses used in this study

produced highly visible fluorescing marks in all of

the 26 calcein-marked vertebrae. This was in

contrast to the centra obtained from the nine

OTC-injected sharks, in which no marks could be

detected in centra from two sharks and could only

be faintly seen in centra from one. Although

previous studies have generally not reported any

failure to detect OTC marks in the vertebrae of

injected sharks, marks could not be detected in

nearly a third of the samples in the present study.

However, failure to mineralise OTC was also

reported by Kusher et al. (1992), who found

‘sufficient OTC uptake’ in only 35% of injected

leopard sharks, Triakis semifasciata, while Smith

et al. (2002) reported a rapid decay in OTC marks

in vertebrae of leopard sharks that had been at

liberty for ca. 20 years. Results from the present

study therefore suggest that even at low doses,

calcein may be a more reliable chemical marker

than OTC for age validation studies in which

vertebrae from wild sharks are used.

The von Bertalanffy growth curves estimated

by vertebral analysis for C. plumbeus in Western

Australian waters were dissimilar to those previ-

ously reported from the Pacific (Wass 1973),

western North Atlantic (Casey et al. 1985; Casey

and Natanson 1992; Sminkey and Musick 1995)

and more recently from northeastern Taiwanese

waters (Joung et al. 2004; Table 4). Allowing for

the fact that C. plumbeus in the western North

Atlantic population are born at a larger size and

attain a greater maximum length than those from

Australia’s west coast2 (Springer 1960), the von

Bertalanffy growth curves estimated in this study

most closely resembled those previously esti-

mated by Sminkey and Musick (1995). Age at

maturity in Western Australian sandbar sharks

was similar to previous estimates of 15 for males

and 13 for females by Casey et al. (1985) and 15–

16 for males and females by Sminkey and Musick

(1995) but was much younger than the late 20 s

suggested by Casey and Natanson (1995) and

much older than the 5 years derived from the

results of Wass (1973) and 7.5–8.2 years reported

by Joung et al. (2004). Even though Sminkey and

Musick (1995) demonstrated a significant differ-

ence between growth rates of juveniles in the

western North Atlantic before and after a period

of stock depletion, it seems highly unlikely that

even disparate populations of C. plumbeus that

have experienced differing levels of exploitation,

could realistically exhibit such dramatic differ-

ences in ages at maturity. Nor can density-

dependent effects adequately account for the

magnitude of the discrepancies between growth

rates determined by vertebral analysis (Casey

et al. 1985; Sminkey and Musick 1995) and those

derived from tagging data (Casey and Natanson

1992) in the western North Atlantic stock.

Whilst it was possible to estimate age at

maturity in Western Australian C. plumbeus

precisely, maximum age could not be conclusively

determined due to the scarcity of samples and

lack of consensus readings from the largest size

classes. Although the largest aged female

(25 years) equalled the maximum observed size

in Western Australia, only three vertebral sam-

ples were obtained from sharks larger than

160 cm FL and a consensus age could only be

agreed for one of these. The largest male shark

for which a consensus age was agreed (19 years)

was 23 cm smaller than the maximum observed

size in this population. Although vertebrae from

seven larger male sharks (143–147 cm FL) were

examined, consensus ages could not be agreed for

any of these. Despite extensive sampling

throughout the range of C. plumbeus in Western

Australia, it was impossible to obtain large sam-

ple sizes from the very oldest sharks due to their

inherent scarcity. Furthermore, the compression

of growth bands towards the margin of the corpus

calcareum, which has been noted in several spe-

cies (e.g. Casey et al. 1985; Simpfendorfer 1993;
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Natanson and Kohler 1996; Smith et al. 2002),

could have caused less consistent readings of the

vertebrae from older sharks. The relatively small

number of length-at-age estimates for older

sharks is likely to have biased the fitted von

Bertalanffy growth curves and caused estimates

of L¥ to exceed the maximum observed lengths in

this population. It is therefore difficult to estimate

maximum size and hence maximum age with any

certainty. However, when extrapolated to the

maximum reported size of C. plumbeus in Aus-

tralia (Last and Stevens 1994), these data suggest

that maximum age could be as high as 41 years

for males and 36 years for females.

Francis (1988a, b) demonstrated that, because

age-based growth data determined from vertebral

analysis are fundamentally different to length-

based growth data estimated from tagging data,

growth increments of tagged fish are not compa-

rable to and therefore should not be used to

verify, length-at-age data. Nonetheless, this

approach has been used for several shark species

(Natanson et al. 1999; Smith et al. 2002; Wintner

et al. 2002; Skomal and Natanson 2003). The von

Bertalanffy growth curves derived from the tag-

return data in the present study bore little

resemblance to those estimated from vertebral

analysis, thereby confirming some of the prob-

lems associated with such comparisons. However,

the analysis of tag-recapture data using the

Francis (1988a) model did provide some useful

insights into and quantification of the limitations

of using tagging data to describe growth rates of

slow-growing species such as C. plumbeus. For

example, although the estimated growth vari-

ability (m = 0.26) was lower than has been deter-

mined for other chondrichthyan species (Francis

and Francis 1992; Francis 1997), including the

related and co-occurring dusky shark, Carcharhi-

nus obscurus (m = 0.34, Simpfendorfer 2000), this

level of natural variability in the growth of indi-

vidual sharks suggests that in some situations,

tagging data provide an unreliable basis for the

verification of growth rates of the population.

These situations include when most of the data

come from short-term recaptures (when growth-

increments are most variable; Fig. 5) and when

sample sizes are small relative to the amount of

variation.

The growth curve derived from the tagging

data was clearly unrepresentative of the larger

length-at-age dataset (Fig. 4). The estimated lev-

els of measurement error in the tagging data ap-

pear to have been sufficiently large to obscure the

growth rates predicted by the model, particularly

in larger sharks. This would result in unreliable

estimates of the von Bertalanffy parameters.

Also, despite every reasonable attempt to ensure

the provision of accurate tag release and re-

capture information, the model predicted a 6.4%

probability of data contamination. In other words,

six tag returns were either misrecorded or repre-

sented observations of atypical individuals. As

growth rates of tagged sharks have typically been

derived from relatively small sample sizes, even at

this level of contamination there is considerable

potential for outliers in the data to seriously bias

results. It is therefore suggested that the use of

growth rates determined from the length-incre-

ments of tagged sharks should not be regarded as

a substitute for the direct validation of the fre-

quency of growth band formation in vertebrae.

The results of the present study confirm that

C. plumbeus from waters off the west coast of

Australia are slow-growing and take many years

to reach maturity. In conjunction with their low

fecundity (R.B. McAuley, unpublished data), this

stock is likely to be particularly sensitive to

exploitation pressure and consequently fishery

managers need to be responsive to its intrinsic

vulnerability to overharvesting. Based on these

results and the known size composition of catches

in the temperate Western Australian demersal

gillnet fishery2, C. plumbeus catches in the

southern half of this stock’s range primarily

comprise all but the first few juvenile age classes

and adults. In conjunction with recent increases in

catches of adult-sized sharks in the Western

Australian north coast shark fishery3,4 (R.B.

McAuley, unpublished data), sandbar sharks

appear to be subject to fishing at all but the very

youngest and oldest ages. The highly mobile,

increasingly efficient and wide ranging capacity of

fishing vessels within the shark fleets of Western

Australia indicate that complex management

arrangements are required to maintain sustain-

able levels of breeding stock. It has previously

been argued that limiting fishing mortality to only
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a few age classes is a desirable approach to sus-

tainable management of long-lived shark species

such as this (Stevens et al. 1997; Walker 1998;

Simpfendorfer and Donohue 1998; Prince 2005).

Fishery managers should therefore consider low

frequency or low intensity harvest strategies in

conjunction with targeted spatial or temporal

closures to restrict fishing mortality to a minimum

of juvenile age-classes, in order to protect the

breeding stock biomass of these sharks. As

depletion of the breeding biomass of this stock

will result in long population recovery times, the

economic loss associated with recovering and

rebuilding this stock may persist longer than

short-term economic losses from adoption of such

management strategies. To avoid such depletion,

more detailed assessment of the effects of current

age-specific harvest levels of the Western Aus-

tralian C. plumbeus stock is urgently required, for

which these results will be essential.
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Abstract Inter- and intra-regional variations in

vertebrae morphology and growth increment

counts (band counts) were analyzed for two car-

charhinid shark species, Carcharhinus plumbeus

(n = 10) and C. limbatus (n = 11). Five sequential

vertebrae were removed from the cervical region,

above the branchial chamber and posterior to the

chondrocrainium, and thoracic region, below the

first dorsal fin. Dorsal–ventral height, medial–lat-

eral breadth, and caudal–cranial length were mea-

sured for each sampled vertebra. Results indicate

no significant difference in vertebral morphology

within a sampled region of the vertebral column.

However, a significant difference in vertebral

morphology was noted between regions for both

shark species, with thoracic vertebrae consistently

larger than cervical vertebrae. A sub-set of three

vertebrae was taken from each sampled region of

each shark for sectioning and counting of growth

increments. Analyses of growth increment counts

by two readers indicated no significant difference in

band counts within and between sampled regions.

Keywords Shark Æ Growth Æ Vertebrae Æ Age Æ
Carcharhinus plumbeus Æ Carcharhinus limbatus

Introduction

Accurate knowledge of the age and growth of

fishes is paramount for successful management of

fish populations (Ricker 1975; Cailliet et al. 1986).

Shark age and growth studies have traditionally

relied on the quantification of growth of a shark

hard structure, such as dorsal fin spines or verte-

brae, as a proxy for somatic growth (Cailliet and

Goldman 2004). The enumeration of growth

marks or increments present on the shark hard

structure is used to determine the age of a shark.

A defined relationship, usually linear, between

hard structure growth and somatic growth is

needed to justify the use of a proxy.

The majority of shark age and growth studies

have utilized vertebrae taken below the first

dorsal fin of the shark, herein termed thoracic

region (e.g. Casey et al. 1985; Sminkey and

Musick 1995). Vertebrae from the thoracic region

are relatively homogeneous and possess a large

radius and clearer growth bands (Cailliet et al.

1983; Joung et al. 2004). However, fishery

dependent sampling often precludes removal of

thoracic vertebrae, as it will damage the harvested

meat. Alternatively, sampling of the vertebrae

just posterior to the chondrocranium above the
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branchial region, herein termed cervical region,

can be done without damaging harvestable meat

and has been used in several shark age and

growth studies (e.g. Branstetter 1987; Natanson

et al. 2002). However, before vertebrae other

than thoracic are considered for shark age and

growth measurements, differences in the growth

of these structures must be assessed. Specifically,

are there region specific differences in vertebral

growth? Will cervical vertebral growth reflect the

same growth pattern as thoracic vertebrae? To

this end, the goal of this study was to assess inter-

and intra-regional variation in shark vertebrae

morphology and growth increment counts (band

counts).

Materials and methods

Sample collection

Specimens for this study were collected during

fishery independent sampling of sharks con-

ducted by the Florida Program for Shark Re-

search, Florida Museum of Natural History,

University of Florida. Long-line fishing gear was

used to catch large coastal sharks off the East

and West coasts of Florida. Upon capture,

sharks were sexed, measured for fork length, and

species identification was determined. Samples

of the vertebral column containing five or more

sequential centra were removed from two re-

gions of the body; the cervical region, dorsal to

the branchial chamber, and the thoracic region,

ventral to the first dorsal fin. Upon removal, the

anterior end of the vertebral columns was

marked with a rubber band to facilitate correct

labeling of vertebrae sequence. Vertebrae sam-

ples were then placed on ice and transported to

the lab. Shark vertebrae samples were manually

and chemically cleaned of tissue using scalpels

and 6% sodium hypochlorite solution. Once

cleaned, vertebrae were washed under a running

tap water rinse to remove residual sodium

hypochlorite. Cleaned and dried vertebrae were

given a number relative to their sequence along

the extracted portion of the vertebral column

(e.g. the first whole anterior cervical vertebrae

was numbered C-1).

Vertebrae measuring and sectioning

The morphology of five whole cervical and tho-

racic vertebrae was measured from each speci-

men. Measurements of caudal–cranial length

(CCL), medial–lateral breadth (MLB), and dor-

sal–ventral height (DVH) were taken for each

vertebra using Ultra-Cal IV digital calipers (Fred

V Fowler Co. Inc, Newton, MA) (Fig. 1).

Three centra from each vertebral region (C1,

C3, C5, and T1, T3, T5) were used for growth band

analysis. Sagittal sections, 0.6 mm in thickness,

were cut from selected vertebrae using a Buehler

82 Isomet low-speed saw. Each section was

mounted on a glass microscope slide with clear

resin (Cytoseal 60, Fisher Scientific, Pittsburgh,

Fig. 1 (A) Ventral view of shark vertebrae with haemal
arches removed. Line represents caudal–cranial length
(CCL) measurement. (B) Saggital view of shark vertebrae
with neural and haemal arches removed. Lines represent
medial–lateral breadth (MLB) and dorsal–ventral height
(DVH)
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Pennsylvania, USA), randomized, and examined

using a dissecting microscope under transmitted

light. Opaque bands representing summer growth

and translucent bands representing winter growth

were identified following the description and ter-

minology in Cailliet and Goldman (2004). A band

was counted if it was present across the corpus

calcarum and intermedialia (Fig. 2). Winter

growth bands were enumerated by two readers for

each vertebral section.

Data analysis

Variation in vertebral morphology was examined

using an analysis of covariance test (ANCOVA)

(SAS Institute Inc., Cary, NC, USA). Coefficients

of variation were calculated to assess inter- and

intra-regional variation in growth band counts.

Additionally, differences in median cervical and

thoracic growth band counts were assessed

through a correlation test and ANCOVA.

Results

Vertebrae morphology

The morphology of cervical and thoracic verte-

brae was examined for eleven sandbar sharks,

Carcharhinus plumbeus, and ten blacktip sharks,

C. limbatus, ranging in sizes from 127 to 163 cm

fork length and 95 to 156 cm fork length,

respectively. Measurements of CCL, MLB, and

DVH were recorded to a hundredth of a milli-

meter. Analysis of covariance for C. plumbeus

and C. limbatus specimens showed that mean

CCL, MLB, and DVH measurements were not

significantly different within a vertebral region

(cervical or thoracic) (Table 1). However, there

were significant differences in morphology be-

tween vertebral regions for both shark species

(Table 1). Cervical vertebrae of both sharks were

significantly smaller than thoracic vertebrae for

all three measurements (Table 2).

Vertebral growth increments

Growth rings from the vertebrae of nine

C. plumbeus and ten C. limbatus were analyzed.

Average coefficients of variation within and

between regions were relatively homogenous and

low for both shark species (Table 3). Median

growth band counts of C. plumbeus cervical ver-

tebrae were significantly correlated with thoracic

vertebrae counts for both reader 1 (P < 0.001)

and reader 2 (P = 0.002) counts. Further, the

relationship between cervical and thoracic growth

band counts was shown to be linear with a slope

not significantly different than one (ANCOVA

Reader 1: t-value = 0.15, P = 0.885; Reader 2:

t-value = –0.70, P = 0.495) indicating that cervical

counts are not significantly different than thoracic

counts for both readers. Median growth band

counts of C. limbatus cervical vertebrae were also

significantly correlated with thoracic vertebrae

counts for both reader 1 (P < 0.0001) and reader

2 (P < 0.0001). As seen in C. plumbeus, the

relationship between cervical and thoracic growth

band counts for C. limbatus vertebrae was linear

with a slope not significantly different than one

(ANCOVA Reader 1: t = –0.39, P = 0.703;

Reader 2: t = –1.21, P = 0.245).

Discussion

Cervical and thoracic vertebrae are typically

used for shark age and growth studies as they

are generally considered to be homogeneous

(Joung et al. 2004) and are favored over caudal

vertebrae as the smaller caudal vertebrae may

Fig. 2 Sagittal cross section of a sandbar shark vertebra
prepared for age estimation. Arrow indicates a counted
ring
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lack some growth bands (Cailliet and Goldman

2004). Our results indicate that vertebral mor-

phology is homogeneous within a region but

heterogeneous between regions with thoracic

vertebrae being significantly larger than cervical

vertebrae in C. plumbeus and C. limbatus sharks.

This regional difference in vertebrae morphology

precludes the combined use of cervical and

thoracic vertebrae in back-calculation methods

often used in age and growth studies, as the

vertebral radius and shark length relationship

may differ by vertebral region. If back calcula-

tions are required, then separate vertebral radius

and shark length regressions should be used for

each sampled region.

The results of this study show there to be no

inter- or intra-regional differences in the number

of growth increments present in the vertebrae of

C. plumbeus and C. limbatus sharks. These

findings are reinforced by Joung et al. (2004),

though not presenting any data, reporting that

C. plumbeus sharks in Taiwan waters also exhibit

no regional differences in vertebral growth

increment numbers between caudal and cervical

vertebrae. Officer et al. (1996) reported no intra-

regional differences in growth increments in the

vertebrae of Mustelus antarticus and Galeorhinus

galeus. These multi-study results indicate that

homogeneity in vertebral growth increments

within a region is likely common in sharks.

However, Officer et al. (1996) did report signif-

icant inter-regional differences in the number of

growth increments present in the vertebrae of

M. antarticus and G. galeus. Thoracic vertebrae

were shown to exhibit greater numbers of

growth increments than caudal and cervical

vertebrae of larger specimens of M. antarticus

and all sizes of G. galeus. Variation in ageing

techniques may influence the readability of the

vertebrae as seen in the Officer et al. (1996)

study. With this in mind we utilized the most

commonly used ageing technique of analyzing

sagittal vertebral sections.

The absence of regional differences in verte-

bral growth increments in our study, contrasted

with the presence of such differences in the sharks

of Officer et al.’s 1996 study, promotes the need

for species-specific examination of possible re-

gional differences in vertebral growth. The pos-

sibility of inter-regional differences in vertebral

growth increments reinforces the need for vali-

dation of age estimates.
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Allen for statistical guidance. Funding for this project

Table 3 Average coefficient of variation for growth band
counts. Values for cervical versus thoracic column are
based on median counts

Cervical Thoracic Cervical vs.
Thoracic

Carcharhinus plumbeus
Reader 1 4.87 3.65 4.16
Reader 2 6.05 8.80 5.26

Carcharhinus limbatus
Reader 1 4.67 4.62 2.89
Reader 2 7.82 6.98 7.03

Table 2 Least square means values for morphological measurements of two Carcharhinid sharks

Carcharhinus plumbeus Carcharhinus limbatus

Vertebral region Least Square
Means

P-value Vertebral region Least Square
Means

P-value

Caudal-cranial length
Cervical 8.94 < 0.0001 Cervical 7.90 < 0.0001
Thoracic 10.45 Thoracic 9.21

Medial-lateral breadth
Cervical 17.33 < 0.0001 Cervical 18.27 < 0.0001
Thoracic 18.64 Thoracic 18.83

Dorsal-ventral height
Cervical 16.79 < 0.0001 Cervical 16.32 < 0.0001
Thoracic 18.53 Thoracic 18.17
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Abstract Size measurements are crucial for

studies on the growth, maturation, maximum size,

and population structure of cartilaginous fishes.

However, researchers use a variety of measure-

ment techniques even when working on the same

species. Accurate comparison of results among

studies is only possible if the measurement tech-

nique used is adequately defined and, if different

techniques are used, a conversion equation can be

derived. These conditions have not always been

met, leading to invalid comparisons and incorrect

conclusions. This paper reviews methods used for

measuring chondrichthyans, and summarises the

variety of constraints that influence the choice of

a measurement technique. Estimates of the vari-

ability present in some measurement techniques

are derived for shortfin mako shark, Isurus oxy-

rinchus, porbeagle shark, Lamna nasus, blue

shark, Prionace glauca, Antarctic thorny skate,

Amblyraja georgiana, and Pacific electric ray,

Torpedo californica. Total length measured with

the tail in the natural position (sharks) and disc

widths (batoids) have higher variability than

other methods, and are not recommended.

Instead, the longest longitudinal axis should be

measured where possible and practical; i.e., flexed

total length for sharks, total length for batoids

(excluding suborder Myliobatoidei), pelvic length

for batoids of the suborder Myliobatoidei, and

chimaera length (snout to posterior end of

supracaudal fin) for chimaeroids (except for

Callorhinchus, for which fork length should be

measured from the anterior edge of the snout

protuberance). Straight-line measurements are

preferred to measurements over the curve of the

body. Importantly, measurement methods must

be clearly defined, giving information on the

anterior reference point, the posterior reference

point, and how the measurement was made be-

tween these two. Measurements using at least two

different methods are recommended on at least a

subsample of the fish in order to develop con-

version regression relationships.

Keywords Measurement Æ Chondrichthyans Æ
Sharks Æ Rays Æ Skates Æ Chimaeras

Introduction

Fish biologists and ecologists usually measure the

animals that they sample during field or aquarium

studies. Typically, a fish’s length, width or weight

is used as a measure of its ‘size’, which is a crucial

variable in studies of growth, sexual maturation,
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maximum size, and population structure. Errors

in fish size measurements could bias estimates of

growth rate and growth curve parameters, so

accurate and precise measurements are a pre-

requisite for age and growth studies.

Measuring fish is now such a common and

fundamental practice that we often adopt a

measurement technique without clearly defining

it, and without considering whether it is appro-

priate, repeatable, or comparable. In this paper, I

explore these issues for chondrichthyan (carti-

laginous) fishes, a group for which a large array of

measurement methods have been applied, and for

which measurement problems seem to be partic-

ularly common. However many of the conclusions

and recommendations apply equally to teleosts.

In recent decades, the volume of research

published on chondrichthyans has increased dra-

matically, and the geographical scope or impact

of many studies is worldwide. It is now possible

(and often essential) to compare our results with

those from studies made previously on the same

population (temporal comparisons) or on the

same species elsewhere (spatial comparisons).

But accurate comparisons among studies are only

possible if (a) the measurement techniques used

in the comparison have been adequately defined,

and (b) the same measurement technique has

been used in both studies, or a regression equa-

tion exists for converting between two (or more)

different techniques. These conditions have not

always been met, leading to invalid comparisons

and incorrect conclusions.

It is clear that we cannot standardise mea-

surement techniques across all chondrichthyans,

and for reasons discussed later it may not be

possible to standardise measurement techniques

within a species. But it is equally clear that there

is great scope for clarifying and simplifying cur-

rent practice. The plethora of measurement

methods in use worldwide, and the poor defini-

tion of methods by many authors, are obstacles to

good science, and possibly to good fisheries

management. The aim of this study is to review

the measurement techniques used most fre-

quently for chondrichthyans, consider their merits

and drawbacks, and make recommendations for

improvements to current practice. I do not ad-

dress the use of measurements by taxonomists,

who require a larger suite of precisely defined and

accurately measured morphometrics than is gen-

erally required by fish biologists and ecologists.

Measurement techniques

A glance through any well-illustrated guide to

chondrichthyans (e.g. Compagno 1984; Last and

Stevens 1994; Compagno et al. 2005) reveals a huge

diversity of body morphology. Diversity in the

snout, tail and wing tips has resulted in a large

number of different measurement techniques, but

most techniques vary in the way the tail is treated.

The snout andwing tip reference points are usually

unambiguous, though there are some notable

exceptions, such as mobulid rays, Manta birostris

and Mobula spp., and cownose rays, Rhinoptera

spp., which all have bilobed, anterio-lateral

extensions on the head, and Callorhinchus spp.,

which have a fleshy protuberance on the snout.

Further variation is introduced by differences in

the way the measurement is taken—whether in a

straight line or over the curve of the body, and

whether along the ventral, dorsal or lateral surface.

The main measurement methods currently in

use, and some less common methods, are sum-

marised below. However the list is not compre-

hensive. Acronyms used throughout this paper

are given in parentheses and italics.

Sharks

Flexed total length (TLflex)—tip of the snout to

the posterior tip of the tail, with the tail flexed

down so that the upper lobe lies along the body

midline. Also commonly called stretched total

length.

Natural total length (TLnat)—tip of the snout

to the posterior tip of the tail, with the tail in the

natural position. This measurement is taken along

the body midline to a point intersected by a per-

pendicular dropped from the posterior tip of the

upper lobe of the tail.

Calculated total length (TLcalc)—sum of the

precaudal length (see below) and tail length. The

latter is estimated as a fixed fraction of the length

of the upper lobe of the tail; the magnitude of the

fraction depends on the tail angle. This method

408 Environ Biol Fish (2006) 77:407–421
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was developed by Bass (1973) and Bass et al.

(1975) to overcome the subjectivity associated

with determining the natural tail position, and the

difficulty experienced in dropping a perpendicular

from the tail tip to the midline. It has been used

rarely, and then mainly in South Africa for com-

parative purposes (e.g., Cliff et al. 1990; Cliff and

Dudley 1992). However Gilmore et al. (1983)

used it in their study of Odontaspis taurus.

Fork length (FL)—tip of the snout to the fork

in the tail.

Precaudal length (PCL)—tip of the snout to

the origin of the upper lobe of the caudal fin. In

species with an upper precaudal pit, the mea-

surement is usually taken to the anterior edge of

the pit; in other species it is taken to the point

where the upper caudal lobe becomes clearly

distinct from the caudal peduncle.

TLflex, TLnat, FL and PCL are all commonly

used in shark studies. PCL is most frequently

used in species having a precaudal pit, and FL is

restricted to species having a distinct tail fork.

All of the above methods can be made in a

straight line (point to point) (SL) or over the

curve of the body (OTB). SL measurements may

be made with a measuring board, callipers, or a

tape measure laid along the ground, whereas

OTB measurements are made with a flexible

measuring tape draped over the body. SL mea-

surements are commonly used worldwide,

whereas OTB measurements are uncommon ex-

cept in the north-west Atlantic Ocean. The

Northeast Fisheries Science Center (NEFSC) of

the U.S. National Marine Fisheries Service

(NMFS) has been usingOTB measurements since

1965 (H.L. Pratt, Mote Marine Laboratory, Key

West, Florida, USA, personal communication;

L.J. Natanson, NMFS, Narragansett, Rhode

Island, USA, personal communication). Before

1965, SL measurements were taken with

callipers (J.G. Casey, personal communication to

L.J. Natanson). Most of the shark data in the

large database held by NEFSC were collected

since 1965. Some important and often-cited pub-

lications from NEFSC incorrectly stated that their

measurements were SL (e.g., Pratt 1979; Kohler

et al. 1995); other publications (e.g., Casey et al.

1985; Natanson et al. 1999) imply the same by

citing Bigelow and Schroeder (1948), who clearly

stated (p. 61) that they used SL measurements.

Scientists and observers in other parts of north-

eastern USA and eastern Canada also use OTB

measurements (MacNeil and Campana 2002;

Skomal and Natanson 2003; Campana et al. 2005).

All of the above methods may be taken with

the shark lying on its side or belly, except for

TLnat which can only be measured with the shark

lying on its side. When a shark is lying on its belly,

the natural position of the tail is difficult to sim-

ulate and measure. For species in which the upper

lobe of the caudal fin deviates only slightly from

the body midline (e.g., scyliorhinid catsharks),

TLnat and TLflex differ little.

Batoids

Total length (TL)—tip of the snout to the tip of

the tail, with the tail straightened and aligned

with the anterio-posterior axis of the body.

Disc length (DL)—tip of the snout to the

posterior edge of the disc. Hubbs and Ishiyama

(1968) defined the posterior reference point as the

posterior margin of the pectoral fins, but few au-

thors since then have defined it. Because the

posterior reference point is ambiguous (it could

be either the posterior edge of the pectoral fins or

the posterior edge of the pelvic fins), DL should

not be used without qualification. I propose the

following definitions and acronyms that explicitly

specify the posterior reference point:

Disc length pectoral (DLpec)—tip of the snout

to the posterior edge of the pectoral fins;

Disc length pelvic (DLpel)—tip of the snout to

the posterior edge of the pelvic fins, excluding the

anterior pelvic lobes or ‘legs’ (which sometimes

project beyond the posterior pelvic lobes) and

claspers.

Disc width (DW)—distance between the wing

tips.

Pre-dorsal length (PD1 or PD2)—tip of the

snout to the origin of the first or second dorsal fin.

TL is the commonest measurement method

used for skates (Suborder Rajoidei), but DLpec,

DLpel and DW have been used occasionally

(Ishiyama 1951; Natanson 1993; Francis et al.

2001). DW is the commonest method used for

rays (Suborder Myliobatoidei). PD1 and PD2

have been used in batoids with dorsal fins, though
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not as the main measurement method (J. Neer,

NMFS, Panama City, Florida, USA personal

communication). All batoid measurements may

be made SL or OTB, and are mainly if not always

made with the ventral surface downwards.

Chimaeroids

Callorhinchidae

FL or PCL—as defined above for sharks. In

Callorhinchus, the only genus in this family, the tail

is shark-like, so in theory any of the methods used

for sharks are possible. However, the tip of the tail

is often missing, making TLnat and TLflex imprac-

tical. Callorhinchus has a fleshy protuberance on

the snout, and some researchers have measured

from the anterior tip of the protuberance (Sullivan

1977; Francis 1997), whereas others have squashed

the snout flat on a measuring board, and used the

forehead as the anterior reference point (Coakley

1973; Freer and Griffiths 1993).

Chimaeridae and Rhinochimaeridae

Chimaera length (CL)—tip of the snout to the

posterior edge of the supracaudal fin, excluding

the caudal filament.

Precaudal length (PCL)—tip of the snout to

the anterior edge of the supracaudal fin (see

Didier 2002). This measurement is often called

pre-supracaudal fin length but as it is analogous to

PCL in sharks, I prefer the latter term for con-

sistency and simplicity.

Snout to vent length (SVL)—tip of the snout to

the anterior edge of the vent.

For Callorhinchus, FL and PCL have been

used recently, though with two different anterior

reference points (Freer and Griffiths 1993; Di

Giácomo and Perier 1994; Francis 1997). For

chimaerids and rhinochimaerids, CL is the stan-

dard measurement technique in New Zealand

fisheries research, whereas PCL and SVL have

been used elsewhere (Johnson and Horton 1972;

Luchetti 2004; Moura et al. 2004; Calis et al.

2005). All chimaeroid measurements may be

made SL or OTB, and may be taken with the fish

lying on its side or belly.

Constraints on measurement techniques

Unfortunately scientists do not have complete

freedom to choose a measurement method. Many

factors constrain how this seemingly simple task is

carried out:

1. A method may not be possible on a particular

species (e.g. FL on a species without a forked

tail).

2. A method may not be possible on all indi-

viduals of a species; e.g. any form of total

length in species with a tail that is readily

damaged (e.g. chimaerids and dasyatid rays),

or that dries out in the sun after capture

(e.g. sharks landed at fishing tournaments).

A special case is presented by embryos:

their morphology may prevent the use of a

method that is suitable for post-natal indi-

viduals of the same species. For example,

the caudal fin lobes of embryonic lamnids

are curved inwards towards each other

(Francis and Stevens 2000), making mea-

surement of TLnat and TLflex problematic;

the former probably shrinks after birth as

the tail lobes splay apart, but the latter may

increase as the upper caudal lobe straight-

ens. In species that hatch from deposited egg

cases, the embryonic tail is often modified to

pump water through the egg case; for

example Callorhinchus spp. have a very

elongated upper caudal lobe and no lower

caudal lobe or tail fork until near hatching

(Didier 1995), making FL impossible to

measure.

3. A method may not be logistically feasible for

routine use in the field (e.g. TL in very large

skates or TLnat and TLflex in large sharks,

especially Alopias spp.).

4. Some methods are more time-consuming to

use than others, which can be an issue for

large samples.

5. A method may be subjective and suffer from

large measurement error (e.g. PCL in species

without a precaudal pit).

6. A method may be specified in legislation

(especially minimum length regulations),

and scientific sampling needs to be

consistent.
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7. A method may be chosen to enable direct

comparison with a previous study on the same

or similar species.

Therefore a measurement method is usually

chosen after considering a variety of factors. Some

constraints may not be consistently present in

space or time: legislative requirements may be

specific to nations or states; constraints on mea-

suring TLnat and TLflex in large sharks may apply

aboard small vessels but not aboard large vessels or

ashore; partial processing of the catch at sea may

prevent some measurements from being taken

when ashore; a study that does not involve embryo

measurements will not be constrained by embryo

morphology. The end result is that scientists have

adopted an extraordinary array of measurement

techniques for chondrichthyan fishes.

Measurement variability

Notwithstanding the constraints listed in the pre-

vious section, scientists often have a choice of two

or more methods for measuring a particular chon-

drichthyan. In those situations, an objective tool

for assessing the relative merits of each method is

desirable. One useful criterion is the amount of

measurement error in each method: all else being

equal, a method with low measurement error is

better than one with high measurement error.

Methods

I explored the magnitude of measurement error

for some commonly-used techniques. For this

purpose I used pairwise comparisons of multiple

measurement techniques applied to the same

animals. For each data set, I fitted ordinary least

squares (OLS) Y-on-X and X-on-Y linear

regressions to each pair of measurements using

the SAS statistical package (SAS Institute, Cary,

North Carolina, USA):

Y ¼ aþ bX

where a is the intercept and b is the slope. In theory,

geometric mean regression (GM; also called func-

tional regression) is preferable, because bothX and

Y variables have significant and similar measure-

ment error (Ricker 1973;Mollet andCailliet 1996).

However, when the correlation between variables

is high enough, the GM and OLS regressions are

very similar and OLS can be used safely (McArdle

1988 suggested r > 0.9, i.e., R2 > 0.81).

Model fit was assessed by inspecting the

regression fit and the raw residuals. If there was

any non-linearity in the data, as indicated by the

pattern of the residuals, log–log regressions were

used instead of linear regressions:

Log10Y¼�aþ bLog10X

where á = Log10a.

The Root Mean Square Error (RMSE) is a

measure of variability derived from the squared

residuals:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i

ðyi � ŷiÞ2

n

vuut
where yi represents the ith observation of the

dependent variable, ŷi represents the ith pre-

dicted value, yi – ŷi is the residual, and n is the

sample size. However, for measurement data the

residuals (and therefore RMSE) are expected to

increase on average with body size. To enable

direct comparison among populations and species

having different body sizes, measurement vari-

ability was expressed as a Relative Root Mean

Square Error (RRMSE), in which the residuals

are scaled by the value of the dependent variable:

RRMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i

yi�ŷi
ŷi

� �2
n

vuuut ð1Þ

Using this formula, an RRMSE of, for exam-

ple, 0.02 in a regression of fork length on total

length means that, on average, the error in the

predicted fork length is expected to be 2%.

Equation (1) was used to calculate RRMSE for

linear regressions. For log–log regressions, the

RMSE becomes a relative error when converted

back to natural space (C. Francis, NIWA,

Wellington, New Zealand, personal communica-

tion). Therefore RRMSE was calculated as the
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antilog of RMSE. For example, a RMSE of

0.0166 becomes a relative error of 1.039, or 3.9%,

when back-transformed.

Regression lines having Y-axis intercepts sig-

nificantly different from zero indicate allometry

(Gould 1966; Mollet and Cailliet 1996). However,

for all of the datasets considered, there were few

small fish, so estimates of the intercepts were

considerable extrapolations beyond the data, and

significant results are probably often spurious.

Allometry occurring outside the range of the data

is not an issue for this study, and is not considered

further in this paper. Both SL and OTB mea-

surements are included in the following analyses.

Subscripts are used to explicitly identify these

measurements, e.g. FLSL and FLOTB.

Six datasets were analysed. Details of the

measurements taken on each fish are given in

the Results.

1. Shortfin mako sharks, Isurus oxyrinchus,

caught in New Zealand recreational fishing

competitions were measured on land, lying on

their sides, by scientists using metal measur-

ing tapes (M.P. Francis, C. Duffy and

S. Bishop, unpublished data).

2. Shortfin mako sharks caught by commercial

tuna longline vessels in New Zealand waters

were measured at sea, lying on their sides, by

Ministry of Fisheries observers using callipers

(M.P. Francis, unpublished data).

3. Porbeagle sharks, Lamna nasus, caught by

longline in the north-west Atlantic Ocean off

eastern Canada were measured at sea or on

land, lying on their sides, by scientists using

metal measuring tapes (S.E. Campana,

Bedford Institute of Oceanography, Dart-

mouth, Canada, unpublished data).

4. Blue sharks, Prionace glauca, caught by

longline in the north-west Atlantic Ocean off

eastern Canada were measured at sea or on

land, lying on their sides, by scientists using

metal measuring tapes (S.E. Campana,

unpublished data).

5. Antarctic thorny skates, Amblyraja georgi-

ana, caught by commercial toothfish longlin-

ers in the Ross Sea, Antarctica were

measured at sea, lying on their bellies, by

observers using measuring boards (M.P.

Francis, unpublished data).

6. Pacific electric rays, Torpedo californica,

collected off California were measured on

land, lying on their bellies, by scientists using

a measuring board (J. Neer, unpublished

data). Most of the adult specimens were fro-

zen and thawed before measuring.

Results

Shortfin mako sharks, dataset 1

This dataset of shortfin makos was small, espe-

cially for FLOTB regressions (Table 1). A subset

of the pairwise regressions with FLSL as the

independent variable is shown in Fig. 1. Data

from eight near-term embryos (Duffy and Francis

2001) fell on or near the regression lines (Fig. 1),

but we have no data from earlier embryos that

might demonstrate an effect of the inward curving

of the caudal fin lobes.

Comparison of regression slopes showed that

FLOTB was about 3% greater than FLSL

(Table 1), although the samples size for this

comparison was only 30 and the result needs

confirmation. TLflexSL was almost 6% greater

than TLnatSL (Table 1).

Residuals from the linear regressions of

PCLSL, FLOTB, and TLflexSL against FLSL were

uniformly distributed and small (mostly less than

5 cm) (Fig. 2). By contrast, residuals from

TLnatSL versus FLSL were larger (many values

over 5 cm and some over 10 cm), and the vari-

ability increased with increasing FLSL. TLnatSL

showed the highest RRMSEs (1.3–1.8%) of all

pairwise regressions (Table 1). The other mea-

surement methods (TLflexSL, FLOTB, FLSL and

PCLSL) produced low RRMSEs (0.9–1.2%) ex-

cept when regressed against TLnatSL. These re-

sults suggest that measurement error is highest

(though still relatively small at less than 2%) for

TLnat, and low for the other four methods.

Shortfin mako sharks, dataset 2

Dataset 2 for shortfin makos was much larger than

dataset 1, but it contained only three
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measurement methods: TLnatSL, FLSL and

PCLSL, and only two pairwise comparisons were

possible (PCLSL and TLnatSL were never

Fig. 1 Pairwise linear regressions among five measure-
ment methods for shortfin mako shark (dataset 1). Embryo
data were not included in the fitted regressions

Fig. 2 Residuals from pairwise linear regressions (see
Fig. 1) among five measurement methods for shortfin
mako shark (dataset 1)

Table 1 Pairwise linear regression results among five measurement methods for shortfin mako shark (datasets 1 and 2)

Dep. var. Indep. var. a SEa b SEb N Adj R2 Range dep.
var.

Range indep.
var.

RRMSE
(%)

Scientists (dataset 1)
TLflexSL TLnatSL –4.27 1.61 1.056 0.007 62 0.9975 97–394 95–379 1.3

FLOTB 1.77 1.91 1.097 0.010 30 0.9978 127–324 117–294 1.2
FLSL –0.15 1.05 1.137 0.005 61 0.9989 97–394 85–346 1.0
PCLSL 2.96 1.24 1.244 0.006 61 0.9984 97–394 76–314 1.2

TLnatSL TLflexSL 4.59 1.50 0.944 0.006 62 0.9975 95–379 97–394 1.3
FLOTB 7.10 2.73 1.032 0.014 30 0.9949 125–309 117–294 1.7
FLSL 3.17 1.38 1.085 0.007 130 0.9953 95–379 85–346 1.7
PCLSL 4.43 1.38 1.196 0.007 136 0.9949 95–379 76–314 1.8

FLOTB TLflexSL –1.20 1.75 0.910 0.008 30 0.9978 117–294 127–324 1.2
TLnatSL –5.90 2.72 0.964 0.013 30 0.9949 117–294 125–309 1.7
FLSL –0.79 1.27 1.032 0.007 30 0.9988 117–294 113–287 0.9
PCLSL –0.23 1.62 1.143 0.009 30 0.9981 117–294 102–256 1.0

FLSL TLflexSL 0.36 0.92 0.878 0.004 61 0.9989 85–346 97–394 1.0
TLnatSL –1.96 1.28 0.918 0.006 130 0.9953 85–346 95–379 1.7
FLOTB 0.97 1.23 0.968 0.006 30 0.9988 113–287 117–294 0.9
PCLSL 2.09 0.63 1.097 0.003 129 0.9988 85–346 76–314 0.9

PCLSL TLflexSL –2.09 1.00 0.803 0.004 61 0.9984 76–314 97–394 1.2
TLnatSL –2.77 1.17 0.832 0.005 136 0.9949 76–314 95–379 1.8
FLOTB 0.51 1.41 0.874 0.007 30 0.9981 102–256 117–294 1.0
FLSL –1.69 0.58 0.911 0.003 129 0.9988 76–314 85–346 0.9

Observers (dataset 2)
TLnatSL FLSL 1.97 1.15 1.077 0.007 253 0.9901 80–330 70–297 2.7
FLSL TLnatSL –0.19 1.07 0.919 0.006 253 0.9901 70–297 80–330 2.7

PCLSL 1.06 0.36 1.097 0.002 854 0.9966 61–333 55–304 1.6
PCLSL FLSL –0.43 0.33 0.908 0.002 854 0.9966 55–304 61–333 1.6

Bold values indicate relative root mean square errors (RRMSE) ‡ 1.3%. Measurements were straight line (SL) or over the
body (OTB). Dep. var., dependent variable; Indep. var., independent variable; a, Y-intercept; b, slope; SEa and SEb,
standard errors for a and b; N, sample size; Adj R2, coefficient of determination adjusted for degrees of freedom. Ranges are
in centimeters
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measured on the same sharks) (Table 1). RRM-

SEs were substantially larger than for their coun-

terparts in dataset 1: 2.7% for TLnatSL versus FLSL

(cf. 1.7%) and 1.6% for PCLSL versus FLSL (cf.

0.9%), suggesting that multiple observers working

at sea are not able to measure sharks as precisely

as a few scientists working ashore. Nevertheless

the ranking of the pairwise comparisons was the

same for both datasets, with comparisons involv-

ing TLnatSL being more variable.

Porbeagle sharks, dataset 3

Sample sizes were moderate to large (Table 2).

The highest RRMSEs (‡2.0%) were obtained for

regressions involving TLnatOTB, and the lowest

RRMSEs (0.8%) were obtained for the pairwise

regression between FLOTB and PCLOTB. Other

comparisons had intermediate values. Thus

FLOTB and PCLOTB had the lowest co-variation,

possibly reflecting the fact that the two mea-

surements can easily be made sequentially on a

shark with minimal adjustment of the measuring

tape.

Blue sharks, dataset 4

Sample sizes varied from small to large (Table 3).

The highest RRMSEs (1.8–2.0%) all involved

TLnatSL or TLnatOTB, but interestingly the

regressions between these two methods had low

RRMSEs (1.3%). This might result from the two

TLnat measurements being taken without altering

the position of the tail, thus ensuring good cor-

relation between them. FLOTB and FLSL regres-

sions produced similar, intermediate RRMSEs in

regressions with other methods.

Antarctic thorny skates, dataset 5

This dataset was moderately large (Table 4).

Preliminary linear regressions showed that resid-

uals were not uniformly distributed, indicating

non-linear behaviour. Data were therefore log10
transformed before re-fitting the linear regres-

sions. A homogeneity of slopes test showed that

males and females were significantly different: for

a given TLSL, males had a longer, narrower disc

than females (DLpelSL versus TLSL, P < 0.0001;

DWSL versus TLSL, P = 0.0009). Consequently,

the two sexes were separated before final analysis.

Log–log regressions for Antarctic thorny skates

are shown in Table 4. A subset of the female

regressions with TLSL as the independent vari-

able is shown in Fig. 3 (males were omitted for

clarity). The highest RRMSEs all involved DWSL

(2.7–3.3%). Regressions between TLSL and

DLpelSL were less variable (RRMSEs 2.3–2.5%).

This suggests that measurement error is highest

for DWSL.

Table 2 Pairwise linear regression results among four measurement methods for porbeagle shark (dataset 3)

Dep. var. Indep. var. a SEa b SEb N Adj R2 Range dep.
var.

Range indep.
var.

RRMSE
(%)

TLnatOTB FLOTB –0.51 0.44 1.121 0.003 940 0.9951 95–293 85–264 1.7
FLSL –1.49 1.41 1.169 0.009 142 0.9916 105–285 91–253 2.3
PCLOTB 1.67 0.52 1.255 0.003 918 0.9932 95–293 77–234 2.0

FLOTB TLnatOTB 1.27 0.39 0.888 0.002 940 0.9951 85–264 95–293 1.7
FLSL –0.32 0.78 1.045 0.005 173 0.9959 86–264 83–253 1.8
PCLOTB 1.84 0.18 1.121 0.001 924 0.9989 85–264 77–234 0.8

FLSL TLnatOTB 2.52 1.19 0.848 0.007 142 0.9916 91–253 105–285 2.3
FLOTB 0.90 0.74 0.953 0.005 173 0.9959 83–253 86–264 1.8
PCLOTB 2.56 0.93 1.065 0.006 141 0.9948 91–253 83–234 1.8

PCLOTB TLnatOTB –0.33 0.41 0.791 0.002 918 0.9932 77–234 95–293 2.0
FLOTB –1.48 0.16 0.892 0.001 924 0.9989 77–234 85–264 0.8
FLSL –1.68 0.88 0.934 0.006 141 0.9948 83–234 91–253 1.9

Bold values indicate relative root mean square errors (RRMSE) ‡ 2.0%. Measurements were straight line (SL) or over the
body (OTB). Dep. var., dependent variable; Indep. var., independent variable; a, Y-intercept; b, slope; SEa and SEb,
standard errors for a and b; N, sample size; Adj R2, coefficient of determination adjusted for degrees of freedom. Ranges are
in centimetres
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Pacific electric rays, dataset 6

Sample sizes were small. Homogeneity of slopes

tests showed that males and females were signif-

icantly different for the regressions PD1SL versus

TLSL (P = 0.0014) and DWSL versus TLSL

(P = 0.0033). The two sexes were separated be-

fore final analysis for all pairwise comparisons

(Table 5). A subset of the regressions with TLSL

as the independent variable is shown in Fig. 4.

Five notable outliers appear to represent record-

ing errors rather than measurement variability, so

those fish were omitted from all regressions to

avoid inflation of the RRMSEs.

Regressions involving DWSL had very high

RRMSEsover 8%(Table 5). The lowestRRMSEs

came from regressions involving PD1SL and

PD2SL, and intermediate RRMSEs occurred for

regressions involving TLSL (all values £ 3.1%).

Measurement error is clearly highest for DWSL,

probably inflated by combining fresh and frozen

specimens.

Discussion

The index of regression variability used in the

present study, RRMSE, incorporates two sources

Table 3 Pairwise linear regression results among four measurement methods for blue shark (dataset 4)

Dep. var. Indep. var. a SEa b SEb N Adj R2 Range dep.
var.

Range indep.
var.

RRMSE
(%)

TLnatOTB TLnatSL 5.33 2.20 0.986 0.010 86 0.9909 154–294 153–293 1.3
FLOTB 6.04 2.71 1.181 0.015 86 0.9860 154–294 129–238 1.6
FLSL 3.52 3.46 1.219 0.020 86 0.9780 154–294 123–233 1.9

TLnatSL TLnatOTB –3.44 2.26 1.005 0.010 86 0.9909 153–293 154–294 1.3
FLOTB 3.53 0.85 1.175 0.005 777 0.9885 153–351 129–292 1.9
FLSL 5.53 0.86 1.194 0.005 777 0.9881 153–351 123–286 1.8

FLOTB TLnatOTB –2.61 2.33 0.835 0.011 86 0.9860 129–238 154–294 1.7
TLnatSL –0.85 0.73 0.841 0.003 777 0.9885 129–292 153–351 1.9
FLSL 2.33 0.58 1.013 0.003 783 0.9924 129–292 123–286 1.5

FLSL TLnatOTB 0.94 2.82 0.803 0.013 86 0.9780 123–233 154–294 2.0
TLnatSL –2.44 0.73 0.827 0.003 777 0.9881 123–286 153–351 1.9
FLOTB –0.92 0.57 0.980 0.003 783 0.9924 123–286 129–292 1.6

Bold values indicate relative root mean square errors (RRMSE) ‡ 1.8%. Measurements were straight line (SL) or over the
body (OTB). Dep. var., dependent variable; Indep. var., independent variable; a, Y-intercept; b, slope; SEa and SEb,
standard errors for a and b; N, sample size; Adj R2, coefficient of determination adjusted for degrees of freedom. Ranges are
in centimetres

Table 4 Pairwise log–log regression results among three measurement methods for Antarctic thorny skates (dataset 5)

Sex Dep. var. Indep. var. á SEá b SEb N Adj R2 Range dep.
var.

Range indep.
var.

RRMSE
(%)

Female TLSL DLpelSL 0.27 0.01 0.940 0.004 679 0.9866 42–115 29–79 2.3
DWSL 0.09 0.02 1.001 0.010 255 0.9764 42–111 35–88 3.1

DLpelSL TLSL –0.26 0.01 1.050 0.005 679 0.9866 29–79 42–115 2.4
DWSL –0.18 0.02 1.065 0.009 256 0.9822 29–77 35–88 2.9

DWSL TLSL –0.05 0.02 0.975 0.010 255 0.9764 35–88 42–111 3.1
DLpelSL 0.20 0.01 0.923 0.008 256 0.9822 35–88 29–77 2.7

Male TLSL DLpelSL 0.31 0.01 0.915 0.004 501 0.9890 39–121 26–83 2.3
DWSL 0.01 0.02 1.051 0.009 262 0.9803 39–117 30–90 3.3

DLpelSL TLSL –0.31 0.01 1.080 0.005 501 0.9890 26–83 39–121 2.5
DWSL –0.29 0.02 1.133 0.009 266 0.9850 26–83 30–90 3.1

DWSL TLSL 0.02 0.02 0.933 0.008 262 0.9803 30–90 39–117 3.1
DLpelSL 0.28 0.01 0.869 0.007 266 0.9850 30–90 26–83 2.7

Bold values indicate relative root mean square errors (RRMSE) > 2.5%. All measurements were straight line (SL). Dep.
var., dependent variable; Indep. var., independent variable; á, Y-intercept; b, slope; SEá and SEb, standard errors for á and
b; N, sample size; Adj R2, coefficient of determination adjusted for degrees of freedom. Ranges are in centimetres
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of variation—natural variability and measure-

ment variability. The latter source is the main

focus of this study, but it could not be estimated

separately (such estimation would require re-

peated length measurements on the same indi-

vidual). Nevertheless, there is some evidence to

suggest that measurement variability is a major

contributor to RRMSE: for shortfin mako

sharks, dataset 1, variability in comparisons

involving TLflexSL was substantially lower than in

those involving TLnatSL (Table 1), even though

both measurements used the same anterior and

posterior reference points. If the relationship

between total length and other partial lengths

was inherently variable, then both TLflexSL and

TLnatSL would be expected to have similar

RRMSEs. When developing regression equa-

tions to inter-convert different measurement
Fig. 3 Pairwise log–log regressions among three measure-
ment methods for female Antarctic thorny skate (dataset 5)

Table 5 Pairwise linear regression results among four measurement methods for Pacific electric rays (dataset 6)

Sex Dep. var. Indep. var. a SEa b SEb N Adj R2 Range
dep. var.

Range
indep. var.

RRMSE
(%)

Female TLSL PD2SL 0.47 0.30 1.332 0.008 76 0.9975 19–102 14–75 2.2
PD1SL 0.09 0.35 1.551 0.011 76 0.9965 19–102 12–64 3.0
DWSL 2.86 0.86 1.365 0.023 79 0.9783 19–102 11–72 9.4

PD2SL TLSL –0.27 0.23 0.749 0.004 76 0.9975 14–75 19–102 2.2
PD1SL –0.28 0.14 1.164 0.004 77 0.9990 14–75 12–64 2.0
DWSL 2.07 0.53 1.007 0.015 77 0.9843 14–75 11–72 9.0

PD1SL TLSL 0.04 0.23 0.643 0.004 76 0.9965 12–64 19–102 3.1
PD2SL 0.27 0.12 0.858 0.003 77 0.9990 12–64 14–75 2.0
DWSL 2.00 0.42 0.866 0.012 77 0.9865 12–64 11–72 8.3

DWSL TLSL –1.37 0.65 0.717 0.012 79 0.9783 11–72 19–102 10.3
PD2SL –1.54 0.54 0.977 0.014 77 0.9843 11–72 14–75 9.9
PD1SL –1.87 0.51 1.139 0.015 77 0.9865 11–72 12–64 9.2

Male TLSL PD2SL 0.23 0.37 1.347 0.009 102 0.9955 18–84 14–63 2.5
PD1SL –0.46 0.43 1.600 0.012 102 0.9939 18–84 12–53 3.0
DWSL 0.78 0.81 1.455 0.022 112 0.9762 18–84 10–60 9.2

PD2SL TLSL –0.04 0.27 0.739 0.005 102 0.9955 14–63 18–84 2.5
PD1SL –0.50 0.18 1.188 0.005 102 0.9981 14–63 12–53 2.0
DWSL 0.43 0.57 1.075 0.015 102 0.9801 14–63 10–60 9.1

PD1SL TLSL 0.47 0.27 0.621 0.005 102 0.9939 12–53 18–84 3.0
PD2SL 0.48 0.15 0.840 0.004 102 0.9981 12–53 14–63 2.0
DWSL 0.79 0.46 0.905 0.012 102 0.9817 12–53 10–60 8.2

DWSL TLSL 0.29 0.55 0.671 0.010 112 0.9762 10–60 18–84 8.7
PD2SL 0.28 0.53 0.912 0.013 102 0.9801 10–60 14–63 8.6
PD1SL –0.24 0.51 1.085 0.015 102 0.9817 10–60 12–53 8.1

Bold values indicate relative root mean square errors (RRMSE) > 8.0%. All measurements were straight line (SL). Dep.
var., dependent variable; Indep. var., independent variable; a, Y-intercept; b, slope; SEa and SEb, standard errors for a and
b; N, sample size; Adj R2, coefficient of determination adjusted for degrees of freedom. Ranges are in centimetres
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methods, the source of the variability is imma-

terial—variability of both types affects the pre-

cision of length predictions made from such

regressions.

For dataset 1, the RRMSEs from shortfin mako

shark regressions were, at best, about 1%

(Table 1). For a shark of about 300 cm FLSL, this

means that 95% of the animals would fall within

about ±2% of 300 cm, or ±6 cm, of the regression

line. Using a regression of TLnatSL against FLSL,

the RRMSE of 1.7% would generate an absolute

variation of about ±10 cm. This magnitude of

variation may be acceptable for some purposes

but not for others. For example, the power to

distinguish a difference in length at maturity be-

tween two populations depends not only on the

measurement variability, but also on the differ-

ence in mean length at maturity between the two

populations. If measurement variability is low,

the power to detect small between-population

differences is greater.

Published studies frequently do not define their

measurement methods adequately, so it is easy to

inadvertently apply an incorrect regression

equation, or even to decide incorrectly that no

conversion is necessary. This generates a bias in

the converted length, which might accentuate,

nullify or even reverse a true population differ-

ence. A simple example, using 11 regression

equations between fork length and total length

for shortfin mako sharks populations, illustrates

this point (Table 6). The fork length predicted for

a 300 cm total length shark varied between 264

and 283 cm, a range of 19 cm, or 7% of the lower

value. Methods involving FLOTB produced the

highest predicted fork lengths, and TLflex pro-

duced the lowest predicted fork lengths. Inter-

estingly, TLflex has rarely been used in shortfin

mako studies worldwide. Perhaps this reflects the

perceived rigidity of the caudal fin of shortfin

makos, making TLflex difficult to measure; the

corollary of this is that TLnat should be less vari-

able than TLflex for this species. However, the

evidence from this study is that TLflex is less

variable than TLnat, and my personal experience

is that the tail is easily flexed down to the midline

for the former method.

An important conclusion from this study is that

two commonly used measurement methods, TLnat

and DW, performed worse than other methods.

The reason for the poor performance of TLnat is

probably the difficulty in judging a ‘‘natural’’ tail

position—this judgement is apparently not

reproducible across sharks, or across measurers.

The reason for the poor performance of DW is

not clear, though Notarbartolo-di-sciara (1987)

provided some clues in relation to measuring

mobulid rays: ‘‘Disc width is the largest reliable

dimension on a ray’s body, and therefore it af-

fords a good degree of accuracy and precision

when fresh and well preserved specimens are

measured. However, it may be a difficult

measurement to obtain on curled specimens, or it

may be an unreliable reference index in very old

specimens in which the texture of the pectoral fin

has become loose’’.

It remains to be seen whether the results of the

present study apply to a wide range of chondri-

chthyans—the six datasets examined here cover

only a small fraction of the species and families of

chondrichthyans, and each dataset provided

information on only a subset of the possible

measurement techniques. Nevertheless, the fol-

lowing recommendations are offered in an at-

tempt to improve the quality of length data

Fig. 4 Pairwise linear regressions among four measure-
ment methods for Pacific electric ray (dataset 6). For
clarity, regression lines are shown for both sexes com-
bined, but analyses were carried out separately by sex.
Circled outliers were omitted from regressions and
analyses

Environ Biol Fish (2006) 77:407–421 417

123



collected from chondrichthyans, and to reduce

the number of measurement techniques in use:

1. The ideal chondrichthyan measuring tech-

nique for biologists and ecologists dealing

with moderate to large samples of fish

should be (a) a good indicator of the size of

an animal; (b) simple to apply to a high

proportion of individuals in a population; (c)

accurate and precise; and (d) unambiguous.

2. Measure the longest longitudinal axis con-

sistent with other constraints. Intuitively,

this dimension is the best index of ‘size’. I

recommend the use of TLflex for sharks, TL

for batoids of all suborders except

Myliobatoidei, DLpel for batoids of the

suborder Myliobatoidei,1 and CL for chi-

maeroids (except for Callorhinchus for

which FL measured from the anterior edge

of the snout protuberance is most appropri-

ate). DLpel is preferred over DLpec for my-

liobatoids because the former is longer, and

because it is easier to measure when a ray is

placed on a measuring board (the posterior

ends of the pectoral fins are often displaced

from the midline and overlie the pelvic fins).

Concerns about gender differences in the

size and shape of batoid pelvic fins can be

addressed by recording the sex of all animals

and treating the sexes separately. This is

important anyway because many batoids

have sexually dimorphic disc shapes (D.

Ebert, Moss Landing Marine Laboratories,

Moss Landing, California, USA, personal

communication). If the recommended

method is not possible or practical, use the

next longest longitudinal body dimension

(FL for sharks, DLpel or DLpec for batoids,

and PCL for chimaeroids including Callor-

hinchus). For species that may increase in

girth (sharks) or thickness (batoids) with

age, girth or weight may also be informative

and useful in developing growth models.

3. Avoid the use of TLnat and DW because

they appear to have higher measurement

error than other methods.

4. Use SL methods in preference to OTB

methods. Although FLOTB performed as

well as, or better than, FLSL in shortfin

mako, porbeagle and blue sharks, OTB

methods are likely to be affected by preg-

nancy, stomach fullness, liver size and body

condition.

5. Define the measurement method clearly and

adequately. Each definition should include

an anterior reference point, a posterior ref-

erence point, and how the distance between

these two points is measured. This last item

should include a description of the measur-

ing device, the path of the measurement

1 Although some members of the Myliobatoidei (e.g.
urolophids) have a well formed caudal fin, it is often
damaged (P. Kyne, University of Queensland, Australia,
pers. comm.).

Table 6 Calculated fork length at a total length of 300 cm using 11 different regression equations for shortfin mako sharks

Source Region Measurement method

Fork length Total length Sample size Calc. FL for
TL = 300 cm

Present study SW Pacific FLOTB TLnatSL 30 283
Campana et al. (2005) NW Atlantic FLOTB TLnatOTB 13 282
Kohler et al. (1995) NW Atlantic FLOTB TLnatOTB 199 277
Present study SW Pacific FLOTB TLflexSL 30 272
Present study SW Pacific FLSL TLnatSL 130 273
Chan (2001) SW Pacific FLSL TLnatSL 50 272
E. Acuña (unpubl. data) SE Pacific FLSL TLnatSL 421 271
V. Buencuerpo (unpubl. data) NE Atlantic FLSL TLnatSL 1,764 269
Joung and Hsu (2005) NW Pacific FLSL TLnatSL 1,236 268
R. Rasmussen (unpubl. data) NE Pacific FLSL TLnatSL 3,976 266
Present study SW Pacific FLSL TLflexSL 61 264

Rows are arranged by fork length measurement method and descending order of calculated fork length. Measurements
were straight line (SL) or over the body (OTB)
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(whether SL orOTB), and the orientation of

the animal (whether on its side, belly or

other). [The orientation of the animal has

not been addressed here, and its effect on

measurements is unknown.] Journal

reviewers and editors should insist that such

information is provided in published papers

and reports.

6. For greater utility, make two or more dif-

ferent measurement methods on each ani-

mal. If done routinely, this potentially allows

direct comparison with other studies and

avoidance of the need to calculate conver-

sion regressions. It also provides a means for

detecting gross recording errors, which ap-

pear as outliers on bivariate or multivariate

plots. If it is not possible to make multiple

measurements on every individual, this

should at least be done on a moderate subset

of animals to allow the development of

study-specific conversion regressions; this

avoids the need to use a regression equation

from another study, with the associated risk

that it may not be appropriate.

7. Measure a large sample size over a wide

length range. Report the sample size and

length range of dependent and independent

variables, because these affect the applica-

bility of the regressions. Caution should be

exercised when extrapolating beyond the

range of data, especially if there is evidence

of allometry.

8. Check for male–female differences using a

homogeneity of slopes test and analysis of

covariance, and only pool the sexes if dif-

ferences are non-significant. Failure to treat

sexes separately when they have different

underlying morphometric relationships will

inflate variability and possibly introduce

bias. The same applies to pooling datasets

from different populations or time periods.

9. Check data for allometry (is the Y-intercept

significantly different from zero?), non-line-

arity (examine residuals), and homogeneity

of variances (examine residuals). Allometry

is evidence of non-linearity (though the non-

linear part of the relationship may fall out-

side the data range). Use log–log regressions

where necessary to linearise data, and

improve homogeneity of variances. Also,

consider fitting non-linear models.

10. For length–length regressions, R2 is usually

high and it is safe to use OLS regression in

place of the more correct GM regression.

11. Minimise other sources of error in mea-

surements, or compensate for them. Chon-

drichthyans shrink after freezing and

thawing: Callorhinchus milii shrinks by

2–5% depending on length (Francis 1997),

and neonate Mustelus lenticulatus shrink by

about 4% (Francis and Francis 1992), so

corrections are necessary if estimates of

fresh length are required. A common prac-

tice is to round lengths down to the centi-

metre below actual length. Any parameter

estimated from such length data (e.g. med-

ian length at maturity) must be corrected for

this rounding bias by adding 0.5 cm.

12. Establishment of a database in which mor-

phometric data and conversion regressions

can be archived and accessed via the

worldwide web should be explored. Al-

though such an exercise could be fraught

with problems, particularly in ensuring that

consistent and well-defined measurement

protocols were used for deposited data, the

benefits may outweigh the disadvantages,

especially for species having broad geo-

graphic distributions.
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