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Preface

The period since World War II, and especially the last decade influenced
by the International Biological Program, has seen enormous growth in research
on the function of ecosystems. The same period has seen an exponential rise in
environmental problems including the capacity of the Earth to support man’s
population. The concern extends to man’s effects on the “biosphere”—the film
of living organisms on the Earth’s surface that supports man. The common
theme of ecologic research and environmental concerns is primary production—
the binding of sunlight energy into organic matter by plants that supports all
life. Many results from the IBP remain to be synthesized, but enough data are
available from that program and other research to develop a convincing sum-
mary of the primary production of the biosphere—the purpose of this book.

The book had its origin in the parallel interests of the two editors and Gene
E. Likens, which led them to prepare a symposium on the topic at the Second
Biological Congress of the American Institute of Biological Sciences in Miami,
Florida, October 24, 1971. Revisions of the papers presented at that symposium
appear as Chapters 2, 8, 9, 10, and 15 in this book. We have added other
chapters that complement this core; these include discussion and evaluation of
methods for measuring productivity and regional production, current findings
on tropical productivity, and models of primary productivity. The book is
directed toward the interests of a range of readers, from'those seeking summaries
of research techniques to those concerned with our synthesis of global production.

Several institutions and people have helped to complete this work in its
present form. The chapters contributed or coauthored by Lieth and Sharpe
were supported in part by the Eastern Deciduous Forest Biome US-IBP. The
chapters contributed by Whittaker and Hall were supported in part by Brook-
haven National Laboratory; the contributions by Likens and Whittaker were
supported in part by the National Science Foundation. During the final stage
of editing this volume, one of the editors (HL) worked as guest researcher at
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Preface

the Nuclear Research Center (KFA) in Jiilich, West Germany. We gratefully
acknowledge the financial and logistic help received at the KFA through Prof.
Dr. K. Wagener and his staff at the Institut fiir Physikalische Chemie. The
index was compiled by Margot Lieth and Cyndi Grossman. We thank them
both for their assistance. We gladly give credit to the staff of Springer-Verlag
New York for excellent assistance in improving the book.

We hope this book will be of value for its characterization of the biosphere
as a productive system. We are not confident of man’s ability to control the
future of the world or even his own existence. Nevertheless, we should be
gratified if a focal point of the book—the net primary production of the bio-
sphere—is one day seen as a figure of real significance to man. If in the future
man’s population and industry are stabilized, then to biosphere production as
a steady-state flow of biological energy in the world will be related two other
steady-state flows—of food energy from the biosphere to man and of industrial
energy—that will support a human world society living in a durable balance with
its environment.

Helmut Lieth
Robert H. Whittaker
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PREAMBLE

The last decades of biologic, and especially ecologic, research have
made it clear that

1. The notion that man’s population and wealth can increase without
* limit is self-deception and an invitation to self-destruction

2. The unregulated increase of the human population beyond the
world’s sustainable carrying capacity must be considered a moral
crime

3. The relentless increase in the gross natio:»~! products of the
industrial nations, at the expense of the world population, must
be considered a social crime

4. The reckless exploitation of our fossil fuel sources for short-term

profit and growth, rather than careful planning for a reasonable
use for a long-term future, is a crime against our own children

Helmut Lieth



Scope and Purpose of
This Volume

Robert H. Whittaker, Gene E. Likens,
and Helmut Lieth

Some commonplace ideas of our time are that the surface of the earth is
occupied by a film of living organisms, the “biosphere”; that the life of man
and all other heterotrophic organisms is dependent on the primary production
of the biosphere; and that the growth of man’s population and industry affects
the biosphere with increasing pressures, particularly those of harvest and chemi-
cal influence. These ideas are familiar, but some of the quantitative character-
istics of the biosphere and man’s relationship to it are not. Only in the last decade
have sufficient data become available so that productive dimensions of the bio-
sphere can be characterized by something better than educated guesses. Only
in the last two or three decades has the unstable character of man’s relationship
to the biosphere become apparent to more than a small circle of scholars.

The word biosphere is used to mean either the global film of organisms or
the surface environments of the world in which these organisms live and with
which they interact (Hutchinson, 1970). This volume refers to “biosphere” in
the first sense and expresses the second meaning as the “ecosphere” (Cole,
1958). The basis of all biosphere function is primary productivity, the creation
by photosynthetic plants of organic matter incorporating sunlight energy. (This
volume does not deal with the much smaller contribution of chemosynthetic
autotrophic organisms.) The purpose of this volume is to synthesize current
knowledge of world primary productivity in terms of methods of measurement,
environmental determinants, the quantities for different communities and for the
biosphere as a whole, the relationship to other biosphere characteristics, and
the implications for man.

KEYWORDS: Primary productivity; ecology; phytogeography;
biosphere.

Primary Productivity of the Biosphere, edited by

Helmut Lieth and Robert H. Whittaker.

© 1975 by Springer-Verlag New York Inc.
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Part 1: Introduction

Our concern centers on net primary productivity, which is that part of the
total or gross primary productivity of photosynthetic plants that remains after
some of this material is used in the respiration of those plants. The remaining
portion, net productivity, is available for harvest by animals and for reduction
by saprobes. Net primary productivity provides the energetic and material basis
for the life of all organisms besides the plants themselves. Net primary produc-
tivity is most commonly measured as dry organic matter synthesized per unit
area of the Earth’s surface per unit time, and is expressed as grams per square
meter per year (g/m?/year X 8.92 = Ib/acre/year).! Net production of eco-
system types in the world is expressed as metric tons (t = 10° g) of dry matter
per year (metric tons X 1.1023 = English short tons). Biomass is the dry
matter of living organisms present at a given time per unit of the Earth’s surface,
and may be expressed as kilograms per square meter (kg/m? X 10 = t/ha,
X 8922 = Ib/acre). Productivity may also be expressed as grams of carbon or
calories of energy in the dry matter formed per unit area and time. The relation-
ship of carbon to dry matter is variable, but 2.2 is a reasonable average by
which carbon production may be multiplied to obtain dry matter. The energy
content of plant biomass (in kilocalories per dry gram of tissue) is also variable,
with a world average of about 4.25 for land plants, but with values around 4.9
for plankton and coniferous forest (see Table 7-2).

One of the purposes of this book is to summarize available data into an esti-
mate of the world’s total net primary production, for which we obtain 172 X 10°
t/year. The pattern of production relationships in different kinds of communi-
ties that underlies this value has some complexity. In the three realms, the land,
oceans, and freshwaters, net primary productivities range downward from 2000
to 3000 g/m?/year or more to near zero in desert conditions. Great contrasts
in productivity are determined by water availability on land and nutrient avail-
ability in fresh and salt water, whereas temperature affects productivity every-
where. Over all, land communities are much more productive than are those of
the oceans because land makes possible extensive community structure that
retains nutrients and supports leaf surfaces. Marine plankton communities are
far smaller in biomass, chlorophyll, and content of critical nutrients, as well as
in the productivity that depends on these. Efficiency in use of light energy for
productivity is generally correlated with primary productivity itself, but efficiency
in productivity per unit chlorophyll is higher in marine plankton than it is in
much more productive forests. Fractions of gross primary productivity spent in
plant respiration vary with temperature and community biomass from 75% in
tropical rain forest to probably 20-30% in some plankton communities. The
energy content of plant biomass from different land communities varies in a

1 As a way of expressing productivity we prefer g/m2/year for its direct translation into
English as grams per meter square per year, and in particular prefer it to the cumbersome
g'm2-year'l. The g/m?2/year form is potentially ambiguous, since it is possible to interpret
it so that the year would go into the numerator. We have never encountered anyone who
has thus misinterpreted it and doubt that the potential ambiguity is a real problem, but
g/m?/year should of course be interpreted as g/(m2-year) or (g/m?2)/year.
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definite pattern, from low values in tropical rain forest to high values in boreal
forest.

At the moment it seems that man will not be able to restrain the growth of
his population and industry before serious damage is done to the biosphere. If
he is to do so, he must set limits on himself and plan for wise long-term use
and conservation of the biosphere, based on knowledge of its characteristics.
This book contributes to the understanding of the biosphere on which man’s life
and the healthfulness and attractiveness of his environment depends.

References

Cole, L. C. 1958. The ecosphere. Sci. Amer. 198(4) :83-92.
Hutchinson, G. E. 1970. The biosphere. Sci. Amer. 223(3) :45-53.



Historical Survey of
Primary Productivity Research

Helmut Lieth

From a recent paper on the history of the discovery of photosynthesis
(Rabinovitch, 1971), it appears that many biologists equate photosynthesis
with productivity and identify the raw materials of photosynthesis (water, carbon
dioxide, and sunlight energy) as the direct controls of productivity. Photo-
synthesis and primary productivity are not so simply identical. Indeed, primary
productivity—the actual energy bound into organic matter—is the product
of photosynthesis. Yet primary productivity requires more than photosynthesis
alone. The uptake and incorporation of inorganic nutrients into the diverse
organic compounds of protoplasm are essential to the photosynthesizing organism.
Temperatures govern annual productivity in various ways that do not result from
temperature dependence of the photosynthetic process. On land, productivity is
strongly affected by the availability of water, not primarily for use in the photo-
synthetic process itself, but to replace the water lost through the stomata that are
open to allow carbon dioxide uptake.

This chapter compiles the key sources in the historical understanding of plant
productivity as distinguished from photosynthesis. These include the gradual
assessment of the global amounts and, to a limited degree, the understanding
of the importance of primary productivity for man and environment.

In this history there are at least three major periods: (1) before Liebig, (2)
from Liebig to the International Biological Program (IBP), and (3) the IBP
and its consequences. Let us follow this sequence to see how the modern view-
points and methods have developed.

KEYWORDS: Primary productivity; history; ecology.

Primary Productivity of the Biosphere, edited by
Helmut Lieth and Robert H. Whittaker.
© 1975 by Springer-Verlag New York Inc.
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Part 1: Introduction

From Aristotle to Liebig

384-322 B.Cc. Aristotle taught that soil, in a manner comparable to that of the
intestinal tract of animals, provides predigested food for the
plants to take up through their roots. Thus he rightly emphasized
the relationship between plant and soil while wrongly interpret-
ing plant nutrition with an idea that was held generally for 1800
years.

1450 A.p. Nicolai de Cusa expressed the almost revolutionary idea that
“the water thickens within the soil, sucks off soil substances and
becomes then condensed to herb by the action of the sun.”

A reading of the entire paper “Ydiote de staticis experimentis” (the Ydiote
here meant is layman, most likely a practitioner with high technical skill) in
Nicolaus de Cusa (Cusanus) Werke (1967) gives the impression that the
“agricultural engineers” of his time held this plant—water relationship as a gen-
eral consensus. Nicolai’s view emphasized this relationship between plant and

water. This paper appears to be the design for van Helmont’s experiment about
150 years later.

ca. 1600 van Helmont, besides performing odd experiments to find meth-
(1577-1644) ods of obtaining mice from junk and sawdust, did one rather
intelligent experiment. He grew a willow twig weighing 5 Ib in
a large clay pot containing 300 Ib of soil, and irrigated it with
rainwater. After 5 years, he harvested a willow tree of 164 Ib
of wood with a loss of only 2 oz of soil. van Helmont concluded

from this that water was condensed to form plants.

17721777  Priestley, Scheele, and Ingenhousz were the first to discuss the
or 1779 interaction between plants and air. They spoke about “meliora-
tion” and the “spoiling” of the air by plants in light or darkness.

1804 de Saussure studied the gas exchange of plants and gave the
correct equation for photosynthesis:

Carbon dioxide + water = plant matter - oxygen

Following Rabinovitch’s (1971) manner of indicating persons whose work
led up to the primary production equation (not the photosynthetic equation),
we have added the names of those who were instrumental in first evaluating the
importance or necessity or both of each of the elements. Entries from Rabino-
vitch are in parentheses; our entries are in brackets [ ].
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inorganic
CO, -+ H.O -+ light -+ nutrients
(Senebier) (de Saussure) (Ingenhousz)
[Priestley—Scheele] [van Helmont] [Liebig]
YIELD
= Oxygen -+ organic matter + chemical energy
(Priestley) (Ingenhousz) (Mayer)
[van Helmont] [Boltzmann]

Following the development of this equation, plant production was subjected
to widespread, serious investigation, although not on the scale of present-day
studies. The newly founded Colleges of Agriculture and Forestry dealt with
various aspects of such questions.

From Liebig to the IBP

1840 The development of analytical chemistry enabled Liebig to show
the importance of minerals for plant nutrition. He fought in-
tensely against the generally accepted humus theory, which was
based on the assumption that plants lived from organic matter
only. While studying the relationship between dry-matter pro-
duction and nutrient supply, Liebig formulated the well-known
Law of the Minimum.

1850-1900  Plant chemistry uncovered the major relationships among plants,
mineral nutrients, soil, water, and air. The importance of humus
was investigated for all physical and chemical parameters sig-
nificant in agriculture and forestry. The principles of matter
cycles were widely discussed all over Europe; today it is diffi-
cult to determine who had the original ideas or evidence for
primary productivity. These results were summarized in a few
books that were cited frequently up to the early twentieth cen-
tury (Boussingault, 1851; Liebig, 1862; and Ebermayer, 1876,
1882).

1862 Liebig was the first to think quantitatively about the impact of
vegetation on the atmosphere. In 1862 he said, “If we think of
the surface of the earth as being entirely covered with a green
meadow yielding annually 5000 kg/ha, the total CO, content
of the atmosphere would be used up within 21-22 years if the
CO, were not replaced,” (230-240 X 10° metric tons CO,
consumption per year, according to Liebig). This sentence
marked the beginning of the geochemical treatment of produc-
tivity.
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1882

1900-1930

1908-1913

1919

Yield studies were easy to do with agricultural plants in labora-
tories and in the field, but forests presented special difficulties.
The first dry-matter productivity figure for forests was not pre-
sented until 1882 when Ebermayer compared matter produc-
tivity of forests in Bavaria (from his own measurements) and
field crops in France (data of Boussingault). Of course, the
forests were more productive. His figures in kilograms per hec-
tare of dry matter (= 10 times grams per square meter) are as
follows:

Beech Wood 3163 kg/ha Potatoes 4080-4340 kg/ha

Litter 3334 Clover 4200
Total 6497 Wheat 4500
Oats 4250

Spruce  Wood 3435 kg/ha
Litter 3007

Total 6442

Pine Wood 3233
Litter 3186

Total 6419

These remained the key figures for about 50 years and were
used again and again by geochemists in calculations of chemical
elements in the biosphere. Forty years later, similar measure-
ments were made by Boysen Jensen, Burger, Harper (see Lieth,
1962). Ebermayer presented the first estimation of world carbon
binding of vegetation based on field measurements restricted to
land areas. From his calculations for Bavaria he extrapolated
that the annual consumption of CO. for the entire world was
90 X 10°t.

More than 60 years after Liebig’s Law of Minimum, E. A.
Mitscherlich developed this into the Law of Yield. This delay
is rather surprising because the measurement of yield and dry-
matter production had become very popular during Liebig’s
time. Mitscherlich’s yield law is the first attempt to model
productivity (Mitscherlich, 1954).

Figures similar to Ebermayer’s .(100 X 10° t) for CO. con-
sumption were given by Arrhenius in 1908, and Cimacian in
1913, but neither gave additional biologic information (see
Noddack and Komor, 1937).

Schroeder (1919) provided the next major contribution to the
knowledge of dry-matter production from the land. He based
his calculations primarily upon Ebermayer’s studies, but utilized
more reliable information regarding the surface areas of forests,
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1937

1944-1959

1960
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steppes, and cultivated land. Schroeder’s calculations gave the
following figures for the total land area of the earth:

Carbon Carbon dioxide Dry matter

13 x 109t 48 x 109t 28 x 10°t

He had based his figures on crude, superficial, geographic classi-
fication. The next refinement of the production figures could be
expected when the plant geographers developed their first vege-
tation maps.

This probably began with Drude at the end of the nineteenth
century, and later led to the widely used physiognomic map of
Brockmann-Jerosch (1930). Production calculations could be
made from these vegetation maps as soon as information from
the different vegetation units became available. Most later calcu-
lations for the production of the world, including recent ones,
were based upon areas of physiognomically established vegeta-
tion units [see Lieth, 1964; Whittaker and Likens (in Whittaker,
1970); Golley, 1972].

Schroeder’s (1919) land-production figures were refined by the
geochemist Noddack (1937) and then were used in reviews and
textbooks until 1965. Schroeder was apparently the first to offer
some information about the benthic algae, but he did not venture
to say anything about the plankton. The first estimate of total
aquatic carbon binding, 28.6 X 10° t/year, was made by Nod-
dack and Komor (1937). This was more an opinion than a
solidly based figure.

Only during the last 30 years has aquatic production received
much interest. Within a short period of time, figures were pre-
sented by Riley (1944), Steemann Nielsen (1954), Steemann
Nielsen and Aabye Jensen (1957), Fleming (1957), Fogg
(1958), and Ryther (1959), and summarized in Gessner
(1959) (see also Chapter 8, this volume).

Miiller (1960) summarized the estimates of world production
up to that time in an extensive review and gave his own esti-
mates of 10.3 X 10° t of carbon net production on land, and
25 X 10° t for land and sea. From 1960 on, there have been
a large number of estimates that need not be reviewed in detail.
Whereas Table 2-1A summarizes contributions to knowledge
of the requirements for productivity, Table 2-1B summarizes
some estimates of most significance.

Figure 2-1 represents the first attempt to combine all produc-
tivity pattern information for the earth in one map (Lieth,
1964).



wsijoqejoul

uorpouny £31ouyg snossen) aoue[eq I01BA\  SUIOAD [RISUIN 15011080780 snoLreA oy} ul swejqold s fepo],
UOISISA
-uo0d £31ouo JueIpey — — — uurwizyjog 9881
X X X Supofo [ereury  Jofewrroqy pue ‘Ymeduissnog ‘Giqar] 0681—0V81
X X X aInssneg ap 081
—_— X —_ zsnoguaSu] pue ‘9[esyos ‘Aesalid 6LLI-TLLI
— — X JUOW[SH UeA PY91-LLST
— — X X (snuesn)) esny 9p IB[OIIN ‘av oSyl
— — — X poIsuy 0 7TE-18¢E
A310uyg iy IoTepM oS pSOOINOS SIed X

so11039380 OIj0qRISIA

fyanonpoid Krewrnd jo s3pejmou jo juswdoreasp [eoLIOISIH

spuplg ayz fo wisjoquia ] KS1aus] puv LD Y

1—C °IqeL



. ‘pasn sem dewr y941 S.YISIT JO UISNE( 4
*S1] 90UAI9JOI 94} UI PAPNIOUL JOU ST PUE ‘DIMEIdN AIEPUOOSS WOIy Pajonb s A[fensn (6] 910J2q SINIBISNT «

[enuue I0J an[eA

(sar1o1ed “‘1o33eW LIp) D dew 1eindwos 35§ ‘puey (ZL6T “YIdry un) [[IykLiag pue ‘Iofurrgaey ‘qiory 1L61
1opew A1p ‘Suroho rereuriy pue] ‘v 12 yo1a9lizeq 0L61 ‘8961
1opew A1p Guiohd [erouriy pue] Yolasizeq pue uIpoy (9961) S961
POOA JO SUWIN[OA dew priom 351 qiery 961
(FQD ‘sauored ‘1a)1ew A1p) O seare pajsaIog (2961 ‘Wrary ur) uosianed 9661
o uBadQ (6561 “Iaussap ur) wes) Ov4 LS61
o) ueadQ Furwog LS61
D uedo( dnipiaag SS61
paddew £103218) paddew eary $92INOS SIBOX
Lnnanonpoug priopm fo Suddvpy 5
Iopew L1 Ll Afuo puef ‘901 A0ZOY Pue ‘YolAd[iZeq ‘UIPOY SL61
‘00 LST
o oL
SauIo1eD L89
Topew L1 081—€S1 0¢ dwnjoA sIy} pue °L61
o aax43 Ajuo puej °q suou yerdoz) pue ‘Fung ‘qiary 8961 ‘961
Ionew A1q - ¥91 ST SUINIT pue IOYERIYM 6961
o sT S B[N 0961
o) 9 s JoBPPON LE6T
1opew A1y 87
‘00 8¥
o) €l Aquo puej uo ‘y 19pa01yd>g 6161
00 06 Auo pueyuo ‘g 1ofewiraqy 7881
‘00 0vC-0¢T I 19er1 7981
passasse L108918) (1401) poysmsunsip $90IN0S SIe9X
uononpoxd sjrun worre)adea Jo JaquunN

uoyonpoig Livwuiridg plioy [pnuuly ayy fo sappuiisy g






15

2. Historical Survey of Primary Productivity Research

The IBP and Its Consequences

This review of the history of productivity studies has emphasized three trends:
First, the development of the production equation—its relation to photosyn-
thesis and the controls on primary productivity—has been outlined. The produc-
tion equation was completed in the last century, but the factors affecting pro-
ductivity are still under quantitative investigation today. Second, the increasing
refinement and convergence of world production estimates have been observed.
Liebig (1882) extrapolated from a single community, which he assumed to be
a representative unit of world production. Schroeder (1919) distinguished four
land community types, but current estimates are based on 20 or more vegetation
types. There is encouraging agreement among these results. I hope I am not
unjustified in suggesting that the major estimates offered here—of 100 to 125 X
10° t of dry matter and 425 to 530 X 108 cal of organic energy as the net pri-
mary production for the land vegetation of the earth—will be subject to refine-
ment in detail but not to major revision. The assessment of these figures is
described in Chapter 8 for the ocean, Chapter 9 for inland waterbodies, and in
Chapter 10 for the world’s major vegetation formation classes. These chapters
also describe the history of world productivity assessment after the establishment
of the IBP.
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Part 2

Methods of

Productivity Measurement



During the last decade the methods for assessing primary productivity
have developed gradually, starting with direct harvest of the
material produced and advancing to elaborate procedures for
measuring gas exchange and even correlation models linked to
parameters of the production process. The measurement of primary
productivity has never assumed accuracy better than == 10%,

and comparisons and summaries are sometimes affected by different
results from different techniques. The major methods used in
compiling the productivity data reported in Chapters 3 and 4 are as
follows:

To assess aquatic productivity

Gas exchange (light and dark bottle)
**C uptake

Diurnal curves of O: or CO:-
Chlorophyll and light relations

To assess terrestrial productivity

Harvest technique

Structural and compositional analysis (dimension analysis)
Gas exchange

Vegetation-type correlation

Used for both

Yield statistics
Environmental parameter correlation
Determination of combustion value

The productivity tables in Chapter 3 refer to the techniques most
frequently used to assess the productivity of a given unit.

The techniques are described so that the reader will be able to judge
the limitations of different approaches. Readers interested only

in the results of production research are invited to scan or skip

the Methods section. We have included extensive details in

this section both to indicate the basis of our results and to render

it useful as a summary and reference work.



Methods of Assessing
Aquatic Primary Productivity

Charles A. S. Hall and Russell Moll

This chapter is a concise description and comparison of the most commonly
used methods in measuring “primary productivity” in water. The reader may
also wish to consult reviews by Doty (1961); Goldman (1969); Vollenweider
(1969b); Wrobel (1972); and Wetzel (1973).

Often the various methods used in the determination of primary productivity
measure different processes, the most obvious case of which is the difference
between gross and net productivity. However, there are also more subtle prob-
lems; for example, the “net productivity” measured by *C assimilation and the
“net productivity” measured by free-water oxygen techniques are very different,
although the same descriptive name is used for each. Figure 3-1 attempts to
clarify this situation with a model of the photosynthetic process; the labeled
pathways are used throughout this chapter. The symbols used are those devel-
oped by H. T. Odum (1967).

We might follow the pathway of the energy contained in an incident photon
as follows: first the incident photon (A in Fig. 3-1) strikes the surface of the
leaf or wall of the plant cell. Some of the energy contained in the photon is
reflected from the surface of the leaf (B), and much of the remainder is trapped
by chlorophyll in the chloroplasts. The incident energy is captured in the interior
of the chlorophyll molecule as an orbiting electron is shifted to an orbit with a
higher energy. This energy is then used to split a water molecule. Free oxygen
is liberated (C) and ionic hydrogen is made available for the eventual produc-
tion of sugar. The original energy captured from the photon is used to reduce
(hence energize) a cycling series of organic compounds, and the donor chemical

KEYWORDS: Primary productivity; methods; aquatic
ecosystems; ecology.

Primary Productivity of the Biosphere, edited by
Helmut Lieth and Robert H. Whittaker.
© 1975 by Springer-Verlag New York Inc.
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FIGURE 3-1. Diagrammatic representation of metabolism and
productivity in aquatic ecosystems. A, incident sunlight; B, reflected
sunlight and sunlight converted directly to heat at leaf surface; C,
gross photosynthesis as measured by oxygen evolution; O, total
carbon fixed (often considered gross photosynthesis); E, energy
lost in transfer of energy in ATP to energy in sugar; F, photorespira-
tion (unavoidable oxidation in C,; plants); G, gross energy

fixed as sugar; H, energy stored as sugar (S,); I, energy previously
fixed by photosynthesis and used for plant maintenance activities
(left-pointing arrow indicates that some of this occurs *“upstream”
in diagram); J, energy stored as structural materials (S,); K, energy
changed to heat during processes of structural synthesis and plant
maintenance activities; L, energy lost from plant as soluble organic
“exudates” or by predation by herbivores; M, change in biomass

= AS; + AS; = Net production of standing crop; and N, net
production = L + M.

is, in turn, oxidized. Eventually the energy is stored as ATP and it is in this
form that the energy is used to produce high-energy organic compounds.

The energy trapped as ATP then is used for synthesizing sugars and other
organics; the cost of this process in calories is represented as pathway E. Photo-
respiration, in which some of the Calvin cycle intermediates (glycolic acid) are
oxidized in the peroxisomes, is indicated by pathway F. This oxidation is reduced
or prevented in C, plants, which have separate chloroplasts in the mesophyll
(where 4-carbon acids are produced and oxygen released) and in the bundle
sheaths (where the Calvin cycle occurs with little or no photorespiration). The
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occurrence of photorespiration in ordinary, C; plants complicates the definition
of gross primary productivity for these. However, since no energy useful to the
plant is released by photorespiration, which appears to be inadvertant oxidation,
we have excluded it from our definition of gross primary productivity. Produc-
tion measurements in general fail to measure photorespiration because this in-
volves rapid turnover of both CO, and O, without accumulation of fixed carbon.

Gross primary productivity normally is measured as the observed release of
O., or uptake of CO,, resulting from photosynthesis. Because the first step
in the process of photosynthesis that is measurable readily in the field is the
production of O,, this, with appropriate corrections for simultaneous respira-
tion, is commonly considered the best available measurement of gross produc-
tivity. Uptake of CO, is also readily measured in the field, and, with respiration
corrections, it is justifiably considered gross productivity. The ratio of oxygen
produced to carbon dioxide used is the photosynthetic quotient and is a reflec-
tion of the relative quantities of sugars, fats, and proteins produced by the plant.

Once the energy and carbon are fixed as sugar, the sugar may be stored
(pathway H), used for constructing plant structural tissue (J), or used for vari-
ous plant maintenance functions (K), including the energy expended for making
sugar and plant structure (E and I). We may consider the summation of all
these oxygen-using activities, excluding photorespiration, as “true” plant respira-
tion (which we like to call phytorespiration). Net production is then defined as
gross plant production minus true plant respiration. Net production includes
changes in plant biomass, but it also includes particulate or soluble organics lost
to the surrounding environment as well as organic material eaten by herbivores.
The last two categories, which are missed by some production measurements,
are represented by pathway L. Table 3—1 gives some useful conversions for
productivity studies.

Methods of Measurement

Free water versus in situ incubation versus shipboard incubation

Where metabolism is sufficiently concentrated, normally in waters less than
5 or 10 m deep or in deeper waters rich in mineral nutrients, O, and CO,
changes in the aquatic environment itself will be sufficient to be measured readily
by Winkler oxygen determinations, by gas chromatograph measurements of CO,,
or by a regular-scale pH meter. In this method “free water” samples are taken
directly in the aquatic medium and the O, or CO, concentrations are compared
over time. Normally, O, concentrations will increase during the daylight hours
owing to the photosynthetic activities of autotrophs, and will drop during the
night owing to the respiration of all aerobic organisms. Changes in CO, concen-
tration will be the opposite of those for O, falling during the day and rising at
night. As pH is inversely related to CO, (CO, in an aqueous environment will
combine with water to form carbonic acid, which will slightly dissociate and
lower the pH) the pH, like the O, will rise during the day and fall at night.
Thus the aquatic medium acts as a giant and completely natural bell jar trapping
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Table 3—1 Some useful approximations for studies of primary
production®®

To convert
from (g) To Multiply by Reference
O, metabolized kcal metabolized 3.5 Brody (1945)
Dry weight kcal 3.3-4.9 Cummins and Wuycheck
(1971)
E.P. Odum (1971)
Dry weight g carbon ~0.5 E. P. Odum (1971)
~0.45 Chapter 15, this volume
O, metabolized g organics ~1.0 (depends H. T. Odum and Hoskin
metabolized on PQ) (1958)

O, metabolized g CO, metabolized 1.38 (if PQ = 1.0) By molecular weights

% For more specific treatment, consult the referenced primary literature or, for accurate work, run

the appropriate field and laboratory studies. See also E. P. Odum (1971), and Table 5-3, this
volume.

b Basic equation of photosynthesis and respiration:
6 CO, + 6 H,O0 —= CHpO; + 60,
or as elaborated in E. P. Odum (1971):
1.3 - 10° kcal radiant energy + 106 CO, + 90 H,O + 16 NO; + 1 PO, + mineral elements =

13,000 kcal potential energy in 3258 g protoplasm (106 C, 180 H, 46 O, 16 N, 1 P, 815 g
mineral ash) + 154 O, + 1,287,000 kcal heat energy dispersed (99% )

This formulation is an average based on element ratios of plant protoplasm, and accounts for the
fact that the eventual product of photosynthesis is not simply sugar but a variety of organics.

the metabolic gases released, and providing a convenient measurement of the
quantities absorbed.

Free-water methods are free of errors that result from enclosing the organisms;
however, free-water methods are subject to errors arising from diffusion (gas
interchange between air and water). Reasonable corrections may be made for
this, but the techniques for determining diffusion tend to be substantially more
difficult than those for gas concentration determination. Free-water methods
may measure the metabolism of the entire aquatic community including plank-
tonic, benthic, and pelagic components, whereas bottle methods measure only
the planktonic or benthic communities. Free-water methods have been developed
for O, CO,, chlorophyll, and enumeration techniques but not for **C. In prin-
ciple, any of these methods can be used for bottle measurements, but in prac-
tice, bottle methods generally have been restricted to *C and Os.

In situ methods, based in large measure on the work of Gaarder and Gran
(1927) provide greater control over the experiment, allow more precise
measurements, and are useful for **C methods as well as metabolic gases. Sev-
eral errors may arise when organisms are isolated in bottles. The turbulence in
nature has a stimulatory effect on metabolism (Westlake, 1967; Olinger, 1968;
Mann et al. 1972), either by supplying raw materials that may be depleted
locally, by carrying off wastes, or by an unknown process. Mann found that by
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rotating his bottles in the water with a device similar to a paddle wheel, the
productivity of his samples was increased by 30%. This may or may not be the
case in general. Schindler et al. (1973b) found that CO. diffusion limitations
gave erroneous estimates with bottle methods.

Another error introduced by isolating planktonic communities in bottles is
caused by glass surface effects (see Jannasch and Pritchard, 1972). A variety
of largely undetermined effects may arise because the glass is a good substrate
for bacteria or for some species of algae. This difficulty could be investigated
easily by running a series of productivity estimates in bottles with different
numbers of glass slides suspended inside. Then, if differences in rates were
detected, the original estimates for bottles without glass slides could be cor-
rected for the area of glass on the inside of the bottle alone. This, we suspect,
would turn out to be trivial, but, to our knowledge, it has not been measured.
Acid-sterilizing or cleaning bottles before each day’s sampling should eliminate
most problems with bacteria.

If bottle methods are used, the samples must be incubated for some period of
time under conditions that approximate the conditions of the natural communi-
ties. This is normally done by the in situ method, that is, by resuspending the
samples in the water from a float at the depth from which they were taken. This
has the advantage of, in theory, maintaining the conditions that the natural
communities are experiencing; however, it eliminates the vertical mixing into
different light regimes. Another disadvantage, according to Fee (1973a, b), is
that in situ methods have virtually no predictive value because there are many
unmeasured, changing parameters, such as light.

Ship time is very expensive, and because much more information may be
gained by taking many samples on the same day under controlled conditions of
light, temperature, or nutrients, an alternative method to the in situ proce-
dures is to construct a shipboard or laboratory incubator. These bottles are
maintained for the incubation period in a water bath at the same temperature
and light intensity as was measured in situ, or at some other standard conditions
(see Goldman, 1967; Fee, 1971, 1973a, b). If the latter is maintained, samples
from different regions or under different intensities of insolation can be com-
pared for their potential productivity. Saunders et al. (1962) and Fee (1973a)
found in situ and shipboard productivity estimates to be closely related. Plastic
bags (McAllister et al., 1961) and flexible plastic columns are an interesting
variation on this theme and allow some of the environmental turbulence to be
transferred into the incubation chamber (Bender & Jordan, 1970). It would be
interesting to float plastic bags down a river, taking oxygen samples at hourly
intervals. ‘

For both bags and bottles, some error results from the absorption of light
by the enclosing material. Perhaps this could be corrected for by incubating a
representative sample in two layers of glass or plastic, followed by subtracting
the difference between incubations with one and two layers from the estimates
made with only one layer. Alternatively, and more simply, a measurement can
be made of the fraction of photosynthetically important light attenuated by a
layer of glass and by correcting the original measurement upward by this
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amount. In any case, whether using bottles or free-water methods, application
of statistical methods is essential (Cassie, 1961).

Gas-exchange methods

LIGHT-AND-DARK BOTTLES. Light-and-dark-bottle oxygen methods are simple
and versatile, and give a measure of both photosynthesis and respiration at the
same time. They may be used in conjunction with free-water O, estimates to,
partition the relative importance of planktonic communities relative to the
metabolism of the whole system (Day et al., 1973).

To run a light-and-dark-bottle O. series, prepare three glass biochemical
oxygen demand (BOD) bottles, normally of 300 ml each. Two are left clear
and one is made into a “dark” bottle by painting it black, wrapping it with
black electrician’s tape, and then wrapping the black bottle in aluminum foil.
The three bottles are filled with the water (containing plankton communities)
of interest by overflowing each three times to eliminate atmospheric contamina-
tion. Two of the bottles, one clear and one black, are resuspended in the water
from a nonshading float at the depth from which the samples were taken (or
alternately in a shipboard incubator) for a period of 1 hr to half a day. In
general, shorter time periods give more accurate estimates but increase the
importance of analytic error. The third bottle (initial bottle, IB) is immedi-
ately fixed with Winkler reagents. After the incubation period the other bottles
are fixed with Winkler reagents, and the three bottles are titrated for O,. Com-
munity metabolism can be calculated as follows (sample data from Czaplewski
and Parker, 1973, slightly modified for clarity; incubation: 1 hr):

Net photosynthesis —1B — IB = 8.40 — 8.05 =  0.35 ppm O, per hour
Respiration = IB — DB = 8.05 — 8.00 = —0.05 ppm O per hour
Gross photosynthesis = LB — DB = 8.40 — 8.00 =  0.40 ppm O, per hour

Of course, if a true picture of photosynthesis over an entire day is desired,
it is necessary to repeat this process several times and at several depths. Czaplew-
ski and Parker suggest that by using an oxygen probe instead of Winkler titra-
tions many more samples can be processed each time with no loss in accuracy.

FREE-WATER OXYGEN OR DIURNAL CURVE. Free-water oxygen methods are
useful in waters of moderate to high productivity, or in some cases in waters of
low productivity where the water depth is not great. The existence of diel (often
called diurnal) oxygen changes in water has been known since the early 1900s,
but the methodology was not developed or used extensively until the studies
by H. T. Odum and co-workers in the mid-1950s. The method is based on the
daily rise and fall of oxygen content in natural waters, a rise and fall that is
proportional, with appropriate corrections, to the photosynthetic and respiratory
activities of the organisms residing within the water mass. In effect, the water
mass itself acts as a giant incubation bottle, and the many problems of “bottle”
estimates discussed previously are eliminated. The principal disadvantages here
are (1) lack of sensitivity in oligotrophic waters, (2) the uncertain diffusion
corrections, which are particularly important in waters that are shallow or tur-
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bulent or both, and (3) the fact that the method measures the gross metabolism
of the entire community (a drawback if only the planktonic component is of
interest). Another disadvantage is that you have to stay up all night if you do
not have automatic recording equipment.

MEASURING OXYGEN CONCENTRATION IN WATER. The concentration of oxygen
in water is measured normally by the Winkler method (APHA, 1971), or with
a galvanic probe, supplied by most scientific supply companies. Winkler bottle
methods are inexpensive and probably less susceptible to error, particularly by
inexperienced investigators. They should be used only with an “antidiffusion
cork” or similar device made from a two-holed stopper and two pieces of glass
tubing, one that will reach the bottom of the BOD bottle and one that just
penetrates the top. This will eliminate oxygen exchange with the atmosphere as
the bottle is filled. If diffusion errors during filling are still suspected, a series of
these bottles with a suction pump will eliminate the problem. Alternately, a
limnologic sampling bottle, such as the Van Dorn, may be used. When filling a
Winkler bottle from a Van Dorn, the water sampler should overflow the Winkler
bottle three times. For other considerations of oxygen sampling, see Carpenter
(1965a, b), Efford (1968), and Strickland and Parsons (1972).

Galvanic probes tend to be expensive ($500-$1000 or more), may be subject
to drift and gremlins, and because all galvanic probes are also temperature
probes, the results must be algebraically temperature-compensated unless a probe
with an electronic compensation feature is used. Compensation can be deter-
mined (and the automatic temperature compensation checked) by immersing
the probes (temperature, oxygen, and, if present, temperature compensation)
in a sealed bottle with water of known oxygen concentration at room tempera-
ture. The bottle is then cooled in an ice bath and the temperature and oxygen
recorded at intervals. If the oxygen probe is correctly temperature-compensated,
there should be no change in the oxygen reading as the temperature changes. If
there is change, the probe is either incorrectly compensated or not compensated
at all. Corrections may be made with the following formula:

OC:OM—{—{t'r[——c' (IOO_S)]}

where O, is the corrected oxygen value; O, is the uncorrected oxygen value;
t is the centigrade difference between the temperature at which O, was deter-
mined and the temperature of calibration; r is the rate-difference change of the
oxygen probe per degree at 100% oxygen saturation; ¢ is a constant that
expresses the rate at which the true temperature compensation diminishes as the
reading departs from saturation; and S is percent oxygen saturation of the water.
In other words, the slope of the correction line is greater near oxygen saturation
than at 2 ppm O,. So approximate calculations of dissolved oxygen must be made
in order to correct fully for temperature compensation. These corrections may or
may not be important but must at least be considered for accurate work. A
correction curve derived for a Gulton non-temperature-compensated meter was

O0,= 0,4 {t - 1.14 —[0.0086 (100 — S)1}
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This probably would serve as an approximation for many noncompensated
instruments, but several datum points should be checked. In addition, the cor-
rection curves should be checked for nonlinearity. In practice, these corrections
should be done by a computer or by drawing a family of curves for oxygen
reading versus temperature at different saturation values, and interpolating on
the graph. In contrast, it becomes apparent that good electronic temperature
compensation, such as is available with the Martek Model DOA and other
modern equipment, is well worth the money [see also corrections for temperature
and salinity given in APHA (1971)]. If all samples are taken within a degree
or two of the temperature at which the calibration was made, no corrections
are needed except for extremely accurate work.

TWO-STATION ANALYSIS. The most accurate estimates of photosynthesis and
community respiration can be obtained for flowing water by the two-station
method of oxygen analysis (H. T. Odum, 1956; Owens, 1969). The two-station
analysis is based on the actual change in dissolved oxygen as a parcel of water
flows from one region of the stream to another one that is ideally about a
1- or 2-hr flow time through a homogeneous environment. We have found con-
siderable oxygen-rate differences over distances of only a few hundred meters
in a small, partially forested stream in upstate New York owing to the shading
effects of forests. Thus changes over a clearly defined area can be measured
and rates of change determined from differences in oxygen concentration be-
tween a water mass and that same mass some 1 or 2 hr later. According to
H. T. Odum (1956), the area-based change in oxygen concentration is given as
follows:

0 — P — R + D + A
(Rate of (Rate of (Rate of (Rate of (Rate of
change of gross respira- oxygen drainage
oxygen primary tion per diffusion accrual)
per area) produc- area) per area)
tivity per
area)

Ideally a stretch of river is picked where A is trivial. By dividing the above
units by depth z, the relationships are expressed as volume or concentration
units, and are normally given as lower-case letters. Hence
g=p—r+d=2
. Z
Diffusion constants, K, are often given per sq‘ilare meter, but the corrections
applied to the data are normally expressed per cubic meter, making conversion
of diffusion constants necessary: k — K/z. The use of diffusion constants will
be explained on pages 28 and 33. It is best to pick a section of stream without
waterfalls or rapids, as they make diffusion corrections more difficult.
The analysis of metabolism by the two-curve method is identical to the single-
station method presented in the next section, except the rate of change for



27
3. Methods of Assessing Aquatic Primary Productivity

graph d is obtained by subtracting oxygen values at the downstream station from
oxygen values at the upstream station but at an earlier time, the time interval
being equal to the time it takes for the water to flow from one station to the
next. This may be measured with dye, a handful of salt and a conductivity

meter, or a dozen oranges. In each case the mean (integrated) time is what is
needed.

SINGLE-CURVE METHOD. The two-station method is often impractical in
streams owing to logistics or time considerations, and it is not necessary in
standing waters except in studying spatial variations, which may be large in very
productive and/or poorly mixed ponds. In flowing waters, where upstream and
downstream diurnal curves are similar, one may use a single-station curve as an
approximation to the two-station analysis (H. T. Odum, 1956). This assumes
that the oxygen concentration measured at the one station would be the same
as a sample taken upstream a distance equal to the distance used for calculations
(about 1-2 hr), at the same time. Hornberger (personal communication, 1974)
has found that single- and double-curve analyses generally give similar results
for a Virginia stream. The basic procedure in estimating stream metabolism by
this method is to measure oxygen and temperature in the field every 2 or 3 hr
beginning at midnight, using either Winkler oxygen methods or a galvanic probe,
either with or without a recorder. The data then are plotted (Fig. 3-2a, b).

If there were no biotic or chemical activity in the water under study, there
would be only the change in the oxygen concentrations over the day due to
temperature changes affecting saturation values. The oxygen concentration would
be at virtual saturation for the entire day. However, biotic respiration tends to
lower the oxygen in the water throughout the day and night, and the photo-
synthesis of green plants raises the oxygen during the day. Thus, a characteristic
oxygen curve is produced, rising during daylight and falling at night, and often
dropping less rapidly later at night as the amount of oxygen that diffuses into
the stream equals the amount of oxygen being used by respiring organisms
(Fig. 3-2).

The following is a sample calculation for one point on the corrected rate-of-
change curve (Fig. 3-2d):

For the 9:00 A.M. rate-of-change point in Figure 3-2:

1 Oxygen concentration at

10:00 AMm. = 12.25 From Figure 3-2a
2 Oxygen concentration at

8:00 A.m. =11.70 ~ From Figure 3-2a
3=1-=2 Difference = 0.55 For 2 hr
4 Rate of change per hour = 0.27 Plotted in Figure 3-2d
5 =4+ 6 Rate of change corrected

for diffusion = 0.18 Plotted in Figure 3-2d

(with triangles)
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FIGURE 3-2. Representative analysis
of community metabolism for
single upstream station in New
Hope Creek, North Carolina. (a)
Mean oxygen concentration based
on Winkler determinations.
Triangles represent single samples.
(b) Temperature at 3-hr intervals.
(c) Percentage saturation of
average of two Winklers at
temperatures of sample. (d)
Unmarked line is rate of change of
oxygen concentration (g/m?/hr).
Curve with triangles depicts rates
of change after correction

for diffusion of oxygen across
air-water interface. Stippled

area represents gross photosynthesis
of water mass represented by these
water samples. Cross-hatched area
is estimated gross community
respiration. Planimetry is used to
measure these areas, or a computer
program may be used. Depth is
average depth in meters for 1-hr
flow distance above sampling
station. (1 mg/l=g/m?®=1 ppm.)

Diffusion correction for the above point:
Total oxygen diffused equals diffusion constant times saturation deficit.

Sample: 0.09 = 1.00 X (100 — 91) x 0.01
Units: g O./m3/hr = (g Ox/m*hr-atm) X (atm)

In other words, at 9:00 A.M. the amount of oxygen that diffused into the water
is the quantity that would have moved in if there were no oxygen in the water
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times the saturation deficit (100% saturation minus the observed saturation).
This must be multiplied by 0.01 to change from percent to a proportion. Percent
saturation is determined as observed oxygen/oxygen saturation concentration
for that temperature, as determined from standard tables (i.e., Carpenter, 1966;
Churchill ez al., 1962; APHA, 1971). We prefer the numbers of Churchill et al.
(1962) as these values, if nothing else, are intermediate with respect to other
published values.

When the above procedure is repeated and plotted for each 2-hr interval over
24 hr, starting at 1:00 A.M. (the 12:00 midnight to 2:00 A.M. interval), the
metabolism for the entire day then may be calculated by integrating the slanted
and stippled regions given in Figure 3-2d. See Manny and Hall (1969) for
applications in large lakes. This is obviously an extremely laborious task, and
if many of these curves are to be run, an appropriate computer program is
invaluable.

Alternately, an abbreviated method has been developed by Welch (1968),
which uses only two Winkler determinations per day instead of nine or more.
It should be noted that the times for the two Winklers suggested by Welch may
not be optimal for all situations. It is recommended that the daily maximum
and minimum oxygen concentrations are first determined and then these times
used for the calculation. Diffusion may be estimated crudely using the mean
oxygen saturation of the two points. We prefer the method using nine points per
day.

DAYTIME RESPIRATION CORRECTION. Actual measurement of respiration dur-
ing the daytime is impossible by this method, or for that matter, any other field
technique. In order to overcome this difficulty, it is assumed that daytime respira-
tion equals nighttime respiration. A line drawn on the rate-of-change curve at
the average nighttime respiration rate as in Figure 3—3a was suggested initially
as an approximation of daytime respiration. Further refinement of this method
(H. T. Odum and Wilson, 1962) takes into account the varying nature of day-
time respiration, which is greater toward the end of the day when temperatures
and oxygen levels are higher. Therefore a sloping line drawn from the predawn
low point on the rate-of-change curve to the postsunset minimum (Fig. 3-3b)
is probably a more accurate representation of what occurs in nature. Most 24-hr
oxygen curves, based on many environments examined by the authors, have the
postsunset rate-of-change point lower than the predawn point, indicating greater
respiration during the latter part of the day. .

Further studies (Sollins, 1969; H. T. Odum et al., ];_969) have indicated that
daytime respiration may be considerably higher due to higher oxygen levels and
photorespiration. Therefore the .actual daytime respiration curve may dip con-
siderably as suggested in Figure 3-3c and d. This oxygen consumption obvi-
ously is compensated for by a greater amount of oxygen being concurrently
produced by photosynthesis, as the oxygen level in the water rises during the
day. Thus community metabolism during the day may be considerably greater
than during the night. However, until some adequate means for measuring photo-
respiration in the field becomes available, the method of connecting the predawn
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Ficure 3-3. Curves representing
daytime respiration based on data
from New Hope Creek, North
Carolina. Curve a shows constant
daytime respiration at level of
average nighttime rates (H. T.
Odum and Hoskins, 1958); curve

b represents varying nighttime rates
(H. T. Odum and Wilson, 1962);
curve ¢ shows hypothetical
assumption of respiration propor-
tional to oxygen concentration
(Sollins, 1969); and curve d is
hypothetical plot correcting for
photorespiration (H. T. Odum et
al., 1969). Corrected rate-of-change
curve from Wood Bridge Station,
New Hope Creek, Oct. 4, 1968.
Daytime respiration as represented 0 3
by curve b is suggested as a

reasonable approximation to use.

Oxygen rate change (g/m> /hr)

12 18 24
Time (hr)

point by a straight line to the postsunset point is at least objective and is prob-
ably a minimal, but reasonable, estimate of all community respiration.

A recent refinement of Odum’s basic free-water method has been suggested
by Kelly et al. (1974). This method uses a continuous function derived from
differences in oxygen between two stations fitted to a Fourier series and daytime
respiration estimates derived from the zero intercept of a light versus net produc-
tivity plot. Although it is early for a complete analysis of this method, the
preliminary results appear to be very promising. The same paper gives a rather
strong argument indicating that daytime respiration does not dip substantially as
in Figure 3-3c or d, and consequently that lines such as Figure 3—2a or b give
a good approximation of daytime respiration. Free water oxygen methods give
gross photosynthesis (pathway C of Figure 3—1).

ESTIMATE OF METABOLISM FROM pH CHANGES. Measurements of community
metabolism may be made easily and elegantly using the diurnal pH method
(Beyers et al., 1963) or by applying the basic principles to light-and-dark
bottles. The development of expanded-scale field pH meters makes this easily
applicable to oligotrophic waters as, in general; unproductive waters are also
poorly buffered. The production of carbon dioxide by the respiration of living
organisms produces carbonic acid by the following formula:

respiration
Sugar, etc. = CO, 4 H.O = H,CO; = (Other carbon compounds, bicar-
photosynthesis bonate, carbonate, etc.)

Thus, respiration lowers the pH of the water, and photosynthesis raises the pH.
Over 24 hr, O, and pH curves have a similar shape. As the interaction of
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FiGURE 3—4. Carbon dioxide titration of New Hope Creek water for
metabolic studies. Abscissa represents carbon dioxide in water
sample added to that present at start of titration.

various carbon compounds in natural waters is extremely complicated and sub-
ject to unknown buffering, a priori coordination of pH and amounts of CO,
produced or utilized is extremely difficult. However, this relation can be deter-
mined empirically by ftitrating the water of interest with distilled water of
known CO, concentration (Beyers et al., 1963). A sample titration of New
Hope Creek water with CO,-saturated distilled water is supplied (Fig. 3-4).
As long as the buffering capacity of the water does not change, one pH-CO,
curve can be used for many days of metabolic measurements.

The change in relative amounts of CO, in the water can be determined by
reading the pH—CO. graph or by using the computer program supplied by
Beyers et al. (1963). To determine absolute values of CO. in the water requires
separate determinations of total CO, at the start of titration. However, this is
not necessary because the metabolic determinations are based on changes in
CO:, not on absolute values.

Total inorganic carbon, and hence CO, changes, also may be determined by
the syringe—gas chromatograph technique given by Stainton (1973). In this
method, a 50-cm? syringe is filled with 20 cm?® of sample water, 1 cm? of dilute
sulfuric acid to change all inorganic carbonates to CO,, and 29 cm?® of helium.
Once equilibrium is reached, the helium is analyzed for CO.. This method is
preferable in humic waters (Schindler, personal communication, 1974) and
should be checked against the pH method.

Once CO, changes are known, estimates of total production and respiration
are made by a procedure similar to that used for oxygen. Plots are made of
relative amounts of CO. in the water over 24 hr (Fig. 3-5). The first derivative
of CO, concentration is plotted as a negative function to make the results com-



32

Part 2: Methods of Productivity Measurement

3.30 —.—e

—-/o

3.00
'\./\ —7.00

2.86 |— o—o|

X + mg CO;, per liter
=l
o
N
]
\
|

i

2421 '\ /' 7.0
2.201— . d

Mo ot —{7.10
1.98 - \. o .

~eo—s”
l | l
0 6 12 18 24
Time (hr)

(@)

0.201— /

[ J

g o.10- 4
= O v \
]
G
© 0
E \.,— —~———— O @ e, 7
S _owkd | B
) —0.10—e

—0.20—

.
—0.30
Sunrise Sunset

(b)

FIGURE 3-5. Technique of determining metabolism of an aquatic
ecosystem (New Hope Creek, North Carolina) from changes in CO,
showing pH and CO, plotted over 24 hr (a) and showing rate of
change (b).

patible with oxygen data, which, of course, behave in reverse fashion. Daytime
respiration is estimated according to the method discussed in the previous sec-
tion, and total photosynthesis and respiration are determined by integrating the
same areas discussed for oxygen. A sample determination is included (Fig. 3-5).
No corrections for diffusion were made in this éxample, but the results (gross
production = 1.33 g/m?®/day; respiration = 2.0 g/m?®/day) agree fairly well
with oxygen estimates for the same day (1.5 and 2.2 g/m®/day). Diffusion
corrections for this method can be made in the same way as for oxygen and
diffusion constants can be estimated from those determined for oxygen by the
application of Graham’s law. The determination of partial pressure of CO, in
water is considered under the *C method. This method gives gross photo-
synthesis (pathway D of Figure 3—-1).
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DIFFUSION CORRECTIONS. In order to use the free-water oxygen, CO., or pH
methods accurately, it is absolutely necessary to make accurate diffusion correc-
tions. The following methods are recommended: (1) for lakes and ponds, the
radioactive radon method (Emerson et al., 1973); direct 3, CO, method (Schind-
ler and Fee, 1973); the vertical column method (Juliano, 1969) or the dome
method (Copeland and Duffer, 1964; Hall et al., unpublished observations);
(2) for streams and rivers, the predictive equation method (see Thomann,
1971); or the displaced equilibrium method (Owens, 1969—incidently, nitro-
gen gas appears to be preferable to sodium sulfite for deoxygenation). The
diurnal curve method for diffusion corrections (H. T. Odum, 1956; H. T.
Odum and Hoskin, 1958) appears to give erroneously high values because night-
time respiration is not constant, but is higher in the evening (see H. T. Odum
and Wilson, 1962, for a critique). However, this method may be useful for
establishing upper limits. It should be noted that diffusion per volume is not
linearly related to depth as has been assumed in a number of earlier studies.
Where possible, both diffusion determinations and corrections should be done
on a per-volume basis. At this time, a comprehensive review of all diffusion
methods and values is needed.

“C method

DESCRIPTION OF TECHNIQUE. The C technique is very useful for measuring
the productivity of plankton communities in waters of low productivity such as
those of the open ocean (Steemann Nielsen, 1952, 1963; Steemann Nielsen
and Aabye Jensen, 1957). The essential concept of this technique is that a small
amount of radioactive carbon (*C) relative to the entire sample is added to
a sample in the form of bicarbonate. The total amount of CO. in the sample is
measured before incubation and thus the ratio of normal 2CO, to *CO. can
be determined. After incubation for a suitable time period, the amount of *C
incorporated into the plankton by photosynthesis is measured. Knowing the
12C/C ratio then allows the determination of the actual amount of carbon
taken up by the photosynthetic organisms during the incubation period. Develop-
ments by Morris et al. (1971) and Schindler et al. (1972) have enabled meas-
urement of the production of both particulate and dissolved carbon by
modifications of the basic *C method.

One important advantage of the *C method is that there is no reliance on
the evolution of oxygen for its results, a process that can be confounded notori-
ously by production-respiration interactions in a closed incubation chamber
(Steemann Nielsen, 1963).

A major drawback in determining productivity with 14C is that a long list of
expensive equipment is needed for even the crudest estimates of photosynthesis.
This list, which includes the use of radioactive materials, precludes most investi-
gators from using the technique on a one-time or instructional basis. However,
once the proper equipment is amassed, many experiments can be easily set up
and incubated with reasonable reproducibility (see Table 3-2).

A prerequisite for *C incubations is proper-strength solutions of radioactive
carbonate in airtight containers. The original charge of radioactive carbon is
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Table 3-2 Equipment normally used in investigations of phytoplankton
productivity using the **C technique

Incubation bottles 125-300 ml: Two light to one dark, dark bottle blackened with
paint and vinyl electrical tape

Spreaders: Metal rod or flat stock to hang bottles apart (at least 15 cm) during in-
cubation .

Chains, cable, or ropes: To hang bottles on spreaders on floats

(All of the above can be replaced with incubation racks, neutral density
filters, and cooling apparatus for lab or shipboard incubations or both)

Carbon-14: Prediluted into correct-strength working solutions

Dispensing syringe: Preferably Cornwall automatic type

Field thermometer

Plastic jars: 250-ml darkened, for alkalinity, pH, and salinity

pH meter: Field or laboratory if samples can be measured quickly

100 ml and 25 ml volumetric pipets in conjunction with sufficient 0.01 N HCI for
alkalinity determinations. See Appendix, page 45.

Glass vials: 4-8-g size, for holding DOC samples

Compressed N, or air: To bubble through sample (DOC)

25-mm-diameter Millipore filters (0.45) or similar membrane filters

Filtering apparatus for the above filters (vacuum pump, side-arm flask, tubing from
pump to flask, fritted glass filter holder and cork, spring clamp and filter reservoir:
This is essentially one filter set up as obtained from Millipore, it is preferable to
do several filterations at once in which case much of the apparatus may be custom
made)

Scintillation vials: Glass, type to fit into automatic counters

Scintillation cocktails: Water-soluble or toluene based or both

Scintillation counter

obtained commercially (generally in 1-10 mCi lots) and diluted into a standard
(usually 50-100 pCi/ml), which is rediluted into proper strength working solu-
tions as needed, usually 1-10 pCi/ml. An alternative is to buy premade glass
ampules containing the proper strength of 14C desired, although this method is
more costly and less flexible. The strength of the working solution depends on
several variables including the expected photosynthetic activity of the plankton
crop. If a study of long duration is planned, a fairly active standard should be
maintained and from this dilutions can be made in accordance with the appro-
priate needs of the season. The strength of the radioactive carbon added to the
incubation chamber can be ascertained readily by the simple formula (Strick-
land and Parsons, 1972):

Strength of **C added in microcuries :: R,/(E X U X N)

where R, is the counts per minute (cpm) of the sample and should be greater
than 1000, E is the efficiency of the counting machine (this varies, but machine
specifications should give a reasonable estimate), U is the anticipated uptake
of C in milligrams of carbon per cubic meter per hour (mg C/m®/hr), and
N is hours incubated. Therefore it is possible to increase the accuracy of the
productivity determination merely by adding a higher initial charge of radioactive
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carbon. However, two considerations must be kept in mind. First, keep radiation
levels low enough for safe usage in the environment (use no more than 1 mCi in
one spot during the same day). Second, the volume of the bicarbonate solution
added to the incubation sample should not exceed 2-3% of the total sample
volume (Strickland and Parsons, 1972). The solution employed in making up
both the standard and the working solutions is a simple, basic salt fluid (pH ~
11.3) of 5% w/v NaCl solution made from analytic quality salt and distilled
water. To this solution add 0.3 g sodium carbonate (Na,CO; anhydrous) and
one pellet (~ 0.2 g) of NaOH to each liter of solution (Strickland and Parsons,
1972). Considerably less carbonate and hydroxide should be used in making
solutions for use in fresh waters (Vollenweider, 1969b). This solution is then
used to dilute the radioactive standard into the appropriate strength working
solution based on results calculated from the above formula. The working solu-
tion is then dispensed accurately (with a syringe or automatic pipet filler) into
glass ampules of the appropriate size (usually 2 ml Neutraglas® with prescored
breakable necks). The ampules are then quickly sealed with an oxyacetylene or
oxyhydrogen torch and allowed to cool. The ampules are then placed in distilled
water containing phenolphthalein and placed into an autoclave for Y2 hr. Reject
any ampules showing pink discoloration caused by the seepage of phenolphthal-
ein through the seal.

After proper preparation of the glass ampules and the working solution, the
1#C is injected into the incubation chamber in a precise and known amount.!
The essence of the procedure dictates that the same amount of radioactive
carbon reach the plankton every time a new experiment is started (Steemann
Nielsen, 1952). The introduction of a precise amount of *C into the incubation
chamber is normally achieved in one of two ways: (1) an accurate volume
syringe (preferably automatic Cornwall type), or (2) the entire contents of a
small prefilled ampule emptied into the sample. The drawback with the latter
technique is that the ampule must be filled accurately and sealed without any
loss of fluid. However, in either case the advent of water-soluble scintillation
cocktails permits a check (Pugh, 1973) on the amount of radioactivity reaching
the sample.? Drawing off a small amount of incubation fluid before incubation
begins and counting the activity of this fluid makes it feasible to determine how
much *C reaches the sample. In any method for measuring productivity with
bottle incubations, care must be taken not to “light shock” the plankton crop
by exposing it to direct solar radiation (Mahler and Cordes, 1966; Wallen and
Green, 1971; Morris et al., 1971). This “light shock” will cause a disruption
in the normal photosynthetic process and result in a greatly reduced estimate of

1 An alternative method to making heat-sealed glass ampules is that of using small screwtop
vials to hold the working solution. After filling the screwtop vials are treated identically to
glass ampules, that is, autoclave for leaks.

2 A liquid scintillation cocktail is a mixture of aqueous chemical reagents, that, when mixed
with small amounts of radioactive material create a fluorescent reaction. The scintillation
cocktail and one sample are mixed together in a small glass vial and the radioactivity is
measured in a scintillation counter. A water-miscible cocktail is a scintillation cocktail in
which water is soluble allowing the determination of radioactivity in solutions.
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production (Wallen and Green, 1971). For this and other reasons, it is normally
suggested that incubations be carried out in replicate if at all possible.

While a water sample is taken for incubation, 200 ml of additional sample
must be taken for the determination of the CO, present in the sample. The total
weight of CO. in the sample is determined in some cases by an alkalinity titration
(see Table 3-2). However, a better determination of total CO, would be by
means of a direct method such as gas chromatography (Stainton, 1973). Addi-
tionally, a determination of the pH of the water must be made in situ, as well as
a temperature reading, if possible, and an approximate determination of the
salinity, if applicable.

The samples then are incubated for a measured amount of time and the
photosynthetic process is arrested by an injection of 1 ml of neutral Formalin,
or by placing the samples in the dark. Holding the samples in the dark has the
drawback that some photosynthesis could occur later, while the samples are
being filtered in the light. However, problems associated with the injection of
Formalin include (1) absorption of Formalin into the glass walls of the incuba-~
tion jar, which may interfere with subsequent incubations, and (2) killing the
phytoplankton can break cells apart and liberate large amounts of fixed dis-
solved organics that should normally be counted as particulate production. In
all cases of bottle incubations (both light-dark oxygen and *C), Pyrex-type
glass jars must be used, as normal glass will slough off silicon that may stimulate
high levels of production.

Length of incubation period is apparently critical to the final results in any
study employing chambers (Steemann Nielsen, 1963; Hobbie et al., 1972).
Previous studies often have used classic incubation periods of 6, 12, and 24 hr.
However, given a sufficient substrate or a reduced oxygen level, bacteria in the
sample will grow until they represent a larger biomass in the incubation chamber
than in the natural environment. This enlarged bacterial crop will have a greater
respiratory demand inside the chamber than in the same volume of free water.
In most cases a short incubation period (2—4 hr) will not allow the bacteria
to achieve a significant gain in biomass (Hobbie et al., 1972). This is an advan-
tage of the C technique because the light-dark oxygen method may require
too lengthy an incubation period (Strickland and Parsons, 1972). Particular
care must be given to this bacteria—phytoplankton interaction in areas of nor-
mally high standing crops of bacteria in marshes, salt marshes, small ponds, and
stagnant waters.

Additional care must be taken in waters low in dissolved CO, in which the
plankton may become CO.-limited (Schindler and Fee, 1973). Again this
problem can be minimized by a short incubation period so that the phyto-
plankton do not use up the CO; available in the incubation chamber. In all cases
of *C productivity measurements, an initial measure of both the pH and alka-
linity must be made to determine the total available CO, before incubation
(Strickland and Parsons, 1972). In areas of suspected CO. limitation, a second
determination of CO, remaining in the incubation chamber will indicate whether
potential CO, limitation occurred. In these cases of low levels of initial COs,
special techniques must be employed such that the bicarbonate carrier with the



37
3. Methods of Assessing Aquatic Primary Productivity

radioactive carbon will not stimulate extra photosynthesis by the introduction
of additional carbon dioxide (Nygaard, 1968; Schindler and Fee, 1973).

After arresting photosynthesis the sample then can be treated in one of two
ways. In most uses of the technique, the sample is split into two fractions by
filtering out the particulate production on membrane filters (usually 0.45-ym
HA Millipore type) and counting **C disintegrations from the filter. In some
cases the filters are known to retain a sizable percentage of the dissolved
organics, thus the filter gives an estimate of production higher than particulate
production alone (Nalewajko and Lean, 1972). It is also the case, however,
that this technique gives an underestimation of productivity because some of
this has been lost from cells into the water as dissolved organics (Schindler
et al., 1972; Saunders, 1972; Stephens and North, 1971; Wetzel and Otsuki,
1973). In a current modification of the technique the unused carbon dioxide
in the sample is removed by acidifying the sample (~ pH 3-4) with a small
drop of dilute phosphoric or hydrochloric acid and by bubbling N, or air
through the sample for about 5 min (Schindler et al., 1972). The sample is
then filtered; **C is counted for both the filtered (and primarily particulate)
material and the filtrate water (containing dissolved organics tagged with 4C).
The sum of these expresses total productivity, and the filtrate count indicates
rate of loss of organics from cells into the water (see Stull et al., 1972 for
applications to individual species). For practical reasons, the older method of
filtering the crop and counting the filter only may have to be used in areas of
low production, as there may be insufficient counts in the dissolved fraction.

In determining the radioactivity of the particulate fraction some effort should
be made to remove the small amount of unused #C (as carbonate) dried on
the filter pad. This is done readily by “fuming” the filters over HCI, that is,
placing the filters in a desiccator for 2 hr with an open beaker of HCI. The
HCI fumes in the desiccator convert all carbonates to *CO,, which diffuses off
the filter pads. The unused *C in the liquid samples is removed by the method
of “stripping” (acidifying the sample and bubbling N, gas through it) men-
tioned before. This process of stripping off the unused CO, must be applied to
any liquid **C sample.

The samples are now ready for determination of their specific radioactivity
(see Jitts, 1961; Ward and Nakanishi, 1971; Schindler and Holmgren, 1971).
The particulate samples on the filter pads are placed in any suitable scintillation
cocktail. These cocktails are either made from reagents or purchased in concen-
trated form and diluted with toluene. Currently, toluene-based scintillation cock-
tails give the best results for dry material, dissolving' the filter completely and
suspending the plankton in the cocktail (Pugh, 1973). Liquid samples require
a different type of scintillation medium which allows the radioactive water to
become completely mixed in the scintillation cocktail. These water-miscible
cocktails, such as Aquasol®, also are purchased either premade or in concen-
trated form. The purpose of the scintillation cocktail is to suspend the radio-
active material in a fluid so that when the scintillation counter passes a special
beam of light through the sample, the sample fluoresces. The amount of fluores-
cence is, in turn, dependent on the amount of radioactivity in the sample. The
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sample, to which 10.0 ml of cocktail is added, is placed in a small scintillation
vial designed for use in scintillation counters. In all cases, glass scintillation vials
should be used instead of the plastic counterparts, as it has been found that after
48 hr the plastic vials will readily absorb toluene from the scintillation cocktail
including the *C in it.

Scintillation counters, like any other spectrophotometric device, have a small
inherent variation with each use. For this reason, a blank (container of scin-
tillation cocktail without radioactivity) and a standard of predetermined radio-
activity should be counted along with the samples each day a new batch of
samples is counted. The standard of known activity usually is obtained commer-
cially along with purchase of the scintillation counter.

Two other aspects must be considered before the final results can be calculated.
Because every batch of 1*C tracer varies, and dilutions are not exactly the same,
each time the working solutions are made the exact activity of **C reaching the
sample must be determined. This is accomplished by adding the *C to incuba-
tion chambers in the normal manner immediately followed by taking a small
sample from the incubation chamber and counting the activity in the incubation
fluid without stripping off the carbon dioxide. This substandard is counted along
with the known standard and the true activity reaching the incubation chamber
is determined. This procedure should be carried out on four to five randomly
chosen ampules each time a new working solution is made up. The total amount
of activity reaching a sample is determined and the counted value of the known
standard is measured on the day the activity is determined. Thus each day a new
batch of samples is counted, the known standard is counted and any change in
the value of the known standard is used to adjust the value of the activity that
reaches the sample:

Activity reaching the sample = R,/R. X S

where § is the value of activity reaching the sample (determined once earlier),
R; is the value of known standard on day that activity of sample was deter-
mined, R. is the value of known standard during present counting of samples.
In essence, this is merely an adjustment in the value of the activity reaching the
sample owing to daily variation in machine-counting efficiency.

The second correction, given to the counts from *C, is due to the *C being
a “soft” emitter in that the radiation given off is in the form of low-energy
B-particles (Patterson and Greene, 1965). These B-particles, because they are
low in energy, are absorbed, in part, by the scintillation cocktail in which they
are suspended. This effect, called “quenching,” results in the underestimation of
the amount of radioactivity in any scintillation vial. However, this problem can
be corrected by counting one or more standards of known radioactive content
and then adjusting the observed value from the scintillation counter to match
the true known value of the standard. This correction will vary slightly depend-
ing on the exact mixture of the scintillation cocktail, and in practice a complete
quench series must be established for every scintillation counter (Patterson and
Greene, 1965). The amount of quenching in any given sample may be determined
by a channels ratio, the ratio of high-energy emitters to low-energy emitters, and
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the output from the scintillation corrected accordingly. The entire problem of
quenching is of considerable complexity involving the physics of radioisotopes.
Other references (e.g., Patterson and Greene, 1965), may be consulted for
details of quench correction.

Given the corrected activity of a sample, the calculation of productivity is
achieved by the following formula (Strickland and Parsons, 1972; see Table 3-3
for a complete set of calculations) :

mg C/m?/hr = [(Rs — Ry) X W X 1.05]/(Rs X H)

where R, is the corrected activity of sample (corrected for quench), R, is the
blank value obtained from counting a vial with no radioactivity, W is the original
total weight of carbon dioxide in the sample calculated from pH readings, 1.05
is a correction factor for the difference in the use of *C to that of normal 2C,
R, is the amount of known activity added to the sample, and H is the incuba-
tion time of the sample in hours. Current considerations of *C-measured
productivity do not subtract dark-bottle activity from light-bottle activity, but
rather consider the two processes of light-and-dark uptake as somewhat inter-
dependent (Morris et al., 1971). The values obtained from light-bottle fixation
are usually considered as net production (pathway N, Fig. 3—1). The reasoning
behind this latter consideration is best explained in the words of Ruttner (1960):

The *C method does not measure the oxygen given off in assimilation or
used up in respiration, but rather the carbon incorporated in the photo-
synthate. Hence, it is important to know whether the respiration of the
plant cell is based on the carbon presently being assimilated, part of which
is labeled with 1*C, or whether older carbohydrate deposits are being
drawn upon for this purpose. In the former instance the quantities of
assimilated labeled C will be reduced, whereas in the latter instance they
will remain unchanged. In other words, *C determination would give net
production in the first instance (related to plant cells) and gross production
in the second.

Although the *C method has a number of inherent disadvantages such as cost
and possible bottle effects, it is very sensitive and flexible; and it measures, in
theory, the net productivity of phytoplankton (for a critque see Sheldon et al.,
1973) available to higher trophic levels. Recently there have been many minor
corrections in the method, and anyone interested in using the method would be
well advised to check the most recent literature. A summary of our presentation
is given in Figure 3—6, and some results in Figure 3—7; Figure 3—7 also empha-
sizes the importance of giving results as both volume’ and area values.

Chlorophyll and biomass methods

The determination of chlorophyll is a simple analytic procedure explained in
most standard texts (Strickland and Parsons, 1972). In practice, a sample of
water ranging from 0.05 to 5.0 liters is filtered through a membrane (Millipore-
type AA) or glass fiber filter (Whatman GF/C) as soon as possible after
collection. Filters are then frozen for no longer than 2 weeks, at which time the
chlorophyll is extracted. The extraction of chlorophyll from membrane filters



FIGURE 3-6. Flow chart for measurement of production with 14C
technique.

Ficure 3-7. Radiation curve and primary productivity according to
14C method in Lake Erken based on short-term exposures (I-V)

and long-term exposure (VI); 3, is sum of I-V (from Vollenweider,
1969a).
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is simple. The filter is placed in 10.0 ml of 90% acetone where both the filter
and the chlorophyll dissolve.

Membrane filters are relatively easy to use but they have two drawbacks:
(1) they are very expensive, and (2) they impart a small amount of turbidity
to the sample, which interferes with spectrophotometric measurements (Strickland
and Parsons, 1972). Glass fiber filters are cheaper and produce no significant
turbidity when placed in 90% acetone. However, fiber filters, as well as mem-
brane filters when the algae crop is composed mostly of green algae, must be
ground up in a tissue grinder with about 5 ml of 90% acetone to extract the
chlorophyll. Once the fiber filters are ground up, they are placed into a glass
centrifuge tube along with the acetone used in grinding, and the acetone level
in the tube is made up to 12.0 ml. At this point, samples collected on either
membrane or glass fiber filters are treated identically. Samples are centrifuged
from 15 to 30 min and then placed in a dark refrigerator for 20 hr. The chloro-
phyll is allowed to rewarm to room temperature, decanted into a 6-ml, 10.0-cm
spectrophotometer cell, and the extinctions are read at 4800, 6300, 6450, and
7500 A on a spectrophotometer. The 7500 reading serves as a “blank” or a
wavelength for which chlorophyll should not cause any extinction, but only
turbidity, which is subtracted from all other readings. In all cases of cholorophyll
extraction, work must be carried out in either subdued or green light as normal
white light will rapidly change chlorophyll and will give erroneous results.
Chlorophyll concentrations are determined from extinction readings by formula
(consult Strickland and Parsons, 1972 for complete details; see also Lorenzen,
1966). It should be mentioned that a very popular alternative to the spectro-
photometer for measuring chlorophyll is the fluorometer. Fluorometers are
simple to use, are reasonably accurate, and require a much smaller sample than
do spectrophotometers. However, a fluorometer requires constant standardiza-
tion against a spectrophotometer to correct for drift (Strickland and Parsons,
1972). An additional correction for phaeophytin (dead chlorophyll) can be
made to either spectrophotomically or fluorometrically measured chlorophyll
values by acidifying and rereading the sample (Yentsch, 1967).

The advent of simple and accurate measurements of standing crop of chloro-
phyll led researchers to speculate that photosynthesis may be predicted from
chlorophyll data. This idea was developed initially by Ryther and Yentsch
(1957) who predicted photosynthesis from chlorophyll and light data. The
success of the prediction of net photosynthesis is based on the assumption
that chlorophyll is a uniformly photosynthetic pigment. An initial calibration
of chlorophyll readings against empirically derived photsynthetic measurements
must be made for each set of conditions. However, the inherent advantage of
the technique is obvious. It is considerably simpler to evaluate chlorophyll and
light data to predict photosynthesis than to measure photosynthesis directly.
Efforts have been made to improve the accuracy and usefulness of the initial
predictions made by Ryther and Yentsch (H. T. Odum et al., 1958; Wright,
1959; Aruga and Monsi, 1963; Small, 1963; Aruga, 1966; Williams and Mur-
doch, 1966; Dally et al., 1973). Other developments have included refinements
in estimates of standing-crop production by measuring changes in numbers and
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size of particles (McAlice, 1971; Strickland and Parsons, 1972; Sheldon et al.,
1973), or grazing rates (Haney, 1971).

However, a comparison of photosynthetic estimates from chlorophyll and
associated data with empirically derived estimates of photosynthesis (**C, O, free
water, etc.) indicates that the chlorophyll technique leaves much to be desired.
The results obtained with the chlorophyll technique can be no better than the
equations used to predict photosynthesis, and to date most researchers do not
agree on these equations. Furthermore, the chlorophyll must accomplish a uni-
form amount of photosynthesis per unit weight and light, or the estimation of
production is impossible. There is good reason to believe that chlorophyll can
become more or less photosynthetically active depending on the age of the
plankton crop, water temperature, and season of the year (Thomas, 1961;
Talling and Driver, 1961; Margalef, 1968). In general, the use of chlorophyll
data to estimate aquatic primary productivity is not recommended.

Periphyton methods

Periphyton is a term that describes the small plant communities that coat
the surfaces of mud, rocks, logs, and macrophytes of aquatic environments. An
indication of net production of standing crop (pathway M, Fig. 3-1) can be
obtained from glass slides or other artificial (or precleaned natural) substrate
inserted in the water and periodically measured for the accumulation of
periphyton biomass (Margalef, 1949; Blum, 1957). Wetzel (1964a) and Allen
(1971) describe a method for periphyton production estimates using a cylinder
placed over the substrate into which a sample of *C is introduced. After a
suitable incubation period, the substrate was removed and stored, to be counted
later. Another chamber technique that uses benthic trays colonized over an
extended period, metabolic gases, and an enclosed flowing system has been
described by Hansmann et al. (1971). These latter methods are preferable to
the artificial substrate methods because they use the natural system intact.
Benthic biomass may be estimated by scraping the bottom within a special
cylinder (Ertl, 1971) or by radioactive apportionment (Pomeroy, 1961; Nelson
et al., 1969). For a review of periphyton productivity methods, see Wetzel
(1964a). Recent developments of chamber techniques using changes in CO, or
1#C in the water of the chamber, as well as critiques of earlier methods, are
given in Schindler ez al. (1973a).

Macrophyte methods

Where there are large growths of macrophytes that die back each winter,
sequential harvesting will give a minimum estimate of net primary production
(see, e.g., Kaul and Vass, 1972). Corrections must be made, as with all aquatic
plants, for the amount of productivity that is eaten by herbivores or lost by
dissolution (exudation) of organics. This is difficult to do but may be estimated
by enclosing the macrophytes in some sort of chamber and determining the
rate of organic buildup in the water surrounding the plants. Belowground pro-
duction also must be measured. This may be done by planting the macrophytes
in some sort of box with no roots in it to start with, then harvesting the box
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at the end of the growing season or by isolating root sections with aluminum
tubes to measure decomposition rates, hence production from biomass changes,
or by other means (see Gorham and Pearsall, 1956). None is considered
to be particularly satisfactory.

In addition, there may be loss of leaves from the plant during the growing
season. A very simple method for determining this for Spartina, for example,
and probably for many other macrophytes, is to drop a small plastic ring over
each new leaf as it appears. As the lower leaves drop off, the plastic rings will
fall to the bottom of the stem. The sum of these plastic rings at the end of the
year is the number of leaves that have fallen off. Mann (1972) has determined
productivity of large seaweeds by punching holes along the length of the blades.
The holes serve as markers that move away from the base as the blade elongates;
the holes thus permit measurement of rate of elongation (and, hence of dry
matter growth) of the blade.

Given growth rates for individual macrophytes, one can extrapolate to a
square-meter basis for net primary productivity. This was done also for peat
communities by Clymo (1970). Wetzel (1964b) has studied the rate of *C
productivity of macrophytes by enclosing individual plants in Plexiglas con-
tainers, injecting the *C, and then proceeding as with **C estimates for plankton.
In another study, Mathews and Westlake (1969) made an interesting applica-
tion of the “Allen curve” method of fish production to aquatic macrophytes,
in which the number of plants in a population is plotted against the mean
weight. Production corrected for grazing or other sources of mortality then can
be determined by integrating the proper sections of this curve.

Estimation of Primary Production from Models

It has been found that the aquatic primary production tends to be a function
of such variables as depth, sunlight intensity, temperature, species present,
chlorophyll concentration, and the degree of opaqueness of the water. With this
information quantified from a series of field correlations or laboratory deter-
minations, primary production then can be estimated for a given body of water
from some or many of these parameters, which often are easier to obtain than
measurements of primary production itself.

Consequently there has been a development of a number of models (i.e.,
simplifications that aid in understanding and prediction) for primary production
in water. In general, models may be characterized by-different degrees of pre-
cision, generality, and realism (Levins, 1966; see application for phytoplankton
modeling in O’Connor and Patten, 1968). For example, models that are rather
general tend to sacrifice precision, and models that are very precise for one lake
may not be generally applicable to other lakes.

It is not the purpose of this chapter to detail the procedures by which it
might be possible to model primary production in waters. Interested readers
are referred to the classic papers of Steemann Nielsen (1952), Ryther (1956),
Ryther and Yentsch (1957), Talling (1957), Rodhe et al. (1958), and Vollen-
weider (1969), Patten (1968), as well as more recent papers by DiToro et al.
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(1971), Fee (1973a, b), Bannister (1974), Kelly and Spofford (in press), and
Nixon and Kremer (in press). Fee’s papers are recommended for a fresh ap-
proach to the problem. Some models of marine production are discussed in
Chapter 8.

The data for models are generated usually in one of two ways: by isolation,
that is, by doing carefully controlled laboratory experiments in which only one
variable at a time is changed (e.g., Fee, 1973a); or by correlation, that is, by
comparing a dependent variable such as photosynthesis, with a number of inde-
pendent variables under a variety of natural conditions, and then attempting to
determine the effects of each of the independent variables by statistical regression
or some other means (e.g., Brylinsky and Mann, 1973). The former method
often has problems associated with the potentially unnatural behavior of any
natural system once brought into the laboratory. For example, Fee’s (1973a)
studies, although elegant, are potentially subject to the same errors of CO,
limitation elucidated in the same journal issue by Schindler et al. (1973b).
Statistical regressions can deal with natural systems, but they do not demonstrate
cause and effect, only co-occurrence. Ideally, an effective model would be based
on coefficients determined from a combination of both methods.

Many of these models are based on the concept of assessing what the rate of
photosynthesis would be under the most favorable conditions, and then deter-
mining what percentage of the most favorable conditions exists, in turn, for each
potentially limiting parameter (i.e., for light, temperature, and limiting nutrients).
The integration of these factors would predict photosynthesis. This approach
has been criticized by Fee (1973a) because changing physiologic characteristics
of the algae over time alter the optimum conditions, and significant variations
in the conditions arise during the incubation times that form the basis for the
model coefficients. Fee (1973a) offers an alternate scheme that eliminates some,
but not all problems. In a second paper, Fee (1973b) extends the concept to
three dimensions. These approaches appear to be very promising, but also indi-
cate the many problems yet to be understood.

A remarkable new approach is that of Lehman e al. (in press). They have
constructed a computer library of the response of individual algae species to
sunlight intensity, nutrients, competition parameters, and so forth. When all the
relevant environmental parameters are fed into the model it predicts species
composition and productivity. As the characteristics of more and more species
are added to the data bank, this approach could lead to a very robust model,
capable of predicting photosynthesis under a wide range of conditions.

Concluding Remarks

We have reviewed the various methods that would be helpful in measuring
primary production in water. The techniques we have discussed all have limita-
tions and sources of uncertainty, and although we would like to present a clear
choice of a single, simple, and reliable method for use in general, we are unable
to offer one. It seems to us that for some ecosystems in which diffusion is not a
problem or can be measured adequately, the free-water methods have advan-
tages that have not been given sufficient recognition. Diffusion problems and
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research practicality may incline choice toward other methods, notably (1) the
14C technique for low-productivity plankton, (2) the oxygen light-and-dark-
bottle technique for work with high-productivity plankton at less expense and
effort than with the C technique, and (3) growth measurements or other
techniques, as appropriate to circumstance, for algae and attached aquatic plants.
Beyond the observation that each of these methods has wide utility and prob-
lems, it is difficult to generalize about choice of techniques. Our suggestions are
summarized in Figure 3-8.

Other problems go beyond the techniques of measuring primary productivity,
however, and we would like to touch upon them in conclusion. The mere
measurement of primary productivty does not, in itself, constitute worthwhile
science, unless it is done in the context of a class exercise. We should ask such
questions as: Why are we interested in the measurement of primary productivity?
What relationship does it have with other parameters of the ecosystem in ques-
tion? How is it related to environmental variables? What are the patterns among
different ecosystems? What are desirable levels of primary productivity in waters
that we might be able to manage? What is the relationship between global
primary production and man’s welfare? Other chapters in this book touch upon
some of these problems, and the readers are encouraged to view the measure-
ment of primary productivity not as an end in itself, but as a means to the
multiple ends of better understanding of ecosystems and more intelligent man-
agement of the biosphere.

Appendix (to Table 3-2): Alkalinity Calculations

1. Calculate total alkalinity:
Total alkalinity = 2.500 — (1250-au/f)

where ag = 10 — pH (correct pH for in situ to measurement tempera-
ture differences; pH refers to the pH of the water sample) and f is the
factor ranging from 0.890 to 0.753 depending on the salinity and acid—
sample mixture pH.

2. Calculate carbonate alkalinity:

Carbonate alkalinity — total alkalinity — A
where A is a conversion factor 0.0 to 0.29 depending on the salinity,

temperature, and pH of the initial water sample..
3. Calculate the total weight of carbon dioxide in the sample:

Total CO, = carbonate alkalinity X F;

where F, is a conversion factor of 1.07 to 0.77 interpolated from tables
depending on the salinity, temperature, and pH of the sample.

For the appropriate tables needed in all three steps to find the total weight
of carbon dioxide in a sample, see any standard text on productivity analysis
(e.g., Vollenweider, 1969a; Strickland and Parsons, 1972). Salinity determina-
tions need only be approximate and generally can be assumed in a certain range
if yearly variations are small. The standard techniques used in determination
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of total alkalinity vary with the type of water in which the sampling is carried
out (i.e., fresh, brackish, open-sea water, etc.). It should be noted that measure-
ment of total carbon dioxide in soft, humic, acidic, or polluted water is very
difficult. It is recommended that a direct technique such as gas chromatography
or infrared analysis be used when sampling in such water (Stainton, 1973).

References

Allen, H. L. 1971. Primary productivity, chemo-organotrophy, and nutritional inter-
actions of epiphytic algae and bacteria on macrophytes in the littoral of a lake.
Ecol. Monogr. 41:97-127.

American Public Health Association (APHA). 1971. Standard methods for the exami-
nation of water and waste water, 874 pp. Washington, D.C.

Aruga, Y. 1966. Ecological studies of photosynthesis and matter production of phyto-
plankton. III. Relationship between chlorophyll amount in water and primary
productivity. Bot. Mag. Tokyo 79:20-27.

, and M. Monsi. 1963. Chlorophyll amount as an indicator of matter produc-

tivity in bio-communities. Plant Cell Physiol. 4:29-39.

Bannister, T. T. 1974. Production equations in terms of chlorophyll concentration,
quantum yield and upper limit to production. Limnol. Oceanogr. 19:1-12.

Bender, M. E., and R. A. Jordan. 1970. Plastic enclosure versus open lake productivity
measurements. Trans. Amer. Fish. Soc. 99:607-610.

Beyers, R. J., J. Larimer, H. T. Odum, R. B. Parker, and N. E. Armstrong. 1963. In-
structions for the determination of changes in carbon dioxide concentrations
from changes in pH. Publ. Inst. Marine Sci. Univ. Tex. 9:454—489.

Blum, J. L. 1957. An ecological study of the algae of the Saline River, Michigan.
Hydrobiologia 9:361-408.

Brody, S. 1945. Bioenergetics and Growth. 1023 pp. New York: Reinhold.

Brylinsky, M., and K. H. Mann. 1973. An analysis of factors governing productivity
in lakes and reservoirs. Limnol. Oceanogr. 18:1-14.

Carpenter, J. H. 1965a. The accuracy of the Winkler method for dissolved oxygen
analysis. Limnol. Oceanogr. 10:135-140.

. 1965b. The Chesapeake Bay Institute technique for the Winkler dissolved
oxygen method. Limnol. Oceanogr. 10:141-143.

. 1966. New measurements of oxygen solubility in pure and natural water.
Limnol. Oceanogr. 11:264-2717.

Cassie, R. M. 1961. Statistical and sampling problems in primary production. In
Proc. Conf. Primary Productivity Measurement, Marine and Freshwater, Ha-
waii, 1961, M. S. Doty, ed., pp. 163—-171. Washington, D.C.: U.S. Atomic
Energy Commission, Div. Technical Information.

Churchill, M. A., R. A. Buckingham, and H. L. Elmore. 1962. The prediction of
stream reaeration rates, 98 pp. Chattanooga, Tennessee: Tennessee Valley Au-
thority, Div. of Health and Safety, Environmental Hygiene Branch.

Clymo, R. S. 1970. The growth of Sphagnum: Methods of measurement. J. Ecol. 58:
13-49.

Copeland, B. J., and W. R. Duffer. 1964. The use of a clear plastic dome to meas-
ure diffusion of natural waters. Limnol. Oceanogr. 9:494-495.

Cummins, K. W., and J. C. Wuycheck. 1971. Caloric equivalents for investigations
in ecological energetics. Mitt. Int. Ver. Limnol. 18:1-158.




48

Part 2: Methods of Productivity Measurement

Czaplewski, R. L., and M. Parker. 1973. Use of a BOD oxygen probe for estimating
primary productivity. Limnol. Oceanogr. 18:152-154.

Dally, R. J., C. B. J. Gray, and S. R. Brown. 1973. A quantitative, semiroutine method
for determining algal and sedimentary chlorophyll derivatives. J. Fish. Res. Bd.
Can. 30:345-356.

Day, J. W., W. G. Smith, P. R. Wagner, and W. C. Stowe. 1973. Community struc-
ture and carbon budget of a salt marsh and shallow bay estuarine system in
Louisiana, 79 pp. Baton Rouge, Louisiana: Louisiana State Univ.

Di Toro, D. M., D. J. O’Connor, and R. V. Thomann. 1971. A dynamic model of
phytoplankton populations in the Sacramento—San Joaquin delta. Advan. Chem.
Ser. 106:131-180.

Doty, M. S. (ed.) Proc. Conf. Primary Productivity Measurement, Marine and Fresh-
water, Hawaii, 1961. Washington, D.C.: U.S. Atomic Energy Commission, Div.
Technical Information.

Efford, I. E. 1968. Winkler titration for oxygen. (mimeogr.) Vancouver, British Co-
lumbia: Institute of Animal Ecology, Univ. of British Columbia.

Emerson, S., W. S. Broecker, and D. W. Schindler. 1973. Gas-exchange rates in a
small lake as determined by the radon method. J. Fish. Res. Bd. Can 30: 1475-
1484.

Ertl, M. 1971. A quantitative method of sampling periphyton from rough substrates.
Limnol. Oceanogr. 16:576-577.

Fee, E. J. 1971. Digital computer programs for estimating primary production, inte-
grated over depth and time, in water bodies. Special Rep. 14, Center for Great
Lakes Studies, 43 pp. Milwaukee, Wisconsin: Univ. of Wisconsin.

. 1973a. A numerical model for determining integral primary production and
its application to Lake Michigan. J. Fish. Res. Bd. Can. 30:1447-1468.

. 1973b. Modelling primary production in water bodies: A numerical approach
that allows vertical inhomogeneities. J. Fish. Res. Bd. Can. 30:1469-1473.

Gaarder, T., and H. Gran. 1927. Investigations of the production of plankton in the
Oslo Fjord. Rapp. Cons. Explor. Mer 42:1-48.

Goldman, C. R. 1967. Integration of field and laboratory experiments in productivity
studies. Estuaries, G. H. Lauff, ed., Special AAAS Publ., 83:346-352.

. 1968. Aquatic primary production. Am. Zool. 8:31-42.

. (ed.) 1969. Primary Productivity in Aquatic Environments, 464 pp. Berke-

ley, California: Univ. of California Press.

Gorham, E., and W. H. Pearsall. 1956. Production ecology. III. Shoot production in
Phragmites in relation to habitat. Oikos 7:206-214.

Hall, C. A. S. 1972. Migration and metabolism in a temperate stream ecosystem.
Ecology 53:585-604.

Haney, J. F. 1971. An in situ method for the meajsurement of zooplankton grazing
rates. Limnol. Oceanogr. 16:970-977.

Hansmann, E. W., C. B. Lane and J. D. Hall. 1971. A direct method of measuring
benthic primary production in streams. Limnol. Oceanogr. 16:822-826.

Hobbie, J. E., O. Holm-Hansen, T. T. Packard, L. R. Pomeroy, R. W. Sheldon, J. P.
Thomas, and W. J. Wiebe. 1972. A study of the distribution and activity of
microorganisms in ocean water. Limnol. Oceanogr. 17:544-555.

Jannasch, H. W., and P. H. Pritchard. 1972. The role of inert particulate matter in

the activity of aquatic micro-organisms. Mem. Inst. Ital. Idrobiol. 29 (Suppl.):
289-308.




49
3. Methods of Assessing Aquatic Primary Productivity

Jitts, H. R. 1961. The standardization and comparison of measurements of primary
production by the carbon-14 technique. In Proc. Conf. Primary Productivity
Measurement, Marine and Freshwater, Hawaii, 1961, M. S. Doty, ed. pp. 114—

120, Washington, D.C.: U.S. Atomic Energy Commission, Div. of Technical
Information.

Juliano, D. W. 1969. Reaeration measurements in an estuary. J. Sanit. Eng. Div.,
ASCE 95 (SA6; Proc. Paper 6987): 1165-1178.

Kaul, V., and K. K. Vass. 1972. Production studies of some macrophytes of Srinagar
lakes. In Productivity Problems of Freshwaters: Proc. IBP-UNESCO Symp.,
Z. Kajak and A. Hillbricht-Ilkowska, eds. pp. 725-731. Warsaw and Krakow:
Polish Scientific Publ.

Kelly, M. G., G. M. Hornberger, and B. J. Cosby. 1974. Continuous automated meas-

urement of rates of photosynthesis and respiration in an undisturbed river com-
munity. Limnol Oceanogr. 19:305-312.

Kelly, R. S., and W. Spofford. 1975. Application of an ecosystem model to water
quality management: The Delaware estuary. In Models as Ecological Tools:
Theory and Case History, C. Hall and J. Day, eds. New York: Wiley (Inter-

science). (In press.)
Lehman, J. T, D. B. Botkin, and G. E. Likens. 1975. The assumptions and rationales

of a computer model of phytoplankton population dynamics. Limnol. Oceanogr.
(In press.)

Levins, R. 1966. Strategy of model building in population biology. Am. Sci. 54:420—
431.

Lorenzen, C. S. 1966. A method for the continuous measurement of in vivo chloro-
phyll concentrations. Deep Sea Res. 13:223-227.

Mabhler, H. R., and E. H. Cordes. 1966. Biological Chemistry. New York: Harper
and Row.

Mann, K. H. 1972. Ecological energetics of the seaweed zone in a marine bay on the

Atlantic Coast of Canada. II. Productivity of the seaweeds. Marine Biol. 14:
199-209.

, R. H. Britton, A. Kowalczewski, T. J. Lack, C. P. Mathews, and I. Mc-
Donald. 1972. Productivity and energy flow at all trophic levels in the River
Thames, England. In Productivity Problems of Freshwaters: Proc. IBP-

UNESCO Symp., Z. Kajak and A. Hillbricht-Ilkowska, eds., pp. 579-596.
Warsaw—Krakow: Polish Scientific Publ.

Manny, B. A, and C. A. S. Hall. 1969. Diurnal changes in stratification and dis-
solved oxygen in the surface waters of Lake Michigan. Conf. Great Lakes Res.
Proc. Int. Ass. Great Lakes Res. 12:622-634.

Margalef, D. R. 1949. A new limnological method for .the investigation of thin-
layered epilithic communities. Hydrobiologia 1:215-216.

. 1968. Perspectives in Ecological Theory, 111 pp. Chicago, Illinois: Univ. of
Chicago Press.

Mathews, C. P., and D. F. Westlake. 1969. Estimation of production by populations
of higher plants subject to high mortality. Oikos 20:156—160.

McAlice, B. J. 1971. Phytoplankton sampling with the Sedgwick-Rafter cell. Limnol.
Oceanogr. 16:19-28.

McAllister, C. D., T. R. Parsons, K. Stephens, and J. D. H. Strickland. 1961. Meas-

urements of primary production in coastal sea water using a large-volume plastic
sphere. Limnol. Oceanogr. 6:237-258.




50

Part 2: Methods of Productivity Measurement

Morris, 1., C. M. Yentsch, and C. S. Yentsch. 1971. Relationship between light carbon
dioxide fixation and dark carbon dioxide fixation by marine algae. Limnol.
Oceanogr. 16:854-858.

Nalewajko, C., and D. R. S. Lean. 1972. Retention of dissolved compounds by mem-
brane filters as an error in the 1*C method of primary production measurement.
J. Phycol. 8:37-43.

Nelson, D. J., N. R. Kevern, J. L. Wilhm, and N. A. Griffith. 1969. Estimates of
periphyton mass and stream bottom area using phosphorus-32. Water Res.
3:367-373.

Nixon, S., and J. Kremer. 1975. Narragansett Bay—The development of a composite
simulation model for a New England estuary. In Models as Ecological Tools:
Theory and Case Histories, C. Hall and J. Day, eds. New York: Wiley (Inter-
science). (In press.)

Nygaard, G. 1968. On the significance of the carrier carbon dioxide in determinations
of the primary production in soft-water lakes by the radiocarbon technique.
Mitt. Int. Ver. Limnol. 14:111-121.

O’Connor, JI. S., and B. C. Patten. 1968. Mathematical models of plankton produc-
tivity. Proc. Reservoir Fishery Resources Symp., April 57, 1967, pp. 207-228.
Athens, Georgia: Univ. Georgia.

Odum, E. P. 1971. Principles of Ecology, 574 pp. Philadelphia, Pennsylvania: Saun-
ders.

Odum, H. T. 1956. Primary production of flowing waters. Limnol. Oceanogr. 2:85-97.

. 1967. The energetics of world food production. In The World Food Prob-
lem. Vol. 3:55-94. Report of the president’s science advisory committee panel
on world food supply. White House, Washington, D.C.
,» and C. M. Hoskin. 1958. Comparative studies on the metabolism of marine
waters. Publ. Inst. Marine Sci. Univ. Tex. 5:159-170.

, and F. R. Wilson. 1962. Further studies on reaeration and metabolism of
Texas bays, 1958-1960. Publ. Inst. Marine Sci. Univ. Tex. 8:159-170.

» W. McConnell, and W. Abbott. 1958. The chlorophyll “A” of communities.
Publ. Inst. Marine Sci. Univ. Tex. 5:65-96.

, S. Nixon, and L. Di Salvo. 1969. Adaptations for photoregenerative cycling.
In The Structure and Function of Fresh Water Microbial Systems, J. Cairnes,
ed., pp. 1-29. Blacksburg, Virginia: Virginia Polytechnic Institute.

Olinger, L. W. 1968. The Effect of Induced Turbulence on the Growth of Algae, 58
pp. Atlanta, Georgia: Georgia Institute of Technology.

Owens, M. 1969. Some factors involved in the use of dissolved-oxygen distributions
in streams to determine productivity. In Primary Productivity in Aquatic En-
vironments, C. R. Goldman, ed., pp. 209-224. Berkeley, California: Univ. of
California Press. :

Patten, B. C. 1968. Mathematical models of plankton production. Int. Revue ges.
Hydrobiol. 53:357-408.

Patterson, M. S., and R. C. Greene. 1965. Measurement of low energy beta-emitters

in aqueous solution by liquid scintillation counting of emulsions. Anal. Chem.
37:854-857.

Pomeroy, L. R. 1961. Isotopic and other techniques for measuring benthic primary
production. In Proc. Conf. Primary Productivity Measurement, Marine and
Freshwater, Hawaii, 1961, M. S. Doty, ed., pp. 97-102. Washington, D.C.:
U.S. Atomic Energy Commission, Div. of Technical Information.



51
3. Methods of Assessing Aquatic Primary Productivity

Pugh, P. R. 1973. An evaluation of liquid scintillation counting techniques for use
in aquatic primary production studies. Limnol. Oceanogr. 18:310-318.

Rodhe, W., R. Vollenweider, and A. Nauwerk. 1958. The primary production and
standing crop of phytoplankton. In Perspectives in Marine Biology, A. A.
Buzzati-Traverso, ed., pp. 299-322. Berkeley, California: Univ. of California
Press.

Ruttner, F. 1960. Fundamentals of Limnology, 295 pp. Toronto: Univ. of Toronto
Press.

Ryther, J. H. 1956. Photosynthesis in the ocean as a function of light intensity.
Limnol. Oceanogr. 1:61-70.

» and C. S. Yentsch. 1957. The estimation of phytoplankton production in the
ocean from chlorophyll and light data. Limnol. Oceanogr. 2:281-286.

Saunders, G. W., Jr. 1972. The kinetics of extracellular release of soluble organic
matter by plankton. Verhandl. Int. Ver. Limnol. 18:140-146.

» F. B. Trama, and R. W. Bachmann. 1962. Evaluation of a modified C-14
techmque for shipboard estimates of photosynthesis in large lakes. Univ.
Michigan, Great Lakes Res. Div. Publ. 8:1-61.

Schindler, D. W., and E. J. Fee. 1973. Diurnal variation of dissolved inorganic car-
bon and its use in estimating primary production and CO, invasion in lake 227.
J. Fish. Res. Bd. Can. 30:1501-1510.

, and S. K. Holmgren. 1971. Primary production and phytoplankton in the
Fisheries Research Board Experimental Lakes Area, northwestern Ontario, and
and other low-carbonate waters, and a liquid scintillation method for determin-
ing 14C activity in photosynthesis. J Fish. Res. Bd. Can. 28: 189-202.

, R. V. Schmidt, and R. A. Reid. 1972. Acidification and bubbling as an alter-
native to filtration in determining phytoplankton production by the 4C method.
J. Fish. Res. Bd. Can. 29:1627-1631.

, V. E. Frost, and R. V. Schmidt. 1973a. Production of epilithiphyton in two
lakes of the Experimental Lakes Area, northwestern Ontario. J. Fish. Res. Bd.
Can. 30:1511-1524.

, H. Kling, R. V. Schmidt, J. Prokopowich, V. E. Frost, R. A. Reid, and
M. Capel. 1973b. Eutrophication of lake 227 by addition of phosphate and
nitrate: The second, third and fourth years of enrichment, 1970, 1971, and
1972. J. Fish. Res. Bd. Can. 30:1415-1440.

Sheldon, R. W., W. H. Sutcliffe, and A. Prakish. 1973. The production of particles
in the surface waters of the ocean with particular reference to the Sargasso Sea.
Limnol. Oceanogr. 18:719-733.

Small, L. F. 1963. Effect of wind on the distribution of chlorophyll a in Clear Lake,
Iowa. Limnol. Oceanogr. 8:426—432.

Sollins, P. 1969. Measurements and simulation of oxygen flows and storage in a
laboratory blue-green algal mat ecosystem. Masters thesis, Chapel Hill, North
Carolina: Univ. of North Carolina.

Stainton, M. P. 1973. A syringe gas-stripping procedure for gas-chromatographic
determination of dissolved inorganic and organic carbon in fresh water and
carbonates in sediments. J. Fish Res. Bd. Can. 30:1441-1445.

Steemann Nielsen, E. 1952. The use of radioactive carbon (1#C) for measuring or-
ganic production in the sea. J. Cons. Perm. Int. Explor. Mer. 18:117-140.

. 1963. Fertility of the oceans: Productivity, definition and measurement. In
The Sea, Vol. 2, M. N. Hill, ed., pp. 129-164. New York: Wiley.




52

Part 2: Methods of Productivity Measurement

, and E. Aabye Jensen. 1957. Primary oceanic production. The autotrophic
production of organic matter in the oceans. Galathea Rep. 1:49-136.

Stephens, G. C., and B. B. North. 1971. Extrusion of carbon accompanying uptake
of amino acids by marine phytoplankters. Limnol. Oceanogr. 16:752-757.

Strickland, J. D. H., and T. R. Parsons. 1972. A practical handbook of seawater anal-
ysis. J. Fish. Res. Bd. Can. 167: 311 pp.

Stull, E. A., E. deAmezaga, and C. R. Goldman. 1972. The contribution of individual
species of algae to primary productivity of Castle Lake, California. Verhandl.
Int. Ver. Limnol. 18:1776-1783.

Talling, J. F. 1957. Photosynthetic characteristics of some freshwater plankton
diatoms in relation to underwater radiation. New Phytol. 56:1-132.

, and D. Driver. 1961. Some problems in the estimation of chlorophyll-4 in
phytoplankton. In Proc. Conf. Primary Productivity Measurement, Marine and
Freshwater, Hawaii, 1961, M. S. Doty, ed., pp. 142-146. Washington, D.C.:
U.S. Atomic Energy Commission, Div. Technical Information.

Thomann, R. V. 1971. Systems Analysis and Water Quality Management, 286 pp.
New York: Environmental Research and Applications.

Thomas, W. H. 1961. Physiological factors affecting the interpretation of phyto-
plankton production measurements. In Proc. Conf. Primary Productivity Meas-
urement, Marine and Freshwater, Hawaii, 1961, M. S. Doty, ed., pp. 147-162.
Washington, D.C.: U.S. Atomic Energy Commission, Div. of Technical Infor-
mation.

Vollenweider, R. A. 1969a. Calculation models of photosynthesis-depth curves and
some implications regarding day rate estimates in primary production measure-
ments. In Primary Production in Aquatic Environments, C. Goldman, ed., pp.
428-457. Berkeley, California: Univ. of California Press.

. 1969b. Methods for measuring production rates. In 4 Manual on Methods
for Measuring Primary Production in Aquatic Environments, R. A. Vollen-
weider, ed. International Biological Programme Handbook No. 12, 41-127.
Oxford and Edinburgh: Blackwell Scientific Publ.

Wallen, D. G., and G. H. Green, 1971. The nature of the photosynthate in natural
phytoplankton populations in relation to light quality. J. Marine Biol. 10:157~
168.

Ward, F. J., and M. Nakanishi. 1971. A comparison of Geiger-Mueller and liquid
scintillation counting methods in estimating primary productivity. Limnol.
Oceanogr. 16:560-563.

Welch, H. C. 1968. Use of modified diurnal curves for the measurement of metab-
olism in standing water. Limnol. Oceanogr. 13:679—687.

Westlake, D. F. 1967. Some effects of low-velocity currents on the metabolism of
aquatic macrophytes. J. Exp. Bot. 18:187-205.

Wetzel, R. G. 1964a. A comparative study of the primary productivity of higher
aquatic plants, periphyton, and phytoplankton in a large, shallow lake. Int.
Rev. Ges. Hydrobiol. 49:1-61.

. 1964b. Primary productivity of aquatic macrophytes. Verhandl. Int. Ver.
Limnol. 15:426-436.

. 1973. Primary production. In River Ecology, M. Owens, and B. Whitten,
eds. Oxford: Blackwell Scientific Publ.

, and A. Otsuki. 1975. Allochthonous organic carbon of a Marl Lake. Arch.
Hydrobiol. (In press.)




53
3. Methods of Assessing Aquatic Primary Productivity

Williams, R. B., and M. B. Murdock. 1966. Phytoplankton production and chlorophyll

concentration in the Beaufort Channel, North Carolina. Limnol. Oceanogr. 11:
73-82.

Wright, J. C. 1959. Limonology of Canyon Ferry Reservoir. II. Phytoplankton
standing crop and primary production. Limnol. Oceanogr. 4:235-245.

Wrobel, S. 1972. Comparison of some methods of determining the primary produc-
tion of phytoplankton in ponds. In Productivity Problems of Freshwaters:
Proc. IBP-UNESCO Symp., Z. Kajak, and A. Hillbricht-Ilkowska, eds., pp.
733-737. Warsaw and Krakow: Polish Scientific Publ.

Yentsch, C. 1967. The relationship between chlorophyll and photosynthetic carbon
production with reference to the measurement of decomposition products of
chloroplastic pigments. In Primary Production in Aquatic Environments, C. R.
Goldman, ed., pp. 323-346. Berkeley, California: Univ. of California Press.



Methods of Assessing
Terrestrial Productivty

Robert H. Whittaker and Peter L. Marks

Major contrasts between aquatic and terrestrial communities result from the
short life spans and small accumulation of biomass in aquatic plants, and the
longer life spans and substantial accumulation of biomass in land plants. The
relationship can be expressed as the biomass accumulation ratio: the ratio of
the standing crop or biomass present, to the annual net primary productivity.
Such ratios are fractions of one in most aquatic communities, but range from
one up to 50 or more in terrestrial communities. Significant differences in struc-
ture, function, and diversity of communities are related to this contrast between
rapid turnover of the community’s organic matter in short-lived organisms,
and accumulation of the productivity from several years in the complex
structure of woody organisms (Whittaker and Woodwell, 1971b). The contrasts
extend to the prevalent means of measuring productivity.

As Chapter 3 has described, measurement of plankton productivity is based
primarily on measuring oxygen and carbon dioxide exchange by small samples
of these communities enclosed in bottles. Measurement of productivity through
accumulation of biomass is not generally feasible in aquatic communities, al-
though it has been applied to attached algae and submerged vascular plants.
Because of the large size of dominant plants and complexity of structure in land
communities, gas-exchange measurements for communities are difficult and
demand extensive and usually expensive effort. Most production measurements
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on land are based instead on measurement of growth, and the corresponding
accumulation of biomass, by individual plants of the community. Gas-exchange
techniques are less widely applied, although they are an essential complement
to the study of net primary productivity if gross primary productivity is to be
known.

Different aspects of growth and biomass accumulation should be distin-
guished. The net production by an individual plant is the amount of organic’
matter it synthesizes and accumulates in tissues per unit time; it is the profit
remaining from the photosynthesis of the plant, or its gross production minus
its respiration. Some part of the net production of the plant may be lost with the
death and loss of tissues, and in production measurement this loss must be
taken into account. Hence the growth by a tree through a year may appear as a
10-kg increase in its weight, but the net production by the tree includes this
growth plus net production expended in leaves, fruits, flowers, bud scales,
branches, and roots that were lost during the course of the year, and loss by
leaching and exudation of organic substances.

The sum of the net productions by all individual plants in a unit area of the
Earth’s surface is net primary productivity. Measurement of net primary produc-
tivity may be affected by the death and loss of whole individual plants, as well
as by loss of tissues from living plants. Net primary productivity is thus more
than the increase in mass of the plants in a study plot, from one year to the
next. It is this increase, plus losses of net production in the death and loss of
plant tissues, plus the losses of net production in the deaths (if any) of indi-
vidual plants. The increase of plant mass in a study plot is net community
growth, or net ecosystem production (Woodwell and Whittaker, 1968; Whit-
taker and Woodwell, 1969; Duvigneaud, 1971). Net ecosystem production and
net primary productivity bear no necessary relationship to one another. In a
young, fast-growing forest a sizable fraction (30-60% ) of net primary produc-
tivity may accumulate from one year to the next as net ecosystem production.
In a mature climax community, net primary productivity may be equaled by
the death and loss of tissues and individuals; it is then possible for net primary
productivity to be high, whereas net ecosystem production is zero.

We shall consider several approaches to measurement of primary produc-
tivity on land: (1) Harvest techniques are based on harvesting the plants from
sample plots and determining their growth (with correction for loss). The
approach is appropriate to simple communities of shorter-lived plants. (2)
Forest and shrubland productivity techniques are based on more complex
measurements of the growth of different tissues in trees and other plants. Such
techniques are, in some respects, an elaboration of the harvest approach to deal
with the complex structure of forests; but they usually rely on mathematical
treatment of plant growth in relation to plant size. (3) Gas-exchange techniques
for land communities are discussed along with some results from these. (4)
Relationships of net primary productivity to light, leaf-surface area, chlorophyll,
and other community dimensions or indices are considered as of interest, even
though they are not used for productivity measurement. (5) Problems of measur-
ing root productivity are discussed separately from these four approaches.
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Harvest Techniques

The simplest approach to net shoot production for communities of modest
stature (annual plants, crop plants, old fields, grasslands, tundra, bogs, marshes,
and some shrub-dominated communities) is through sequential harvest of above-
ground plant parts during the course of the growing season (E. P. Odum, 1960;
Ovington et al., 1963; Wiegert and Evans, 1964; Golley, 1965; Milner and
Hughes, 1968; Bliss, 1966, 1969; Boyd, 1970; Forrest, 1971; and Singh and
Yadava, 1974). For some annuals, including many crop plants, biomass and
net production are nearly equivalent, making it necessary to harvest only once
for each species, provided the time of harvest coincides with peak biomass
accumulation for each species. Even in communities of annuals, loss of early
leaves or other plant parts before the time of harvest often must be corrected.
In more diverse perennial communities several harvests may be needed to deter-
mine the time of peak biomass for each species and to correct for losses.

Wiegert and Evans (1964) have proposed a somewhat more complex scheme
for estimating aboveground net production. Their technique uses the rate of
decomposition of dead plant material in conjunction with estimates of standing
crop of live and dead plant material, based on a paired-plot sampling scheme
(one harvested at the beginning, the other at the end of a time interval of a
month or so). A modification of this (Lomnicki et al., 1968) estimates net
production from the mass of dead material at the outset and the mass of live
and dead material about a month later (the time interval must be kept short to
minimize decomposition of dead material). Clymo (1970) and Reader and
Stewart (1972) discuss modifications of harvest technique for Sphagnum bogs.

Production relationships in most woody successional communities and tall
shrub communities probably are best approached through a detailed dimension
analysis (Whittaker, 1962; Kestemont, 1971; Marks, 1971, 1972, Zavitkovski
and Stevens, 1972; see below). In very young (1-3 years) dense stands, how-
ever, sequential harvests may be preferred to the more time-consuming dimen-
sion analysis. For determination of biomass, complete harvests (above- and
belowground) of randomly selected plots are sufficient (Zavitkovski, 1971;
Young, 1971). Kimura (1969) and Nemeth (1973) have estimated production
relations through sequential harvests of young conifers; Ford and Newbould
(1970) and Kestemont (1971) have developed techniques for deciduous broad-
leaf coppices. Once stands contain appreciable biomass, as would be true of most
woody, successional stands after the first 2-5 years, we believe it makes better
sense to examine intensively the growth relationships of a relatively small number
of sample trees as is done in dimension analysis, than to process more super-
ficially a large amount of biomass as must be done when entire quadrats are
harvested (see Lieth et al., 1965).

If total community productivity in successional stands is desired, then dimen-
sion analysis can be applied to the trees, whereas herb and shrub productions
can be determined from sequential harvests. For many woody communities, both
successional and climax, the contribution of the undergrowth to community
productivity is small (from several percent to less than 1% ). Measurement of
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undergrowth production may then be justified more by interest than by increase
in accuracy of the community productivity value. Chew and Chew (1965) used
a modified harvest method relating cumulative dry weight to shoot age in a
creosote bush (Larrea divaricata) desert. A considerable fraction of the net
productivity of this desert (130 g/m?/year aboveground) was in subordinate
plants, about 15% in shrubs other than creosote bush and 14% in herbs.

Results from harvest approaches to a few representative communities are given
in Table 4-1.

Forests and Dimension Analysis

Those who study forests have no choice about one characteristic of their
concerns—the complexity of the living systems they deal with. In forests, this
complexity, which is also present in ecosystems dominated by smaller organisms,
is expanded and made conspicuous in community structure. One can see in the
forest the layering of species and the staging in depth of foliage, the intricate,
branching pattern of bark surfaces, and the subtle mosaic of undergrowth. For
our work in analysis of forest net production we offer this thesis: The manifest
complexity in which forests exceed other communities is not a handicap but
an opportunity. It makes possible measurements within the forest community
by which we can learn much about its functional design, while we also obtain
more satisfactory estimates of net productivity than might otherwise be possible.

Forest productivity, both gross and net, can be approached in some circum-
stances through gas-exchange measurements on the forest as a whole as dis-
cussed in the following section. Most studies of net primary productivity of
forests, however, are based on direct measurements of sizes and weights of
plants and plant parts (Newbould, 1967; Whittaker and Woodwell, 1971a).
There are at least three ways of synthesizing such measurements into produc-
tion estimates: mean-tree, production ratio, and regression analysis approaches.
The three approaches tend to correspond to three subjects of production measure-
ment: single-age plantation stands, forest undergrowths and shrub communi-
ties, and the trees of mixed-age forests, although it is possible to use other
approaches to each of these subjects.

Plantation and mean-tree approaches

Plantations of known ages were used by Ovington and his colleagues (1956—
1957) in early studies of forest production and nutrient cycling (Ovington and
Pearsall, 1956; see also Boysen-Jensen, 1932; Burger, 1940; Moller, 1945, 1947;
Moller et al., 1954b). These workers took advéntage of the simplification that
occurs if several plantations with stands of different ages but each comprised
of single-age trees are available on similar sites (Ovington, 1962). Dividing the
woody mass of a 50-year-old plantation by 50 gives an indication of the relative
production rate, but this does not give an effective estimate of current produc-
tivity. However, when plantations of different ages, say 40 and 50 years, in
closely similar environments can be compared, current net production can be
estimated with reasonable precision.

The difference in stem-wood weight in the two stands represents 10 years’
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accumulation; from it (assuming no death of trees) average annual stem wood
and bark production for the period can be calculated. Similarly the difference
in branch weights and root-system weights in the two stands may give first esti-
mates of wood and bark production by branches and roots. Both values must
be corrected for loss of dead branches and roots. Collection of fallen dead
branches in litter trays may supply the basis for correcting the branch estimate
(Moller et al., 1954a); no secure basis for correcting the root-production esti-
mate is available. Leaf production can be approached either through litter-trap
collections, or by measurements of the mass of current leaves on living trees. As
measurements of leaf production, leaf collections in litter traps are incomplete
(Bray and Gorham, 1964). Separate measurements may be needed to correct
for leaching loss, translocation from leaves before they fall, and insect con-
sumption (Rothacher et al., 1954; Bray, 1961, 1964; Bray and Dudkiewicz,
1963; Whittaker and Woodwell, 1968; Reichle et al., 1972, 1973a). Flower,
fruit, and bud-scale productions also may be measured either on sample trees or
in litter collections; these are smaller, but not insignificant fractions (Ovington,
1963; Bray and Gorham, 1964; Whittaker and Woodwell, 1968; Gosz et al.,
1972; Whittaker et al., 1972). Much of our knowledge of forest production
comes from summing these or related measurements and estimates for planta-
tions (Ovington, 1962, 1965; Art and Marks, 1971).

A crucial problem is the conversion from measurements on individual ‘trees
to biomass and production of stands. In a single-age plantation, the trees may be
consistent in size; their dimensions may form a bell-shaped frequency distribu-
tion of small or moderate dispersion. It then seems reasonable to multiply the
mass of an average tree (or one of its tissues) by the number of trees per unit
area to obtain a biomass value for the stand (Ovington and Pearsall, 1956;
Ovington, 1957; Ovington and Madgwick, 1959a; Peterken and Newbould,
1966). However, the complex geometry of trees implies complex relationships
among the frequency distributions and means of different measurements, par-
ticularly those with different numbers of dimensional components: (1) DBH
and height; (2) basal area, foliage area; and (3) stem volume, wood mass, etc.
Use of different dimensions leads to choice of different trees as “average,” and
consequently to different estimates of community biomass (Ovington and Madg-
wick, 1959b; Baskerville, 1965b; Attiwill, 1966; Attiwill and Ovington, 1968;
Ovington et al., 1968). Baskerville (1965b) found biomass estimates for a
stand of Abies balsamea to be in error by 25-45% when based on trees of
average DBH. Errors may be smaller in plantations of evenly spaced trees of
more consistent size; and errors are smaller and of tolerable magnitudes (within
5% or 10% ) when based on trees of mean stem volume or basal area (Basker-
ville, 1965a; Crow, 1971). Even for single-age plantations, however, there may
be advantage in the approach through regressions to be discussed in the section
on dimension analysis, which follows. Results of mean-tree and regression esti-
mates have been compared by Satoo and Senda (1966), Satoo (1968b, 1970),
Kira and Shidei (1967), Ovington et al. (1968), Crow (1971), and Madg-
wick (1971).
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Undergrowth and production ratios

Limitations of the mean-tree approach to production also can be escaped in
part by choosing to measure those characteristics of the forest stand that are
most expressive of production rate—as distinguished from biomass—and by
using ratios to estimate net primary production from these measurements.

When dealing with forest undergrowth, clipping dry weights (of current twigs
with leaves of shrubs and tree seedlings, aboveground current growth of herbs)
best combine relative ease of measurement with effective expression of under-
growth production. In work in the Great Smoky Mountains (Whittaker 1961,
1963, 1966) clipping weights by species were obtained for 20, 0.5 X 2.0 m
subquadrats, randomly located within a 0.1-ha sample quadrat. Dispersions of
the clipping weights for subquadrats are high, but relative errors (coefficients
of variation) tend to be lower the higher the undergrowth production being
measured (Whittaker, 1966). Dimension analyses were carried out on major
shrub populations to determine mean ratios relating net production by different
fractions of the plants (as well as biomass of these fractions and leaf surface
and chlorophyll) to clipping dry weights (Whittaker 1962, Table 4-2). Dimen-
sion-analysis procedures were as described below, except that the analyses were
used to obtain mean ratios for sets of 10 mature or shrub-canopy plants (and
for 10 subordinate shrubs) of a species rather than to obtain regressions. From
clipping measurements and these ratios, shrub stratum productions for a series
of forests, forest heaths, and heath balds were estimated (Table 4-3, Whittaker,
1962, 1963, 1966).

Production of larger trees, which cannot be approached through clippings,
may be measured through estimated volume increments (EVI is one-half
annual wood area increment at breast height times plant height). Because it
includes a measurement of wood growth rate, EVI expresses production in a
way that diameter, basal area, and stem volume do not. EVI was computed by
species for 0.1-ha forest samples as described below. Sets of 10 canopy trees
for each of three species from an oak—pine forest were subjected to dimension
analysis (Whittaker et al., 1963). Ratios of aboveground production for differ-
ent parts of the trees to EVI were applied to the EVI values for a pine-oak
forest and an oak heath in the Great Smoky Mountains to give preliminary
estimates of aboveground tree production (Whittaker et al., 1963; Whittaker,
1966). Biomass values for aboveground fractions of the trees were similarly
related to parabolic volume (VP is one-half basal ared at breast height X tree
height) to obtain ratios that could be applied to parabolic volume measure-
ments in forest samples (Whittaker, 1966). Table 4-3 illustrates the approach
for three communities in the Great Smoky Mountains: a chestnut oak (Quercus
prinus) heath with a dense shrub canopy at 2-3 m and scattered taller trees on
an open west-facing slope at 970 m, a mixed heath bald on a northeast slope
at 1500 m, and a subalpine heath with a single-species shrub stratum on a
northeast slope at 2010 m. The production values for trees and arborescent
shrubs in the heath are based on ratios to estimated volume increment, the
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production values for the other shrub strata on ratios to clipping dry weight
(Whittaker, 1963).

Production ratios on clipping weight and EVI, and biomass ratios on VP,
are not constant even for canopy individuals. Ratios of wood and bark produc-
tion to twig and leaf production generally increase with tree age and size. Ratios
of leaf, root, and branch mass to stem mass and VP decrease with age, and ratios
of leaf, branch, and root production to EVI decrease with age in many cases
(Whittaker, 1962; Whittaker and Woodwell, 1968). In a young forest, how-
ever, the ratio of branch to stem mass may increase from small to large, sub-
ordinate to dominant trees (Zavitkovski, 1971; Whittaker et al., 1972). The
ratios also change with environment within a species. The ratio of foliage pro-
duction to EVI and stem-wood production increases toward less favorable
environments (Whittaker, 1962; Satoo, 1966), and ratios of branch and root
production and mass to stem production and mass may increase toward less
favorable environments (Whittaker, 1962; Bray, 1963).

Despite these shifts with age and environment, ratios relating production or
biomass to other plant measurements (of the same number of dimensional
components) are much less widely variable than the plant measurements them-
selves. Estimates of production from ratios on EV1, and of biomass from ratios
on VP, consequently can be applied to mixed-age forests in which the ranges
of tree sizes make mean-tree approaches questionable. Different estimative
ratios may be needed, however, for canopy and subordinate plants. For sets of
canopy plants, and of subordinate plants, analyzed in the southern Appalachians,
standard errors of the production ratios were in most cases between 5% and
15% of the production ratios (Table 4-2, Whittaker, 1962; Whittaker et al.,
1963).

Dimension analysis of forests

For forests of mixed ages the production-ratio approach may give only an
approximation, and the mean tree approach is untenable. A major source of
difficulty is the great span of tree sizes in a mixed forest. The masses of trees
in a mature forest can extend through five orders of magnitude from canopy
individuals to saplings (10,000 to 1 kg), and shrubs and seedlings extend the
range by further orders of magnitude. Regression equations relating production
to more easily measured dimensions of trees are needed.

These regressions must be suited to the curvilinear character of the relation-
ships. It is a principle of engineering that substantial ‘enlargement of a system
or structure requires a redesign of its proportions; the system is unlikely to work
if all its dimensions are multiplied by a constant factor. Similarly the dimensions
of trees as they enlarge change in ways that maintain their functional balance,
but not in ways that maintain constant ratios between the dimensions. The
relationship between two dimensions, such as height and diameter, may be
expressed not as y = ax, but as y = ax®; hence logy = 4 + B log x. B is a
slope constant expressing the manner in which the two dimensions change in
relation to one another. Thus, if height y is related to diameter at breast height
x as log y = 2.480 4 0.580 log x, then the slope constant 0.58 implies that
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with a doubling of diameter, tree height will increase by 2.0°5% or about 1.5
times. The constant A, in contrast, relates the scales of the two dimensions.
Thus, the antilog of 2.480 is a — 17.7 = y/x®. To an increase of 1 cm in
(diameter) 58 corresponds an increase of 17.7 cm in height.

These exponential or logarithmic relationships, that characterize harmonious
growth with changing proportions, are termed “allometric” (Huxley, 1931,
1932). Polynomial and other equations are often used for forestry measure-
ments, but most investigators dealing with mixed-age forests have felt it neces-
sary to approach them through the logarithmic regressions by which growth
and dimensional relationships are best expressed. In practice a set of sample
trees are cut down and subjected to intensive measurement, so that biomass,
production, and other dimensions can be related (as dependent variables) to
diameter (or other independent variables) in logarithmic regressions. A number
of authors have used the allometric approach in production measurement
(Ovington and Madgwick, 1959a; Kimura, 1963; Baskerville, 1965a; Tadaki,
1965a, b; Kimura et al., 1968; Satoo, 1966, 1968a, b; Kira et al., 1967; Kira
and Shidei, 1967; Hozumi et al., 1969a, b; Andersson, 1970, 1971; Maruyama,
1971; Kira and Ogawa, 1971; Reiners, 1972; Nihlgard, 1972; Whittaker et al.,
1974; Rochow, 1974). For other references on regressions, see Ogawa et al.
(1965), Kira and Shidei (1967), Newbould (1967), Young (1971), and Whit-
taker and Woodwell (1971a). The most intensive and detailed approach to net
productivity and related measurements is the system of “dimension analysis of
woody plants” developed at Brookhaven National Laboratory (Whittaker and
Woodwell, 1967, 1968, 1969, 1971a). The method is designed to use the com-
plexity of structure of forests—through measurements on the various parts of
plants including those critical marks of rates of growth that occur in most tem-
perate forests, wood rings and bud-scale scars—to measure or estimate the
productivity of the various tissues of woody plants. The method proceeds
through the following steps.

1. FIELD MEASUREMENTS ON FOREST STANDS. As a separate process from
the analysis of sample trees, trees are tallied by DBH and species in sample
quadrats. Heights are measured and increment borings are taken to measure
bark thickness, mean current wood-growth rate for the last 5 or 10 years, and
age, for all large trees in the quadrat and for sets of smaller trees representing
different species and size classes (hence usually 50-75 trees in 0.1-ha quadrats).
Trees and shrubs reaching 1 cm or more dlameter at breast height are treated
as trees; tree seedlings and shrubs not reaching 1 cm at breast height and herbs
are clipped in undergrowth subquadrats as described above. Coverages, light
penetration, and soil characteristics are measured, and in the longer-term
studies at Brookhaven, New York, and Hubbard Brook, New Hampshire, litter
fall was measured (Woodwell and Marples, 1968; Gosz et al., 1972). Much of
the work has been based on 20 X 50 m (0.1-ha) quadrats (Whittaker, 1966;
Whittaker and Woodwell, 1969). Quadrat sizes have been increased, however,
for forests of large trees and decreased for small tree and shrub communities,
and the 0.1-ha quadrat was replaced by scattered smaller quadrats when pro-
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duction of a small watershed was to be estimated (Whittaker et al., 1972; cf.
Harris et al., 1973). Some shrub communities have been approached as minia-
ture forests, with diameter and increment measurements taken at 10 cm above
ground level rather than at breast height (Whittaker and Niering, 1975).

2. CALCULATIONS FROM STAND MEASUREMENTS. From the preceding infor-
mation the stand dimensions are calculated, for individual trees, for species, and
for the quadrat as follows:

Basal area (BA = =DBH?/4) of the stem, and of wood only (BAW) at
breast height

Parabolic volume of the stem (VP = one-half basal area times tree height H)
for the stem wood plus bark, and for stem wood only (VPW)

Conic surface (SC = one-half breast height circumference X} height) for
the stem, and for stem wood (SCW)

Basal area increment (BAI = mean annual increase in wood area at breast
height during the past 5 or 10 years)

Estimated volume increment (EVI — BAI - H/2)

Other stand dimensions of interest are

Basal increment ratio (2 BAI/Z BAW)

Weighted mean radial increment (3 EVI/Z SCW)

Weighted mean height (3 VPW X 2/3 BAW) or (2 VP X 2/% BA)
Volume-weighted mean age (2 VP - AGE/Z VP)

Undergrowth clipping dry weights per square meter, by species and by strata.

3. FIELD ANALYSIS OF SAMPLE TREES. Sets of trees (and shrubs if necessary)
of major species are felled, and their roots excavated if possible. Sets of 15 (or
10) individuals each of dominant tree species (or shrub species) are taken, their
sizes representing the full spread of sizes in the community. It is possible, al-
though more difficult because trees must be climbed, to obtain the necessary
measurements on standing trees for a nondestructive sample (Reiners, 1972).
Measurements on felled trees include

Base (10 cm) and breast-height diameter (DBH) and height of the tree

A tally of branches with distance from the top or bottom, basal diameter,
age, and condition (vigorous, senescent, or dead) recorded for each branch

Sample branches (usually five per tree representing different positions and
conditions) for which are recorded also branch length, number of current
twigs, and fresh and dry weights of live wood and bark, dead wood, current
twigs with leaves, older leaves if any, and fruits

Wood and bark diameters, and fresh and dry weights, of logs from the stem
and of discs from the bases of these logs; wood and bark weights are
separated for some or all discs or logs

For the discs (or ends of logs) bark, sapwood, and heartwood thickness,
and mean annual wood radial increment for the most recent 5 or 10 years
(and for preceding decades or pentads)

Fresh and dry weight of root crown (or shrub rhizome) and of excavated
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tap and non-tap roots, and broken root ends where branch roots have
been lost

Sample roots (often five per tree), dug up as complete as possible and
measured for basal diameter, fresh and dry weights, and length

From separate twig and leaf samples, dry weights of twigs, petioles, and leaf
blades of current twigs with leaves, and dry weight, insect loss, and chloro-
phyll content per unit area of leaves

A set of forms was prepared on which field data can be entered and punched
onto computer cards or tape for the following calculations that are part of the
Brookhaven program. The forms may be obtained from the authors.

4. CALCULATIONS ON SAMPLE TREES. Fresh and dry weights of the major
plant fractions can be directly calculated. Weights of branches and branch frac-
tions for the whole tree are calculated by computing for the sample branches
logarithmic regressions of these fractions on branch basal diameter. Branch
regressions have been published by Whittaker et al. (1963), Whittaker and
Woodwell (1968), Andersson (1970, 1971), and Whittaker and Niering (1975),
and a particularly useful set of regressions with error estimates is given by
Reiners (1972). The regressions are applied to the full number of branches
recorded by diameter in the branch tally, and the resulting estimates are totaled
for all branches of each tree. The plant-dimensional expressions listed under
step 5 are calculated. From the logs and discs are calculated actual volume and
surface of stem bark, wood, and heartwood if any, and mean annual volume
and dry weight increment of stem wood in the past decade or pentad (and
preceding decades or pentads). Mean values from the sample twigs are used to
calculate, from total weight of current twigs with leaves (and older leaves if
any) of the tree, current twig weight, leaf weight, leaf weight lost to insects,
and leaf-surface area and chlorophyll content. From measurements of base
diameter, length, and current twig number for sample branches, bark-surface area
of sample branches is estimated (Whittaker and Woodwell, 1967, 1968), and
a regression of these estimates on branch basal diameter is calculated. From
this regression, surface area estimates are computed for all branches tallied and
summed for the tree. Calculations on production are as follows:

Stem-wood growth is directly calculated log by log, by multiplying the ratio
of the mean of the annual wood-area increments at the ends of the log to
the mean cross-sectional area for the log, times the wood dry weight of
the log. i

Stem bark growth has been estimated in several ways. A most direct means
applies the ratio of current growth to total weight of wood for a log to
weight of bark for that log. Corrections for bark sloughing may be needed
for older trees.

Production of branch wood and bark has been estimated from the relation
BW/A (W is dry weight of branch wood and bark, 4 is branch age). The
slope constant B is computed from the logarithmic regression of branch
(wood and bark) dry weight on branch age. The only checks on the
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calculation so far suggest that it is reasonable but tends to overestimate
branch growth (Whittaker, 1965). Overestimation may result from the
effect of a higher death rate for small branches than large ones on the
slope constant B; mistakes in branch ages because of missing wood rings
also will lead to overestimation. Satoo (1968a) has determined branch
production through piece-by-piece measurement of wood growth. Basker-
ville (1965a) divided weights of whorls of branches by ages of these
whorls; the result W/A4 may be a considerable underestimate, for the
factor B is in many cases 2.0 or larger (Whittaker et al., 1963; Whittaker
and Woodwell, 1968).

Current twig and leaf productions are obtained directly from the biomass
values, but with leaf production corrected for insect loss by percent of
area lost from leaves on sample twigs (Bray, 1961, Reichle et al., 1973a).
Estimation of growth of leaves beyond the first summer may be needed
in evergreen species (Whittaker and Garfine, 1962; Whittaker, 1962;
Whittaker et al., 1963; Kuroiwa, 1960a, b; cf. Kimura, 1969).

Other fractions of production (flowers, fruits, stipules, bud scales) are vari-
ously estimated from sample branch regressions, collection of all fruits
from sample plants, separate determinations of mean weights and ratios
of these fractions to current twig and leaf production, and litter collections.

5. SUMMARY CALCULATIONS. The calculations to this point are summarized
in the forms of mean-tree measurements, production ratios, and regressions for
the sets of plants (Tables 4—4 and 4-5). For the final set of regressions, diam-
eter at breast height (or 10 cm for shrubs), conic surface (defined above),
parabolic volume, and estimated volume increment are used as independent
variables; to them are related as dependent variables the sums, for the plants
in a set, of biomass, production, volume, and surface estimates. All regressions
are calculated in double logarithmic form; some of them (for which dimensional
relations of the dependent variable and independent variable are closely related,
such as actual volume and parabolic volume estimate) are also calculated in
linear form. The logarithmic regressions have characteristics that make expected
error and confidence limits difficult to express in concise form. Coefficients of
correlation for dimension analysis regressions are of limited value; for the most
part they take values much above 0.9, with these values strongly influenced by
the range of sizes of plants sampled. In the effort to express relative tightness
of the regressions more effectively, “estimates of relative error” (e, E) are part
of the summary calculations (Table 4-4, and Whittaker and Woodwell, 1968).
For a linear regression an estimate of relative error e is the standard error of
estimate divided by the mean value of the independent variable; for a log-
arithmic regression E is the antilog of the standard error of estimate (this value
is not the same as the standard error of the untransformed variables).

6. APPLICATION TO STAND DATA. The regressions are used to calculate, for
each tree in the original sample quadrat, its probable biomass, production,
volume, and surface dimensions. For species populations that have not been
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Part 2: Methods of Productivity Measurement

sampled for dimension analysis, the most appropriate available regressions are
used. Use of a computer enables calculation of each dependent variable from
regressions on two or more of the independent variables. The dependent vari-
ables computed for individual trees are summed by species and for the sample
as a whole. Among the two or more sums of a given dependent variable from
regressions on different independent variables, one is chosen on the basis of
lower estimate of relative error for the regression, or closer dimensional corre-
spondence of the independent and dependent variables. In most cases, for
example, parabolic volume has been preferred as the independent variable for
volume and biomass calculations and for current twig and leaf production, esti-
mated volume increment has been preferred for stem wood, stem bark, and
branch wood and bark production, and conic surface has been preferred for
stem- and branch-surface calculation. Ratios of production and biomass to cur-
rent twig and leaf dry weight, rather than regressions, have been used to esti-
mate production and biomass of tree seedlings and smaller shrubs in the clipping
subquadrats.

Results

Some results from dimension analysis may be summarized. Allometric regres-
sions for samples for particular species have been compared by Whittaker and
Woodwell (1968), Yoda (1968), Andersson (1970, 1971), Whittaker et al.
(1972), and others. Of more interest for our present summary are the allometric
patterns that link different species with one another. Japanese studies (Ogawa
et al., 1961, 1965; Yoda, 1968) have shown that in tropical forests the tree
species may be so similar in form as to fit a single regression line; there is no
evident gain in accuracy from the use of regressions for individual species. The
Brookhaven study (Whittaker and Woodwell, 1968) deait with species more
widely different in form and stature; but these, too, were related by looser, inter-
species trends. Figure 4-1 illustrates the trends of foliage and stem-wood pro-
duction in relation to diameter for species ranging from low shrubs (Vaccinium
vacillans, Gaylussacia baccata at Brookhaven) to medium-sized trees (Quercus
alba, Liriodendron tulipifera at Oak Ridge, Tennessee). Differences among
species and samples affect the locations of the points; and the largest individuals
of a given sample often fall below the trend line (cf. Ogawa et al., 1965). Yet
it is striking that common dimensional trends connect woody plants as disparate
as blueberry shoots and forest oaks.

Figure 4-2 combines the interspecies regression lines for the same sets of
plants, and further aspects of allometric relations may be observed. (1) Slopes
of the regressions increase from lineal dependent variables (e.g., height), to
quadratic (surface) dimensions and surface-related production measures, to
cubic variables (volume and mass). Slopes of the production relations, involving
plant surfaces for gas exchange and cambial growth, are in the same range as
those for the surface relations themselves. (2) Slopes for stem surface and leaf
surface are nearly parallel. Mean wood radial increment thickness tends to
increase with increasing plant size when many species and individuals are treated
together (Table 4-4 and Whittaker, 1962). Stem-wood and bark growth conse-
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FIGURE 4-1. Interspecies regressions for production of stem wood
(a) and current twigs and leaves (b), for plants ranging from small
shrubs to medium-sized trees (Whittaker and Woodwell 1968).

quently increase more steeply with plant size than does the leaf surface support-
ing by photosynthesis that wood and bark growth. (3) Although stem-wood
weight increases more steeply than branch weight, the dissected forms of
branches imply that their surfaces increase much more steeply than does stem
surface. Branch wood and bark production increase less steeply than stem wood
production, but more steeply than leaf production and surface. This fact, along
with (2), implies that the larger the woody plant, the larger the surface and
mass for growth and respiration in fractions other than leaves, which the photo-
synthesis of a unit leaf surface must support (see also Fig. 4-6). (4) The point
at which the ratio of foliage surface to nonphotosynthetic tissue supported by
that surface becomes unfavorable (in relation to a given level of light and other
resources) is quite variable within and between species, but it probably has much
to do with the limits on sizes of woody plants.

Table 4-5 gives some of the most useful of the interspecies regressions. The
Brookhaven regression is appropriate for shrubs and smaller, open-growth
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deciduous trees; the Hubbard Brook regression is for small- to medium-sized
mesic deciduous trees, the larger of which may have had a history of growth
in partially open conditions following cutting. These regressions should be useful
for other temperate deciduous forests; but neither is appropriate for climax
forests. No production regressions for large coniferous trees have been pub-
lished. Some of the Japanese interspecies biomass regressions have been con-
verted into units corresponding to American practice, and are given in Table 4-5.

Table 46 illustrates the results of dimension analysis applied to seven forest
and woodland communities. The Brookhaven and Hubbard Brook values are
based on intensive studies; the Santa Catalina samples used aboveground dimen-
sion analyses of certain major species; the Smokies samples are based on esti-
mative ratios and some regressions from the literature. The crucial results are
the aboveground net productivity values; for four of the forests (columns 4-6
and 8) these are 860—1050 g/m?/year. Aboveground net productivities of many
temperate forests of favorable environments converge in the range 1000-1200
g/m?/year; the corresponding range including root production is 1200-1500
g/m?/year (Whittaker, 1966). The forests of columns 5, 6, and 8 are in this
range; the Brookhaven forest of column 4 is, with allowance for its high root
production, on the lower border of the range (1195 g/m?/year, above- and
belowground). The range applies both to climax forests, and to many young
forests averaged through their growth to maturity. Some forests of especially
favorable environments (e.g., coast redwood forests, floodplain forests) may
have productivities considerably above this range, as do some fast-growing
young forests such as the stand of Liriodendron tulipifera in Table 4—6, column 7.
Forests of less favorable environments have productivities below the range
given and generally in the range 600—-1000 aboveground, 800-1200 above- and
belowground.

Columns 2 and 3 are woodlands—communities of small trees in open growth,
not forming a dense canopy, and generally with well-developed undergrowth.
The productivities of temperate woodlands and shrublands (excluding deserts)
appear to be mostly between 250 and 800 g/m?/year (Whittaker and Niering,
1975). Columns 2 and 3 of Table 4-6, and the oak heath and heath balds of
Table 4-3, are all in this range, with aboveground productivities from 285 to
592 g/m?/year. Many grasslands have productivities in this range also; these
three types of communities (woodland, shrubland, dry grassland) occur in
environments less favorable than those of closed forests, more favorable than
those of deserts, with parallel, intermediate, ranges of ;productivities.

As Table 4-6 also illustrates, the productivity of forests is strongly concen-
trated (98%, 99%, or more) in the tree stratum itself. Many woodlands have
an appreciable fraction of their productivity in the undergrowth; and in some
(e.g., Table 4-6, column 2) undergrowth production exceeds that of the very
open tree stratum. The largest shares of forest production are in the stem wood
and in the current twigs and leaves; each of these makes up 30-40% of above-
ground production in many forests. Branch production is 20-30% of above-
ground production in many forests, but lower in dense stands, particularly of
conifers Madgwick, 1970; Satoo, 1971), and higher in some young and open-
growth stands. Estimates of fruit production are often between 1% and 5%.
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Flower and bud-scale productions are smaller (0.2% and 0.8%, respectively,
at Hubbard Brook, Gosz et al., 1972; cf. Ovington, 1963; Hytteborn 1975). The
fraction of forest production directly harvested by herbivorous animals is sur-
prisingly small. Leaf consumption by insects, as a major part of this harvest,
seems to be mostly 1-8% of leaf production and less than 3% of aboveground
net production (Brdy, 1961, 1964; Whittaker and Woodwell, 1969; Andersson,
1970; and Reichle et al., 1973a, b).

Toward the less favorable environments of woodlands, rates of wood growth
decrease (as indicated by the mean radial increments and basal area increments
of Table 4-6). Correspondingly, the distribution of production among tissues
shifts toward less favorable environments, with the fraction in stem wood de-
creasing to 10-20%, that in twigs and leaves increasing to 50-60%. The frac-
tion in branch wood and bark may also be higher in woodlands in most cases.
(As will be discussed, root productivity is probably 15-20% of the total in
forests, probably higher in many woodlands.) Young forests (columns 4, 5,
and 7) compared with mature forests (columns 6 and 8) have lower biomasses
and biomass accumulation ratios and, in many cases, larger fractions of produc-
tivity in branch wood and bark. Biomass of forests is even more strongly con-
centrated in the tree stratum, and in the stem wood of the trees, than is the
productivity. The general relationship of forest biomass to productivity, finally,
is indicated in Fig. 4-3. The oblique band includes the climax and near-climax
samples; for these a trend of increasing biomass with increasing productivity is
evident. For immature forests, in contrast, the relation of biomass to productivity
is highly variable and age-dependent. The samples in the oblique band below
about 15 kg/m? are woodlands. The intersection of the band with the horizontal
axis marks a range of productivity below which vegetation dominated by trees
is not supported, and shrublands and grasslands occur. The level of productivity
at which this replacement occurs can be very different with difference in climate
and effects of fire.

Reliability

In two studies dispersions were measured for productivity estimates in sets
of five standard 0.1-ha samples. In a set of spruce—fir samples in the Great
Smoky Mountains (Whittaker, 1966) the coefficient of variation for the most
critical measurement, estimated volume increment, was 4.0%, versus higher
values for basal area (15.8%) and volume (23.0% ). The spruce—fir samples
varied in density and volume because of the reproductive cycle—death of greater
numbers of old and heavier reproduction of young trees in some samples than
in others. The lower wood radial increments in the denser stands suggested,
however, that volume increments in these sets of stands were convergent despite
the differences in volume. The Brookhaven oak—pine samples (Whittaker and
Woodwell, 1969) differed in volume growth since the last fire, and a wider
dispersion of estimated volume increments (CV = 11.8%) probably includes
effects of place-to-place difference in habitat.

Although the allometric approach to mixed-age forests is almost inescapable,
statistical aspects of the treatment are subject to questions which cannot be
resolved here. In dealing with forest trees the dispersions of points about the
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FIGURE 4-3. Forest and woodland biomass in relation to net primary
production, both aboveground. Circles represent climax and near-
climax stands, squares represent immature stands; trend line, fitted
to circles only, is Mass = 0.0625 Prod — 25. Data are from forest
production samples of first author (numbers): Whittaker (1963,
1966), Olson (1971), Whittaker and Woodwell (1969), Whittaker
et al. (1974), Whittaker and Niering (1975); and from Duvigneaud
et al. (1971, D), Kestemont (1971, K), and Arvisto (1970, E).

regression lines, and consequently the probable errors of estimates for individual
trees, are large. The logarithmic regressions of current twig and leaf production
on DBH in Pinus rigida and Quercus alba at Brookhaven give coefficients of
correlation of 0.98 and 0.96, but the estimates of relative error are 1.27 and
1.45 (Whittaker and Woodwell, 1968; cf. Bunce, 1968). The latter values imply
expected departures of points from the line of the order of 21-27% in the first
case, 31-45% in the second. (For a logarithmic regression, the estimate of
relative error of 1.27 implies a range from 1.27 y to y/1.27, hence from +27%
to —21%, in the central part of the size distribution of trees.) As a partial esti-
mate of sample error Andersson (1970) has summed the deviations from regres-
sions for the species in his forest quadrats and estimated the 95% confidence
limits as 3.5-6.5% for biomass values, 6.5-9.7% for production values.
Although regressions in the form log y = A4 + Blog x seem biologically
and mathematically the most generally appropriate means of relating dimensions
of trees, the logarithmic calculations can cause systematic error (Zar, 1968;
Madgwick, 1970; Crow, 1971; Baskerville, 1972, Beauchamp and Olson, 1973).
(Alternative formulas also have their problems.) For each range of the inde-
pendent variable x the log transformation reduces the effect of high values of
the dependent variable y relative to that of low values on the calculation of the
regression. The effect is as if the regression line were fitted to the geometric
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means of y for different ranges at x, rather than to arithmetic means of y. The
geometric mean is smaller than the arithmetic mean; and the regression estimate
of y, for a given value of x, is smaller than the arithmetic mean of a set of
actual measurements of y for that value of x. When the regressions are applied
to the trees in forest samples, biomass underestimates of 10-20% can result
(Baskerville 1972). Means of correcting for this error are discussed by Basker-
ville (1972) and Beauchamp and Olson (1973).

A further property of allometric relations should be observed. For a given
regression and value of x, the values of y are apparently lognormally distributed
(our data, unpublished) with a dispersion that is proportional to the mean value
of y. Errors (E) of y are consequently in the form y = EAx®, not of
y = Ax? 4 E (Baskerville, 1972); and the errors of estimation for the largest
trees in a forest sample have far greater effect on the biomass estimate than
the errors for the smaller trees. Tests of the effect of log transformation have
been made by calculating logarithmic regressions for sets of sample trees, pre-
dicting biomass and production values for these trees from the regressions, and
comparing the sums of these predictions with the sums of the actual values
(Whittaker et al., 1974). The estimates were not consistently high, but variously
high or low largely depending on the error in estimating the value for the largest
trees in the sets. The correction for log transformation should give improved
biomass estimates in some cases; but there are probably others in which the
improvement is negligible in relation to other errors (Beauchamp and Olson,
1973). Productivity estimates involve two other errors—tendencies to over-
estimate production of branch wood and bark (Whittaker, 1965) and of large
and senescent trees (Ogawa et al., 1965; Whittaker and Woodwell, 1968); these
errors are opposite in direction to that from the log transformation. Correction
for log transformation probably will not improve most estimates of forest pro-
ductivity significantly.

Studies testing regression estimates against known biomass values based on
clear-cutting quadrats are few and do not treat mixed-age stands; and there are
as yet no studies thus testing production estimates. Satoo (1966), in such a
study of biomass estimation, found that logarithmic regressions tended to over-
estimate foliage weight by 1-9%. Satoo (1966, 1968b) and Ovington et al.
(1968) obtained mean-tree weight estimates for stems, branches, and foliage
that were within 7% of actual values, when based on the mean of several trees
of average basal area. Madgwick (1971) found that the mean of replicate regres-
sion estimates of stem weight was within 2% of the actual value regardless of
choice of independent variable; standard deviations of these replicate estimates
were 4.5% when based on 20 trees, 5-7% when based on five trees. Foliage
was consistently overestimated 6-10% with different independent variables.
Estimates of branch weight were more highly variable with standard deviations
11-16% of mean values when based on 20 sample trees, 16-27% when based
on five sample trees. It appeared that the mean tree and regression estimates
did not differ greatly for this old-field pine stand. Crow’s (1971) weight esti-
mates based on trees of mean basal area departed from regression estimates by
1.6% for stem wood, 4.7% for foliage, and 7.0% for branches. Ribe (1973)
found that dimension analysis using logarithmic regressions for a brush of small
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deciduous trees overestimated total biomass by 6%, leaves by 11%, branches
by 13%, and stems by 3%. These studies offer a degree of reassurance on
estimation techniques for dry weights in single-age stands, but much more
limited encouragement for the more complex problems of production in mixed-
age forests.

Experience suggests certain cautions. First, there is a tendency to select
vigorously growing trees of good form for the dimension analysis, unless this
tendency is consciously counteracted. The preference for “good” sample trees
implies overestimation of productivity when regressions from these trees are
applied to field quadrat data. Second, the largest errors result from applying
regressions to the largest trees in the samples (Ogawa et al., 1965; Whittaker
and Woodwell, 1968). If, from the population of large trees in the stand, many
of them senescent or with partly broken crowns, a particularly “good” individual
has been chosen, the slope of the regression as it extends to larger tree sizes is
biased by this individual. The production estimates for the few large trees in the
sample quadrat will be overestimates for most of these trees. It is therefore
important that errors of estimation for large trees be controlled by some means:
(1) selection for dimension analysis of large trees of as typical condition for
their size range as possible, (2) correction of the production estimates for
senescent large trees in the sample quadrat by the growth rates or conditions of
individual trees, or (3) use of a hyperbolic equation (Ogawa et al., 1965;
Yoda, 1968). The latter (Fig. 4—4) is not needed for most production estimates,

Fi1GURE 4—4. Hyperbolic fit for leaf dry weight against stem
dry weight for individual trees of tropical rainforest in
Thailand (Ogawa et al., 1965). Fitted hne is1/y = 13.75/x +
0.025, with x and y in kllograrns
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but for some properties (particularly foliage production) of large trees in some
stands provides a better fit than the usual allometric equation.

Third, some sources of error may be reduced by using dimensions other than
DBH alone as independent variables (Whittaker and Woodwell, 1968; Madg-
wick, 1971). The relative errors of estimate do not show consistent advantage
for regressions using dimensionally related variables (e.g., leaf surface on conic
surface, branch weight on stem weight or volume) over regressions using DBH
as independent variable. Other independent variables may have some advantage,
however, for their better expression of individual differences in trees. Stem and
branch weight of a tree with a broken top may be less widely overestimated if
the independent variable is parabolic volume rather than DBH. Stem-wood and
branch production of a suppressed or senescent tree with narrow wood rings
may be better calculated using estimated volume increment as an independent
variable, than by using DBH. When regressions based on sample trees from one
forest stand are applied to another stand, the latter stand may differ in the rela-
tion of height to diameter and in mean wood radial increment for trees of a
given size. The calculations for the second stand may be less in error if the
biomass estimates are based on an independent variable expressing tree height
(parabolic volume), and the production estimates on an independent variable
expressing wood-growth rate (estimated volume increment).

We may, finally, comment on results from parallel calculations of biomass
and productivity of a given quadrat sample from different regressions. It is possi-
ble to construct and use with fair success regressions for biomass on DBH or
parabolic volume that combine data from a number of species (Figs. 1 and 2
in Ogawa et al., 1965; Kira and Shidei, 1967; Whittaker and Woodwell, 1968;
Bunce, 1968; Andersson, 1970, 1971). Differences in slope of regressions have
been shown for a given species in different environments (Satoo, 1962; Bunce,
1968; Whittaker et al., 1974), but it may be reasonable to estimate biomass of
a quadrat sample from regressions for other tree populations of similar growth
form. Estimates of productivity, in contrast, may show wide differences when
based on either (1) different independent variables for regressions calculated
from the same dimension analysis sample, or (2) regressions using the same
independent variable, calculated from dimension analysis samples for different,
but apparently similar, tree populations. Results of parallel calculations of pro-
ductivity from different regressions are not reassuring. Productivity estimates for
a forest should be based on dimension analysis samples and regressions that
are as directly appropriate as possible, with due’care regarding possible sources
of error in the use of these regressions.

Further research into the method is clearly needed. Apart from the evident
need for study of root and branch production estimation, there is need for
research into the sources of error and the limits of confidence of the method.
Results of this research may contribute to another objective—understanding of
where the techniques may be shortened. A production measurement that in-
cludes dimension analyses of sets of trees is laborious. There are diminishing
returns from dimension analyses of additional plant populations, but further
work is needed on the extent to which production estimates—as distinguished
from biomass estimates—can be based on interspecies regressions or on dimen-
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sion analyses of populations different from those to which regressions are
applied. Most of the regressions available are based on small- to medium-sized
trees, and these regressions cannot be extrapolated with confidence to large
trees. Dimension analyses of large forest trees are needed, and in the future
such analyses should include the whole tree and should obtain measurements
and regressions for production as well as biomass. Both foresters and ecologists
may gain by such work, by which both merchantable timber and total forest
productivity may be measured more accurately along with a wide range of sup-
porting information on forest dimensions.

Application to tropical forests

Dimension analysis as developed at Brookhaven is wholly dependent on
those marks of age and growth rate—wood rings and bud-scale scars—that
occur in most temperate-zone woody plants for its estimation of productivity.
It cannot be used in this form to answer a principal question for the tropics—
the net productivity of old or climax, mixed-age forests in climates without
seasonal contrasts that result in wood rings. Extension of the method to tropical
forests (cf. Miiller and Nielsen, 1965; Kira et al., 1967; Kira and Ogawa, 1971;
Jordan, 1971) may involve: (1) sample quadrats in which the growths and
deaths of trees are followed through a year or a longer period, with measure-
ments of the increase in diameter (and if possible, height) of the individual trees
during this period; (2) dimension analysis of trees for biomass relations to
diameter (and height) at least to obtain regressions; (3) calculation, using these
regressions, of the stem and branch biomass of the trees in the sample quadrat
at the beginning and end of the study period, subtraction of the values to obtain
stem production (partitioned if possible betweeen wood and bark) and increase
in branch (wood and bark) mass. Addition to the latter value of lost branch wood
and bark, collected as litter; (4) estimation of root production either from the
root/shoot biomass ratio times shoot production or (in young forests) from the
root mass increase during the study period with some correction for root loss;
(5) independent estimation of foliage production from litter collections corrected
for loss, or from foliage biomasses and leaf turnover times for the species.

Application of these and related methods to tropical forests permits only
preliminary conclusions. The rate of growth of some tropical successional forests
is legendary; it has been thought that tropical forest productivity much exceeded
that of temperate-zone communities (Becking, 1962). It appears now, however,
that the same range of 1000-3000 g/m?/year includes most temperate and
tropical forests (Whittaker, 1966; Brunig, 1974); but that high values are more
common in the tropics. From them result higher means, as discussed in Chap-
ter 11 by Murphy in this volume.

Root and Shoot Relationships
Excavation

The study of productivity aboveground is affected by complexity of structure,
but study of productivity belowground is affected also by the inaccessibility of
roots. Knowledge of root production is consequently more primitive than that
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of shoot production; and much of what we know is limited to, or based on, a
first, crude datum—the mass of roots present. Even this mass is not so simply
obtained. The two major approaches to its determination are based on the roots
in volumes of soil, and the roots of individual plants.

Bray et al. (1959) (see also Ovington et al., 1963; Wein and Bliss, 1974)
used a cylindrical corer driven into the soil with a sledgehammer to obtain
samples from which the roots could be separated, and the mass of roots per unit
surface area determined. The place-to-place variability of such samples (like that
of other soil characteristics) is high, and a considerable number of samples are
necessary to give a reliable mean value. Lieth (1968) (see also Schuster, 1964;
Jenik, 1971; White et al., 1971) obtained the root mass of maize (Zea mays)
by digging pits somewhat more than 1 m deep. One side of the trench was a
carefully flattened vertical surface, and from this soil cubes, 20 cm on a side,
were removed to represent the different depths in the soil. Given either soil
cores, or soil cubes, the root mass may be obtained by first crumbling the soil
samples and removing the larger roots by hand, and then washing the remaining
soil in a sieve that retains the fine roots. It is sometimes possible to distinguish
the roots of different species, and to separate them to obtain biomass values for
species from the root samples.

Root cores and trenches are feasible in grasslands, but for forests the more
common practice is excavation of the roots of individual plants. Such excava-
tions are, however, laborious. As observed by Lieth (1968), obtaining one
figure for root mass for a sample may require three to five times more labor
than all the other tissues together. The difficulty of obtaining root data increases
exponentially with the size of the plants, and for trees some labor-saving means
of excavation become necessary if useful data are to be obtained.

In some cases the mass washing of roots from the soil is feasible, if the
community under study is accessible to a tank truck with a power hose. With
or without prior excavation, the jet of water from the hose may wash soil from
the root systems while leaving them largely intact. Some loss of fine roots is
inescapable, and enough larger roots may be broken that correction by the
procedure that follows is needed. If washing is feasible, however, the investi-
gator may count himself fortunate for both quality and ease of collecting of
root data.

The student of mountain vegetation distant from a road does not share in this
fortune. In various studies of mountain forests and shrublands, root systems
have had to be excavated without the aid of water and with the acceptance of
substantial loss of roots by breakage. In the authors’ work with shrubs and
successional trees (Whittaker, 1962; Marks, 1971, 1974) roots were dug out
by hand using spades, trowels, and patience to obtain root systems that were
reasonably complete. For larger shrubs and trees the demands on time and
patience to obtain complete root systems are excessive. It may be feasible, how-
ever, to dig out the major share of the roots attached to a plant, together with
loose pieces of its own and other plants’ roots. Those pieces that have all their
branch roots can be matched by the diameters at their bases, to the diameters
of the broken ends of roots attached to the plant, in order to obtain an esti-
mated fresh weight of roots lost in excavation. This weight is later converted,
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along with that of the rest of the root system, to a dry weight on the basis of
root systems or samples weighed both fresh and dry.

Finally, roots of trees have been excavated with the assistance of dynamite
(Whittaker and Woodwell, 1968; Whittaker et al., 1972). Dynamite sticks, in-
creasing in number with size of the root system, are placed around and under the
root crown; these can be placed so that they both lift the root systems from the
soil and break larger root crowns into manageable pieces. The crown pieces are
assembled, and larger roots remaining in the crater are hand excavated as far
as possible and matched by their bases to broken ends on the crown. The roots
attached to the crown are cut off and combined with the excavated roots, crown
pieces and roots are weighed, and the diameters of distal broken ends of roots
are recorded. During the excavations for a set of trees of a given species, addi-
tional sample roots of a wide range of sizes are dug up by hand or washing, as
complete as possible. Regressions are computed for this set of sample roots,
relating root dry weight to root basal diameter. The regressions are used to
estimate, from the broken ends recorded, the dry weight of roots lost in excava-
tion. An interspecies regression for roots of deciduous forest trees in the Hubbard
Brook forest (Whittaker et al., 1974) is, log,, RDW = —2.1604 -+ 2.0705
logiy RBD, r = 0.947 for 190 roots, RDW is root dry weight in grams, RBD
root basal diameter in centimeters. The regression for 64 roots of Picea rubens
at Hubbard Brook was, log RDW — —2.1427 + 2.0442 log RBD; a regression
for shrub roots of three species (Quercus ilicifolia, Gaylussacia baccata, Vac-
cinium vacillans) at Brookhaven National Laboratory was log RDW = —1.1208
-+-2.2085 log RBD (Whittaker and Woodwell, 1968). Roots differ, however, in
taper between some species and habitats as well as between upper and lower
roots on the same root system of some species. Some species have clearly dis-
tinguished tap roots that taper rapidly with depth, and horizontal roots of slow
taper. Regressions for these two root types in Pinus rigida at Brookhaven
(Whittaker and Woodwell, 1968) were tap roots log RDW = —1.4309 -
2.2907 log RBD, horizontal roots log RDW = —0.8303 -+ 2.1325 log RBD.

Root/shoot ratios

Extraction of roots from soil samples can give a direct value of root mass per
unit ground-surface area. More commonly, however, it is a ratio of root to shoot
dry weight that is sought through excavation of roots of individual plants. A
mean root/shoot ratio for these, applied to a measure of aboveground biomass
for the community, gives the desired belowground bic}mass. (For plants with
belowground stems the below- /aboveground mass ratio is not really, of course,
a root/shoot ratio although we shall refer to it as such.)

Root/shoot ratios are not consistent and even within a single community
divergence in these ratios and in root patterns may be part of the niche differ-
entiation among species—differentiation toward different use of space and re-
sources in the community. Table 4-7 compiles some root/shoot ratios; as
column 6 shows, these ratios differ widely in different plants and communities
(Bray, 1963; Monk, 1966; Rodin and Bazilevi¢, 1967, 1968). Some annual
herbs are most economical in use of their production for belowground tissues,
and these may have root/shoot ratios below 0.1. Some perennial herbs in con-
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trast transport the greatest share of their production belowground, to root sys-
tems three to five times more massive than their shoots. Their belowground
structures (that may include rhizomes or other underground stems) give the
plant a protected base of survival through the unfavorable season, as well as
underground storage of food to support the next summer’s early shoot growth.
Some shrubs with rhizome systems (Table 4-7, Vaccinium, Gaylussacia, etc.)
also have high “root”/shoot ratios, as do some shrubs with heavy root crowns in
fire-adapted communities (Quercus ilicifolia). Other shrubs (Clethra acuminata,
Viburnum alnifolium) more nearly resemble small trees in their root/shoot
ratios.

Two of the trees in Table 4—7 (Quercus alba and Q. coccinea at Brookhaven)
have high root/shoot ratios because in this forest, as in a fire-adapted shrub-
land, root crowns have survived past fires and are old and heavy in comparison
with the shoots they now support. For many trees, the ratios range downward
from somewhat over 0.4 for seedlings, to 0.2-0.3 for young trees, to below
0.2 for large trees (Ovington, 1962; Art and Marks, 1971). In a given species
the root/shoot ratios decrease with age (note Rhododendron maximum and
Acer saccharum), and increase toward drier environments (Bray, 1963; Whit-
taker, 1962; Harris et al., 1973). A ratio of 0.2 has been used as an approxi-
mate intermediate value for forest trees since the early work of Moller (1945,
1947), and a recent intensive study (with 81 root systems excavated at Hub-
bard Brook, Whittaker et al., 1974) gave mean values for elevation belts in
deciduous forest quite close to this (0.18 to 0.21). The mean value for the fire-
adapted Brookhaven forest is much higher, 0.59. The over-all relation of root/
shoot ratios to plant size, for several species of shrubs and small trees, was
expressed by Whittaker and Woodwell (1968) as a regression: log (root/shoot
ratio) = —0.0473 — 0.414 log (shoot basal diameter, cm). Regressions relat-
ing root-system dry weight (RSDW) to woody shoot system dry weight (SSDW)
are: log RSDW = 0.4374 4 0.7887 log SSDW (shrubs and small trees only,
Brookhaven and Great Smoky Mountains), and log RSDW = —0.1826 —
0.9037 log SSDW (small and medium-sized trees, Hubbard Brook). Figure 4-5
gives root versus shoot weights for individual trees, from the authors’ and
others’ data. In this plot, the smallest individuals are Acer saccharum and young
successional Prunus and Populus. These, in contrast to most shrubs and many
small-tree species, have low root/shoot ratios. With shrub species with heavier
roots excluded from Figure 4-5, a single allometric trend connects the wide
range of seedlings, saplings, and trees represented. The slope B of this trend
is different from those for the Brookhaven and Hubbard Brook regressions, and
close to 1.0.

Root production

Root production is in most cases impossible to measure directly in the field.
In principle, the same approaches through wood rings can be applied to root
crowns and rhizomes as to stems, and the same approach through weight—age
relationships can be applied to roots as to branches. The editors of this volume
have experimented with such applications (Lieth, 1968; Whittaker, 1962), but
they have had no systematic use on communities. The fact that wood rings, and
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FIGURE 4-5. Root system dry weight against shoot system dry weight
(including foliage) for individual trees of various species, from data
of authors and others. (L. K. Forcier supplied data for Acer
saccharum seedlings.) Smallest individuals are seedlings of

Prunus pensylvanica and Acer saccharum. Intermediate size indi-
viduals are Populus tremuloides and Prunus pensylvanica; the
largest are Acer saccharum, Betula allegheniensis and Fagus
grandifolia. All trees were sampled in New Hampshire.

consequently ages, seem even more uncertain in roots than in branches makes
such applications questionable. In some plants increase in root mass can be
measured late in the season, as profit from the summer’s photosynthesis is trans-
ferred underground. Therefore, in a grassland root mass at its minimum in late
winter can be subtracted from the maximum in late summer as an indication of
belowground growth (Dahlman and Kucera, 1965; Evans and Wiegert, 1966;
Singh and Yadava, 1974). This difference is at best a low estimate of root pro-
duction, and for many plants the change in root mass is not easily related to
aboveground and total net primary productivity. If the leaves are exposed to
tracer CO,, then after a suitable time the distribution of the tracer above- and
belowground may express the ratio of net primary productivity above and below-
ground. The reliability of such measurement may be affected by the rates of
transfer and respiration of the tagged organic matter in the plant. Extensive
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transactions beneath the soil surface, involving multidirectional movements of
material between roots, mycorrhiza and other microorganisms, and soil, may be
not merely unmeasured but largely unknown.

Most estimates of root production for trees are based on the assumption that
the ratio of production to mass must be similar for the root system and the
shoot system (Whittaker, 1962; Newbould, 1968; Kira and Ogawa, 1968; An-
dersson, 1970). The amounts of annual loss of root hairs and roots from plants
in the field are almost unknown. The ratio of wood and bark production to mass,
aboveground, times root system mass is likely to give an underestimate of root
production because it omits root loss from consideration. The ratio of total
aboveground production (including leaves) to mass, aboveground, times root
system mass probably gives an overestimate. True root production may well lie
between these two values (Whittaker, 1962). Some improvement of the estimate
may be possible by summing: (1) the ratio of stem-wood and bark growth to
stem mass times root crown mass, and (2) the ratio of branch wood and bark
growth plus current twigs to branch mass, times root mass without crowns
(Whittaker et al., 1974). In the Liriodendron forest at Oak Ridge, Tennessee,
change of root biomass with season was followed by extracting roots from soil
cores and pits (Reichle ef al., 1973). The measurements indicated an increase
of 750 g/m®/year in lateral root mass, this increase being about 80% of the
amount fixed in aboveground and root crown tissues. These results, which sug-
gest that the conventional forest root/shoot production ratio of 0.2 may be a
serious underestimate, have not yet been tested in other forests. No independent
measure of forest root production, by which these divergent estimates might be
checked, is available. For other discussions of root production see Bray (1963),
Lieth (1962, 1968), Newbould (1967, 1968), and Ghilarov et al. (1968).

Gas-Exchange Approaches
Cuvettes

Gas-exchange approaches to measuring productivity have varied widely with
investigators’ purposes and objects of study. Infrared analysis of CO. content of
air has made possible extensive application of gas-exchange measurements to
terrestrial communities. Recent papers (Eckardt, 1968; Larcher, 1969; Wood-
well and Botkin, 1970; Lange and Schulze, 1971; Schulze and Koch, 1971;
Mooney, 1972; Tranquillini and Caldwell, 1972) cover details of the most
commonly used leaf and plant cuvettes or chambers and equipment for CO,
analysis.

The largest number of studies deal with photosynthesis of individual leaves
or twigs in cuvettes or transparent cylinders, and measure the CO, content of
air as it enters and leaves the cuvette. The possibility that CO, dissolved in
the transpiration stream may be fixed photosynthetically in the leaves has not
been investigated to our knowledge. The preferred measurement in gas-exchange
work would be gross photosynthesis per unit leaf area. Because of various
difficulties, notably those of measuring photorespiration (Zelitch, 1964; Botkin
et al., 1970; Black, 1971), net photosynthesis or net assimilation rate is usually
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measured (Schulze and Koch, 1971). Any single value, whether gross or net,
must fail to express differences between plant species in light and dark respira-
tion and assimilate use, to say nothing of community-level differences in respira-
tion and photosynthetic efficiency in relation to leaf area and arrangement (see
Watson, 1958). The many advantages, primarily in measurement, of working
with CO; flux in a single, attached leaf in a small leaf chamber under conditions
that can be reasonably measured and controlled have been summarized by
Wallace et al. (1972).

Monitoring of net assimilation of CO, in individual, attached leaves is prob-
ably most useful for study of difference in assimilation rates in different species
and in different environments; it is of questionable value for study of com-
munity productivity. There are problems enough in monitoring CO, flux for an
individual leaf in a growth chamber (minimizing chamber eflects, selecting a
leaf of standard age, as age affects net assimilation rate, taking into considera-
tion leaf position on the plant, water status of the entire plant and of the leaf
in the chamber, and so on). For communities, these problems are joined by
others involving respiratory losses of branches, stems and roots, and different
and complexly changing exposure of leaves and plants to light and other en-
vironmental factors (Botkin et al., 1970; Woodwell and Botkin, 1970). Bark
photosynthesis may supplement leaf photosynthesis and may need to be allowed
for in calculating branch respiration and total production (e.g., Pearson and
Lawrence, 1958; Strain and Johnson, 1963; Perry, 1971). The further Iabor of a
dimension analysis of the forest may be needed to convert photosynthesis
measurements on individual leaves or twigs and respiration measurements on
particular bark surfaces to estimates for the full foliage and bark surface of the
community. In principle the full range of measurements are possible; extensive
labor and technological support made possible both dimension analysis and
the necessary gas-exchange measurements in numerous cuvettes for two young
forests at Brookhaven National Laboratory (Woodwell and Whittaker, 1968;
Woodwell and Botkin, 1970; Botkin et al., 1970) and Oak Ridge National
Laboratory (Reichle et al., 1973b). In practice for many research projects, the
effort necessary to close the gap between gas exchange for leaves or twigs in
cuvettes, and community productivity, is prohibitive. Gas-exchange measurement
of terrestrial productivity is not lightly to be undertaken.

Micrometeorologic approach

The difficulties of integrating measurements in cuvettes make attractive an
alternative—study of whole-community gas exbhange, with measurement of
daytime depletion and nighttime accumulation of CO, in different strata of the
community (Baumgartner, 1969). Such techniques have been applied to agri-
cultural communities (Lemon, 1967, 1968; Monteith, 1968; and Inoue, 1968),
grasslands (Totsuka ez al., 1968), tundra (Johnson and Kelley, 1970), and
forests (Baumgartner, 1968, 1969, Woodwell and Dykeman, 1966; Lemon et al.,
1970; Allen et al., 1972). The approach has advantage over use of cuvettes in
that natural conditions are maintained during the course of measurement. Com-
munity characteristics of obvious importance to production such as leaf arrange-
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ment and canopy architecture are undisturbed; measurements of these become
part of the basis of the production estimate. Study of such community-level
characteristics should bring closer together gas-exchange measurements and
actual dry matter production. Lemon (1969) reports good agreement between
light saturation curves for corn determined by his own work monitoring diurnal
course of CO, flux intensities at different heights in the community, and curves
determined by Musgrave using individual, attached corn leaves in plastic cham-
bers.

H. T. Odum and Jordan (1970) sought to measure community gas exchange
in a giant plastic cylinder (60 ft across) enclosing a piece of Puerto Rican rain
forest. Ordway (1969) gives a critical evaluation of both giant cylinder and
micrometeorologic approaches.

The Brookhaven inversion approach

A variant of the micrometeorologic approach was used at Brookhaven Na-
tional Laboratory, New York (Woodwell and Dykeman, 1966). Local tem-
perature inversions, which served as a barrier to CO, escape, were used to
measure nocturnal accumulation of CO,. As would be expected, the accumula-
tions of CO, were temperature dependent. The nighttime accumulation of CO.,
which is most pronounced near the soil surface, represents total plant and
consumer respiration. Woodwell and Dykeman measured this nocturnal buildup
of CO, under temperature inversions throughout the year as meteorologic con-
ditions permitted, and then plotted rate of CO. production on a daily basis
against mean temperatures. Relations between CO, production and temperature
differed with season; cold adaptation of the organisms and community appeared
in lower rates of CO, release at a given temperature in the dormant, than in the
growing, season. Using these CO.—temperature relationships total ecosystem
respiration for the year was estimated from local temperature records. As in
other field studies, light and dark respiration were treated as the same (lacking
means of correcting for this recognized error). We might expect that, in a fully
mature, climax community total respiration (of plant, animals, and saprobes)
should approximate gross primary productivity. In the young Brookhaven forest
it did not, but total respiration could be related to gross and net primary pro-
ductivity and net ecosystem production on the basis of other studies of the
forest (Woodwell and Whittaker, 1968; Whittaker and Woodwell, 1969).

Soil respiration

Soil respiration is a useful index of overall biologic activity in the soil, and
has been suggested as an index of primary productivity (Waksman and Starkey,
1924; see also Voigt, 1962). However, the evolution of CO. from the soil,
which is what is actually measured, is not necessarily equivalent to soil respira-
tion because of losses to deep percolating water, and anerobic respiration (Lieth
and Ouellette, 1962; Woodwell and Botkin, 1970; Kucera and Kirkham,
1971). Smirnov (1955; see Voigt, 1962) found a good relationship between
CO. evolution from the soil and net productivity in various forest stands. The
relationship should be expected, as temperature and moisture conditions favor-
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able for soil heterotroph activity and root respiration should also be favorable
for primary production, most of which feeds into the soil heterotroph system
in mature forests.

Lieth and Ouellette (1962) and H. T. Odum et al. (1970) have discussed
usefulness and problems of method. Chief among the latter is the disruption of
natural air circulation when any closed chamber or funnel-like device is placed
on the soil surface. At one extreme, when a closed chamber is used so that CO,
from the soil diffuses into still air, measurements of CO, flux are probably low
(H. T. Odum et al., 1970). At the other extreme, when air is pumped through
an open chamber into a gas analyzer, CO, can actually be pulled out of the soil
to produce an overestimation the degree of which depends on flow rate (Kucera
and Kirkham, 1971). Reiners (1968) and Kucera and Kirkham have devised
sampling systems that strike a compromise between these extremes.

The sources of the CO, liberated from soils include decomposition of many
components of aboveground litter, organic compounds in stemflow, throughfall,
and root exudates, and sloughed root tissue and dead roots, along with respira-
tion of roots and of animals. Carbon evolution from soils is consequently
greater than the carbon contribution to the soil in litter (Reiners, 1968; H. T.
Odum et al., 1970; Kucera and Kirkham, 1971). Much as we should like to
separate the components of soil CO, release, the problems seem insurmountable
for the present, at least, in forests. For tall-grass prairie, Kucera and Kirkham
(1971) offer as a tentative breakdown 60% of total CO, release from decom-
poser respiration and the balance from root metabolism.

Gross primary productivity

We trust a sense of the difficulty of gas-exchange measurements may be
communicated. Further details of carbon cycling in the plant that affect the
interpretation of gross productivity and its relationship to net productivity are
beyond the scope of this chapter. Despite ecologists’ interest in total energy
flow through the community, practicalities of method have pressed ecologists’
concerns away from gross and toward net primary productivity. The standard
measurement by which productivity of land communities is to be expressed and
compared is consequently net primary productivity in dry matter, g/m?/year,
the basic datum from which concern may variously proceed to biomass accumu-
lation and turnover, to gross productivity by way of respiration measurement
or estimate, to energy flow by way of caloric equivalents, to nutrient cycling by
way of elemental contents of tissues, to animal. productivities by way of con-
sumption, and to productivity as carbon for comparison with aquatic produc-
tivities thus expressed. Although research feasibility has influenced the emphasis
on net productivity, it can be argued that this is as fundamental a community
characteristic as gross productivity; for net productivity is the basis for biomass
accumulation and community structure, and for the function of all trophic levels
above the plants. A few generalizations on gross primary productivity can be
offered.

The fraction of gross primary productivity expended in plant respiration is
variable over a range of probably 20-80% . In an early study of maize, Transeau
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(1926) reported respiration to be 23% of gross productivity; values for other
annual plants are 20-40% (Miiller, 1962). For a young ash woods Mdller et al.
(1954a,b) estimated 29% ; estimates for other temperate successional forests
are 40-60% (Moller et al., 1954a, b; Ogawa et al., 1961; Miiller, 1962; Yoda
et al., 1965; Woodwell and Whittaker, 1968). Higher respiration rates have
been obtained in tropical forests, as observed above (Miiller and Nielsen, 1965;
Hozumi et al., 1969a; Kira et al., 1964, 1967; Kira, 1968). Some of these
forests, with high net productivity and high plant respiration have gross primary
productivities of 10,000-12,000 g/m?/year, as a probable maximum for ter-
restrial natural communities.

Two major correlations for respiration rates suggest themselves. For plant
communities of comparable structures, the respiration rate increases with tem-
perature. For communities at comparable temperatures, the respiration rate
increases with massiveness of community structure. The latter may be expressed
as biomass or, perhaps more appropriately, as the biomass accumulation ratio
(biomass/annual production), since the latter more directly represents the
“load” of respiring tissue to be supported per unit of productivity. The relation-
ship of community respiration to biomass accumulation ratio in temperate and
tropical communities is shown in Fig. 4-6.

FIGURE 4-6. Plant respiration rate (as percentage of gross primary
productivity) against biomass accumulation ratio (biomass/net
annual production). Data for temperate communities (circles) from
H. T. Odum (1971), Ovington (1962), Whittaker and Woodwell
(1969), Ogawa et al. (1961), Moller et al. (1954b), and Maruyama
(1971). Data for tropical communities (squares) from Miiller and
Nielsen (1965), H. T. Odum (1971), Ogawa et al. (1961), and
Kira et al. (1967). Hand-fitted trend line for temperate communities
is %Ra = 35 4 20 log BAR.
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For some communities data obtained by different techniques permit calcula-
tion of production balances. For a fully mature climax community on land,
total community respiration should equal approximately gross primary produc-
tivity; and the production balance becomes rather simply, as illustrated with
values for a tropical forest (Kira and Ogawa, 1971, assuming the forest to be
climax):

GPP

NPP + R, = R, + R,
12,300 —

= 2

= 3000 4+ 9300 3000 -+ 9300 &/mM/year
(R, and R; are autotroph and heterotroph respiration, respectively.)

For a typical cereal crop

GPP = NPP + R, = R, + R, + Yiedd
800 — 650 + 150 = 450 - 150 - 200 &/™/year

if about 30% of the NPP is harvested as grain and the remainder is left in the
field as mulch until decomposed. For forests the difference between GPP and
total respiration is “yield” only if harvested. The difference otherwise appears
in the accumulation of wood and bark and soil organic matter as net ecosystem
production. For the Brookhaven forest, various techniques of dimension analysis,
leaf harvest measurement, and gas exchange in cuvettes and beneath inversions
were brought to bear on the determination of the production balance (Wood-
well and Whittaker, 1968; Whittaker and Woodwell, 1969). A comparable
analysis has been carried out by Reichle (1973b) at Oak Ridge National Labora-
tory, Tennessee, in a young Liriodendron tulipifera (tulip poplar) forest similar
to column 7, Table 4-6, but less productive. Only incomplete measurements of
plant respiration and no measurements of animal consumption belowground
are available. With inferences regarding these, however, the production balances
for these two forests become

GPP = NPP + R, = R, + R, -+ NEP
Brookhaven

2646 = 1195 4 1451 = 653 4 1451 + 542 g/m?/year
Oak Ridge )

3280 — 1380 + 1900 = 1060 + ' 1900 + 320 g/m?/year

The net ecosystem production is in these cases wood and bark accumulating
as net community growth. These young forests are characterized by ratios of
NEP to NPP of 0.45, and 0.23, and of total respiration to GPP of 0.80 and
0.90. As the forests mature to climax stature these ratios should approach 0.0
and 1.0, respectively. (“Approach” rather than equality is indicated because in
climax there may be some net import, or export, of leaf litter or soil organic
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solutes. Also, in some climax communities there is slow accumulation of net
ecosystem production as peat.)

Leaves, Chlorophyll, and Light

It is natural to seek short-cuts to estimation of productivity through indices
that relate to photosynthesis. Among the indices that suggest themselves are:
the dry weight of current twigs and leaves (previously discussed in connection
with estimative ratios), annual fall of leaves in litter, leaf-area index, chlorophyll
content per unit area, and light extinction by the foliage.

Of these, the use of the dry weight of current twigs and leaves as an approach
to production has been discussed. “Clipping dry weight” can indeed serve as a
basis of production estimate, but this use requires knowledge of the ratios of
clipping weight to total production. Much the same is true of annual litter fall.
The amount of leaves collected in litter baskets tends seriously to understate
actual leaf production (Bray and Gorham, 1964 ). Furthermore, similar amounts
of leaf litter can be obtained from forests differing significantly in productivity
of woody tissues. The more productive the forest is in growth of woody tissues,
the less effectively litter collections express its productivity. Many temperate-
zone forests are convergent in the amounts of their leaf productions (300400
g/m?/year) while differing widely in rate of wood and bark growth.

Leaf-area index (mean number of square meters of leaf surface above a
square meter of ground surface) and chlorophyll content are more directly
expressive of the photosynthetic apparatus of the community. For a given species
or kind of community, these may be strongly related to productivity (Fig. 4-7);
for different plants and communities their relation to productivity is weak (Figs.
4-8 and 4-9). As expressions of forest productivity leaf area index and chloro-
phyll content are subject to the same limitations as leaf mass—they are con-
vergent in forests of quite different growth rates. They are at the same time
divergent in evergreen, as compared with deciduous forests of the same produc-
tivities (see Fig. 4-9 and Chapter 5). Light extinction, from the upper surface
of the community to the ground surface, is also correlated with foliage mass,
leaf area and chlorophyll, and productivity; but the correlation with productivity
again is loose. These measurements are surely of interest in the study of pro-
ductivity; but their bearing on the amount of productivity is, in general, sug-
gestive rather than effective (Medina and Lieth, 1963 1964; Whittaker, 1966;
Whittaker and Woodwell, 1971).

Some of their limitations might well be escaped by a more detailed analysis
of community structure and photosynthetic function. Models of community func-
tion based on structure and light relationships, or these plus gas exchange, as
determinants of photosynthesis have been developed by a number of authors
(Monsi and Saeki, 1953; Saeki, 1963; Monsi, 1968; Kuriowa, 1968; Duncan
et al., 1967; Maruyama, 1971; Lemon, 1967; Lemon et al., 1970; see also the
section on gas exchange). Such models are approximate when they are simple,
and of formidable complexity when they are detailed enough to be accurate.
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They may be better regarded as directions of research toward understanding of
productivity than as bases of measuring productivity.

Conclusions

It would indeed be a welcome circumstance if one simple measurement were
a sufficient index of relative productivity of land communities. There may be no
such measurement. Figure 4-10 shows relationships of forest production to three
other accessible measurements: mean tree height, basal area, and estimated
volume increment.

Tree height at a given age has long been used in practical forestry as an
index of site quality and relative productivity of plantations. In natural forests
of mixed ages production is related to height, but less simply. Figure 4-10
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FIGURE 4-9. Leaf-area index (square meters of leaf blade surface
per square meter of ground surface) in forest and shrub com-
munities, in relation to aboveground net primary productivity.
(O) Deciduous broadleaf species; ([1) evergreen broadleaf species,
and triangles evergreen needleleaf species. Surfaces are based on one
side only of broad leaves, but full perimeter of needles. Visual trend
lines are for evergreen needle leaf and deciduous broadleaf species.
Data are from Art and Marks (1971), Kira et al. (1967), and
work of the authors.

shows that for climax forests in the Great Smoky Mountains the relationship is
significant (coefficient of correlation r — 0.85, Whittaker, 1966). It is not, how-
ever, tight enough to use as an index of climax productivity; and it does not
apply to young forests. Because the trees of a climax forest are of mixed heights,
a best number for canopy height is not easily determined. Figure 4-10 is based
not on canopy but on weighted mean tree height (2 X parabolic volume/basal
area). Basal area (square meters of stem cross-sectional area at breast height
per hectare), a common measure of forest structure, is poorly related to pro-
ductivity (Fig. 4-10). Estimated volume increment, which includes radial
wood growth at breast height as an index of growth rate, is a useful first index
of forest production (Fig. 4-10). The variation of radial increments at different
heights on a tree stem implies that estimated volume increment is an expression,
not a measure, of actual stem wood growth. Ratios of these two in sets of woody
plants that have been analyzed are 1.17-1.57 in arborescent shrubs, 1.35-1.62
in small and 0.94-1.18 in larger trees (Whittaker, 1962; Whittaker and Wood-
well, 1968; Whittaker et al., 1974). Ratios of leaf production and branch pro-
duction to stem-wood production also are variable. Although no single index of
productivity seems adequate, a combination of indices—such as estimated
volume increment with a correction for tree branching form and an independent
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estimate of foliage from litter collections or regression on parabolic volume—
might prove serviceable. A variety of indirect methods useful for the assessment
of NPP were discussed in Lieth (1962) and Lieth (1965). The use of phyto-
sociologic information cannot be included here.

Prediction of productivity from environmental variables may also be consid-
ered. For terrestrial communities principal variables are moisture availability
and temperature; additional ones are sunlight intensity, nutrient availability, and
seasonal change in climatic factors. A number of people have established cor-
relations of productivity with these variables, or combinations of them. Walter
(1939, 1964) showed that in grasslands of fairly dry climates aboveground
production increased with precipitation in a nearly linear manner, at 1 g/m?/year
per millimeter of precipitation. Particularly favorable circumstances (in con-
sistency of method and character of the communities) may be necessary to give
data with so tight a fit. Paterson (1961) has employed formulas using several
climatic variables (mean temperature of the warmest month, range between
warmest and coldest months, precipitation amount, length of growing season,
and insolation). Rosenzweig (1968) has shown an effective, logarithmic rela-
tionship between net primary production of climax vegetation and actual evapo-
transpiration; the relation is further discussed in Chapters 7 and 12 in this
volume and by Whittaker and Niering (1975). Lieth and Box have made exten-
sive use of models predicting primary productivity from environmental param-
eters. Those assessments are described in section 4 of this volume.

Russian work (Drozdov, 1971; Bazilevich et al., 1971a and b) has related
productivity to the ratio of radiation intensity and the amount of heat needed
to evaporate the annual precipitation. Productivity has been correlated with
elevation by Filzer (1951), Whittaker (1966) and Maruyama (1971). Con-
sidering climax forests only, aboveground net annual production decreased at
a mean rate of 356 g/m? and aboveground biomass at a mean rate of 230 t/ha
per 1000 m gain in elevation in the Great Smoky Mountains (Whittaker, 1966).
Maruyama (1971) illustrates highly dispersed relations of biomass and produc-
tion to elevation in Japanese beech forests, with a trend of 2000 g/m?/year
decrease in gross primary productivity per 1000 m; and Kira and Shidei (1967)
and Yoda (1968) illustrate complex, curvilinear relations of biomass to eleva-
tion (Fig. 4-11). Figure 4-12 indicates, for climax forests in the Great Smoky
Mountains, some of the relationships underlying the decrease in mean production
with elevation. Both deciduous and coniferous forests of moist sites have above-
ground net productivity in the range of 1000-1300 g/m?/year below a 1500-m
elevation. Above that elevation production of deciduous forests decreases rapidly,
but that of coniferous stands, apparently better adapted to subalpine climates,
decreases less rapidly. Production of pine forests of dry sites is lower through-
out the elevation range sampled and decreases more rapidly with elevation.
Both Whittaker (1966) and Maruyama (1971) found prediction of production
from multiple correlation with elevation and indices of topographic moisture
conditions feasible, but such correlations are not easily applied to other areas.
It is not hard to establish correlations of productivity with environmental factors
for a limited set of climax communities; but for wider ranges of communities
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FIGURE 4-11. Biomass in relationship to elevation for a series of
climax forest and shrub communities of the eastern Nepalese
Himalayas (Yoda et al., 1968). Arabic numerals and letters
represent sample plots; roman numerals are elevation zones:

I tropical and subtropical, II warm-temperate, III cool-
temperate, IV alpine.

affected by additional factors and of different ages, the data scatter widely. The
extent of the scatter, and an approach to summarizing trends in relation to
climate, are illustrated in Chapter 12.

Measurements of rates in the complex function of living systems are not easy,
whether the systems in question are cells, organisms, or communities. This
review may indicate some of the uncertainties and directions in which research
is needed, in the measurement and prediction of terrestrial primary production.
The growth in knowledge of production amounts and factors affecting these,
since the pioneer work of Boysen Jensen (1932), Burger (1929, 1953), Moller
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Fi1GURE 4-12. Aboveground net primary production of climax forests
against elevation in Great Smoky Mountains, Tennessee. Different
patterns of response are shown by conifers (abietine forests of
mesic environments, dominated by Abies fraseri, Picea rubens,
and T'suga canadensis), deciduous forests of mesic environments,
and pine forests and pine heaths of xeric environments. Numbers
at points are those of the samples of Whittaker (1966) ; temperature
data are from Shanks (1954).

(1945, Filzer (1951), Satoo et al. (1955), and Ovington (1956), nonetheless
seems impressive. Enough is known about productivity to permit some general-
izations for certain kinds of land communities and for the total land surface of
the earth in subsequent chapters.
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Measurement of
Caloric Values

Helmut Lieth

Most models and essays that consider the basic processes of photosynthesis
and primary production start with solar energy or CO, as input and end with
dry-matter weight produced as output. The importance of interpreting produc-
tivity in terms of energy also has long been realized but the large amount of
extra work necessary to convert dry-matter values into caloric values has in
many cases discouraged further investigation of energy of productivity. In this
volume the data that allow this conversion on a world scale are evaluated. The
original table (Lieth, 1972, 1973) that presented such a conversion was based
primarily on energy measurements that were made using the method described
in this chapter. Similar evaluations were attempted by Golley (1972) and Jordan
(1971), many of whose data were from the paper by Cummins and Wuycheck
(1971), which was available in prepublished form.

Although the method of energy determination described in this chapter is
still the one used most extensively in primary productivity work, a variety of
other devices are available that are based on the same or similar principles but
are specially designed for small samples or other special situations. Most of the
available methods were summarized by Paine (1971).

The data presented in this book are evaluated either directly with the bomb
~ calorimeter (see Fig. 5-1), or are calculated with conversion tables using known
chemical compositions of plant material and known caloric values of the
chemical compounds. Compilations useful for this purpose may be found in
Morowitz (1968) and Runge (1973). The tables included in this chapter are
intended as a guide for future attempts to arrive at gross energy calculations in
ecosystems similar to those presented in this book. The description of the com-
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bustion-value measuring procedure is based on an earlier work (Lieth and
Pflanz, 1968).

Preparation of Samples

Definition of the measured values

Energy measurements of biologic material require determination of the thermo-
chemical caloric content, which is defined in the German Standard leaflet DIN
51708 as follows. The calorific value of a fuel is the amount of calories liberated
while one unit of fuel is completely burned, provided that

1. The fuel at the time of ignition and the resulting combustion products are
at a temperature of 20°C.

2. The water originally present in the fuel and that formed during the burn-
ing process are in the liquid phase.

3. The combustion products of carbon and sulfur are present only as carbon
dioxide and sulfur dioxide gases.

4. No oxidation of nitrogen takes place.

For the calculation of ecologic efficiency, caloric values should be based upon
ash-containing matter, whereas for studies of translocation and growth analysis
the values should be based upon ash-free dry matter. The method of calculation
is described for both quantities in the following sections.

Collection and preparation of material in the field

Sample collection for energy studies often calls for greater care in separating
the total yield than is normally necessary for dry-matter measurements. There-
fore each component of a stand of vegetation that differs from the other com-
ponents of the harvested yield or that cannot be milled to a homogeneous
powder must be handled separately.

Suppose that a large annual forb is sampled. One would separate this at first
into the main groups: roots, stems, leaves, flowers, and fruits. Such grouping
usually appears as shown in Tables 5—-1 and 5-2. But for the actual measure-
ments, additional separations of the material are often necessary, such as leaves
of different age classes or roots or stems of different diameters. Sometimes the
need for further separation appears only while, the sample is being milled after
drying. As mentioned above, the main purpose of subdivisions within each group
is to permit subsequent homogenization of the material to be so thoroughly car-
ried out that the necessary three replicates show minimal variations of caloric
values. The deviations should not exceed 25 cal.

The harvested and sorted fresh material is weighed in its entirety. If the quan-
tity is too large, subsamples of each group must be separated, and each sub-
sample must be properly labeled and packed into a plastic bag. The crop should
be brought to the laboratory as soon as possible. The weight of one subsample
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should not exceed 250-500 g fresh weight, as the further processes of drying
and milling become increasingly difficult with larger samples.

Drying

Once in the laboratory, all samples must be unpacked, transferred into paper
bags, weighed, and put loosely into a drying oven. Using forced ventilation at
80°C, it takes less than 24 hr until the weight of the samples is constant. The
dried samples are weighed again, and the difference between fresh and dry weight
allows the conversion of the total fresh weights into dry weights.

It should be noted that great care must be taken in determining the dry-
matter production. The variability of the energy estimates depends almost en-
tirely on the accuracy of this dry-matter determination, as its variability is about
20 to 100 times larger than that of the calorie measurements.

Milling

The dried material must be homogenized before smaller samples can be taken
for energy determination. The easiest way to do this is by milling and mixing
the total sample into a uniform powder. For this purpose we use a disk-type
swing mill, the containers of which (100- or 250-g capacity) are completely
closed, so that no dust can be lost or separated. The milling process should
not exceed 5 min during which time the normal material is milled to a fine
powder. Longer processing is useless and may even overheat or partially burn
the material.

Some material is difficult or impossible to mill (e.g., stems with strong fibers
covered by soft parenchyma or material rich in liquid compounds and resins
such as seeds or young buds). Such material has to be prepared and homogenized
as well as possible by hand, and usually more replicates must be burned in the
calorimeter. The milled powder is transferred carefully from the milling con-
tainer into plastic bags or glass containers, which should be closed carefully
and labeled with the sample number. In this form the samples can be accumu-
lated and stored easily in a dry place until they can be analyzed.

Preparation of tablets or other combustion units

To measure the calorific values, compact units should be formed from the
powder as it is troublesome to weigh and process loose powder in a crucible.
Units are prepared either by packing the powder into small combustion capsules,
by melting it into waxes or paraffin, or by compressing it into tablet form. The
method chosen depends on local conditions and the nature and quantity of the
powder. Detailed descriptions for making tablets are provided below.

For making tablets, the powder should have a moisture content of ~ 5%.
This can be attained by leaving the powder overnight in open dishes in a room
with high humidity. On the following day, part of the powder can be used for
pressing tablets and the rest can be used for the determination of moisture con-
tent and ash content. Pressing the tablets requires a pressing set, which is avail-
able from the factory. The tablets should weigh ~ 1 g. The weight should be
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less when the caloric content is expected to be close to 10 kcal/g, and more
when the energy content is expected to be < 4000 cal/g.

The amount of pressure required varies according to the condition of the
material. For example benzoic acid requires > 10 atm, whereas some powdered
wood materials require ~ 100 atm to ensure smooth surfaces and sufficient
compactness, so that nothing is lost during the operations described below. Every
manipulation of the tablet, from compressing to putting it into the bomb, should
receive the greatest care to ensure accuracy of the caloric determination. Three
combustion units should be prepared from each sample: two will be burned
and one is kept in reserve to double-check errant reading. Delicate material
may be weighed and handled in the crucible that will hold it within the bomb
later on. The wire (e.g., iron) needed to ignite the tablet in the bomb can be
obtained from the calorimeter factory with a known caloric value per centimeter.

Preparation of the Oxygen Bomb

The preweighed tablet should be placed in the oxygen bomb, a heavy stain-
less steel container with a capacity of ~ 0.3 liter. It has a screw cap that
contains all the necessary devices, such as inlet and outlet valves, terminals for
the electric ignition, a holding device for a small stainless steel crucible or quartz
cup, a shield to protect the upper part of the bomb against sparks, and a rubber
washer. The construction of the calorimeter bomb and the position of the tablet
are shown in Figure 5-1. The combustion unit is placed in the quartz cup, and
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the two ends of the ignition wire are carefully attached to the electrodes. About
5 ml of water should be poured into the bottom of the bomb and the bomb
body slowly screwed to the cap. The closed bomb then can be filled with 30 atm
of oxygen through the inlet valve. This takes 1 min. At the beginning of the
filling we open the outlet valve for a few seconds to replace most of the nitro-
gen-containing air with oxygen. The filled bomb is now ready to be placed in
the water bath, where we have to check whether the bomb is gas tight.

Preparation of the Water Bath

The water bath of an adiabatic calorimeter is kept in a thin-walled kettle,
which can be removed from the instrument. We remove this kettle and put the
bomb into the holding device inside the kettle. The kettle then is filled with clean
water until the bomb cap is covered and only the two ignition prongs are
above the water level. Calorie measurements should always start at the same
temperature. Therefore we adjust the temperature of the water, which is nor-
mally cooler than desired, with an immersion heater—electric stirrer system. The
common reference temperature is 22°C; in hotter climates, in laboratories with-
out air-conditioning, one should start at 35°C.

The warmed bath is taken quickly to a balance and the exact weight, cali-
brated from the very beginning for each pair of bomb and kettle, is adjusted
with a pipette. Immediately after weighing, the bath should be placed in the
calorimeter, the temperature probe inserted, and the necessary electrical con-
nection made. The cover of the water jacket can be closed and the Beckmann
thermometer dipped through the cover into the bath. About 5 min will bring
the entire system to an even temperature.

The Measurement

When a stable temperature is obtained, as shown by the behavior of the
various pilot devices of the calorimeter, the Beckmann thermometer is read.
The ignition button is pressed, and a little later the Beckmann thermometer
shows that the temperature is increasing. After about 10 min, when no further
increase of temperature can be obtained, the highest constant temperature is
read. The difference between the two readings, corrected by means of the
calibration table for the Beckmann thermometer, i$ used for calculation of the
calorific value.

Additional Procedures after the Measurement

After the final temperature reading we remove the bomb from the bath, care-
fully unscrew the body from the cover, and check whether the sample was
totally burned. If not, the experiment must be repeated. If the tablet has burned
correctly, we can go on to check the amount of nitric and sulfuric acids formed
by first collecting all the liquid into an Erlenmeyer flask. We then titrate first
against %o mol Ba(OH). until phenolphthalein changes to pink, then add
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Table 5-1 Calorie equivalents for sulfuric and nitric acid in
different plant materials

Species Plant part Correction in calories®
Zea mays . Roots 1.3
Leaves 2.7
Male flowers 3.5
Young female flowers 3.1
Grains 4.4
Helianthus annuus Fruits 5.1

2 Should be subtracted from the calorific value of 1 g dry matter.

5 or 10 ml of a %¢-mol Na,CO, solution and heat for 20 min. The liquid is
cooled and filtered, a few drops of methyl orange are added, and the unused
part of the carbonate is backtitrated. The first titration indicates the total amount
of acid formed; the second titration indicates the amount of sulfuric acid alone.
For each milliliter of N/10-HNO; we should consider a surplus of 1.5 cal and
for each milliliter of N/10-H,SO,, 3.6 cal.

The titration involves considerable work, but normal material contains only
a small amount of sulfur and nitrogen. Table 5-1 shows the values we have
found for different materials; the normal error caused by the formation of acid
is > 0.1% and is therefore within the accuracy limits of the energy determina-
tion itself, which may show deviations of about 11 cal with standardized material.
For our own experiments, we have accepted a deviation of 20 cal between two
replicates of our material.

Calculation of Caloric Values

The “water value” of the instrument

To calculate the caloric value of any substance the calorimeter should be
calibrated first as a whole. This is done with a small sample of benzoic acid
(NBS, 6323 cal/g) or succinic acid (Merck, 3022 cal/g). These samples
undergo the treatment that we described for the ordinary samples.

The calibration is made to ensure that subsequent calculations arrive at the
number of calories necessary to raise the temperature of the water bath by 1
degree centigrade. This is the so-called water value (W) of the system. We
need the following information for the calculation of this value: the caloric
value per gram sample (V'), the sample dry weight (G), the corrected tem-
perature-difference reading at the Beckmann thermometer before and after burn-
ing (At), the correction values for the acid formed and for the ignition wire
(2c). Among these quantities the following relationship exists:

W= (VG 4+ 3c)/At (5-1)

This water value must be estimated for each bomb-water bath pair used in
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connection with any calorimeter. The values may vary from time to time with
changing climatic conditions.

Calculation of the Caloric Values of the Samples

If we have all the above-mentioned information, including the water value,
we can transcribe formula (5-1) into the form

V =[W (at — 3¢)1/G (5-2)

and calculate in this way the caloric value of any sample. If all the known
values are substituted in this formula, the values for ¥ can be calculated as
calories per gram dry weight, including ash content. These values can be used
to calculate the stored energy from the dry-matter determinations.

Calculation of the Stored Energy

We can calculate the total amount of stored energy if we have determined
all the components of one harvest. Table 5-2 shows the procedure for two
different crops, sunflower (Helianthus annuus) and maize (Zea mays). The
measurements in this table allow a good comparison between the accuracy of
the dry-matter harvest and the energy determinations. The values for the dry-
matter production are averages from four replicates for maize and six replicates
for sunflowers. The average variation for maize was calculated to be 12.3% of
the total harvest; for sunflowers, the variability is > 10%. The determinations
of the caloric values show variations from zero to 6% (for the positions marked

Table 5-2 Energy content of two different annual crops®

Helianthus annuus (local breed) Zea mays (INRA 258)
Growing time: Growing time:
19 April-10 Sept. 1963 20 April-13 Sept. 1963
Dry- Dry-
matter matter
mean® mean®
Plant parts (2) cal/g 106 cal/m? (g) cal/g 106 cal/m?
Roots 284.2 4611 1.31 89.5 3192 0.29
Stems 1203.5 4014 4.83 325.0 4155% 1.38
Leaves 566.0 3404 1.93 3314 4045 1.31
Male flowers — — — 13.2 4197* 0.05
Fruits 1158.9 5014* 5.81 1176.0 4291 5.05
Total: 3212.6 13.87 1935.1 8.08

¢ Replicates showing more than 20-cal deviation are marked with an asterisk.
b Average of six replicates, 12% variation.
¢ Average of four replicates, 10% variation.
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with an asterisk). The average variation for the normal samples is ~ 0.4%.
This shows that the accuracy of the calculation of total energy content, ~ 15%
variability, depends almost entirely on the dry-matter determinations.

Calculation of energy from chemical analyses

Chemical analysis of biologic material is so important for agriculture, fores-
try, and technology, that a vast body of literature exists for this purpose (e.g.,
Watt and Merrill, 1963). Major categories such as N-free extract, crude pro-
tein, crude fiber, resin and fat and ash are analyzed on a routine basis every-
where and these data can be converted with sufficient accuracy into average
caloric values for geoecologic comparison.

The procedure is explained in Table 5-3 and 5-4. Table 5-3 contains a
compilation of the caloric content of chemical compound or matter classes. The
accounting procedure for the total combustion value of material of interest is
demonstrated in Table 5-4 for some woody and herbaceous material as well.
(For aquatic plants see also Table 3-1.)

Such determinations are for gross comparative purposes as useful as the direct
determinations. As we have indicated, the caloric value calculated per unit area
is in most cases more dependent on the accuracy of the dry-matter determination
than on the calorific value conversion. Data such as those in Table 5-4 not only
permit comparisons of energy content between different communities, but have
further interest in future productivity research, as discussed in Chapter 14.

Table 5-3 Caloric content of chemical
compounds important for ecologic

calculations®

Compound or matter class kcal/g
Starch 4.18
Cellulose 4.2
Saccharose 3.95
Glucose 3.7
Raw fiber 4.2
N-free extract 4.1

Glycine 3.1

Leucine 6.5

Raw protein 5.5
Oxalic acid 0.67
Ethanol 7.1
Tripalmitin 9.3
Palmitinic acid 9.4
Isoprene 11.2
Lignin 6.3
Fat 9.3

s Compiled from Pflanz (1964), Morowitz (1968), and Runge
(1973).
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Assessment of
Regional Productivity
in North Carolina

Douglas D. Sharp, Helmut Lieth,
and Dennis Whigham

One goal of productivity research is to present and analyze patterns of actual
and potential primary productivity of landscapes. The data available for such
determinations have greatly increased since initiation of the International Bio-
logical Program (IBP); and models developed from these studies will be used
eventually to predict production for almost any ecosystem. At present, however,
productivity data from intensive site studies are of limited value for estimating
landscape productivity patterns. No matter how careful the production measure-
ments, the values obtained are in the strict sense valid only for the particular
sites and time periods of investigation. For a proper assessment of landscape
production patterns we need numerous measurements that can be related to the
pattern of the landscape itself. Various agricultural and forestry statistics are
readily available and can be used to demonstrate landscape production patterns.
Most of these data express primary production for the commercially usable por-
tion of each land-use category (e.g., seed production for crops and mercantile
lumber for forests). The data can be converted, however, to estimates of total
primary production through the use of appropriate conversion factors—the
ratios of total primary production to the commercial yield. Similar analyses can
be performed on any land-use category if the production—yield ratios are known.
This chapter summarizes 2 years of research in North Carolina, which included
the utilization of U. S. Forest Service and state agricultural and land-use data
for estimating rates of net primary productivity for all land-use categorles in the
state’s 100 counties. Additional estimates were made of total net primary pro-
duction for each county, an estimated net primary production rate for the entire
state, and an estimate of the state’s total net primary production. More com-
plete documentation is available in Whigham ez al. (1971) and Sharp (1973).

KEYWORDS: Allometry, biomass, gas exchange, primary
productivity; productivity methods; terrestrial ecosystems;
ecology.
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Table 6-1 Sources of data used to determine county coverage and
commercial yield statistics for each land-use category®

I. Forests

a. North Carolina’s Timber. 1966. U.S. Forest Service Bulletin SE-5.

b. Forest Statistics for the Southern Coastal Plain of North Carolina. 1952. U.S.
Forest Service, Forest Survey Release No. 41.

c. Forest Statistics for the Mountain Regions of North Carolina. 1955. U.S. For-
est Service, Forest Survey Release No. 46.

d. Forest Statistics for the Northern Coastal Plain of North Carolina. 1955. U.S.
Forest Service, Forest Survey Release No. 45.

e. Forest Statistics for the Piedmont of North Carolina. 1956. U.S. Forest Serv-
ice, Forest Survey Release No. 48.

f. Preliminary Forest Survey Statistics for the Southern Coastal Plain of North
Carolina. 1962. U.S. Forest Service publication by the Division of Forest
Economics Research.

g. Preliminary Forest Survey Statistics for the Northern Coastal Plain of North
Carolina. 1963. U.S. Forest Service publication by the Division of Forest
Economics Research.

h. Preliminary Forest Survey Statistics for the Piedmont of North Carolina.
1964. U.S. Forest Service publication by the Division of Forest Economic
Research.

i. Preliminary Forest Survey Statistics for the Mountain Regions of North Caro-
lina. 1964. U. S. Forest Service publication by the Division of Forest Eco-
nomic Research.

II. Land-use categories
U.S. Department of Agriculture, Soil Conservation Service:
Form S-1: State Land Use Summary (Acres)
Form S-2a: Summary—Land by Land Capability Classes

III. Crop statistics
North Carolina Agricultural Statistics. 1967—-1973. Available through the Fed-
eral Crop Reporting Service. Raleigh, North Carolina.

IV. Water acreages
Profile, North Carolina Counties. 1970. Statistical Services Section, Budget Di-
vision, Department of Administration, Raleigh, North Carolina.

¢ See Table 6-2.

History

Filzer (1951) was the first to evaluate production patterns for a large region.
With detailed statistics available from pre-World War I Germany he used agri-
cultural yield as an indicator. This treatment did not include forestry statistics
nor did Filzer attempt to calculate total primary production. Further attempts to
utilize statistical data for mapping production patterns were made by Weck
(1955) for forest yield in Germany, and by Paterson (1956) for forests of the
world. Their data were presented as yield in lumber and not as total primary
production. Because lumber production and total production occur in predictable
ratios to one another, it was possible for Lieth (1964), to use Paterson’s data
to construct his first world primary productivity map. Whittaker (1961, 1966),
Lieth (1964), Monsi (1968), Whittaker and Woodwell (1968, 1969), Kira
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State __North Carolina Orange. County Name
7324 County Number
Investigator _Mg.[dﬁ_iﬂrf’ ON 79/ W Geographic Coordinates
of County Center
Data Sources 1: Yield information 77"15&1‘ in NC. ML Farm Summary
2: Acerage data Timber m NC.  N.C.Farm Summary, USDA S.C.S.
3: Other
1 2 3 4 5 6 7
a b c d
Land-use Comm. | Conver. | Water Corr. | Adjusted | Total
category Hectares | yield factor | content | conver. | product.| prod.
(t/ha) factor rate
Softwood Forests 43 2.0 0 2.0 /.26 78793 | e __42.90
Hardwood Forests 62526 .9/ 2.0 0 2.0 /.62 {/0/R92 | f B065%
Corn 27// 3.32 2.62 12 2.31 7.7 |20793.37
Soy Bean 627 /.2% 4.52 .12 3.98 5.09 | 39/.43
Tobacco 99/ 2./6 2.03 12 1.79 3.87 3835.17
Wheat 1153 3.03 3.69 12 3.25 9.95 357,05
Oats (Winter) 910 /.69 5.30 12 4.66 7.89 7/170.%0
Peanut 0 0 2.00 12 1.76 o] o
Cotton o) o 2.08 0 2.08 o) 0
Irish Potato 3 /.77 2.47 75 .62 7.30 5840
Sweet Potato 4§ /793 2.47 .75, .62 11.70 44 6%
Hay 2286 IFHT 1.30 14 1.12 399 |8892.5%
Urban areas 597.2 .50 .50 0 .50 .25 1495
Water g/ 5.00 1.00 0 1.00 5.00 4o5
Pasture—Range 101 64 3.47 .60 0 .60 2.09 |24 IZ
Orchards—Vinyards| /7¢ .8l 2.00 0 2.00 /. 62 295.12
Open land /1753 347 .60 0 60 | 205 |36H6.24
Tillage rotation 69444 347 .60 0 .60 Z.08 |I4H43.5
Other
Oats (Spring) o o 5.22 12 4.59 o [a)
Total Land Area 9% 300 276934 ¢ 70334
Total
Actual= /03077 County
:Total prod./yield Production
Column 3 times (1.00 - Column 4) Weighted county production rate:
Zgolumn 5 times Column 2 g(Total prod{xcréion/Total area)
olumn 6 times Column 1
®Potential forest prod. rate (t/ha/year)
fPotential total forest prod. (t/ha/year)
EPotential total county prod. (t/ha/year) Potential weighted county prod. rate: 9.38
: (t/ha/year)

FiGURE 6-1. Tally sheet for calculating net primary production for
counties by land-use categories. See text for explanation.

et al. (1969), and Satoo (1970) all have shown the feasibility of calculating
total productivity figures from partial production values. These authors worked
independently during the same period; from their work and that of others has
come the essential knowledge of production ratios by which agricultural and
forestry statistics can be used for productivity mapping.
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Table 6-3 Comparison of crop conversion factors
used in 1971 and 1972

Conversion factor?

Land-use category

1971 1972

Corn 2.03 2.31
Soybeans 3.92 3.92
Tobacco 2.68 1.79?
Wheat 2.15 5.24%; 3.25¢
Oats 2.64

Winter —_ 5.49%; 4.66°

Spring — 5.41%; 4.59¢
Peanuts 2.64 2.64
Cotton 2.08 2.08
Irish potato 0.60 0.60
Sweet potato 0.60 0.60
Hay 1.12 1.12

¢ Dry weight productivity/wet weight yield.
b Experimentally derived conversion factors.
¢ These conversion factors were utilized in the 1972 report.

Methods

Various sources (Table 6-1 and references cited therein) were used to deter-
mine county coverage and commercial yield statistics for each land-use category
shown in Figure 6-1. Using Figure 6—1 as a model, computational procedures
were as follows. To estimate primary productivity rates for each land-use cate-
gory, commercial yield data (column 2) were multiplied by appropriate con-
version factors (column 3). For each land-use category, the conversion factor
represents the ratio of estimated total primary production to commercial yield.

Conversion factors used in 1971 were determined from a literature review
and through the cooperation of Dr. Ray Noggle and Dr. Douglas Gross of
North Carolina State University (Whigham ez al., 1971). For several crops
conversion factors were verified by actual sampling at several North Carolina
agricultural experiment stations. Conversion factors used in 1972 were some-
what different and are discussed subsequently in moré detail.

Commercial yield statistics for crop types were based upon wet-weight figures,
and it was necessary to adjust the conversion factors to their dry-weight equiva-
lents (column 5) using an estimated water content (column 4). Commercial
yield statistics taken from Dorman et al. (1970) (column 2) then were multi-
plied by the corrected conversion factors (column 5). To determine total county
production for each land-use category, the adjusted productivity rates (column 6)
were multiplied by the coverage data (column 1). Total primary production
estimates for each land-use category were summed, and a weighted county
productivity rate (total production/total area) was determined. Computer maps
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FIGURE 6-2. Net primary productivity rates of North Carolina and
Tennessee counties compared to growing season length. Abscissa:
photosynthetic period in days; ordinate: net primary productivity
(100g/m? = 1%/,,). The number 2 is inserted in places where

two North Carolina points occupy the same position; double
circles indicate the same for Tennessee.

(Reader, 1972) were used to compare graphically weighted county primary
productivity rates and rates for each land-use category.

Results

Table 6-2 summarizes the 1971 primary production estimates for the state’s
four regions. The average regional production rates were lower than might be
predicted for a humid temperate climate (Art and Marks, 1971; Whittaker, 1970;
Bray and Dudkiewicz,1963; Duvigneaud and Denaeyer-DeSmet, 1967; Satoo,
1967; Madgwick, 1968; Post, 1970; Woodwell and Whittaker, 1970; Odum,
1971). Based on the assumption that the low 1971 estimates were due to in-
accuracies in the original set of conversion factors, 1972 efforts focused on a
reassessment of the latter. Five crops (Table 6-3) were intensively sampled at
agricultural experiment stations throughout the state and, to some degree, all of
the 1971 crop conversion factors were changed (Sharp, 1973). When the 1972
conversion factors were used for crops, estimated production rates for the four
regions, were increased but still lower than might be anticipated (Table 6-2).
Because changes in the crop conversion factors did not significantly alter the
estimates of county primary productivity rates, forest-yield conversion factors
were examined and changed significantly in 1972 (Table 6-4).

The changes were based upon comparison between Forest Service statistics
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FIGURE 6-3. Map shows distribution of estimated county net primary
productivity rates in North Carolina in 1972. Datum points on map
represent production rates for each county. Values are based on
three distinct mean conversion ratios determined for each region of
state. 1%/, = 100g/m?2.

and results of two previous productivity studies. Selecting three counties in the
coastal plain region, Forest Service statistics showed a mean production rate for
merchantable lumber of 292 g/m?/year (2.92 t/ha/year). Nemeth (1971)
demonstrated a mean production rate of 1500 g/m?/year for mixed stands of
Pinus taeda and P. elliotii in one of those counties (Beaufort). An earlier study
by Ralston and Korstian (unpublished) in the Piedmont permitted further com-
parisons with Forest Service data. For Alamance, Orange, and Durham counties,
the Forest Service estimates indicate an average productivity of 266 g/m?/
year (Table 6-4). For stands of Pinus taeda and P. echinata in the same coun-
ties, Ralston and Korstian estimates yield a forest productivity rate of 781
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g/m?/year. The higher production values were determined for managed planta-
tions, and it was assumed that most unmanaged forests had somewhat lower
production rates. On that assumption, mean conversion ratios (Snedecor and
Cochran, 1967; Lieth, 1972) were determined for each region (Table 6-4).
Based on DeSelm et al. (1971) and on the premise that growth rates of trees
in the mountains are similar to those in the Piedmont, similar mean conversion
ratios were used for those two regions of the state. Distinct, mean conversion
ratios computed for each physiographic province and the average mean conver-
sion ratio of 3.65 for the entire state (Table 6-4) were then used to estimate
forest production for each county (county forest production based on Forest
Survey data times the mean conversion ratio for each province or the average
mean conversion ratio for the state). Using the adjusted forestry conversion
factors, Table 6-2 shows that the estimated production rates for the four regions
were greatly increased. Figure 6-2 shows that these county estimates agree with
county primary production estimates made in Tennessee (DeSelm et al. 1971).
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FIGURE 6—4. Map shows distribution of estimated county net primary
productivity rates in North Carolina in 1972. Datum point values were
determined through use of average mean conversion ratio applied
throughout all regions of state. 1%/, = 100g/m?2.

Patterns of Productivity in North Carolina

The range of estimated net primary productiv’ity was 400 g/m?/year (Alex-
ander County, Piedmont) to 1538 g/m?/year (Hertford County, Coastal Plain)
utilizing distinct, mean conversion ratios for each province of North Carolina.
Most counties were estimated to have productivity rates between 600 and
1200 g/m?/year (Fig. 6-3). The average rate of primary production for the
state was 805 g/m?/year. The average mean conversion ratio, tabulated for use
throughout the entire state, produced the image presented in Figure 6-4. For
most crops (Fig. 6-5 is an example), productivity was highest in the eastern
counties and lower in the Piedmont and Mountain counties. In the 1971 study,



141

6. Assessment of Regional Productivity in North Carolina

a distinct east-west productivity gradient occurred when all land-use categories
were considered (Lieth, 1972). When the 1972 conversion factors were used,
the east-west pattern was still present but was less distinct (cf. Figures 6-3 and
6-4). This was caused by doubling to tripling the adjusted productivity rates for
counties in the mountain region. This result was expected because of the ex-
tremely high percentage of forested lands in the mountain counties. It might also
be concluded that the higher productivity estimates for mountain counties are
the result of more favorable edaphic, climatic, and topographic factors.

Control of Productivity Rates by Environmental Factors

Productivity rates of natural and man-influenced vegetation units are con-
trolled by a complex of edaphic, climatic, topographic, and time-related factors.
Man’s utilization also influences the range of primary productivity values for an
area. It has been assumed that for most land-use categories in a humid climate
the total net primary productivity is most highly correlated to the onset and
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FIGURE 6-5. Map shows distribution of county productivity rates for
tobacco in 1972. 1%/, = 100g/ m2.

length of favorable growing conditions. In North Carolina, phenologic studies
have shown that the growing season begins earlier and lasts longer in the eastern
counties than in the western counties (Radford, 1971). One might expect that
there is a relationship between the length of the growing season and rates of
primary production throughout the state. Figure 66 shows that the correlation
between the two factors is limited. Several Mountain counties (Mitchell, Tran-
sylvania, Avery, and Graham) have high estimated primary production rates
even though the length of the growing season is short. Furthermore, the Coastal
Plain counties of Dare, Carteret, and New Hanover exhibit low rates of pro-
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between the productivity rate and the length of the growing season cannot
be demonstrated by the relationship shown for an area the size of North Caro-
lina. Reader (1973) has shown, however, that the coﬁtrolling effects of climate
over the primary productivity of a large area (biome) can clearly be delineated,
and that there exists a correlation between the length of the growing period and
rate of net primary production. This correlation is evaluated in Chapter 12.

Conclusions

Since the initial investigation, the techniques for using extant data sources to
predict the patterns of landscape primary productivity have much improved. The
most critical part of such an analysis is the determination of conversion factors
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equivalents. This chapter summarizes the techniques and shows how they were
refined in the North Carolina study. Other studies (Cottam et al., 1973; see also
Chapter 7) have also demonstrated that this technique can be used to relate
landscape productivity patterns to major factors of the environment.
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Methods of Assessing
the Primary Production
of Regions

David M. Sharpe

Most published work on primary production has been done at the local level.
Estimates of production for regions have been based upon extrapolations from
small samples of stand productivities. Recently, regional production rates have
been studied in a more integrated manner, for example, in the Biome and
Regional Analysis Program of the Eastern Deciduous Forest Biome Program,
which is one of the contributions of the United States to the International Bio-
logical Program (IBP). The objective of this chapter is to review the methods
used in estimating primary production rates for specific regions, and to suggest
directions for improvement.

Conceptual Framework for Regional Production

Net primary productivity is defined as the difference between cumulative
photosynthesis and cumulative respiration by green plants per unit time and
space. Woodwell (1970) expressed this relationship by the formula

GP — Rs, = NP

where GP is gross primary productivity or photosynthesis; Rs, is respiration of
all parts of autotrophic plants; and NP is the resultant pet primary productivity.

More generally, net primary production can be conceived as an instantaneous
rate, or alternatively as a cumulative amount or average, for any period of
time and unit of space. Net primary production of a plant is the sum total of
the production of its components; that of a hectare is the sum of the production

KEYWORDS: Allometry, biomass, gas exchange, primary
productivity; productivity methods; terrestrial ecosystems;
ecology.

Primary Productivity of the Biosphere, edited by
Helmut Lieth and Robert H. Whittaker.
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of plants occupying that area, and so on in a hierarchy of space from the leaf to
the ecosphere. Each method for estimating net primary production is appro-
priate to some limited time and space. Exchange of carbon dioxide between
plant and atmosphere can be measured with such instruments as the infrared gas
analyzer only for small areas and for short periods. Harvesting is usually done
on fractions of hectares. The scales chosen suggest appropriate methods; con-
versely, the available methods impose restrictions on the scales of time and space
that can be studied. Which scales are most appropriate for interpreting primary
production of regions? How adequate are current methods? How might these be
further improved?

Many schemes have been devised to present the hierarchic nature of ecologic
units (Novikoff, 1945; Evans, 1956; Dansereau, 1962). Rowe (1961), for
example, established a hierarchy that extends from the monocene (Friederichs,
1958) through local and regional ecosystems to the ecosphere. Although con-
ceptually appealing, these hierarchies are not based on the organization neces-
sary for the use of the concept as a framework for measurements. Goff et al.
(1971) formulated a hierarchy of regions based on the need for data sets and
computer facilities to study regions of sizes differing by order-of-magnitude
increments of linear dimensions, as shown in Figure 7—-1. The ecosphere (desig-
nated R1) has a characteristic length (the circumference of the earth) exceeding
10* km. Biomes (R2) have characteristic lengths of 10°-10* km, and so on
through a succession of smaller regions (R3-R5) to research sites (R6-R8),
which have characteristic lengths of 10~ km or less. R9 and R10 are units of
space occupied by organisms and organs, respectively.

FIGURE 7-1. Some space and time scales appropriate for regional
productivity (shaded) and major periods of integration for
production in context of space~time hierarchy.

Time scale
Instant Day Week Month Year Decade  Century
I T
R1 World | | } |
7 -t ————
R2 Biome } |
|
R3 g State | |
B | |
R4 :2 County | |
= | |
S|RS Town | |
g~ 7T - =1
5.; R6 Watershed { }
R7 Forest plot | |
2 | |
R8 5 Quadrat | |
R9 Stem } ‘
R10 Leaf {
[T Net photosynthesis R Annual production

[/77]) Phenologic production E=— Successional production
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Likewise, a time hierarchy can be distinguished from the instant for rates of
quantum or molecular exchange to the decades and centuries for succession and
land use change. Units of time are shown at the top of Figure 7-1. The levels
of the time hierarchy defined here are the instant (approximated by a second
or minute ), day, week, month, year, decade, and century.

Certain time scales have been argued for, implicitly or explicitly. Lieth (1970,
1971a) has promoted “the phenologic viewpoint in productivity studies” to
deal with primary production over periods of days and weeks. Change in pro-
ductivity through years or decades of succession has been studied by many
ecologists. E. P. Odum (1960) and Golley and Gentry (1965) compared pro-
ductivity on fields abandoned for various periods. Loucks (1970) hypothesized
a peak in stand productivity in the late pioneer stage, which is followed by a
decline as succession proceeds; Kira and Shidei (1967) found a similar trend
in age series of forests. The biomass accumulation ratio was proposed as an
index of stage of succession (Whittaker, 1966; Woodwell, 1967). The integra-
tion of net primary production rate for days and weeks or the year, and the
trend of annual production associated with stand maturation and succession,
are readily identifiable themes in production research. The net photosynthesis
for periods of time shorter than encompassed by phenologic production has
received attention mostly by physiologists using gas-exchange methods.

In general, space and time are linked through rates of processes, just as time
and distance are related through velocity. Phenologic and annual production and
the changes in annual production during succession usually involve attention
over progressively larger spans of area as well as time. The horizontal dashed
lines that distinguish the regions at scales of R2 to R5 from the world (R1)
and site studies (R6-R10) identify categories of production relevant to regional
studies. Estimates of phenologic, annual, and successional production are all
important for interpreting the production of regions. The elements of the space—
time hierarchy that fall within the domain of regional production are represented
by the shaded area on Figure 7-1. The key point of Figure 7-1 is that studies
of regional production made for markedly different space and time dimensions
need differing data resolution, even though each ideally expresses an integral of
photosynthesis minus respiration over an appropriate time and area.

Methods of Estimating Regional Production

Three sources of data have been used in IBP studies to provide information
with different degrees of spatial resolution. The first method draws upon con-
tinuous forest-inventory plot data and allometric relations to develop the equiva-
lent of a network of intensive plot studies with several plots per county. A second
method involves the use of published data on areas in counties devoted to various
land uses and data on agricultural and forest yields as provided by the Census
of Agriculture and published forest inventories. Both methods assume that pri-
mary production can be extrapolated from these data through the use of appro-
priate conversion factors, but obtaining these factors is an unfinished task that is
discussed subsequently. A third method relates regressions of the most appro-
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priate index of production on environmental variables, for example, from net-
works of weather stations, to map production over large regions (R2 and R3)
and the world.

Each of the methods considered in the next section utilizes a large existing
data base, because it is virtually impossible to collect new data for so many
points in the field. \Unfortunately, data sets that have been developed for other.
purposes require major adjustments to derive regional production estimates.

Continuous forest inventories

The forest resources of the United States are censused periodically by the
Forest Service in a program of continuous forest inventory (CFI). Other agen-
cies have CFI programs in their regions, such as the Tennessee Valley
Authority (TVA).

The CFI program involves sampling of forests by establishing forest inventory
plots that are resurveyed at intervals (e.g., 5 or 10 years). Plots usually are
located on a grid system; the Forest Service locates plots on a 3-mile- (4.8-km-)
square grid, and the TVA uses an 8.5-mile- (13.7-km-) square grid. A variable-
radius plot (Forest Service), or a fixed-radius plot, usually of 0.08 ha (TVA)
may be established. Tallied trees on each plot are identified so that the basic
record of the CFI program relates measurements to specific trees. Each tree is
classified by species, and by diameter-size class as sapling, poletimber, and saw-
timber. Measurements to assess both the quantity and quality of forest products
in trees of commercial species and merchantable size (12.7 cm DBH and
larger) are made; saplings of commercial species are censused to assess the
potential for forest products; and noncommercial species are measured. The
DBH (diameter breast height) of each measured tree is recorded, along with
other attributes of commercial trees of merchantable size.

Records of CFI surveys are available in two forms: (1) as published sum-
maries that provide information on forest types, merchantable standing crop, and
in some cases growth to the merchantable growing stock, as discussed in the
next section, and (2) as unpublished data for each tree on each plot on the
CFI program, available on punched cards or magnetic tape. The plot records
provided by the TV A are the data base for the study discussed here. The method
is generally applicable to other CFI data as well.

Records of 224 plots in Tennessee are being used to test and revise this
method. Some of these plots were installed in 1960 and were resurveyed in
1965 and 1970. Others were installed in 1966 and were resurveyed in 1970.
The 1965 (or 1966) to 1970 period was used to compute average annual net
primary production for each plot, and 1970 was chosen to compute biomass
of the plot (DeSelm et al., 1971).

The average annual net primary production and biomass of each plot are the
summations of the production and biomass of each stand component. The bio-
mass and primary production of poletimber, sawtimber, and saplings were com-
puted; then adjustments were made to account for biomass and production of
undergrowth and roots-and for insect consumption. The components of the stand
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Table 7-1 Outline for computing net primary production and standing
crop of Tennessee Valley Authority forest inventory plots

Components 1965-1970 net primary 1970 standing crop
of the stand productivity (g/m?/year) (kg/m?)
Undergrowth (shoots 30—Average of local re- 0.135—Average of local re-
and roots) search search
Saplings Foliage only: foliage bio- Bole and branch, foliage
mass X turnover rate (1970 survey)
Poles and sawtimber Bole and branch: 1970 bio- Bole and branch, foliage
mass minus 1965 biomass (1970 survey)

Foliage: average biomass
X turnover rate
Roots (saplings, poles, 25% of shoot production 25% of shoot biomass
sawtimber)
Insect consumption 3% of shoot production None
(saplings, poles, saw-
timber)

under consideration and the general procedure for computing net primary pro-
duction and biomass standing crop of each component are shown in Table 7-1.

The biomass of each measured tree of any species and size was computed
from the recorded DBH of the tree by using allometric relations between DBH
and bole and branch biomass, and DBH and foliage biomass. The equations were
developed by Sollins and Harris (personal communication) from stem analyses
of conifers and deciduous species in Georgia, North Carolina, and Tennessee
computed by Sollins and Anderson (1971). The equations were adjusted to
remove the bias inherent in logarithmic transformation of data in regression
analysis discussed by Beauchamp and Olson (1972). The equations (with the
original in brackets, preceded by the adjustment factor) are

BB = (1.15)[0.119D23%3]
FB = (1.37)[0.03D-%%5]

where BB is the biomass of bole and branches in kilograms for dry weight;
FB is the biomass of foliage in kilograms for dry weight; and D is the diameter
breast height (expressed as DBH throughout this volume) in centimeters.

The biomass of poletimber and sawtimber for 1965 (or 1966) and 1970
and for saplings in 1970 was computed as the sum of bole and branch plus
foliage biomass. Net primary production of each poletimber and sawtimber tree
was computed as (1) the difference between bole and branch biomass in 1970
and 1965 (or 1966) divided by the 5- or 4-year interval; and (2) the average
foliage biomass for 1965 (or 1966) and 1970 multiplied by the foliage turn-
over rate (once every year for deciduous species and an assumed 3 years for
evergreens). Because the TVA did not measure saplings until the 1970 survey,
only their foliage production could be computed as the 1970 foliage biomass
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multiplied by the appropriate foliage turnover rate. Neglect of bole and branch
production of saplings was compensated for by the production computed for
trees that grew to poletimber size between 1965 (or 1966) and 1970. These
trees had a DBH of zero in 1965 (or 1966) that was arbitrarily assigned to
them by TVA, and a correspondingly high bole and branch production in this
study.

Unfortunately, no forest inventory program takes into account all of the
ecologically significant components of the forest stand. Saplings were not meas-
ured by the TVA in the initial survey, and the biomass and growth of seedlings,
herbs, shrubs, and root systems are not measured. The adjustments shown in
Table 7-1 were made to account for this additional production. Above- and
belowground production of herbs and shrubs was considered as a constant 30
g/m?/year. Root production of trees was assumed to be 25% of aboveground
production, and animal consumption to be 3% of aboveground production.

One uncertainty of this method results from the extensive use of one set of
allometric relations. Stem analyses of trees from West Tennessee are not in-
cluded in the data set of Sollins and Anderson, and the difficulty of stem analysis
of large trees biases the sample toward saplings and small poletimber. As more
stem analyses are made we shall gain confidence in the allometric relations.

Moreover, the adjustments for undergrowth, roots, and insect consumption
are recognized as arbitrary. Table 7-2 shows the estimated net primary produc-
tion and biomass for the TVA CFI plots in Knox County, Tennessee. Net
primary production increases generally as basal area increases and stocking
improves from 36 g/m?/year for plot 360 to 1230 g/m?/year for plot 365.
Basal area in this case takes account of pole- and sawtimber, but not saplings.
Stocking is defined as follows (TVA, 1967):

Overstocked. 100% crown closure or more than 700 seedlings and saplings
per acre (1750 per hectare)

Good stocking. 710-99% crown closure or 550 seedlings and saplings per
acre (1360 per hectare)

Fair. 40-69% crown closure or 300-549 seedlings and saplings per acre
(1040-1359 per hectare)

Poor. 10-39% crown closure or 100-300 well-distributed seedlings and sap-
lings per acre (247-1039 per hectare)

Other. Less than 10% crown closure or less than 100 well-distributed seed-
lings and saplings per acre (247 per hectare).

Plot 360 was a dense pole stand of Pinus echinata and P. virginiana, which
was cut between 1960 and 1965; only an estimated 100 saplings per hectare
remained in 1970. Plot 365, by contrast, is in a yellow pine-hardwood stand
with a large number of rapidly growing pole- and sawtimber trees and no evi-
dence of recent cutting.

The extremely low production for plot 360 results from assigning to each plot
a constant undergrowth production of 30 g/m?/year, which is more representa-
tive of closed stands in Tennessee than of abandoned and recently distributed
land. Similarly, recent studies suggest that root production is significantly higher
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than was hitherto suspected (Harris and Todd, 1972). Better measures of these
frequently ignored or hard-to-measure stand components will certainly raise the
estimates of forest production.

Table 7-3 shows the primary production and biomass as computed from the
TVA plots located in each physiographic province (after Fenneman, 1938). If
only the plots that have overstocking and good stocking are considered, esti-
mated productivity varies from 899 g/m?/year in the Cumberland Plateau to
1419 g/m?/year in West Tennessee. If plots comprised of all stocking classes are
included, computed productivity and biomass are decreased, as shown in
Table 7-3. This reduction is less extreme than is shown in Table 7-2 because
134 of the 224 TVA plots in Tennessee were classified as overstocked or well
stocked and 79 as having fair stocking; most had high production reflected in
computed production of pole- and sawtimber.

Censuses and conversion factors

An alternative approach to the study of productivity is shown by the produc-
tivity profiles of North Carolina, Tennessee, New York, Massachusetts, and
Wisconsin. These studies were conducted by four teams that coordinated their
work, but that, in some respects, used different techniques and sources of data
(Art et al., 1971; DeSelm et al., 1971; Stearns et al., 1971; Whigham and Lieth,
1971). The productivity profiles also tapped reservoirs of data collected by fed-
eral and state agencies, again with purposes other than regional productivity.
The general strategy of each profile was to determine the area in each county
that was devoted to each of a number of land-use categories, to establish an
average primary production value for each land-use category, and by multiplying
area by average production and summing across all land uses, to estimate county-
level productivity.

Table 7-3 Tennessee productivity profile: Forest biomass and net pri-
mary productivity by physiographic region for two stocking
categories in Tennessee

Well stocked All stocking classes
1965-1970 1965-1970

net primary 1970 net primary 1970

productivity ~ biomass productivity  biomass

Region (g/m?/year) (kg/m2) (g/m?/year) (kg/m?2)
Appalachian Mountains 1203 19.5 1081 17.6
Great Valley 1108 15.6 940 12.5
Cumberland Plateau 899 14.0 831 12.5
Highland Rim 1001 15.4 894 13.4
Nashville Basin 1086 21.4 970 17.0
West Tennessee 1419 20.6 1074 15.3

Average: 1091 16.7 936 13.8
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Land-use categories, and the area per county in each category, were deter-
mined from state or federal sources. The 1964 Census of Agriculture (U.S.
Bureau of the Census, 1967) was a major source of information for the New
York—Massachusetts profiles as was the Crop Reporting Service in North Caro-
lina and Tennessee. Forest yields for North Carolina and Wisconsin are based
on published records of net annual growth to growing stock (the increment to
pole- and sawtimber, plus ingrowth to these size classes, minus losses incurred
by mortality). These data have been collected by the Forest Service in the CFI
program of each state. Yields are published by species in some states (e.g.,
Wisconsin), or by forest type (e.g., North Carolina).

In the Wisconsin and Tennessee productivity profiles no published statistical
data were available on production of wetlands and water bodies, urban areas
and rights-of-way, and the catchall category of open land (for abandoned
farmland, nonstocked forest land, farmstead, and county roads). Consequently,
indirect evidence of a limited number of ecologic studies had to be relied upon
(Stearns et al., 1971; DeSelm et al., 1971).

The major issue of the productivity profiles has been how to convert yields
of agricultural crops and net annual growth to growing stock of forests to a more
complete net primary production budget for these land-use categories. This
involves more than converting the units in which yield is reported, for example,
bushels, to dry weight of the yield; accounting for the unharvested or uneco-
nomic components of production that are not included in yield figures has been
treated to date only as an approximation. For agricultural crops, the unharvested
biomass of the plant, such as roots, stalk, husk, and leaves for corn, must be
accounted for, along with any of these components that are lost during the
growing season. For forests, growth in roots, unharvested portions of merchant-
able boles, branches, and foliage, and unmerchantable trees is needed, along
with mortality of individuals and parts (e.g., branch pruning and root sloughing);
and herbaceous and woody undergrowth all must be added to net annual growth
to growing stock.

The following quotation details how the conversion factor for wheat was
determined for the North Carolina study (Whigham and Lieth, 1971). The
same logic was used for other crops and other states, but the values probably
can be improved in all cases:

Extant data were given as yield in bushels per acre (bu/ac). Each bushel
of wheat weighs approximately 60 pounds (Ib); the data were initially
multiplied by 60 to convert yield in bu/ac to yield in Ib/ac. Finally, yield
in Ib/ac was converted to yield in t/ha. The formula:

yield in Ib/ac

— vield i 2
8922 = yield in t/ha (100 g/m?)

Yield rates (t/ha) were then converted to total plant productivity rates
by using a conversion factor (total plant production/plant yield). Adjust-
ing that ratio (2.42) for water content (12% ), it became 2.13 and the rate
of yield X 2.13 = corrected production rate. Total county wheat produc-
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tion was then calculated by multiplying the corrected production rate by
the hectares of wheat in the county (i.e., tons of wheat per hectare multi-
plied by hectares = tons of wheat).

A similar procedure was used to convert annual growth to growing stock of
forests, expressed in cords or cubic feet per acre, to dry weight production per
hectare. Detailed information about the conversion from yield to total produc-
tivity and the assessment of production for individual counties is given in Chapter
6 of this volume.

Conversion factors used to date to extrapolate yield data for selected crops,
forest, urban, open land, and water land-use categories are shown in Table 7—4.
In all cases except for hay, commercial yields are no more than 50% of total
production, that is, conversion factors are 2.0 or more. The production of urban
areas, open land, and water was computed as a proportion of the hay production
of a county, or a constant production was assigned, except as noted in foot-
note ¢ of Table 7-4. The choice of conversion factor is therefore critical to the
accuracy of estimated primary production. The teams working on the produc-
tivity profiles collaborated on this issue, so the similarity of these trial conversion
factors is not surprising. Conversion factors remain a major issue for estimating
total production, as well as the fraction of that total that can be used by man
for particular purposes.

Table 7-4 Factors used in productivity profiles to convert yields for
selected agricultural and forest crops to dry matter

net primary productivity*
Cover type New York—
Massachusetts Wisconsin Tennessee North Carolina

Corn (grain) 2.14 2.12 3.68 2.03
Small grains 2.32 2.45 3.46 2.64
Hay 1.12 1.48 1.48 1.12
Forest

Pine — 3.5 — 2.0

Aspen, ash — 3.0 — 2.0
Urban — 160 g/m?/year  0.33 X hay 25 g/m?/year

production
Open — Avg, other 0.5 X hay 0.6 X hay
categories production production

Water — 12 g/m?/year® 213-841 500 g/ m?/year

62 g/m?2/year? /m?2/year®
g y g y

¢ (primary productivity = conversion factor X yield dry weight); conversion factors and constants
for urban, open, and water-land-use categories.

® North of tension zone (Curtis, 1959).

° Based on production measured for selected TVA reservoirs by M. P. Taylor (personal communi-
cation), Environmental Biology Branch, TVA, Norris, Tennessee.

4 South of tension zone.
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Table 7-5 Range in primary productivity for selected vegetation

(dry matter g/m®/year)
Maize Small grain Hay Forest Average
State Lowe High® Low High Low High Low High Low High
New York—

Massachusetts 260 590 120 580 280 580 — — 230 800
Wisconsin 280 1260 360 670 590 1340 220 490 230 800
Tennessee 660 910 220 560 300 510 720° 1050° 420 900
North Carolina 490 1080 260 810 250 450 1002 430¢ 150 500

765¢ 1500¢

@ Production of county with lowest production.

® Production of county with highest production.

° Based on TVA plot data.

4 Based on Forest Service statistics, Whigham and Lieth (1971).
¢ Based on plantation survey data; see Table 6-4.

In spite of these uncertainties, two practical types of information came from
the productivity profiles. The first type is variation in primary production of
selected crops from one state to another. Table 7-5 shows, for each state, the
productivity of the least productive and most productive county for selected
land-use categories and for the average of all land uses. For example, the lowest
average corn production for the least productive county for corn in the New
York—-Massachusetts profile (Franklin County, Massachusetts) was 260 g/m?/
year, and the highest (for Chautauqua County, New York) was 590 g/m?/year.
The lack of any sharp distinction between agricultural and forest production,
except in Tennessee, should be noted. The higher forest production in Tennessee,
computed from CFI plot data as discussed previously, is probably more a result
of conservative initial conversion factors for forests in North Carolina and
Wisconsin, than of higher actual productivity in the forests of Tennessee.

Another comparison of interest is the ranking of production by land-use
category, as shown for Tennessee in Table 7-6. Forests rank highest, perhaps
because of the close (but still incomplete) accounting made of forest production.
Row crops can produce nearly as much as forests, but only by investing more
management input. The computed production of 110 g/m?/year for urban land
may be very conservative. The aboveground production of one residential land-
scape studied in Madison, Wisconsin, exceeds the production of adjacent wood-
land per unit area of vegetated surface (perhaps the result of the inputs of
fertilizer and supplemental irrigation and of decreased competition), and is
equal when paved and roofed surfaces are included (Lawson et al., 1972).
This may be found to be true generally (except, of course, for urban cores)

when urban vegetation is subjected to the same close accounting as natural
vegetation,
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Table 7-6 Median and range in primary productivity by
land-use categories for counties in Tennessee
(dry matter g/m?*/year)

Productivity

Land-use category Low Median High
Forest 720 900 1050
Agricultural row crops 660 750 920
Hay crops 300 400 510
Small grains 220 390 560
Pasture 200 250 300
Urban 080 110 190
Open land 120 160 280
Lakes and rivers 220 560 900

Relating Productivity to Environment

Weather records constitute another widespread source of data that can be
brought to bear on the problems of regional productivity. A number of models
for agricultural and natural vegetation are available from the work of agrono-
mists, silviculturists, climatologists, and ecologists (see Chang, 1968a; Lowry,
1969; Munn, 1970), so that the task becomes one of selecting models that
satisfy the needs of regional ecosystem productivity analysis. Some of these are
(1) the weather data needed must be available for a large number of stations,
and of uniform quality; (2) the model derives production for a variety of plant
communities in a region, and is not restricted to single crops or species; and (3)
the model reflects major changes in production at a particular scale, for example,
differences in annual production between such R3 regions as states.

Most models relate to a limited number of species (e.g., Currie and Peterson,
1966; Zahner and Stage, 1966; Albrecht, 1971); rely on data with high resolu-
tion (e.g., deWit, 1958; Monteith, 1965); ignore seasonality of energy or mois-
ture resources, which becomes important in interregional comparisons (e.g.,
Drozdov, 1971; Lieth, 1971b); or assume either energy or moisture to be in
adequate supply in all climatic conditions (e.g., Chang, 1968b, 1970).

Models that relate growth to a component of a water balance, usually actual
evapotranspiration but sometimes deficit as well, avoid these shortcomings. A
water balance is a budget of water in response to an estimated demand for
moisture imposed by an energy load versus precipitation and available supply
of soil moisture. The accounting period may vary from a day to a month. Many
water-balance schemes have been devised, but the simplest of these requires
only air temperature and precipitation data, the geodetic coordinates of the
weather station, and a measured or assumed moisture-storage capacity for the
root zone (Thornthwaite and Mather, 1957).

Actual evapotranspiration has been related to yields of agricultural crops
(Arkley and Ulrich, 1962; Arkley, 1963), diameter growth of trees (Zahner
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FIGURE 7-2. Average annual net primary production in conterminous
United States after C. W. Thornthwaite Memorial model developed
by Lieth and Box, and average annual water balances computed by
C. W. Thornthwaite Associates.

and Stage, 1966; Zahner and Donnelly, 1967; Manogaran, 1972), and to the
net primary production of ecosystems (Rosenzweig, 1968; Lieth and Box, 1972).
Maps of the primary production of the United States were developed using the
Lieth-Box and Rosenzweig models, as shown in Figures 7-2 and 7-3. The
Rosenzweig and Lieth-Box models have the same general logic; each considers
primary production as a function of actual evapotranspiration. However, there
are differences between the data sets of measured primary production and of
actual evapotranspiration upon which each is based, and the mathematical func-
tion chosen to relate production to evapotranspiration. This has been discussed
in detail (Lieth and Box, 1972; see also Chapter 6, this volume); some general
comments on the methods used will clarify disparities between the two maps.
Each model uses measured values of primary production as a data set; Lieth
and Box use a data set of about 50 values of aboveground and belowground
production from North America, South America, Eurasia, and Africa. Rosen-
zweig’s data set of 25 values of aboveground production only derives largely
from the Great Smoky Mountains in Tennessee (15 points from Whittaker,
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FIGURE 7-3. Average annual net primary production in conterminous
United States after M. L. Rosenzweig and average annual water
balances computed by C. W. Thornthwaite Associates.

forest. The maximum net primary production value in each data set is about
2900 g/m?/year. Evapotranspiration values in Rosenzweig’s model are from
published water budgets computed by the Thornthwaite method (C. W. Thorn-
thwaite Associates, 1964). Evapotranspiration values in the Lieth-Box data
set are derived from the map Annual Effective Evapotranspiration (scale
1 :30,000,000) (Geiger, 1965) by estimating evapotranspiration for each site
in the production data set.

Each model results from a least-squares fit of a curve to the respective data
sets. Rosenzweig’s model is a linear regression of the logarithms of the variables.

The Lieth-Box model is a saturation curve with 3000 g/m?/year as asymptote.
The equations are

NPP(aboveground) = 0.0219E*%¢ (Rosenzweig)
NPP(total) = 3000[1 — ¢—0:0009695(F—20)] (L jeth-Box)

where NPP is net primary production (g/m?/year) and E is actual evapotran-
spiration (millimeters per year).
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The maps in Figures 7-2 and 7-3 were produced using these equations and
a common data base of evapotranspiration derived from average annual water
budgets for about 1100 weather stations computed by the Thornthwaite method.
The maps show similar trends in production across the United States with
maximum values in the Southeast, and a minimum in the Intermountain West.
The estimates are most similar in the Southern Appalachian Mountains, and
diverge toward places having higher and lower production.

The evapotranspiration data base used for these maps and the logic of each
model account for their differences. Brief review of the Geiger map indicates that
the Thornthwaite estimates of evapotranspiration in the eastern United States are
higher than the Geiger map shows. An adjustment to account for the overesti-
mate of evapotranspiration (as viewed from the perspective adopted for the
Lieth-Box model) would reduce the Lieth-Box production estimate. Rosen-
zweig’s data set accounts for aboveground production only; adjustment of the
Rosenzweig or Lieth-Box model, so that each accounts for the same stand
components in the production estimate, would increase Rosenzweig’s estimates or
decrease the Lieth-Box estimates.

The sharp rise in net primary production between North Georgia and the
Florida panhandle in Figure 7-3 (Rosenzweig’s model), which is not shown in
Figure 7-2 (Lieth-Box model) identifies the major difference between the two
models. The data set of production values used by Rosenzweig is generally
more conservative than the Lieth-Box model for given values of evapotranspira-
tion, and the maximum values of production and evapotranspiration are nearly
coincident. Yet Rosenzweig considers primary production to be a power func-
tion of evapotranspiration, which imposes no limit on production as evapo-
transpiration increases, whereas the Lieth-Box model is a saturation curve that
imposes an upper limit to production of 3000 g/m?/year. Tests of alternative
curves on Rosenzweig’s data show that a simple linear regression of production
on evapotranspiration has the same correlation coefficient (r = 0.95) as the
linear regression of the logarithms of the variables. A logistic curve with an
asymptote of 3000 g/m?/year has a slightly poorer least-square fit. Alternative
curve forms could be fitted to the Lieth—Box data sets, as well, perhaps with
some decrease in the goodness-of-fit.

Lieth and Box (1972) justify their use of the saturation curve on the ground
that it conforms to Mitscherlich’s yield law. Other lines of evidence indicate a
need for a ceiling on primary production. Stanhill (1960), Black (1966), and
Chang (1968b) point to the increasing toll taken by respiration on the gross
photosynthesis of agricultural crops, pasture, and forests as temperatures in-
crease when moisture is in adequate supply. Drozdov (1971) models primary
production as a saturation-curve function of net radiation in subhumid and
humid environments. The ecologic reasoning expressed in the Lieth-Box model,
appears to be superior to that of the Rosenzweig model. The values of produc-
tion associated with evapotranspiration and the specific form of the curve are
likely to change as more measurements of production and studies of the physiol-
ogy of net photosynthesis provide further insight into plant—environment rela-
tionships in production.
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Discussion

Two goals for studies of regional production are confidence in the methods
and results of each study, and as a corollary, convergence of the results of dif-
ferent studies. Considerable progress toward this goal is being made in the local
ecosystem analysis programs of IBP; the methods and results of the study of
regional production discussed here deserve less confidence. Comparison of sev-
eral results illustrates this point.

The Lieth-Box production map shows production for Tennessee in the range
of 1500-1800 g/m?/year; the summary for Tennessee in Table 7-6 shows
production for forests as computed from CFI data as 720-1050 g/m?/year,
and an agricultural production of 660-920 g/m?/year for row crops and 300—
510 g/m?/year for hay. By contrast, the production for Wisconsin in the Lieth—
Box map is 1200-1500 g/m?/year, whereas Table 7-5 shows a forest produc-
tion of 220-490 g/m?/year, a corn production of 280-1260 g/m?/year, and a
hay production of 590-1340 g/m?/year. The trend for Tennessee is: Lieth—
Box > forest = row crops > pasture; for Wisconsin it is: Lieth-Box == hay
= corn = forest. Does this ordering indicate real differences in the absolute and
relative production of these land—use categories within and between Tennessee
and Wisconsin, or does it indicate inaccuracies in the methods? The Wisconsin
forest production values are quite low in relation to production estimates for a
range of eastern forests, some of them in cool mountain climates, in the Great
Smoky Mountains (Whittaker, 1966). No firm answer can be given, however,
and the uncertainties that underlie these orderings indicate some themes for fur-
ther study. These include

1. The reason for the consistently high values in the Lieth-Box model: Each
region represented in the Lieth-Box data set is likely to have a spectrum
of productivities created by topographic and edaphic diversity and suc-
cessional and land-use patterns. The situation of each site study in this
spectrum is unknown; my conjecture is that poorly stocked, inaccessible,
and disturbed stands are avoided, and that the Lieth-Box model represents
the productivity of well-stocked stands on the accessible, better sites of a
region. Clarification of this for a region may come from using the sampling
data from CFI and agricultural census programs to ascertain whether the
production defined by the Lieth-Box model or a successor to it defines a
maximum production that will be approached by other methods as they
become more accurate, or whether it has some alternative significance as
an index of regional production.

2. The reason for the shifts in the ordering of production by land-use cate-
gories from one state to another: These shifts may result from real differ-
ences in production or they may be artifacts of method, especially of the
conversion factors, constants, and assumptions used to extrapolate from
CFI and agricultural census data. The confidence that can be placed in
these categories has been explored for each method. Greater stress in
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production studies on landscapes of large extent—agricultural, urban, and
exploited forest—will enable us to develop methods to unravel the com-
plexities of the interaction of human and environmental inputs to pro-
duction.

3. The relationships among annual production, phenologic production, and
trends in production through succession and land-use change: Annual
“production has been stressed in the regional production studies discussed
here, although Figure 7-1 identifies phenologic and successional produc-
tion as well. Annual production is the summation of phenologic production
for stand components and phenophases; accurate estimates of both phe-
nologic and annual production will support each other. Change of annual
(and phenologic) production over years and decades is characteristic of
succession. Further emphasis on these shorter- and longer-term processes
will clarify the dynamics of production in ways appropriate to the regional
studies.

4. The relationship between primary production and environment: An im-
plication of the space-time hierarchy for regional production is that it
would be useful to have a variety of models, each expressing the environ-
mental effects on production most significant for a given scale. The inde-
pendent variable in the Lieth-Box model—actual evapotranspiration—
expresses broad regional patterns of the interaction of precipitation and
solar energy. It does not consider how evapotranspiration might change
locally with soils and topography. The emphasis in IBP toward relating
processes for particular ecosystems suggests the need for models relating
production to environment on a local scale. Intensive studies in the local
ecosystem-analysis programs of IBP may well provide new and larger data
sets to both clarify local production relationships and enhance the reli-
ability of regional production studies.
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The primary production of the earth is the prime concern of this
book. Its assessment is the result of intensive work of ecologic research
groups all over the world. In general, research on productivity has
different emphases in terrestrial and aquatic ecosystems. Among
aquatic systems, production problems differ from oceans to lakes and
streams. The aquatic section in this book is, therefore, separated

into treatments of marine and freshwater ecosystems. Although the
oceans cover about 70% of the earth surface, their contribution to
world production is much less than that of land communities.
Marine communities differ greatly from land communities in structure,
nutrient relationships, and appropriate research approaches. The
plankton communities of the open oceans are less variable in their
range of productivities and other characteristics than are land
communities or freshwater communities (Chapter 8).

The freshwater bodies of the world cover only a small portion of

the total land area. Consequently, their contribution to the primary
production of the earth is very limited. Nevertheless, man is
concerned with the productivity of freshwater bodies as a source of
food, and he is also concerned about cultural eutrophication of these
bodies by overfertilization. The brackish and inland saltwater bodies
are not covered separately in this volume. The coastline areas—

the “interface” of land and sea—include communities that are highly
productive and important to man as a source for the major food
species of fish. Inland salt water bodies (some of which are highly
productive, but not productive of fish) as well as freshwater
ecosystems are treated in this section (Chapter 9).

The terrestrial ecosystems are dealt with in Chapter 10, which
compares and sums their production for the entire world. Knowledge
of terrestrial productivity is rapidly increasing, and while this book

is in press new summaries are being prepared. Although later work

is not expected to alter significantly the calculations for the temperate
ecosystems of the world, corrections may be needed in tropical
areas. Therefore, included in this book is a current evaluation of
productivity in tropical ecosystems (Chapter 11).

It is hoped that the four contributions in this section come as close
to the real production pattern on earth as possible at the moment.

We hope that, in any case, our summary of the extensive research on
productivity up to this time may remain a benchmark in our
knowledge of the primary production of the earth.



Primary Productivity
of Marine Ecosystems

John S. Bunt

With current effort, the sea is yielding roughly 60 million tons of fish an-
nually and until as recently as 1969 the catches were increasing steadily. Can
harvests of this intensity be sustained? Can they be raised? To answer these
questions, reliable knowledge of marine primary production is needed. This
chapter deals with estimations of marine production and with the difficulties
and uncertainties to which they are subject.

The Ocean Environment and Its Plant Populations

The sea has a total area of roughly 367 X 10® km? and occupies a little more
than 70% of the earth’s surface. With an average depth of ~ 4000 m, only the
superficial, illuminated layers are capable of supporting plant growth. This pro-
ductive zone, however, varies remarkably in character. It includes habitats as
diverse as the polar pack ice, the shallow warm waters and sediments of man-
grove-fringed tropical estuaries, surf-beaten intertidals, coral reefs and seaweed
beds, as well as coastal waters, the vast stretches of the open ocean, and zones
characterized by an upwelling of nutrient-rich waters from layers far below the
surface. ,

As a milieu for the support of life, the sea differs basically from the land in
its fluid mobility and instability, its transparency, limited capacity to supply plant
nutrients, and comparative thermal stability. Only marine sediments and solid
substrata that receive solar radiation are comparable, in some respects, to sub-
aerial formations. The incidence of solar radiation varies with latitude and with
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productivity; productivity methods; terrestrial ecosystems;
ecology.
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season, and a complex of factors influence light penetration into the sea. For
phytoplankton populations, water stability and nutrient status have more critical
effects on productivity, and these have an interrelationship that varies with lati-
tude. In some areas thermal stratification, with warmer less dense surface water
above colder denser deep water, largely prevents local movement of water be-
tween the surface and the depths. Sinking organisms and their dead remains
carry nutrients needed for plant growth downward; and when the water is strati-
fied, these nutrients are gradually depleted in the lighted surface waters. Thermal
stratification, with consequent nutrient impoverishment of the surface layers, is
most pronounced in the tropics. In temperate-zone waters, stratification is typi-
cally seasonal—most pronounced and associated with nutrient depletion during
the summer months. Stratification in polar waters normally is weak and transient.
In the zone of fast ice and pack ice, the ice layer itself effectively protects algal
cells in it from sinking.

Within the vast fluid space of the seas, the bulk of the photosynthesis is by
microscopic algae—the simple, but often remarkably beautiful, taxonomically
and metabolically diverse cells of the phytoplankton. Related species of algae live
on sediments and a variety of other surfaces including, as a truly exotic habitat,
the hides of whales. The familiar and often rapidly growing seaweeds are
conspicuous in the intertidal zone and may extend to some depth on the lighted
substrate below the intertidal, especially in highly transparent tropical waters. A
limited group of angiosperm species are important in the productivity of special
habitats.

Measurement of Primary Productivity

In principle, it should be possible to measure primary productivity from
observed changes in the environmental concentrations of any of the raw ma-
terials involved in photosynthesis. Once popular, this approach, which is cen-
tered on major nutrients or dissolved oxygen, is little used nowadays because it
is impractical to determine the influences of water movement with sufficient
precision. Planktonic productivity is normally measured by exchange of respira-
tory gases—either O. or CO,—between plankton cells and the water in small
enclosed samples. Comparable procedures sometimes are used for benthic or-
ganisms, although for these it may be more convenient to measure biomass
changes with time. No technique is free of difficulty or uncertainty.

According to Strickland (1965), the Winkler method enables the reliable
determination of changes in dissolved oxygen as small as 0.02 ml/liter. For
samples of reasonable volume, and for incubation periods of acceptably short
duration, this level of sensitivity can provide worthwhile data only in exception-
ally productive waters. Winkler analysis does not allow continuous observation
of changing O, concentrations. Oxygen electrodes can provide this sort of
information, but unnatural concentrations of organisms would be necessary in
most circumstances if instantaneous rates were to be read. Release of oxygen
into the water in the light expresses net photosynthetic activity. Traditionally,
gross productivity is estimated by adding rates of oxygen removal from the
water in the dark to rates of oxygen increase in the water in the light. As
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explained in a review by Jackson and Volk (1970), this practice is not accept-
able. Moreover, data on oxygen exchange are difficult to interpret unless reliable
information is available on photosynthetic quotients.

The sensitivity needed to measure photosynthetic activity in less productive
waters can be achieved through observing incorporation of radiocarbon supplied
as bicarbonate. This method was introduced to oceanography by Steemann
Nielsen (1952) and is now the method of choice in routine productivity studies
throughout the world. Very briefly, the technique calls for the incubation of a
sample of seawater with plankton in a bottle or transparent container to which
a measured amount of NaH'*CO; has been added. The phytoplankton cells take
up the tagged *CO., and during photosynthesis they incorporate the radioactive
14C in organic compounds. Subsequently, the plankton cells and other particulate
materials are recovered by filtration (or any other appropriate procedure). The
radioactivity of the samples, established by planchet or liquid scintillation count-
ing, indicates uptake of radiocarbon in photosynthesis. There is no universally
accepted procedure, but the technique for analysis of plankton is described in
detail by Strickland and Parsons (1965). Measurement of photosynthesis in sedi-
ments and macrophytes cannot be undertaken by means of any single procedure.
The types of problems that arise and some of the solutions are described in the
third UNESCO Monograph on Oceanographic Methodology (Anon., 1973);
see also Chapter 3.

Various difficulties burden the interpretation and extrapolation of photo-
synthetic rate data based on such processes as O, exchange and **C fixation.
The question, at one period actively debated, of whether *C uptake gives a
measure of net or gross photosynthesis or some intermediate value, has never
been resolved. All earlier arguments advanced by workers such as Ryther (1956)
and Steemann Nielsen and Hansen (1959) were based in part on the assumption
that dark respiration continues unaltered in the light. Bunt (1965), however,
presented evidence that dark respiration is partially or completely inhibited in
the light, and some of the information reviewed by Jackson and Volk (1970)
supports that finding. Processes associated with photorespiration are attracting
widespread interest, especially among crop physiologists. The subject has been
rather neglected with regard to the sea, although a 1973 expedition to the Great
Barrier Reef by R/V Alpha Helix was devoted entirely to this topic. The results
of these investigations have not yet appeared.

A further complication in measuring marine primary productivity centers on
the fact that algae exposed to *CO, commonly excréte some of their labeled
photosynthetic products into the surrounding medium. Sieburth and Jensen
(1969) report that exudation in Fucus vesiculosus can amount to 40% of the
carbon fixed. Thomas (1971) has found that excretion, as a percentage of total
photosynthetic fixation, increased seaward from 7% in Georgia estuaries to
~ 13% in coastal waters, and approached 44% in the western Sargasso Sea.
Although percentages of release were low in the estuaries, in absolute amounts
excretion by the estuarine phytoplankton was estimated as high as 40 mg C/m?/
day. These findings will be important in the subsequent discussion.

The extrapolation in time and space of data obtained with small samples sub-
jected to short exposure to radiocarbon is uncertain at best. The reasons are
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technical as well as biologic. Photosynthetic activity is not constant during the
day and may vary with degree of shade adaptation at different levels in the water
column. Moreover, it is often impractical, and may be biologically inadvisable,
to continue incubations for more than a few hours. Survey activities over wide
areas commonly prevent adequate replication. As a further compromise, it is
frequently necessary to measure carbon fixation with the artificial light on deck .
incubators. When possible these are operated at a range of light intensities, with
measurement or estimation of extinction coefficients in the water column as a
basis for estimating production at different depths. Deck incubators normally
are operated at the temperature of the seawater intake; this is unfortunate in
areas with significant temperature gradients in the water column.

In principle, it would be desirable to make in situ incubations in the water
column, with the bottled seawater and plankton at the different depths, tem-
peratures, and light intensities for which photosynthetic rates are to be measured.
For research vessels with large regions to investigate, this usually is not feasible.
Further problems result from raising and lowering water samples and from the
fact that the enclosed phytoplankton is held at fixed depths, whereas the natural
community is likely to be in constant motion. Some of these problems may not
arise in benthic investigations. However, satisfaction of the nutrient require-
ments of attached algae may be partly dependent on constant water move-
ment: to enclose samples for any length of time interferes with their metabolic
activity.

Net primary productivity on land can be determined most directly by terminal
or periodic harvest of plant growth. The harvest method can be used in the
marine environment for attached algae and vascular plants such as eelgrass,
Thalassia testudinum. This tactic is most reliable if the harvest can coincide
with natural cycles of growth or if the production of new material and the loss
of old can be estimated by marking without interfering with the standing stock
(Mann, 1972, 1973). Such measurements may not be feasible, and if they are,
may not take account of grazing effects and loss of dissolved organic matter
into the water (or possible uptake of dissolved organic matter).

Faced with so many difficulties, it is not surprising that some researchers have
attempted to formulate equations for estimating primary productivity from a
few easily measured variables. To meet requirements, empirical equations of the
types discussed by Strickland (1965) must have substantial and frequently
rough built-in assumptions. For example, it is common to assume uniform dis-
tribution of phytoplankton in the water column dnd to accept a single standard
response curve of photosynthesis versus light in’éensity. Steele (1969) has dis-
cussed some of the difficulties associated with modeling aquatic productivity.
Figure 8-1 gives a current global model provided by H. Lieth, which shows
the generalized distribution of productivity in the world oceans.

Determinants of Productivity

The features of the environment that control plant growth on land are well
understood and can be controlled and manipulated with remarkable success.
The primary producers of the sea have the same basic needs, even though the
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marine environment creates special difficulties that normally do not arise on
land. Although some of the major needs of phytoplankton communities are
evident, a long and continuing effort (see Provasoli et al., 1957; Hutner and
Provasoli, 1964) to satisfy the needs of any given individual species of wild
phytoplankton in the laboratory has not had outstanding success.

With the obvious exception of nighttime hours (which become seasonal
toward the Poles and further prolonged by sea ice), photosynthesis in the upper
layers of the sea need not be limited by light. However, plants near the water
surface may be exposed to supraoptimal light intensities, whereas little or no
growth is possible for those well below the surface at suboptimal intensities.
Changes in light quality with depth may also be important, especially if effective
utilization requires a particular combination of wavelengths. The way light
intensity and spectral quality change with depth is complex; it depends in part
on the concentration and nature of dissolved living and dead organic as well as
inorganic materials in the water column. It is generally assumed that the photic
zone extends to the depth at which the light intensity is reduced to 1% of the
value at the surface. The 1% level should not be taken too literally, for growth
by photosynthesis has been shown at much lower intensities. For example, Bunt
(1968) has measured the growth of Antarctic diatoms at light intensities as low
as 0.0002 ly/min.

A brief consideration of other factors influencing productivity includes the
following. Temperature, in general, does not seem to be a major factor in con-
trolling productivity. Rates comparable in magnitude have been obtained in
widely separated latitudes. Data collected by Bunt and Lee (1970) in Antarctic
Sea ice constitute, however, an example of limitation at the extremes. A wide
range of organic as well as inorganic nutrients and metabolites can affect the
growth of marine algae. Some organic substances, including vitamins, are essen-
tial for some species of algae; others are not essential but are stimulatory; still
others are toxic or inhibitory. Excellent accounts of this topic have been pre-
pared by Provasoli (1963). As another determinant of productivity, grazing
(e.g., McAllister, 1970), should at least be mentioned. We also recognize the
diversity and complexity of controlling influences in estuaries (Woodwell et al.,
1973).

Whatever the effects of organic materials on algae, it is clear that in contrast
to the land, reserves of the major inorganic nutrients (nitrogen and phosphorus)
are commonly limited or almost nonexistent in the sea. It is often considered
that over much of the ocean’s area the supply of available phosphorus is the
more critical; but both nitrogen and phosphorus may be limiting in some areas,
and in coastal waters nitrogen may exert primary control. Various trace elements
are known to be necessary for algal growth, but it may be the states of these
substances in seawater rather than their concentrations that exert control. It
should be stressed that specific information on the inorganic nutritional require-
ments and nutrient uptake kinetics of the marine algae is quite limited. Further-
more, it is evident from the results of various investigators (e.g., Eppley et al.,
1969) that the physiology of algal nutrition is complex. The subject of nutrient
limitation in the sea has been considered recently by several authors including
Dugdale (1967), Barber et al. (1972), MacIsaac and Dugdale (1969), Eppley
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and Strickland (1968), and, with regard to pollution, by Ryther and Dunstan
(1971).

Exposures of phytoplankton cells to light, nutrients, and acceptable tempera-
tures—which together make for optimal productivity—are dependent on the
hydrodynamic characteristics of the water column and the characteristics of algal
cells that enable them to remain in suspension, or at least to sink only slowly.
Some of the most productive situations are those in which nutrient-rich deep
waters upwell and spread out at the surface; some of the least productive are
those in which stratification is so stable at the surface that nutrients become
depleted and are not replaced. Smayda (1970) has examined the biologic
problems of suspension in some detail, and there is an old and detailed literature
on the question of water stability and upwelling (see, e.g., Ryther, 1963; Red-
field ez al., 1963). Detailed attention is being given to upwelling phenomena in
currently active programs under sponsorship of The International Decade of
Ocean Exploration (IDOE).

Observed Productivity

Taking data then available from “C uptake or comparable techniques and
with their shortcomings in mind, Ryther (1963), attempted a comparative
analysis of global marine productivity. Between and within the major regions
considered, there was both wide variation and substantial uncertainty. No global
total was suggested. Later, Ryther (1969) accepted 15-18 X 10° t C/year as
the most likely level of open ocean primary production.® Dividing the oceans
into three provinces, he suggested mean productivity values of 50, 100, and
300 g C/m?/year for the open ocean, coastal zones, and upwelling areas, respec-
tively (see Table 8—1; multiply by ~ 2.2 for equivalent dry-matter productivity).
The lower ranges prevail over the greater part of the oceans (Fig. 8-1).

Ryther’s (1969) conclusions on productivity for the sea, a slight increase
over figures of Steemann Nielsen and Jensen (1957), were influenced by a large
body of data then being prepared for publication by Russian workers. Now

1t = metric ton = 106g.

Table 8—1 Global planktonic primary production as estimated
by Ryther (1969)

Mean Total
Percentage productivity production
Province of ocean Area (km2?) (g C/m?2/year) (10%t C/year)
Open ocean 90.0 326.0 x 108 50 16.3
Coastal zone® 9.9 36.0 x 108 100 3.6
Upwelling areas 0.1 3.6 X 10° 300 0.1
Total: 362.4 x 108 20.0

¢ Includes offshore areas of high productivity.
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generally available, the account by Koblentz-Mishke et al. (1970) bears exami-
nation (Table 8-2). Based on data from over 7000 stations, they divided the
waters of the global ocean into five “types” with daily rates of productivity
ranging from a mean of 70 mg C/m? in oligotrophic (nutrient-poor) waters in
the central subtropics to a mean of 1000 mg C/m?* from open coastal waters.
The sum of their data provides a global estimate of 23 X 10° t C/year, some-
what above Ryther’s (1969) range of values. None of these estimates takes into
account benthic production, the magnitude of which has obvious interest.

Data from a variety of characteristic sites have been drawn together by West-
lake (1963) and range, respectively, between 5.5 and 13 g dry organic matter
synthesized per square meter per day for Ascophyllum nodosum in Nova Scotia
and green algae on a tropical Pacific coral reef. In a similar compilation, Ryther
(1959) listed net data from a coral reef and from a turtle grass flat, respec-
tively, of 9.6 and 11.3 g dry organic material per square meter per day. Table 8-3
offers more recent information from a range of habitats. Although some high
values are shown, considerable variation is also evident. Note, in particular,
that available data from sediments bare of macrophyte vegetation are con-
sistently low.

It should also be remembered that the figures given in Table 8-3 may be

Table 83 Experimentally determined rates of primary productivity
in benthic habitats (g C/m?/day)®

Site Reference Rate
Tidal fish pond, Hawaii Hickling (1970) 1.22
Laminaria and Agarum,

Nova Scotia Mann (1972) 1.65
Laminaria hyperborea Bellamy et al. (1968) 3.37
Laminaria sp. Bellamy et al. (1973) 7.90 (2 m)

3.00 (10 m)
Intertidal seaweeds Kanwisher (1966) 20.00
Cytoseira, Canary Islands Johnston (1969) 10.50
Sea grasses, Laccadives Qasim and Bhattathiri (1971) 5.80
Calcareous red algae, Eniwetok ~ Marsh (1970) 0.66

Reef corals, Florida

Kanwisher and Wainwright
(1967)

2.70-10.20 (gross)

Intertidal blue-greens, Eniwetok  Bakus (1967) 0.65-2.15
Mangroves, Florida Heald (1971) 1.20
Codium fragile, Long Island

Sound Wassman and Ramus (1973) 12.90
Benthic microflora, northern

U.S. estuaries Marshall et al. (1973) 0.08-0.53
Benthic microflora, tropical

sediments Bunt et al. (1972) 0.02-0.22
Benthic microflora, Scottish

sediments Steele and Baird (1968) 0.01-0.03

a See text for further details.
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compared only with caution. They stem from a variety of procedures, all with
possible shortcomings, applied at different times of year over nonuniform periods
of incubation and depths, and with varying degrees of replication. For these
reasons, and because sufficiently detailed geographic information is lacking, it is
no surprise that global or even regional estimates of benthic production are not
available. It is also clear that several types of benthic community are highly
fertile and must make substantial local and regional contributions to marine
production.

Theoretical Treatment

Some indication of the acceptability of estimates of global primary production
may be derived from theoretical considerations. This approach has been taken
by various reviewers including Rabinowitch (1945), Russell-Hunter (1970),
and Vishniac (1971). Ryther (1959) made a series of deliberate assumptions
to arrive at a value for maximum probable primary productivity beneath a unit
area of sea surface, using only measures of incident radiation. Vishniac (1971)
suggested that with an estimated 2.5 X 102! cal/year available for marine
photosynthesis, and an efficiency of 1 g carbon per 1.3 X 10 cal, an annual
production of 190 X 10° t would be theoretically possible with freedom from
nitrogen, phosphorus, and other resource limitations.

Russell-Hunter (1970, pp. 230-231) allowed “some 20 percent absorption
(of light) by nonphotosynthetic areas and reflection by ice and snow.” Of the
remaining (calculated) incoming radiation, another 25% was subtracted for
“additional absorption and reflection losses.” An average 2% efficiency was
allowed for photosynthesis under field conditions, and 9.5 X 103 cal were
regarded as necessary to fix 1 g of carbon. On this basis, Russell-Hunter (1970)
estimated 260 X 10° t C/year, equivalent to a mean very close to 2 g C/m?/day.
This quantity is more than 10 times higher than the Koblentz—Mishke et al.
(1970) analysis.

Russell-Hunter’s caloric requirement of 9.5 X 10% is lower than Vishniac’s
(1971) 13 X 102 cal per g carbon, although much higher than the 5.5 X 108
cal used by many other writers on the basis of energy yields when organic
materials are combusted. The figure selected for field photosynthetic efficiency
seems excessive for actual algal communities, as distinguished from cultures in
optimal laboratory conditions. Wassink (1959) adopted a value of 0.11% for
the world ocean. Losses caused by absorption,j reflection, etc., appear to be
uncertain; however, Ryther (1959) quoted other workers who found marine
surface losses caused by reflection to be no more than 3—6%. It is not certain
how much of the light that penetrates the surface of the sea is absorbed by
photosynthetically active tissue, although Ryther (1959) assumed that in clear
water the percentage could be quite high. Taking these possibilities into account,
it is a simple matter to arrive at theoretic lower and upper levels of production
lying between the wide limits of 12 X 10° and 488 X 10° t C/year. These
estimates are the equivalent of 0.09-3.74 g C/m?/day and, in fact, overlap
slightly with the estimates from worldwide field measurements. Individual daily
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rates quoted by Ryther (1959) in some cases exceed the upper theoretical mean
given here.

Obviously, there is nothing conclusive about theoretically calculated produc-
tivities, especially when their derivation involves assumptions that are scarcely
better than guesses. Nonetheless, they can provide a useful perspective provided
one is not seduced by an agreement with field data that may be circumstantial.
Factors not allowed for in a theoretic treatment must affect actual productivity.
Because these factors are primarily limiting factors, theoretical treatments are
biased toward overestimate. The assumptions in Russell-Hunter’s 260 X 10°
t C/year and our high limit of 488 X 10° t C/year are probably so unrealistic
that these estimates are without real value, but this does not mean that the low
limit of 12 X 10° t C/year and estimates from field data are without some
bias in the reverse direction. In this regard, it is instructive to consider some
further alternatives.

It is an almost universal assumption that effective yields from photosynthesis
are possible only for depths at which the incident illumination equals or exceeds
1% of the surface value. However, the rich populations of microalgae found
in sea ice are known to be capable of developing autotrophically at much lower
intensities (Bunt, 1963; Bunt and Lee, 1970), and it appears that this capability
may be expanded in a more general sense (e.g., see Anderson, 1969). If we
assume that the 1% of light penetrating below the accepted limit of the global
photic zone were used with 9% efficiency as calculated for sea ice by Bunt and
Lee (1970), and allow 9.5 kcal to fix 1 g carbon, this could provide up to
13.5 X 10° t C/year. Now if the 99% of incident light available in the “photic
zone” were utilized with 0.11% efficiency as suggested by Wassink (1959), this
would produce close to 19 X 10° t C/year. The total estimated production of
32.5 X 10° t C/year would be in reasonable agreement with the Koblentz—
Mishke et al. (1970) analysis, unlike the much higher Russell-Hunter (1970)
figure; this might raise serious questions over the spatial distribution of the
production.

It remains to comment on the estimate of carbon production 23 X 10° t/year,
based on field measurements. This is scarcely the place for detailed examination
of the logistic, technical, and other potential shortcomings of currently accepted
practices of productivity measurement. Some of the problems are discussed by
Koblentz—Mishke et al. (1970) and in Chapter 3, this volume. Essentially,
Koblentz—Mishke et al. recommend their estimate on the basis of the large number
of separate measurements and their broad seasonal and global coverage. Of
course, large numbers of measurements do not escape the essential limitations
of the measurement procedures. '

It is especially important to realize that the figure 23 X 10° t C/year is an
estimate of fixation for the particulate components of the phytoplankton. It
does not include photosynthetic products excreted into the seawater, the amount
of which may be substantial. It also omits benthic production. To the best of
my knowledge no one has yet attempted an estimate for worldwide benthic
primary production. This would have to include not only the seaweeds, many
of them known to be highly productive, but all corals containing symbiotic
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algae, and marine vascular plants as well as epiphytic and benthic microalgae.
Such an evaluation would be both difficult because of the diversity of benthic
habitats and premature because so few measurements have been attempted.
However, tentative theoretical limits of benthic production may be suggested.

The extent of the benthic environment lying within the photic zone is difficult
to assess but may be associated reasonably with the coastal fringe. According
to Karo (1956), the total length of the global coastline may be taken as 280,000
statute miles (450,800 km). Setting the mean width of the benthic photic zone
within the arbitrary but probably reasonable limits of 1 and 10 km, one obtains
plane areas between 0.45 and 4.5 X 10° km?2. The yield of plant carbon derivable
annually from these areas could amount to 0.65-6.5 X 10° t based on theo-
retical production potentials suggested by Ryther (1959) for an average radia-
tion incidence of 200 g cal/cm?/day. The lower estimate represents ~ 2% of
the current assessment of 23 X 10° t carbon for the world ocean and is prob-
ably conservative.

Conclusion

For total oceanic primary production the estimate 23 X 10° t C/year would
need revision upward. The great photosynthetic industry of the sea that this,
or even a somewhat higher figure, expresses does not, however, imply great
reserves of unused but useful food for man (Ryther, 1969). Only very small
fractions of primary production can be harvested through the secondary produc-
tion of fish which are high in trophic pyramids; man’s catch is further limited
to certain fish populations that are large enough and concentrated enough to
make harvest economically feasible. As an example of the disparity between
primary production and yield of fish, a few simple calculations show that if the
10 g plant carbon/m? recovered by Bunt and Lee (1970) from annual Antarctic
Sea ice is representative, the yearly production in this extreme environment
could amount to 0.26 X 10° t. As trivial as this quantity is, compared with
estimated global production, it exceeds by a factor of about 30 current world
catches of fresh fish reported by FAO (1971). In this regard, it must be
stressed that, as far as present human food needs are concerned, global primary
production is of less interest than is production that directly influences fish stocks
economically accessible to man. The distribution of harvestable fish stocks over
the area of the ocean is very uneven; these stocks are strongly concentrated
in the limited areas of inshore waters and upwelling where primary productivity
is relatively high. Because of their concentration, these fish populations may be
vulnerable to overharvest, from the effort to catch ever more, and to the effects
of pollution (of inshore waters especially) on the fish and the food bases sup-
porting them.

In conclusion (1) the estimate of marine primary production by Koblentz—
Mishke et al. (1970) as 23 X 10° t C (about 50 X 10° t dry matter) per
year is the best now available from field evidence; (2) this estimate is somewhat
too low if benthic production, loss of dissolved organic matter from plankton
cells, and photosynthesis at the low light intensities are considered; and (3)
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neither the lower nor a higher estimate offers much encouragement to the hope
for a more abundant harvest of food from the sea. Only a more detailed com-
prehension of marine trophic dynamics than is now available will determine
how much longer the sea can maintain its present contribution to human needs.
However, the argument of Vishniac (1971) and others that we must be ap-
proaching the limit set by incoming radiation and feasibility of harvest seems
inescapable. The possibility of even maintaining the present level of harvest
from the seas may depend on how much of an effort modern society is prepared
to expend in maintaining the quality of the coastal environment.
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Primary Production of
Inland Aquatic Ecosystems

Gene E. Likens

Given the world’s expanding human population, it is important to evaluate
the net primary production of different ecosystems that can provide food. The
inland aquatic ecosystems comprise less than 1% of the Earth’s surface, but
often are among the most productive areas. Many of these aquatic ecosystems
have undergone dramatic changes in recent years as a result of man’s activities.
In some cases the change has been beneficial to man’s short-term desires and
requirements, but often the changes have been detrimental (e.g., polluted water
supplies) because man has used water bodies widely as an inexpensive receptacle
for waste products. Other responses and their implications were initially less
obvious; for example, even though some aquatic ecosystems have been fer-
tilized artificially by man’s activities, thereby increasing productivity (cultural
eutrophication), in many cases this productivity has been shifted to species less
suitable for human consumption (e.g., Beeton, 1969; Beeton and Edmondson,
1972).
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