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PREFACE
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under the purview of the Environmental Laboratory (EL).
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SIMULATION MODELING OF ZOOPLANKTON AND BENTHOS IN RESERVOIRS:

DOCUMENTATION AND DEVELOPMENT OF MODEL CONSTRUCTS

PART I: INTRODUCTION

Modeling Concepts

1. Modeling, as an approach to understanding biotic communities,

has achieved considerable attention in recent years. With the inception

of the International Biological Program in 1966, modeling has attracted

a growing number of researchers who have applied modeling techniques to

almost all areas of biological investigation. Today, modeling is con-

sidered the solution for many problems, especially in decision making for

resource management.

2. Populations and communities of organisms can be considered as

complicated, dynamic systems of regularly interacting and interdependent

components forming a unified whole. Environmental factors influence

these systems through inputs and the systems, in turn, influence the

environment through outputs. Systems analysts have attempted to provide

a quantitative description of the relationships within these systems and

their functions. However, because most biological communities are in-

tractable to detailed analysis even by direct observation, the most

common, efficient, and, in certain instances, the only method of investi-

gating these systems is through modeling (Menshutkin 1971).

3. In developing a mathematical model of a population, community,

or ecosystem, the first and most difficult step is to define the objec-

tives of the analysis. A model constructed without clearly stated ob-

jectives would in all likelihood result in the description of extraneous

components and functional relationships, the effect of which would be to

waste time, money, and effort in the collection of data and development

of concepts. Furthermore, critical components that are necessary for

the model may be omitted, seriously affecting model performance and

leading to erroneous conclusions.

9
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4. The second step in model development is to determine which

components are necessary to meet the objectives. Third, the functional

relationships among ecosystem components must be determined and quanti-

fied. Often the development of these relationships is difficult because

it requires a thorough knowledge of the population dynamics of the

organisms modeled (e.g., population size, growth rate, and mortality

rates). Step four involves the construction of the mathematical model

itself, a step many biologists are poorly prepared to deal with.

Finally, the model is applied and the results compared to field data.

Refinements are made until the model achieves the desired objectives.

Objectives

5. Following consultation with personnel at the Environmental Lab-

oratory (EL) of the U. S. Army Engineer Waterways Experiment Station

(WES), several objectives were developed:

a. To review and evaluate the literature on zooplankton and
benthos community dynamics and to select information
suitable for developing and documenting various model
constructs.

b. To summarize, in frequency distributions, the literature
values for various model parameters. These frequency
distributions will later be converted to probability
distributions and incorporated into the model for a
stochastic capability.

c. To propose, where appropriate, suitable model constructs
that describe the dynamics of zooplankton and benthos
communities.

6. We did not propose a definitive compartmental scheme for model-

ing zooplankton and benthos. Based on objective b above, we have

provided frequency distributions of model parameters for potential com-

partments. Compartment selection is relegated to the modeler. They

should not create model compartments for which frequency distributions

of parameter values are unavailable. The documentation provided in this

report should allow the modeler to critically evaluate the existing data

base and understand its limitations. Stockmayer (1978) succinctly sum-

marized the data evaluation dilemma:

10



Uncritical acceptance of bad scientific information can lead
to social penalties .... A particularly pernicious aspect of
this problem involves numerical data, which are essential in
all branches of science and technology and are often needed to
arrive at valid operational decisions. Unfortunately, the
scientific literature contains many erroneous values. Few
scientists or engineers seem to have given much thought to the
magnitude of the problem, and some probably regard every nu-
merical entry in a handbook as revealed truth. Yet anyone who
has had to seek a particular number in the literature and
searched out a dozen or more reports, only to end up with a
set of widely disparate values, comes to realize that a sub-
stantial intellectual effort and a considerable background in
the field are needed to arrive at reliable figures.

7. Recent review papers that compare and contrast existing

aquatic ecosystem models include those of Swartzman (1977), Swartzman

and Bentley (1978), and Scavia and Robertson (1979).

Scope

Model framework

8. In conducting the literature review and analyses, it was nec-

essary to organize our work so that it could be integrated with the

existing ecological model being developed at the WES. The model was

originally constructed by Water Resource Engineers, Inc., of Walnut

Creek, California. Various versions of the model have been applied to

field situations (see Chen and Orlob (1975) for a description of the

model and a summary of applications). Our analyses were formulated to

include various structural considerations of the model. The first

structural consideration was that the model use differential equations

to describe transfer rates, and, second, that the model have compart-

ments. Third, it is a mass balance model that tracks carbon, nitrogen,

and phosphorus to account for material flow in the system. Fourth, the

recommended minimum time frame for model simulation is 1 day.

Subject areas covered
by the literature review

9. A vast literature exists dealing with the population dynamics

of zooplankton and benthos. Many subjects are of direct relevance to

It 11



simulation modeling. The overall objective of modeling zooplankton and

benthos populations is hopefully to duplicate biomass changes in these

populations as they respond to changes in their environment. These

changes are reflected in a series of inputs to the population and out-

puts to the environment. We assume that zooplankton and benthos popu-

lation (i.e., model compartments) respond as if they were individual

organisms faced with a changing environment. To keep track of this

response we utilized the following mass-balance, differential equation

for all model compartments:

- = b G - R - NPM - P()dt GM

where b = biomass (mg carbon), t = time (days), G = consumption (mg

carbon-mg carbon- 1day- ), A = assimilation (mg carbon-mg carbon- *day-),

A/G = assimilation efficiency (%), R = respiration (mg carbon-mg

carbon- day- I), NPM = nonpredatory mortality (mg carbon-mg carbon- lday-),

and PM = predatory mortality (mg carbon-mg carbon- 1day- ).

10. Equation I also defined the subject areas that had to be

reviewed in order to define the equation. Each of the remaining

sections of this report describes our efforts to review and evaluate

each of the subjects on the right-hand side of the equation, with the

exception of predatory mortality. Predatory mortality is defined as the

grazing function of a consumer compartment, i.e., one compartment's

conslmption is another compartment's predatory mortality.

Extent of the literature review

11. Our review of the subject areas relevant to the simulation

modeling of zooplankton and benthos was comprehensive and worldwide in

scope but selective for relevant publications for some subjects. Pro-

cesses most critical to defining zooplankton and benthos population

dynamics (e.g., grazing) were given the greatest attention.

12. Many papers that appeared highly relevant were unavailable ill

English translation and were not reviewed. Most papers in this category

were from Eastern Europe, particularly the USSR (Union of Soviet

12



Socialist Republics). When translations were unavailable, English

abstracts such as those found in various abstracting periodicals or

comments by other authors were used. Papers in German and French were

translated by the authors when unavailable in translation elsewhere.

13
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PART II: ELEMENTAL CARBON, NITROGEN, AND PHOSPHORUS
COMPOSITION OF ZOOPLANKTON AND BENTHOS

Introduction

13. The study of elemental chemical composition has become in-

creasingly important to our understanding of bioenergetics, production,

and biochemical cycling of elements in aquatic systems (Omori 1969).

For modeling purposes, it is necessary to know the elemental carbon (C),

nitrogen (N), and phosphorus (P) composition of the various species that

compose zooplankton and benthos. This knowledge is used to trace the

cycling of nutrients through the ecosystem by application of the mass

balance equation previously described (Equation 1).

14. In most models of aquatic ecosystems, ratios of carbon to

nitrogen and of carbon to phosphorus are very useful. Estimates of zoo-

plankton and benthos carbon losses (e.g., egestion, excretion, respira-

tion, and nonpredatory and predatory mortality) can readily be used to

estimate losses of nitrogen and phosphorus. Nitrogen and phosphorus

compounds released from aquatic animals serve as important nutrients for

phytoplankton, periphyton, and macrophytes. In short, the use of C:N

and C:P ratios allows the modeler to trace the transfer of chemical

substances through various trophic Levels (Chen and Orlob 1975). Scavia

et al. (1976) stoichiometrically determined the incorporation and excre-

tion of P by using a C:P ratio. Twelve models reviewed by Swartzman

and Bentley (1978) had phosphorus and nitrogen flow parallel to carbon

in zooplankton and detritus. Baca et al. (1974) used a range of ratios

(i.e., C:N = 5.9-20.0; and C:P = 33.3-200.0) to derive the quantities of

N and P excreted, or the quantities lost after nonpredatory mortality.

Steele (1974) used a C:N ratio of 5.4 to estimate N assimilated and

excreted by zooplankton. Carbon, nitrogen, and phosphorus also were

released in accordance with their concentration in zooplankton in the

models of Umnov (1972) and Menshutkin and Umnov (1970).

15. Ratios of C:N and C:P are not constant but vary significantly

among taxonomic groups of animals, as well as within single species,

14
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depending on sex, age, and nutritional state. Nutritional state is in-

fluenced by season of the year and geographical distribution. Methods

of determining elemental C, N, and P undoubtedly produce some variation

among ratios, but we do not believe that this effect is significant

enough, considering the variability due to other factors, to warrant

detailed discussion. The handling of marine zooplankton samples imme-

diately after collection (e.g., rinsing and preservation) may greatly

alter C:N and C:P ratios. Since many of the values we collected were

for marine zooplankton (Appendix A), this problem requires further

comment.

16. The determination of single C:N and C:P ratios probably is

inaccurate for broad categories of animals such as zooplankton and

benthos. The relative abundance of the various groups composing the

total biomass differs geographically and seasonally. Variations in

percent C, N, and P (i.e., percent of dry weight) exist among taxa and

are compounded when percentages are estimated for total zooplankton--an

ever changing assemblage of taxa (Beers 1966).

17. We have collected percent C, N, and P data from both the

freshwater and marine literature. With the exception of one or two

groups of animals, percent C, N, and P in marine and freshwater orga-

nisms do not differ significantly. This fact probably is a function of

the variability of percent C, N, and P in marine and freshwater animals

(Appendix A). Percent P of marine copepods was consistently 50 to

75 percent of the values for other crustacea (Beers 1966). Corner (1973)

noted that P in marine zooplankton varied irom 0.14 percent in forms

such as hydromedusae and ctenophores to a range of 0.55 to 1.16 percent

in copepods. Beers (1966) also found that percent C was similar in most

marine zooplankton, except hydromedusae which typically have low per-

cent C contents. With the notable exception of the freshwater jellyfish

(Craspedacusta sowerbyi), which is extremely sporadic in occurrence,

fresh waters generally lack animals comparable to marine medusae and

ctenophores. Consequently, we did not consider percent C, N, and P data

for these forms of marine zooplankton.

18. If samples are collected from saltwater, they should be washed
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to remove adhering inorganic salts that may contain C, N, or P. Platt

et al. (1969) found that significant weights of inorganic salts were re-

moved by a 2-min rinse in distilled water. Contrary to the observation

of Omori (1978), rinses in distilled water for periods of 2 to 60 min

did not result in the osmotic rupture of cells and subsequent loss of

organic matter from specimens. Omori (1978) estimated 6 and 7 percent

reductions in the C and N contents, respectively, of zooplankters rinsed

in distilled water. However, these losses were calculated as C and N

lost per individual and not in a form comparable for animals of a

different size (e.g., percent C and N). The losses of C and N as a

percent of dry weight (recalculated from Omori (1978)) were not

significant.

19. Preservation of samples in formalin, alcohol, or other leach-

ing chemicals may alter percent C, N, and P or the ratios of C:N and C:P.

Omori (1970) found that Calanus cristatus preserved for I month in

formalin lost 59 and 48 percent of their original carbon and nitrogen,

respectively. In addition, the rates of loss of C and N were different

and resulted in a decreased C:N ratio. Apparently the rate of loss

depends upon the original quantity of matter present. The euphausid

Nematocelis difficilis lost 17 percent C and 19 percent N after 15 weeks

in a buffered Hexamine solution (Hopkins 1968). Hopkins believed that

most of the leached material was protein. Similar findings were pre-

sented for Sagitta nagae and Calanus sinicus (Omori 1978).

Nitrogen

20. Variations of percent N primarily result from differences in

gross body components (i.e., protein, lipid, and carbohydrate). Percent

N varies among taxa and within a single taxon, due to differences in

age, sex, or nutritional state. Most body nitrogen is included in the

amino acids of protein (Table 1).

21. Percent N usually is greater in young than in old Dreissena

polymorpha, Mollusca (Stanczykowska and Lawacz 1976); Temora stylifera

and Centropages typicus, Copepoda (Razouls 1977); Pareuchaeta novepca,
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Table I

Percent Composition of C, N, and P in Proteins,

Lipids, and Carbohydrates

Carbon* Nitrogen* Phosphorus**

Protein 50-55 13-17 ca 0.10
Lipid 79 ca 0 ca 0.17
Carbohydrate 37.2 ca 0 ca 0

* Carbon and nitrogen data of Schottelius and Schottelius (1973).

** Phosphorus data of Head and Livingston (unpublished) as cited by
Corner (1973).

Copepoda (Nemoto et al. 1976); and Daphnia hyalina, Cladocera (Baudoin

and Ravera 1972). Greater percent N content in young individuals prob-

ably stems from the fact that young organisms typically have more pro-

tein relative to dry weight than older individuals. High protein con-

tent results from rapid growth associated with protein anabolism and

insignificant lipid accumulation in young animals (e.g., Daphnia magna,

Ceriodaphnia reticulata, and Moina macrocopa (Cladocera) and Brachionus

calyciflorus (Rotajoria) (Bogatova et al. 1971)). Under the same trophic

conditions, adult female "oceanic Copepoda" (Itoh 1973) and Calanus

cristatus (Omori 1970) often had less percent N than adult males. This

may have been due to the greater lipid content in females. The fact

that percent C was greater in females seems to support this hypothesis.

Postspawning females of Pareuchaeta novegica had less pecent N than

prespawned females (Nemoto et al. 1976). This finding suggests that

catabolism of body protein, due to the great energy demand for

reproduction, resulted in a decreased N content per unit dry weight.

Several authors have also observed differences in the percent N of

single species as a result of season of the year and geographical

distribution (Omori 1970, Itoh 1973, Boucher et al. 1976). Omori (1970)

found that seasonal and geographical changes in trophic conditions were

principally responsible for percent N changes in Calanus cristatus

(Copepoda). During times of (or in areas of) poor food availability,

copepods exhibited an initial fat loss that resulted in an increase of
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percent N. Later, starving copepods began to metabolize protein which

decreased percent N.

Carbon

22. Percent carbon also varies among taxa and within a single

taxon due to age (Omori 1970, Baudoin and Ravera 1972, Itoh 1973,

Razouls 1977, Omori 1978), season (Beers 1966, Platt et al. 1969, Omori

1970, Stanczykowska and Lawacz 1976), geographical distribution (Boucher

et al. 1976), and reproductive condition (Nemoto et al. 1976). Percent

carbon did not vary with age in Dreissena polymorpha (Stanczykowska and

Lawacz 1976) or with season in Daphnia hyalina (Baudoin and Ravera 1972).

Omori (1970) showed that changes in trophic conditions that affect nu-

tritional state actually underlie the dependence of percent C on geo-

graphical distribution and season of the year.

23. In ecological models, either carbon transfer or energy flow

is used to link trophic levels. Since carbon and energy units are highly

correlated (Salonen et al. 1976), the choice apparently is arbitrary.

The use of carbon units does have the added advantage of providing an

index to the flux of matter through trophic levels. For this reason, we

prefer carbon transfer data and have employed the following factors:

zooplankton = 10.98 cal/mg C (Salonen et al. 1976) and phytoplankton

= 11.4 cal/mg C (Platt and Irwin 1973) to convert from energy to carbon

units.

Carbon:Nitrogen Ratios

24. The distribution of carbon and nitrogen among the major body

components, i.e., protein, lipid, and carbohydrates (Table 1), and the

relative abundance of these major components determine the percentages

of C and N present in an organism. Although percent C and N are in-

fluenced by the same environmental elements, they do not always fluctuate

in the same manner. In general, C:N ratios should vary directly with

carbohydrate and lipid content and inversely with protein content.

18
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Omori (1970) found a negative correlation between changes in percent C

and percent N in Calanus cristatus. Elements affecting the C and N

composition in the copepods were trophic conditions and sex. Since

lipids contain primarily carbon and essentially no nitrogen (Table 1),

the seasonal loss or gain of lipids, as influenced by trophic conditions,

would result in a concomitant decrease or increase, respectively, of the

C:N ratio. If females of a species contain a greater proportion of fat

than males, they also would exhibit higher C:N ratios than males.

25. Using the data on percent C and N (Appendix A), we prepared

frequency distributions of C:N ratios for various categories (taxonomic

or other) of aquatic invertebrates. A frequency distribution of C:N

ratios for benthic macroinvertebrates (Figure 1) appeared to have two

potential peaks (i.e., at 3.5 to 4.0 and 5.0 to 5.5), so we attempted to

separate the distribution on the basis of feeding type. Unfortunately,

insufficient data exist on carnivore C:N ratios. When more experimental

data on these ratios are available, this potential refinement could be

used in model formulation. The basic form of the frequency distribu-

tions of C:N ratios for zooplankton, Cladocera, and Copepoda (Figures 2,

3, and 4, respectively) is essentially the same. Apparently most C:N

ratios of zooplankton and benthos are within the range of 3.5 to 5.5.

Phosphorus

26. The total P in zooplankton is normally low, often accounting

for less than I percent of dry weight (Corner 1973). The distribution

of phosphorus among body protein, lipid, and carbohydrate is shown in

Table 1. Phosphorus is important in the structure of nucleic acids,

which contain approximately 21 percent of the total P. Of total P,

53 percent is inorganic (unpublished data of Head and Kilvington as

cited in Corner 1973).

27. Phosphorus uptake and release by zooplankton is very important

to the cycling of P in aquatic ecosystems. Conover (1966a) recognized

two pools in Calanus finmarchicus, 6 percent as labile compounds which

have a half-life of a few hours. The remaining 94 percent has a

19
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half-life of roughly 13 days. Although several studies have been con-

ducted on P excretion (Pomeroy et al. 1963, Johannes 1964, Satomi and

Pomeroy 1965, Butler et al. 1970), we still do not know precisely how,

or in what form, P compounds are released (Corner 1973).

28. Age, sex, and season of the year may influence the P content

of aquatic invertebrates. Percent P increased during the development of

Daphnia hyalina eggs but, thereafter, decreased with age (Baudoin and

Ravera 1972). Butler et al. (1970) found differences in the percent P

between male and female Calanus finmarchicus and also between adult and

stage V copepodids. Calanus finmarchicus contained about 50 percent

more P during a spring diatom increase than at other times of the year.

This large increase may have been the result of uptake beyond that re-

quired by the body. The percent composition of P in marine copepods,

euphausids, mysids, polychaetes, and chaetognaths changes significantly

during the year (Beers 1966). Changes in the percent composition in any

of these groups probably depends on differences in species or age groups

taken in collections or an adjustment of the P composition of individual

organisms.

29. Figures 5 and 6 are frequency distributions of C:P ratios for

benthos and zooplankton, respectively. In Figures 7 and 8, the zoo-

plankton distribution is split into two taxonomic categories, i.e.,

Cladocera and Copepoda. Copepods tend to have greater percentages of C

than other zooplankton (Appendix A), and this fact may account for

higher C:P ratios in Copepoda.

Summary of Constructs

30. By using frequency histograms of C:N and C:P, modelers can

calculate a range of probable nitrogen and phosphorus transfer rates for

compartment processes. The procedure involves the following: (a) con-

vert histograms (Figures 1-8) to probability distributions, (b) select a

series of C:N or C:P ratios from the appropriate probability distribu-

tions, and (c) divide weight-specific rates (mg C-mg C- 1day- I ) of con-

sumption (Part III), assimilation (Part IV), egestion + excretion
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(Part IV), respiration (Part V), and nonpredatory mortality (Part VI) by

the selected C:N and C:P ratios. The results are the weight-specific

rates of N and P transfer (mg N or mg P-mg C -- day - ) in the above pro-

cesses. Gains and losses of N and P from a compartment may be determined

by multiplying the weight-specific rates of N and P transfer, for each

of the transfer processes mentioned above, by the biomass (mg C) of the

model compartment.

31. Frequency histograms of macrobenthos C:N and C:P ratios

(Figures 1 and 5, respectively) should be used to estimate N and P move-

ments through the benthos compartment. When no better data on the

present composition of Cladocera and Copepoda biomass in zooplankton

are available, we recommend that users assign 60 percent to caldocerans

and 40 percent to copepods and use Figures 8 and 7, respectively, to

determine their appropriate C:N or C:P ratios. The net flux of P through

Cladocera, for example, may be estimated as 0.60 b [G(A/G) - R - NPM -

PM] + (C:P), where b = total zooplankton biomass, (C:P) = carbon-

phosphorus ratio of cladocera (Figure 8), and the items in brackets are

as described in Equation 1. A similar calculation may be performed for

copepods and summed to the results for cladocera to yield the flux of P

through the zooplankton compartment.

Conclusions

32. Ratios of C:N and C:P are used to trace the movement of nu-

trients through major energy pathways of zooplankton and benthos. Ele-

mental carbon, nitrogen, and phosphorus are not constant but vary with

gross body composition (relative proportions of lipid, carbohydrate, and

protein). Gross body composition varies among species and within a

single species due to differences in nutrition (which varies seasonally)

and in sex or age. Although C:N ratios of zooplankton and benthos are

usually within the range from 3.5 to 5.5, most C:P ratios vary greatly

in both groups (20 to 40 in benthos and 30 to 70 in zooplankton).
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PART III: CONSUMPTION BY ZOOPLANKTON AND BENTHOS

33. In studies of the flow of any substance through an ecosystem,

be it energy, biomass, or nutrients, it is critical to know the

transfer pathways from one ecosystem component to another. This trans-

fer occurs in animal communities through a series of predator-prey in-

teractions which we call consumption. For example, a simple food chain

in which phytoplankton is consumed by zooplankton which in turn is eaten

by fish is one pathway. Modeling such a simple flow of material would

be relatively easy, but, unfortunately, it would probably have little

relation to the real world. The aquatic communities of temperate lakes

and reservoirs are highly complex, and trophic relations can best be

described as interacting food webs. Modeling of all these feeding rela-

tionships is beyond the present state of the art. As a result, most

modelers attempt to portray only the major energy flow pathways of which

we have some knowledge. Other feeding relations are recognized but

presently cannot be adequately quantified. In this section of the

report we review what is currently known about the feeding relations of

zooplankton and benthos and attempt to place this information in a

modeling perspective.

34. In conducting this review, we stressed the quantitative

aspects of feeding. Food habits, although often interesting, have

generally been ignored because they tell nothing of the rate and control

of consumption. We have also stressed those areas most amenable to

modeling and have related our analyses to previous modeling efforts. In

addition, we have reviewed several subjects of current topical interest

to modelers, including the role of organic detritus as a food supply,

zooplankton grazing on blue-green algae, and the comparability of field

and laboratory data.

35. More information is available on the dynamics of zooplankton

feeding than is available for benthos. The rather functionally homo-

geneous nature of zooplankton, the relative ease in culturing and

experimenting with zooplankton as compared to benthos, and its importance

in phytoplankton dynamics have led to a better documented literature.
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Benthic communities of reservoirs are not as homogeneous a unit as zoo-

plankton, taxonomically or functionally, and they are often difficult to

culture in the lab or study in the field.

Section A: Zooplankton Grazing

36. The zooplankton community of freshwater lakes and reservoirs

consists of widely divergent taxonomic groups of organisms. Crustaceans

of the subclass Copepoda and order Cladocera make up the bulk of the

community biomass in most lakes. Rotifers are also an important part of

the zooplankton community in many lakes.

37. The mathematical formulation of zooplankton feeding is a

critical element in the equation describing zooplankton population

dynamics. Most of the products of primary production pass through

zooplankton in the aquatic ecosystem model as a direct result of grazing;

zooplankton feeding, therefore, serves as a resource pathway to other

model compartments, i.e., benthos and fish.

38. The primary zooplankton groups, Cladocera, Copepoda, and

Rotatoria, generally can be classified as either herbivorous filter

feeders or as carnivores, based on their feeding mechanisms and food

habits. In reality, many zooplankters are omnivores and do not fit into

neatly defined trophic groups. Nevertheless. some groupings and dis-

tinctions must be made in deference to our limited knowledge of individ-

ual taxa and the logistics of describing all possible interactions.

Filter-feeding zooplankton make up a greater proportion of the zooplank-

ton community, both numerically and as biomass, than do the carnivores.

They are also more important to our understanding of the dynamics of

phytoplankton populations, and phytoplankton dynamics are especially

important to water quality modeling. Consequently, the feeding relations

of filter feeders have been more heavily emphasized in this report.

39. The quantitative feeding relations of zooplankters have been

studied in some detail for only a few major taxonomic groups. Feeding

relations of copepods and cladocerans were documented for the more
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common forms, hitt little quantitative information was available on feed-

ing by rotifers and protozoans. Of the 127 species of Cladocera listed

by Brooks (1959) as occurring in North America, filtering or grazing

rates have been examined to some degree for only 18 specie-, or 14 per-

cent of the total. Within the Cladocera, the genus Daphnia has been

most intensively studied. Brooks (1957) listed 30 species in this genus

occurring worldwide. Our review indicates that feeding of only 12

Daphnia species, or 40 percent of the total, has been studied. Of the

15 North American species of Daphnia, 9 (60 percent of the total) have

been studied. Because Daphnia represents the most intensively studied

genus within the Cladocera, and because data are available for many

United States species, our analysis is biased toward this genus.

40. Calanoid copepods constitute a major group of filter-feeding

zooplankton. Wilson (1959) listed 92 species for North America and our

review revealed that the feeding for only 7 species (8 percent of the

total) has been studied. Six of the seven species are in the genus

Diaptomus (= Eudiaptomus), which includes 78 North American species.

41. Rotifers constitute the third major group of filter-feeding

zooplankters. The literature on the number of North American species is

contradictory, but easily exceeds 200. Feeding rate values are avail-

able for only six species.

42. This brief statistical summary illustrates that the feeding

relations of most filter-feeding zooplankters are unknown and indicates

that caution must be used in extrapolating grazing results to all

species.

Consumption by Filter-Feeding Zooplankton

43. Factors that influence food consumption by filter-feeding

zooplankton include animal density, size, sex, reproductive state,

nutritional or physiological state, as well as the type, quality, con-

centration, and particle size of food. Other factors include water

quality and temperature. Some of these variables are more important
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than others in controlling feeding. The effects of many are poorly

understood and synergistic effects among variables do occur.

44. The purpose of this section of the report is to examine in

detail those variables of primary importance in regulating zooplankton

feeding and which are considered suitable for mathematical description.

Table 2 summarizes factors influencing feeding and lists information

sources. Concerning the difficulties of comparing feeding data, Geller

(1975) stated:

It is difficult or impossible to compare the results obtained
by these authors, because they used different methods of in-
vestigation. The size of the animals is not specified pre-
cisely or is omitted; the habitation and acclimation periods

cited in many publications are obviously insufficient, and the
food particles used range from clay particles, yeasts, algae,
and bacteria to synthetic particles and 'artificial detritus.'

The measuring units employed for determining food biomass also
differ, and may be either the number of cells, wet weight, dry
weight, carbon content, or energy content, and conversion from
one unit to another is possible only in exceptional cases.

45. We found Geller's comments to be wholly justified. Appen-

dix B presents a comparison of zooplankton filtering rates found in the

literature.

46. The objectives of this section are as follows: (a) to de-

scribe the effect of food concentration, type of food, and temperature

on feeding rates, including a review of field versus laboratory results,

as well as synergistic effects; (b) to examine the role of diel and

annual variations in feeding rates; and (c) to discuss possible model

formulations for grazing by filter-feeding zooplankton. Further infor-

mation on the biology of filter feeding was presented by Jorgensen

(1966), and a critique of experimental methods employed to measure fil-

tering and feeding rates was given by Rigler (1971).

Effect of food concentration

47. Literature synopsis. The question of how zooplankton grazing

rates are influenced by changes in food concentration is central to the

development of a model describing zooplankton biomass dynamics. The

first workers to examine the effects of food concentration on feeding
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Table 2

Factors Reported to Influence the Feeding of Filter-Feeding

Zooplankton and a List of References

Factor References

Food concentration Ryther (1954), Richman (1958), Monakov and Sorokin
(1960), Rigler (1961a), Galkovskaya (1963), McMahon
and Rigler (1963), Richman (1964), McMahon (1965),
McMahon and Rigler (1965), Richman (1966), Burns
and Rigler (1967), Kryutchkova and Sladecek (1969),
Ivanova (1970), Tezuka (1971), Ivanova and Klekowski
(1972), Crowley (1973), O'Brien and DeNoyelles
(1974), Chisholm et al. (1975), Green (1975),
Geller (1975), Kersting and Leeuw-Leegwater (1976),
Hayward and Gallup (1976), Pilarska (1977a),
Pourriot (1977).

Size of food Ryther (1954), McMahon and Rigler (1965), Gliwicz
(1969), McQueen (1970), Berman and Richman (1974),
Kryutchkova (1974), Bogdan & McNaught (1975),
Geller (1975), Hayward and Gallup (1976), Pilarska
(1977a), Pourriot (1977).

Age of food Ryther (1954), McMahon and Rigler (1965),
Stross et al. (1965).

Type of food Ryther (1954), Comita (1964), Burns (1968b),
Schindler (1968), Burns (1969a), Gliwicz (1970),
McQueen (1970), Kersting and Holterman (1973),
Haney (1973), O'Brien and DeNoyelles (1974),
Geller (1975), Hayward and Gallup (1976), Pilarska
(1977a), Pourriot (1977), Webster and Peters
(1978).

Temperature McMahon (1965), Burns and Rigler (1967), McMahon
(1968), Schindler (1968), Burns (1969b), Kibby
(1971a), Chisholm et al. (1975), Green (1975),
Geller (1975), Gophen (1976), Hayward and Gallup
(1976).

Light intensity McMahon (1965), Schindler (1968), Buikema (1973),
Hayward and Gallup (1976).

(Continued)
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Table 2 (Concluded)

Factor References

Water quality McMahon (1968), Schindler (1968), Tezuka (1971),
Ivanova and Klekowski (1972), Kring and O'Brien
(1976).

Size of animal Ryther (1954), Richman (1958), McMahon (1965), Burns
and Rigler (1967), Schindler (1968), Kryutchkova
and Sladecek (1969), Burns (1969b), Ivanova and
Klekowski (1972), Buikema (1973), Kibby and Rigler
(1973), Bogdan and McNaught (1975), Chisholm et al.
(1975), Haney and Hall (1975), Green (1975), Geller
(1975), Hayward and Gallup (1976), Pilarska
(1977a), Webster and Peters (1978).

Sex of animal Haney and Hall (1975), Green (1975), Hayward and
Gallup (1976).

Nutritional state Ryther (1954), McMahon and Rigler (1965), Geller
of animal (1975).

Reproductive state Schindler (1968), Hayward and Gallup (1976).
of animal

Circadian rhythms Nauwerck (1959), Burns and Rigler (1967), McMahon
and behavior (1968), Burns (1968a), Haney (1973), Starkweather

(1975), Chisholm et al. (1975), Haney and Hall
(1975), Hayward and Gallup (1976), Duval and
Green (1976), Gulati (1978), Andronikova
(1978).

Animal density Schindler (1968), Buikema (1973), Hayward and
Gallup (1976).

Acclimation period McMahon (1965), Schindler (1968), Buikema (1973),
Geller (1975), Hayward and Gallup (1976).
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investigated the marine copepod Calanus finmarchicus (Fuller and Clarke

1936, Fuller 1937, Harvey 1937). They and their contemporaries con-

cluded that the filtering rates (volume of water filtered per unit of

time) of marine filter-feeding zooplankton were independent of food

concentration. The corollary to this hypothesis was that grazing rates

(weight of food eaten per unit body weight per unit of time) were

directly proportional to food concentration (Figure 9). These results

suggested that a species-specific filtering rate could be established.

48. It was not until Ryther's 1954 paper on the filtering response

of Daphnia magna that attention was directed to freshwater zooplankters.

The most significant result of Ryther's work was that he demonstrated

that filtering rate per animal decreased as food concentration increased.

This relation was found to hold for all three algal species tested and

was the first evidence to suggest that zooplankton did not filter at a

constant rate at all food concentrations. Ryther's results suggested

that filtering rate may be reasonably constant and high at very low food

densities (less than ca 700 mg C/m3 for Chlorella), decline sharply at

F ilterin rat e

FOOD CONCENTRATION

Figure 9. Relation among food concentration, filtering rate, and
grazing rate, based upon early studies of filter-feeding marine

zooplankton
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intermediate densities, and possibly reach a minimum filtering level at

high food densities (greater than ca 2000 mg C/m3 ).
49. With all three species of algae introduced as food by Ryther,

grazing rate increased with increased food density (the one exception

was Daphnia fed senescent Chlorella). In examining Ryther's data where

Daphnia were fed growing algal cultures (Figure 10), it is clear that

grazing increased with food density in a linear or near linear

fashion.

50. The results of Ryther's work stimulated other workers to ex-

amine zooplankton feeding relationships over a wide range of food con-

centrations. Rigler (1961a) demonstrated that the grazing rate of the

zooplankter Daphnia magna may approach a maximum as food concentration

is increased. The grazing response changed markedly at a food concen-
3tration of approximately 600 mg C/m . The grazing rate was nearly

constant above this concentration, but too few data points prevent firm

conclusions. Similar results were obtained by McMahon and Rigler (1965)

(Figure 11).

51. Rigler (1961a) offered this hypothesis:

... when a filter-feeding Crustacean encounters low con-
centrations of food, the feeding rate is limited by the
ability of the animal to filter water and hence feeding
rate is proportional to concentrations of food. But
above a critical concentration of food, which wiil vary
with the species of Crustacean and food organisms, feed-
ing rate is constant and limited by the ability of the
animals to ingest or digest the food ....

52. Subsequent studies by Rigler and his associates (McMahon and

Rigler 1963, 1965; McMahon 1965, 1968; Burns and Rigler 1967; Burns

1968a, 1969a, b) have validated the above hypothesis and clearly sup-

port the earlier conclusion that "above a critical concentration of

food, the feeding rate is independent of concentration of food" (Rigler

1961a). The concentration of food at which feeding becomes constant,

called the "critical concentration" by Rigler, is now usually termed the

"incipient limiting level" after Fry (1947). This relationship is il-

lustrated in Figure 12.
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Incipient Limiting Level

Filtering rate

FOOD CONCENTRATION

Figure 12. Relation among food concentration, filtering rate, and
grazing rate first proposed by Rigler (1961a)

53. Work by Mayzaud and Poulet (1978) on marine zooplankters sug-

gested that the earlier conclusions (that filtering rate was independent

of high food concentrations) were not incompatible with results showing

a declining filtering rate with increasing food concentration. In a

I-year field study they found a linear relationship between feeding

rates and food supply for five copepod species. However, they also

found that if the marine zooplankter Pseudocalanus minutus was fed a

range of food concentrations over an 18- to 20-hr period, a saturation-

type curve, showing a maximum feeding rate, was obtained. Their

experimental work indicated that the levels of digestive enzymes of the

copepod population also varied linearly with food concentration on a

seasonal basis. These results suggest that both ingestion and digestion

by copepods were seasonally acclimated to the concentration of food

particles. The authors noted:
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From our results and those published earlier it becomes
evident that saturation curves have been obtained in experi-
ments where time and season are eliminated as influential
parameters. The feeding saturation level found by so many
workers is very likely partially a function of the time needed
by the copepods to acclimate their ingestion and digestion to
the qualitative and quantitative variations of their food.

54. Thus, it may be that zooplankton grazing rates are propor-

tional to food concentration, if the animals have had time to acclimate,

and that a maximum grazing rate of the saturation type only is approached

in the field under very high food concentrations, as might occur during

a phytoplankton bloom.

55. Model constructs. Scavia (1979) reviewed various mathematical

constructs for describing consumption by filter-feeding zooplankton.

Our purpose is to synthesize existing information and to present a mathe-

matical expression describing the relation between feeding rate and food

concentration. The terms feeding rate and grazing rate are used inter-

changeably.

56. Based on the work of Mayzaud and Poulet (1978) in the preced-

ing section, we noted that the two divergent viewpoints on the relation

between food concentration and feeding rate may not necessarily be in-

compatible. The first viewpoint held that a linear relationship exists

between feeding rate and food concentration (Figure 9). Evidence by

Mayzaud and Poulet (1978) indicated that if the time is sufficiently

long (probably more than 24 hr but less than 6 days), zooplankters can

adjust their ingestion rates, through changes in digestive enzyme activ-

ity, to acclimate to varying food concentrations. Over the range of

naturally occurring food densities, the relation is essentially linear.

The second viewpoint held that as food concentration increases, feeding

rate also increases but reaches a maximum rate at the incipient limiting

food concentration. At higher food densities, feeding is constant and

maximal (Figure 12). Many workers have demonstrated the second viewpoint

to be generally true in short-term feeding experiments. Mayzaud and

Poulet (1978) also found the same result for Pseudocalanus minutus when

it was exposed to varying food concentrations after short-term incuba-

tion periods of 18 to 20 hr.
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57. Research results suggest two conclusions. First, for short-

term incubation periods, zooplankters respond to increasing food concen-

trations in a curvilinear manner, often described as a "saturation

curve," where feeding rate attains a constant maximum value. Second, if

zooplankton are allowed to incubate at the test concentrations for

longer periods (>24 hr but <6 days), then digestive enzyme acclimation

may occur and the feeding rate response is linear. These conclusions

emphasize the importance of specifying duration when comparing labora-

tory and field studies. Of the papers that examined the effects of food

concentration on feeding rate, we found none that involved food incuba-

tion periods exceeding 24 hr. Thus, the results of laboratory experi-

ments conducted to date must be interpreted as short-term feeding

responses of incompletely acclimated zooplankters.

58. The above hypothesis concerning the functional response of

field populations of zooplankton to varying food concentrations was

first outlined by Mayzaud and Poulet (1978). Because little experimen-

tal work has been conducted to support or refute this proposal, it must

be tentatively accepted. It is our opinion that this hypothesis will be

verified, and we have accepted the conclusions and proposals of the above

authors in presenting a model construct for zooplankton consumption.

59. Saturation response models. The currently accepted saturation

response models are easily verified by existing laboratory data, and

because of the limited verification of the Mayzaud-Poulet model to

follow, the reader may wish to use one of these constructs instead.

Because the Mayzaud-Poulet model is an elaboration of saturation

response models, a basic understanding of these functions is needed.

60. Scavia (1979) described three expressions normally used to

describe the saturation type of response of zooplankton feeding on vary-

ing food concentrations. The first is a rectilinear form presented by

Rigler (1961a), which consists of two straight lines with different

slopes above and below the incipient limiting food concentration (Figure

12). The remaining two forms are curvilinear and have been represented

by Michaelis and Menten (1913) and Ivlev (1966) formulations:
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Michaelis-Menten

G =G (B (2)
max(k+B

where, G = observed grazing rate

G = maximum grazing ratemax

B = food concentration

k = half-saturation constant

Ivlev

G = Ga. (1 - e -kB) (3)

where the parameters G, Gmax' and B are the same as described for the

Michaelis-Menten equation and k is a proportionality constant.

According to Mullin et al. (1975), using the results of Frost (1972),

none of these three model formulations differ significantly in represent-

ing the filtering rate response of Calanus pacificus. At food concen-

trations below the half-saturation constant, the Ivlev equation produces

relative feeding rates that are slightly less than those determined by

the Michaelis-Menten relationship. The opposite is true of feeding

rates at food concentrations above the half-saturation constant

(Swartzman and Bentley 1977) (Figure 13).

61. We have selected the Ivlev formulation for use in our model

constructs for two reasons. First, the determination of the proportion-

ality constant, k, is straightforward. Second, the Ivlev formulation is

used in the model of Mayzaud and Poulet (1978) thus eliminating conver-

sions to the Michaelis-Menten expression.

62. Both the Michaelis-Menten and Ivlev equations have been mod-

ified in some models to include a lower threshold food concentration

below which zooplankton do not feed. The Ivlev equation then becomes,

G = G (1-e- k(B-Bo)) (4)
max
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where B is a threshold food concentration at which grazing commences.0

Experimental evidence for such a threshold came from work on marine

species (Parsons et al. 1967, McAllister 1970). However, Frost (1975),

also studying a marine zooplankter, found no clear threshold at low

food concentrations but rather greatly reduced feeding. We have found

no evidence to support the concept of a threshold food concentration for

feeding in freshwater zooplankton. McMahon and Rigler (1963) reported

that, in the absence of food, both the collecting and ingesting mecha-

nisms function in Daphnia magna, and Crowley (1973) noted that, in

Daphnia pulex, the movement of the thoracic appendages serves respira-

tion as well as feeding. He concluded that it was essential for

I VLEV

LMJ

r-

0
KS

FOOD CONCENTRRT ION

Figure 13. Comparison of the Ivlev and Michaelis-Menten
functions with the same half-saturation value, k s(based

on Swartzman and Bentley 1977)
40
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filtering to continue, even when food was absent. It has been suggested

that threshold levels are needed to prevent the zooplankton from grazing

algal foods to extinction. This simulation phenomenon appears to be the

primary reason for including threshold levels in most models. It is

likely that extinction is an artifact of the simulation process and

results from inappropriate assumptions or our ignorance of zooplankton

grazing dynamics. Wroblewski and O'Brien (1976) showed that the addi-

tion of zooplankton vertical migration to their model made threshold

levels unnecessary. Grazing pressure was not sufficient to drive food

supplies to extinction. In light of these resitlts and because threshold

food concentrations have not been demonstrated for freshwater zooplank-

ters, threshold levels are not included in our model construct.

63. Parameters of the Ivlev equation. Filtering and feeding

rates are seldom presented in biomass units, particularly as carbon.

The results of a few papers were deemed to be suitable for conversion to

carbon units. Our analysis method was to convert the raw data to carbon

units and then to find the best fit to the data using the Ivlev function

(Table 3). Variability of values for the grazing rate parameters can be

attributed to variations in animal size, species, and physiological

state, as well as to differences in food source, temperature, and assump-

tions made in our conversion of the literature data. The results pre-

sented in Table 3 are only for studies that made it reasonably clear

that a maximum grazing rate existed.

64. Values for the maximum grazing rates ranged from 0.045 to

3.44 mg C-mg C *day -
. Several investigators found a linear or nearly

linear increase in the grazing rate with increasing food concentration

but did not state the maximum grazing rate. Because these studies only

allowed for short-term acclimation, we assumed that the ranges of food

concentrations tested were below the incipient limiting level. The

variability among values (Table 4) was high.

65. Many studies reported grazing as a percentage of the orga-

nism's body weight consumed daily (Table 5). These results are not

directly comparable to carbon grazing rates but probably are reasonably

close approximations.
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66. Because only nine maximum grazing rates could be estimated

from literature data, and because of the variability of those values, a

frequency distribution of maximum grazing rates could not be estab-

lished. Therefore, we attempted to develop several empirical formula-

tions to estimate the maximum grazing rate, Ga, the constant, k, and
max'

the incipient limiting food concentration, Blim .

67. When the Ivlev equation is solved for k at any given incip-

ient limiting food concentration, Blim, the value of k decreases as Bli m

increases for any maximum grazing rate (Figure 14). If G is plottedmax

against k, based on literature data (Table 3), a similar relationship is

apparent (Figure 15). As G increases, k decreases. G appears tomax max

be linearly related to Blim, as shown in Figure 16. Even though only a

limited number of data points are available to plot Figures 15 and 16,

we believe that the data are of good quality and the apparent relations

among GMa, k, and Blim are valid. These relationships are true only if

zooplankton foods are edible and of a size range suitable for filtering.

In general, these two requirements would be met under field conditions.

The three equations based on literature data relating Gmax' k, and Blim

can be written as follows (Note: For calculation, we have arbitrarily

let Blim equal the food concentration at which the observed grazing

rate, G, is within 5 percent of the maximum grazing rate, Gmax

Equations 6 and 7 are based on a temperature of 20'C):

k = 10(0.4773 - 1.0002 * log (Blim)) ; = 1.00 (5)

k=10 (- 2 .9664-0.9787 * log (G max)) = 0.77 (6)

Gmax = 0.0788 + 0.0003105 * Blim  R 0.89 (7)

68. If any one parameter is known, the above equations, although

tentative, allow the calculation of any other grazing parameter. The

following hypothetical argument supports Equation 7 as potentially the

most useful relationship.

69. As we previously stated, Mayzaud and Poulet (1978) found a
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Figure 14. The relation of the constant, k, to the incipient
limiting food concentration, Blim , This relation is true for

any value of Gmax

K =I0 ( -2..3B2-T" .7B92"LBT( 5MRX) )

Is

1H

S12

2 "

2.5 I I.E 2 2.E 33.

MXIMUM SRRZINS RTE M SRX (M C ME C"DRY - )

Figure 15. The relation of the constant, k, to the maximum
grazing rate, Gmax. The curve was fitted to values of k

and Gmax from Table 3
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Figure 16. The relation of the maximum grazing rate, G , to
the incipient limiting food concentration, Blin (vaiues m or 0.95

B, have actually been plotted because the Ivlev equation can
n [mbe directly solved for B1 . ). The line was fitted from

values In Table 3

linear relationship between food concentration and ingestion for five

marine copepods. They also found that ingestion was linear up to the

ambient concentrations, when copepods were feeding in a range of food

concentrations that were below and above the ambient level. This result

suggests that under most field conditions, when the zooplankters are

acclimated to the ambient food concentration, they feed maximally at the

ambient level. For all practical purposes, then, the ambient food con-

centration is equivalent to the incipient limiting concentration of

laboratory studies. At higher food concentrations, grazing rate ap-

proaches an asymptote at G . If this argument is valid, it becomes
max

clear that the observed grazing rate at the ambient food concentration

is equivalent to, or closely approximates, the maximum grazing rate. If
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true, Equation 7 can be used to estimate the grazing rate for any am-

bient food concentration. The benefit of such a relationship is obvious.

Zooplankton grazing could be described by a linear relationship for any

food concentration. Only the biomass of zooplankton and the biomass of

available food would need to be measured in the field.

70. The above argument, although supported by the results of

Mayzaud and Poulet (1978), is not sufficiently documented in the litera-

ture to be generally accepted. Our analysis of the available data

provides additional support. Perhaps Equation 7 could be incorporated

into some preliminary simulations and these compared to simulations

based on the more generally accepted zooplankton feeding constructs.

Further experimental work should clarify these relationships.

71. In concluding this analysis, we describe the feeding construct

of Mayzaud and Poulet (1978). Although problems are presented in apply-

ing the grazing relationship, we believe that it is more realistic than

alternative formulations and should be used in the simulation of zoo-

plankton feeding.

72. Mayzaud and Poulet proposed the following feeding construct,

which we have changed to our terminology. The acclimation time for a

significant increase in food supply, B, occurring over a period t is

defined as r. Acclimation time corresponds to the maximum ingestion and

digestion rates reached at a given food concentration. For t < F the

physiological response will follow a saturation-type curve. For t > F

the maximum grazing rate is shifted upward according to a linear rela-

tionship. For t < F the grazing rate can be defined by Equation 3. If

0 < t < F, the maximum grazing rate remains constant and independent of

time. If F < t < 0, and B is within natural limits, G can be defined
max

as

G = ZB (8)
max t

where Z is a constant and Bt is the food concentration at time t. By

substitution Equation 3 becomes

G = ZB t (I-e- kBt) (9)
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This equation becomes linear when Bt is increasing. Values for Z for

different G and B are presented in Table 6.max t

Table 6

Relationship Among G max, Bt and Z as Defined by Equation 8

and Based on the Data in Table 3

G B
max

(mgC mg C Day - ) (mg C/m 3) Z

0.5 1,356.5 3.68x10
4

1.0 2,966.8 3.37xi0
- 4

1.5 4,577.1 3.28xi0
- 4

2.0 6,187.4 3.23x10
- 4

2.5 7,797.7 3.21xi0
- 4

3.0 9,408.0 3.19xI0 4-

3.5 11,018.4 3.18xl0
- 4

The constant, k, can be determined by using either Equation 5 or Equa-

tion 6. The relationship between Bt and Z can be described mathemati-

cally by

Z 10 ( - 3.2295 - 0.06787 * log (Bt) (10)

2
R - 0.93

Mayzaud and Poulet (1978) report:

Equation [9] can account for three ecological situations
found in various data: a sudden large increase in phytoplank-

ton results in saturation of the feeding system until acclima-

tion has had sufficient time to take place; over a long time
such as a yearly cycle, ingestion is directly proportional to
food supply, and because the.. .environment has a highly

variable energy supply the feeding system of herbivorous zoo-
plankters is in a more or less continuous state of being

acclimated. Hence we could sample a copepod population in a
state of equilibrium with a saturation level at or close to

the environmental particle concentration. If the sampling
takes place during acclimation to an increase in particle
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Cuicentration, the saturation will be obtained for values
significantly smaller than the envirounental concentration.
It sampling occurs during an acclimation to a decrease in
particulate concentration, a linear relationship with no

apparent saturation will be observed.

layzaud and Poulet concluded by stating,

At the moment we do not have experiment , values for I hit
from the results of Mayzaud and Conover (1976) it should be
<6 days and probably 24 h. Whether all copepods have such
an acclimation ability remains to be seen. In the neritic
environment off Nova Scotia it appears that both adult cope-
pods and copepodites have it (Poulet 1977).

73. Brandl and Fernando (1975) found that, for three species of

cyclopoid copepods, the predation rate was different among groups dif-

fering in their previous diet up to the fourth day after the transfer to

the same diet. This suggests that F may be equal to or greater than 4

days. The acclimation time F can be empirically determined by varying

its value within the above noted limits during simulation runs.

Food Selectivity by Zooplankton

74. All zooplankters are selective feeders resulting from a com-

bination of (a) an organism's mechanical limitations in capturing and

processing food items of varying size and configuration, (b) the

chemical nature of the food, and (c) feeding behavior. Herbivorous

filter feeders predominate in freshwater zooplankton communities. For

purposes of describing a general zooplankton model, species in this

group can all be regarded as passive, indiscriminate filter feeders

subject to the mechanical and chemical restraints mentioned above.

Scavia (1979) discussed selective feeding in a modeling context and

commented on aspects needing further research.

75. Zooplankters have a wide variety of potential food sources

available to them. Two questions are of central concern to any modeling

effort: "What is the size range of food items eaten by zooplankton?"

and "Is preference shown to one type of food over another?".

76. Size range of food particles consumed. The size of food
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particles that are suitable for consumption vary by species. Generally,

the larger the animal, the larger the size of food that can be eaten

(Burns 1968b). For discussion we treat all zooplankton as a single

community and hence are interested in the range of usable food sizes.

Edmondson (1957), Jorgensen (1962), and Kryutchkova (1974) have reviewed

literature on this subject and our conclusions draw heavily on these

summaries.

77. No absolute size range can be established for a zooplankton

community. We have defined size to mean the length in microns of the

long axis of a food particle. Clearly, width and volume are also

important factors. Reported literature values for the size of ingested

particles range from approximately 0.2 to 100 pm in diameter, but most

values are less than 20 pm. The preferred or most efficiently consumed

particles are generally between 1 and 10 pm. Rotifers clearly feed on

smaller particles, with the exception of Asplanchna, a predaceous genus.

Ascertaining the maximum size of food consumed by predators is difficult

because many species are raptorial feeders capable of tearing prey items

into smaller particles before consumption. The range of sizes consumed

(0.2 to 100 pm) potentially covers organisms from bacteria to large

algae or algal colonies. We suggest that the grazing construct only

allow the zooplankton community to feed on particles of 100 pm or less.

Further division of the zooplankton community into smaller groups, i.e.,

rotifers, copepods, predators, etc., would necessitate establishing a

maximum and minimum food size for each group. Although division of the

zooplankton community may be highly desirable for some model applications,

data needed to establish particle-size preference for subcategories of

zooplankton are too few and variable within the major taxa.

78. Preference among food sources. Food preference is demon-

strated if an organism consumes a food item in a proportion greater than

the food item's relative contribution to the total of all available foods

in the environment. Preferences among variable food sources have been

incorporated into recent models (e.g., Scavia 1979). Most of these

models use a food preference term or electivity index for each food

source. Seldom are more than two types of food available to the grazing
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community in simulation models, i.e., phytoplankton or detritus. Often

values for the food preference terms are the modeler's best guess because

little sound documentation exists.

a. Detritus and microflora as food

79. Detritus, or unidentifiable, particulate organic and inor-

ganic material, is a significant food source for zooplankton in some

models. Although ample evidence exists to show that detritus is con-

sumed by zooplankton, no evidence exists to show that detritus is

consumed pref'rentially. Several studies have shown that detritus is

ingested in proportion to its composition in the environment. When

detritus is included as a food source in a grazing formulation, it

should be given equal ranking with other suitable foods.

80. Since Odum and de la Cruz (1963) first described organic

detritus, a fairly extensive body of literature has developed that is

concerned with the functional role of detritus in trophic webs of

aquatic ecosystems. Detritus consists of organic carbon that is lost

from any trophic level by nonpredatory means (e.g., nonpredatory mortal-

ity, egestion, excretion) or that is derived from allocthonous sources.

The detritus food chain is any route by which chemical energy from

detritus is made available to biota (Wetzel 1975). These definitions

recognize bacterial action on detrital substrates as trophic transfer

(Wetzel 1975). Goldman and Kimmel (1978) reviewed much of the previous

work conducted on energy flow and matter cycling through detrital path-

ways and emphasized the importance of detritus in reservoirs.

81. The upper reaches of reservoirs typically act as sediment

traps for tremendous loads of clay, silt, and detritus. As a result,

river impoundments may receive a significant portion of their driving

energy from inflowing allocthonous detritus. In Tuttle Creek Reservoir,

Kansas, Marzolf (1978) found that 1200 mg C-m- 2day- I came from al-

locthonous sources and only 70 mg Cm- 2.day - from autochthonous origins.

Sorokin (1972) suggested that 25 percent of the driving energy in Rybinsk

Reservoir, USSR, was derived from allocthonous organic substances.

Twenty-three percent of the organic matter in a Texas reservoir came

from upstream areas (Lind 1971). In addition to the detritus flowing
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into reservoirs, a substantial quantity may enter impoundments when new

areas are inundated by high water levels (Romanenko 1966, Winberg 1972).

82. Diets of nonpredatory zooplankton often include significant

quantities of detritus or bacteria (Smirnov 1962, Conover 1964, Petipa

1967, Andronikova et al. 1972, Poulet 1976). Edmondson (1957) discussed

the potential importance of detritus in zooplankton diets and cited

previous observations of zooplankton consuming detritus and bacteria.

Bacteria made up 58 percent of the nonpredatory zooplankton diet during

the freezing period in Red Lake, USSR (Andronikova et al. 1972). Marzolf

(1978) observed zooplankton gorged with clay particles and detritus.

Gutel'mackher (1973) determined that dispersed bacteria composed

28 to 38 percent of the diets of Bosmina longirostris, Holopedium

gibberum, and Diaptomus graciloides.

83. Bacteria probably make indigestible detritus available to

nonpredatory zooplankton (Edmondson 1957, Sorokin 1972). In some cases,

microflora on the detritus may represent the primary source of energy

(Overbeck 1972). That bacteria colonize detrital particles is well

established (Rodina 1963; Paerl 1973, 1974). According to Rodina

(1963), the mass of bacteria on detritus is often enormous, and an ag-

gregate often consists of a small organic core with an overgrowth of

bacteria and bacterial filaments.

84. Bacteria also may appear as free-living plankton (Azam and

Hodson 1977, Kimmel 1978, Sieburth and Smetacek 1978). In fact, Sieburth

and Smetacek (1978) found that the bacteria attached to the seston which

passed through a 20-pm screen consisted of only about 0.1 percent of the

total cells they concentrated on 0.2-pm nucleopore membranes. Although

most dispersed bacteria probably are not filterable by zooplankton

(Monakov and Sorokin 1972), colonization of detritus may increase the

availability of dispersed bacteria for zooplankton consumption (Goldman

and Kimmel 1978). Haney (1973), however, considered particles within

the size range of 0.45 to 30 pm to be available for zooplankton consump-

tion. Some dispersed bacteria probably are at the lower end of this

size range.

85. Few data exist on the assimilation of detritus and bacteria
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by zooplankton (Appendix C). Assimilation efficiencies of Cladocera

feeding on phytoplankton (8 to 99 percent; K 47.4) tend to be higher

than that of Cladocera fed detritus and bacteria (8 to 55 percent; X

= 23.3; Appendix C). Similarly, Copepoda assimilate algae (10 to 99 per-

cent; X = 59.5) somewhat more efficiently than they do yeast and bacteria

(21 to 67 percent; X = 44.2; Appendix C) (Gutel'mackher 1973; Green 1975).

86. Nonpredatory zooplankton fed detritus and bacteria apparently

can survive, even though assimilation of these foods is relatively low.

Baylor and Sutcliffe (1963) observed that Artemia sp. fed particulate,

organic detritus grew as well as those shrimp fed yeast, through the

fourth day of their experiment. Thereafter, Artemia continued to grow

but at a slower rate than yeast-fed specimens. Cladocera fed sterile,

crushed plant and animal detritus survived 38 days but did not reproduce

effectively (Rodina 1963). When fed detritus that was colonized by

bacteria, the Cladocera survived and reproduced through several genera-

tions. Apparently the bacteria provided certain vitamins needed by the

Cladocera for reproduction and development. Other zooplankters also

have been observed to survive, mature, and reproduce on diets of detri-

tus and/or bacteria (Gellis and Clarke 1935, Rodina 1963, Yesipova 1969,

Nonakov 1972, Winberg et al. 1973).

87. Zooplankters apparently must feed on detritus and bacteria to

balance their energy budgets when phytoplankton production is insuffi-

cient to support the biomass of zooplankton present. In the tropical

Atlantic, food needs for zooplankton were 1.5 to 4 times greater than

chlorophyll a primary production (Finenko and Zaika 1970). Nauwerck

(1963) calculated that the July growth rates of Diaptomus sp. could not

have been maintained with the available phytoplankton production. Like

inefficient benthic herbivores that feed on detritus and bacteria (e.g.,

Hargrave 1971), zooplankters may have high tissue growth efficiencies

and simply process large quantities of poorly assimilated food. Welch

(1968) demonstrated an inverse relation between assimilability and

growth efficiency.

88. In field studies, large temporal discrepancies have been

observed between peaks in phytoplankton and the abundance of herbivorous
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zooplankton. In fact, zooplankton dynamics occasionally correlate

better with the production of bacteria than with that of phytoplankton

(Moskalenko and Votinsev 1972, Jassby 1975). Colonization and partial

decomposition of senescent algae by bacteria and fungi may make them

secondarily available for zooplankton consumption (Edmondson 1957).

Jassby and Goldman (1974) concluded that a majority of the phytoplankton

losses in Castle Lake, California, were the result of natural senescence

and not grazing.

89. A tremendous quantity of chemical energy in the form of

bacteria has been largely ignored by limnologists. While bacterial

biomass typically is low in most waters throughout the year (1 g wet
3

weight per m was a common estimate by Rodina (1963) and Sieburth and

Semtacek (1978)), turnover time is rapid (e.g., 3 to 48 hr). As a result,

bacterial production can exceed primary production under certain condi-

tions (Winberg 1972, Jassby 1975). On a yearly basis, bacterial produc-

tion is usually less than primary production, but of the same magnitude

(Kuznetsov et al. 1966, Overbeck 1972, Pechlander et al. 1972, Tilzer

1972). Such a potential source of energy in reservoirs is of too great

a magnitude to be ignored, even if inefficiently utilized.

90. If detritus is considered a second food source for zooplankton,

then a term indicating preference for detritus or phytoplankton should

be incorporated into a model's grazing construct. Four zooplankton

models include detritus as a source of food for zooplankton (i.e.,

Menshutkin and Umnov 1970, Umnov 1972, MacCormick et al. 1974, Patten et

al. 1975). The Wingra Model (MacCormick et al. 1974) includes a prefer-

ence term for detrital and algal foods that usually was set at unity

(i.e., indicating no preference), or that was empirically derived.

Patten et al. (1975) assumed that small zooplankton feed 20 percent on

phytoplankton and 80 percent on particulate organic matter. These

values are similar to the percent composition (by weight) of these com-

ponents in net seston. Menshutkin and Umnov (1970) and Umnov (1972)

assigned zooplankton preferences for detritus or phytoplankton on the

basis of the percent composition (by weight) of these components in the

ecosystem. Data of Ryther (1954) and Lampert (1974) suggested that the
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use of a preference term, based on the concentration of food particles

of a filterable size, may be reasonable. Particle selection by

Cladocera in these studies depended on the concentration of filterable-

sized particles and not on the type of particles present. Particles are

not rejected simply because they have limited food value. Copepods

ingest and form fecal pellets of particles of India ink (Marshall and

Orr 1952) or polystyrene pellets (Paffenhofer and Strickland 1970).

91. The seasonal abundance of phytoplankton, bacteria, and

detritus may be the main factor determining the percent composition of

these components in the diets of many zooplankton. For example, Poulet

(1976) determined that the balance between living and nonliving particle

consumption in Pseudocalanus minutus was related to the relative concen-

trations of these components within each particle peak (i.e., the size

range of particles which are filtered at a maximum rate). Riley (1970)

stated that such nonselective feeding, based on available particle size,

should not distinguish between living and nonliving particles. Detrital

carbon constituted 71 percent of the food ration of Pseudocalanus minutus

(Poulet 1976). This figure is about the same as the percent composition

of detritus in the seston of the sea (78 to 95 percent, Finenko and Zaika

1970; 76 percent, Beers and Steward 1969; 70 to 93 percent, Poulet 1976).

92. In some models, animals are limited to one food source.

DiToro et al. (1971) and Steele (1974) developed models in which zoo-

plankton fed exclusively on phytoplankton. Food of benthic organisms

was limited to detritus in a model by Zahorcak (1974). Other models

primarily have been concerned with particle size selection (e.g., Scavia

et al. 1976, Taghon et al. 1978). Elaborate constructs dealing with

food selection based on prey availability, catchability, and desirability

(e.g., Park et al. 1974, Zahorcak 1974, Scavia et al. 1976) may not

represent substantial improvements over single-food models if they can-

not be effectively evaluated. While such interactions and behavior

probably exist, they have not yet been adequately quantified.

93. Clesceri et al. (1977) presented a model simulating free and

attached microflora, particulate and dissolved organic matter, and ni-

trogen and phosphate in limnetic areas. Feeding terms for bacteria were
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the same as those used for zooplankton and benthos feeding in the Lake

George model (Park et al. 1974). Insofar as we know, the effort of

Clesceri et al. (1977) represented the first attempt to model bacteria

dynamics.

94. In reviewing the literature on assimilation and feeding, we

became aware of several gaps in the knowledge needed to effectively

model zooplankton. We urgently need accurate methods for determining

the percent composition and turnover of detritus, bacteria, and phyto-

plankton in seston. With these methods, we could better elucidate the

seasonal dynamics of these components and determine their relationship

to zooplankton feeding. In addition, more studies are needed of assimi-

lation and survival when zooplankton are fed protozoa, detritus and/or

bacteria, or various combinations for several generations. Until these

data are available and incorporated into models of reservoir zooplank-

ton, simulations of the real environment may be inaccurate.

95. Dissolved organic matter (DOM) is another potential source of

food for benthos and zooplankton of which we know little. We do know

that DOM is about 10 times more abundant than particulate organic matter

(POM) in marine and freshwater ecosystems (Jorgensen 1962, Wetzel 1975).

Data on the use of DOM by aquatic invertebrates are rare. Peloscolex

multisetosus, an oligochaete, actively took up glycine from solution

(Brinkhurst and Chua 1969). Epidermal tissues of soft-bodied marine

invertebrates have been shown to actively transport dissolved, free

amino acids. Larval forms with large surface-area-to-volume ratios,

especially, may benefit from such uptake (West et al. 1977). Southward

and Southward (1971) believed that some marine polychaetes can meet all

of their nutritional requirements by absorbing DOM. Gellis and Clarke

(1935) found that Daphni magna could not survive in a glucose solution

but could effectively use unfilterable, colloidal organic matter as

food. The osmotic assimilation efficiency of DOM by Daphnia pulex in

sterile water is about 2 percent (Monakov and Sorokin 1972). More

research is necessary to determine what types of animals in reservoirs,

if any, can directly (by uptake) or indirectly (via a bacterial trophic

link) utilize the energy in DOM.
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b. Selectivity amon ilgae

96. Conflicting evidence on the nutri tionIal val Iue and grazahi I -

ity of blue-green algae has appeared for many years. Our review of

assimilation, in a later section, clearly shows that blue-green alg;ae

are generally not as assimilable as are other algal species. This does

not mean, however, that blue-green algae are ign ed as a food sfir by

zooplankton. Birge (1898) may have been the first wo rke r to spec l,ite

on the ability of zooplankton to graze filamentolis blue-green .ilgae.. li

suggested, on the basis of qualitative observations, that Chydors (oi.ld

utilize Anabaena but not Lyngba.

97. Lefevre (1942) compared the suitability of many algal

species as food for Daphnia magna and Daphnia pLex. Blue-green algae

were not included in the analysis, but his results showed that species

differences within the same genus could produce widely divergent suit-

ability ratings. Because Lefevre did not measure actual consumption of

the algal species he examined, his results are not directly comparable

to more recent work. However, they do illustrate the contention that it

is not necessarily the taxonomic position of the algae that makes it

suitable or unsuitable as food but rather the attributes of each algal

species such as size, shape, and toxicity.

98. Lefevre (1950) found that the filamentous blue-green

Aphanizomenon gracile was unsuitable as food for Daphnia magna and

D. pulex. Both species of DaPhnia could filter the algae but rejected

it because they could not ingest the filaments.

99. Ryther (1954) considered the possibility that D phnia marna

filtered large algal cells less efficiently than small cells. In a

group of experiments in which Daphnia was fed mixed cultures containing

equal numbers of the large Scenedesmus and the smaller Chlorella, each

prey species was eaten in equal numbers suggesting no difference in

filtering efficiency.

100. Ryther also suggested, then experimentally demonstrated,

that the age of the algal culture was important in determining filtering

rate. For all species investigated, Daphnia magna filtered senescent

cells at a much lower rate than it filtered growing cells. Ryther
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hypothesized that antibiotics produced by the senescent cultures in-

hibited Daphnia feeding. His results were supported by McMahon and

Rigler (1965) and Stross et al. (1965).

101. Blazke (1966) found that Daphnia pulicaria was able to grow

and reproduce when feeding on a bloom of blue-green algae. However,

Arnold (1971) noted that bacteria may have been consumed along with the

blue-green algae in Blazka's study.

102. In her study of Daphnia feeding in Heart Lake, Canada, Burns

(1968a) found that the filamentous blue-green algae Anabaena, Oscillatoria,

and Lyngbya were numerically dominant during the summer. Also present

were colonies of Gomphosphaeria and Microptis. Daphnia filtering rate

declined as the concentration of Anabaena colonies in the water in-

creased. Burns noted,

When Daphnia were feeding in lakewater, many of the

colonies were drawn into the thoracic chamber. Most of
the colonies were cast out by movements of the postabdomen

alone, but many of the filaments came to lie in the food
groove parallel to the long axis of the body. In D. rosea,

an immediate and vigorous labral rejection occurred when-
ever an Anabaena filament, or cell from a filament,

reached the region of the maxillules. Several rejections

were sometimes necessary to dislodge a filament.

Burns suggested that the decline in Daphnia filtering rate could be due

to the presence of the filamentous blue-green algae which interrupted the

filtering process. Her results supported the conclusion that Daphnia

rosea was not utilizing the predominant phytoplankton of Heart Lake for

5 months of the year.

103. Burns found, in contrast, that Daphnia galeata ingested

single cells or small fragments of Anabaena at times when the food

level in Heart Lake was low. Her hypothesis was that perhaps Daphnia

galeata could use less desirable food sources in times of inadequate

food supply.

104. Although Daphnia rosea and D. galeata showed similar filter-

ing rates and feeding behavior in Heart Lake water, Burns noted,

... that during June, D. galeata adults ingested small
colonies of a chrysophycean alga whereas D. rosea adults
did not. This implies not only that an active selection
of food particles in lakewater might occur in nature, as
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has been suggested by other authors (Smith, 1936; Gajevskaya,
1961), but also that two species of Daphnia might differ in
an ability to select food.

105. Schindler (1968) fed Daphnia magna three algal species

separately (Chlorella sp., Chlamydomonas sp., and Anabaena sp.) and

found no significant difference in the feeding rate. The assimilation

rates of Daphnia fed Chlorella sp. and Chlamydomonas sp. were not sig-

nificantly different, but the assimilation rate for Anabaena sp. was

significantly lower. Food energy content (2 to 5 calories/mg) had a

significant effect on feeding and assimilation.

106. Schindler noted that planktonic Copepoda and Cladocera from

a turbid Minnesota lake, when observed in the laboratory, ate particles

of different origin nonselectively, although there was some selection

for size and shape of particles.

107. Experiments conducted by Gliwicz (1969) on eight zooplankton

species fed various sizes of mineral grains and diatom frustules support

the hypothesis that filtering may be primarily passive and mechanical.

Gliwicz found that as the proportion of mineral particles in the food

suspension increased, the amount consumed also increased. He concluded

that when large amounts of valueless food which cladocerans cannot avoid

or reject are present, filtering rates did not decrease. He also ex-

amined the contents of alimentary canals of various zooplankton species

from Lakes Mikolajskie and Taltoursko, Poland. This quantitative study

revealed that the following species consumed blue-green algae along with

other foods: Daphnia cucullata, D. longispina, Bosmina coregoni,

B. longirostris, Brachionus angularis, and Asplanchna priodonta.

108. McQueen (1970) found that Diaptomus oregonensis did not feed

on the platelike colonies of the blue-green Merismopedia in Marion Lake,

British Columbia (although this species was of a filterable size), nor

on two species of the diatom Cyclotella that were within the size range

normally eaten by Diaptomus. McQueen concluded that cell type, rather

than size and concentration alone, is important in determining filter-

ing rates.

109. Schindler (1971) fed Daphnia longispina, Diaptomus gracilis,

61

.. . . . . . . . . i l I 1 .. . . . . . . . . . . . . . .. ..7. . I| ... .. . . .-l l . . . . . . . .



arnd t yciops strennus I1 algal species, three of which were blue-green

algae. The zooplankters ate each of the 11 species, although the as-

stmil,tion etficiencies were highly variable.

110. Arnold (1971), who examined the effects of seven species of

blue-green algae on D aphnia pulex, found that ingestion, assimilation,

survival, ant reproduction were lower in specimens fed blue-green algae

than iii those fed green algae. The degree to which the different blue-

green ilgae affected the D aphnia was variable. Arnold concluded that the

blue-green algae tested (lid not supply sufficient nutrition to support

the Daphuia pulex population unless additional food sources were available.

111. Porter (1973), who examined in situ the selective grazing of

algae by a zooplankton community in Fuller Pond, Connecticut, reported

that artificial increases in grazing pressure resulted in a decline of

the phytoplankton community as a whole. The most heavily grazed groups

were ciliates, small algal species, large diatoms, flagellates, and

nanoplankton. Unaffected groups were large algal species, small blue-

green algae, small diatoms, large desmids, large dinoflagellates, and

large chrysophytes. Large blue-green algae showed a variable response

and large green algae increased.

112. Anabaena affinis and A. flos-aguae were rarely consumed by

the zooplankton and were unaffected by increased grazing pressure. The

green algae that were enhanced by grazing were encased in gelatinous

sheaths and passed through the gut intact. Sphaerocystis schroeteri

and Elakatothrix _elatinosa reproduced after gut passage.

113. Porter suggested that gelatinous green algae must be included

with blue-green algae and other very large species as being poorly uti-

lized as food by zooplankton. She concluded,

By their responses to grazing, algae can be divided into
three major groupings that cut across taxonomic lines. One

contains species that are large, rare, or filamentous and
seldom found in the guts of the zooplankton, either because

they are not eaten or are actively rejected. They are unaf-
fected by manipulations of grazing pressure. The second
contains small, edible species that are eaten, digested and
suppressed by grazers. The third contains species encased
in thick gelatinous sheaths that pass through the grazers,
frequently intact and in viable condition. These are
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increased by an increase in grazers. Grazing pressure, like
physical and chemical factors, may determine the relative
proportions of algal species and drive seasonal succession
from a spring association dominated by edible flagellates

and diatoms to gelatinous greens and filamentous blue-greens
in autumn. The impact of grazing on the phytoplankton com-
munity is determined by the proportions of suppressed, in-
creased and unaffected algae present.

114. In a continuation of her study, Porter (1975) found blue-

green algae to be consumed in limited quantities by three zooplankters

in Fuller Pond, Connecticut. Cyclops scutifer fed to a very small ex-

tent on Aphanothece sp. (4.3 percent of gut volume) and Chroococcus

limneticus (3.5 percent). Only Daphnia galeata consumed Anabaena

flos-Aquae (0.2 percent), along with seven other species of blue-green

algae. She presented evidence to show that some species of blue-green

and green algae with gelatinous sheaths can be consumed and pass through

the digestive tract of zooplankters intact and viable.

115. Haney (1973) contrasted his work with that of Burns (1968a).

Contrary to Burn's conclusions, he found that it was unlikely that

Anabaena filaments were the direct cause of the rapid decline in zoo-

plankton filtering rates in the spring in Heart Lake, Canada.

116. O'Brien and DeNoyelles (1974), who fed Ceriodaphnia

reticulata on a natural assemblage of phytoplankton, with and without

the colonial blue-green algae Microcystis aeruginosa added to the cul-

ture, found that the presence or absence of M. aeruginosa had no signif-

icant effect on the filtering rate. The authors did not state whether

or not Ceriodaphnia consumed any of the blue-green algae.

117. Geller (1975), after examining the filtering rate of Daphnia

pulex on eight algal species in pure culture, showed that Scenedesmus,

Nitzchia, and Asterionella were all filtered at about the same rate.

Staurastrum and the blue-green Microcystis were filtered at a much lower

rate, which Geller attributed to cell size and shape and the cells

gelatinous sheath. Anabaena was filtered very little if at all. The

green alga Stichococcus was filtered at a reduced rate that was explained

by the small cell size and reduced filtering efficiency of Daphnia.

Geller stated,
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The ingestion rates measured during feeding with blue-green
algae permit the assumption that they are accepted if they
are individual cells in suspension, though the ingestion
rates do not reach those for green algae and diatoms, which
are taken up quite readily. Filamentous forms, e.g., col-
onies of Anabaena, which in the present investigation were
short filaments of 50-200 cells, are taken up to a very
small extent.

118. Hayward and Gallup (1976) examined the filtering and feeding

rates of Daphnia schodleri fed seven species of algae. Feeding occurred

for all species except the filamentous Anabaena and Aphanizomenon, both

blue-green species. Both species were rejected by Daphnia, and high

mortality rates occurred. Daphnia schodleri did not eat single cells of

Anabaena when the filamentous chains were broken up. The authors sug-

gested that Daphnia may be able to recognize Anabaena by chemical and

physical detection.

119. Pourriot (1977), who reviewed the food habits of rotifers,

stated, "The polyphagous Keratella species (quadrata group) feed on many

kinds of food including detritus and small living cells (Flagellates,

green algae) but none ingested the cyanophycean Synechocystis which is

of suitable size."

120. Pourriot also listed 28 species of filter-feeding rotifers

and their foods. Of the 18 species of freshwater rotifers listed, 17

did not ingest Cyanophyceae. One species, Brachionus diversicornis, in-

gested blue-green algae (species unspecified) and exhibited moderate

reproduction. None of the seven raptorial feeding species of rotifers

listed fed on blue-green algae, but rather on large Cryptomonadales,

Chyrsomonadales, and some diatoms and Centrales. Two of the three

brackish or alkaline water species listed fed on blue-green algae and

reproduced successfully. Both of these species were in the genus

Brachionus. It appears that Brachionus is the only rotifer genus

utilizing blue-green algae. Many of the 28 species did not feed on

other algal groups or on detritus and bacteria. Most species except the

raptorial feeders maintained themselves reasonably well on detritus.

121. Webster and Peters (1978), who performed experiments to see

if large zooplankters were differentially affected by blue-green algal
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filaments over small zooplankters, indicated that in large zooplankters

(Daphnia pulex, D. ambigua, Simocephalus vetulus) the filtering rate

declined and the rejection rate increased as the filament concentration

increased. The filtering rates for Bosmina longirostris, the smallest

animal, showed little change with variations in filament concentrations.

Results for Ceriodaphnia quadrangula were variable. These results show

that filtering of large zooplankters is impeded by the presence of

filamentous blue-green algae.

122. Published data generally indicate that the zooplankton

community, as a whole, is capable of filtering and consuming all major

algal groups, including the blue-green Myxophyceae. The size, shape,

and chemical nature of the algae available as food appear to be of

primary importance in controlling the rate of consumption. Senescent

cells have been shown to inhibit feeding, and this chemical inhibition

is not limited to blue-green algae. Large species with gelatinous

sheaths are consumed by zooplankton but may pass through the digestive

tract undamaged and perhaps enhanced in terms of increased growth rates.

Rejection and reduced feeding may occur in the presence of large quan-

tities of filamentous algae.

123. With respect to water quality problems resulting from

eutrophication, the blue-green algae pose the most serious problem. The

blue-green "bloom" species, such as Anabaena and Aphanizomenon, are fila-

mentous forms that are unlikely to be consumed by the zooplankters.

Even under unperturbed conditions, such as might be found in natural

lakes, filamentous blue-green algae may predominate in the lake phyto-

plankton during the summer and early fall. In any situation where fila-

mentous algal forms become a significant proportion of the phytoplankton

community, grazing rates are affected. Grazing on these species should

not be modeled at the same rate as that on other nonfilamentous forms.

124. Model construct. In view of the water quality orientation of

the model which this report is intended to supplement, we propose the fol-

lowing construct based on our literature evaluation. First, food prefer-

ence is equal among all potential food sources except filamentous algae.

65



Filamentous noncyanophyte species are normally not water quality prob-

lems, nor do they predominate phytoplankton of reservoirs. We do not

believe sufficient justification exists to separate these species from

the bulk of the phytoplankton community. Filamentous blue-green algae

should be distinguished from other algal groups and should be grazed at

a lower rate. To reduce the grazing rate on filamentous blue-green

algae, the modeler should introduce a preference term into the grazing

equation. The magnitude of the term is not supportable quantitatively

by literature data but probably should be allowed to range from 0 (no

grazing) to 0.3. The greater the concentration of filamentous blue-

green algae in the total algal concentration, the lower the total grazing

rate. This construct can be written as:

Gi = ZB t I e i (l)

where

G. = observed grazing rate on food type ii

Z = proportionality constant defined by Equation 10

Bt = conccntration of food at time t

B. = concentration of food type ii

W. = preference coefficient for food type ii

k = proportionality constant

Effect of Temperature on Consumption

125. Temperature is known to influence many types of biological

functions, including the filtering rates and hence the grazing rates of

filter-feeding aquatic organisms. We next review information on the

effects of temperature on zooplankton grazing rates, analyze these re-

sults critically, and, finally, propose a model construct incorporating

temperature into the grazing function. Although alluded to here, lethal

temperature limits are discussed in the section "Nonpredatory Mortality,"

page 166.
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126. Literature synopsis. The earliest reference to temperature

effects on the grazing rates of freshwater zooplankters is that of Cohn

(1958). His study of Daphnia pulex and D. schodleri showed no change in

the grazing rates over the limited temperature range of 170 to 21*C.

Nauwerck (1959), who conducted in situ experiments at Lake Erken, Sweden,

with Daphnia longispina and Diaptomus sp., found that over a temperature

range of 80 to 18°C, they both filtered most rapidly between 160 and 18'C.

127. The first comprehensive examination of the influence of

water temperature on feeding behavior was conducted by McMahon (1965) on

Daphnia magna. The feeding response was recorded at temperatures rang-

ing from 50 to 35'C. At food concentrations above the incipient limit-

ing level, the grazing rate reached a maximum at 24*C. McMahon found

that at food concentrations below the incipient limiting level, the

maximum grazing rate was reached at 28*C, but it was not clear whether

this rate was significantly different from the rate at 241C. Kryutchkova

and Kondratyuk (1966) found that Daphnia pulex achieved a maximum filter-

ing rate at 24'C, over the temperature range of 180 to 26'C.

128. Burns and Rigler (1967) found the optimum temperature for

Daphnia rosea to be 20'C. McMahon (1968) studied the rate of movement

of the thoracic appendages in Daphnia magna, as a reflection of filter-

ing rate, and found that Daphnia cultured in the laboratory at 241C had

a slightly higher rate of thoracic appendage movement than those cul-

tured in open field tanks of natural lake water at 160 ± 4'C. Schindler

(1968) found no significant difference in the grazing rate of Daphnia

magna at 100 and 200 C.

129. Burns (1969b) examined the filtering rates of immature and

adult instars of four species of Daphnia at three temperatures: 150,

200, and 250C. Adult and immature D. magna showed increasing filtering

rates with increasing temperature. Adult D. schodleri showed a peak at

20*C, while the immatures reached a maximum filtering rate at 150C with

declining rates as temperatures increased. Adult D. pule% and D. galeata

reached a maximum filtering rate at 200 C, while the immatures of these

species showed increasing filtering rates at temperatures up to 25'C.

These results indicate that there are species differences as well as age
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differences in the filtering response to temperature.

130. Daphnia rosea raised at 12'C were used in a study of the

effects of temperature on feeding behavior by Kibby (1971a). The

maximum filtering rate was at 141C but was not significantly different

from the rate at 12'C. These results differ from those reported earlier

by Burns and Rigler (1967) and illustrate the importance of acclimation

temperature in determining optimum temperatures for grazing.

131. Chisholm et al. (1975) studied the effects of temperature on

the filtering rate of Daphnia middendorffiana, a species of primarily

Arctic and alpine distribution. The maximum filtering rate was at

temperatures near 12'C for ages of Daphnia tested and decreased at

higher and lower temperatures.

132. Perhaps the most comprehensive examination of the influence

of temperature on the grazing rate of a zooplankter was conducted by

Geller (1975) on Daphnia pulex. He showed that the previous temperature

exposure of the animals is very important in determining grazing rate.

Geller made a distinction between short-term acclimation of hours to

days and long-term acclimation from weeks to months. Animals acclimated

to 150C and then tested at 100, 150, 200, and 25°C had higher grazing

rates at temperatures other than their acclimation temperature. At an

acclimation temperature of 151C the grazing rate reached a maximum at

20'C. Temperature responses were similar for animals acclimated to the

other test temperatures. In another set of experiments, in which Geller

examined the grazing rate of Daphnia that had been acclimated to the

test temperatures for periods up to 3 years, grazing rate increased

in a linear manner with temperature. Such a linear relation might be

expected under field conditions, provided ambient temperature did not

change too rapidly (i.e., on the order of 10 to 21C per week over a

seasonal period).

133. In support of Geller's results, Zankai and Ponyi (1976)

found the filtering rate of Eudiaptomus gracilis (= Diaptomus gracilis)

to be linearly related to temperature over the temperature range of 00

to 27°C. Gophen (1976) found that the grazing rate of Ceriodaphnia

reticulata increased linearly over the range of 150 to 27*C. Hayward and
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Gallup (1976), who studied the grazing rate of Daphnia schodleri at tem-

peratures of from 50 to 30*C, found an increase in grazing rate with

temperature up to a maximum at 20*C. At higher temperatures grazing

declined.

134. Calamoecia lucasi, a freshwater copepod of a primarily

tropical marine genus, was studied by Green (1975). He examined the

filtering rate of adults and immature instars of this species from 100

to 250 C. Results indicate that filtering rates increased with tempera-

ture up to 20*C. At higher temperatures filtering declined for adult

females and copepodite stages I1, IV, and V. Filtering remained rela-

tively constant between 200 and 250 C for nauplii, and filtering increased

slightly for copepodites I and II and for adult males.

135. No information is available on the effects of temperature on

the grazing rates of rotifers. Table 7 summarizes the results of the

papers cited in this review.

136. Analysis. With the exception of Nauwerck (1959), all infor-

mation on the effects of temperature on grazing rates was derived in

controlled laboratory studies. Consequently, it is imperative that the

previous thermal history of the test animals be known. In attempting to

model temperature effects, a data base that closely reflects the natural

environmental conditions is needed. With respect to temperature, zoo-

plankton in a natural environment are acclimated at any period of time

to a specific thermal regime, usually diel in character. Changes in the

thermal regime over days to months normally occur gradually and allow

zooplankton to acclimate physiologically and behaviorly to meet these

changes. Seldom are zooplankters faced with sudden temperature changes

such as might be experienced upon entrainment in a thermal plume from a

power plant. Laboratory studies in which test animals are allowed to

fully acclimate to the test temperatures can be expected to best reflect

field conditions.

137. Work by Geller (1975) on Daphnia pulex represents the most

comprehensive examination of the role of temperature acclimation yet

undertaken. Geller concluded that the maximum time required for tempera-

ture acclimation for newly established cultures was proportional to the
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growth rate. He estimated this time period to be about 6 weeks

at temperatures near 70 to 10'C, and about 4 weeks at temperatures of

150 C or higher. Geller noted, "The physiological adaptability of

Daphnia to environmental temperature can be fully realized only if they

are reared from eggs at a constant temperature."

138. A comparison of literature values of the time periods allowed

for animals to acclimate to test temperatures (Table 7) clearly indi-

cates that most experimental results are based on insufficient acclima-

tion periods to reflect the gradual adjustments made to thermal change

by field populations. Only the work by Geller (1975), and possibly

Burns (1969b), allowed sufficient time for acclimation. The fact that

the results of different authors do not agree led Geller (1975) to the

conclusion that it was impossible to calculate the temperature effect

for even a single species of Daphnia (Figure 17).

139. Early workers recognized the importance of thermal history

on the feeding behavior of zooplankton (Cohn 1958, Nauwerck 1959), but

for many years information was unavailable on the period of time neces-

sary to fully acclimate animals to test temperatures. Kibby (1971a) was

first to examine acclimation temperature as a factor influencing filter-

ing rates. His results for Daphnia rosea acclimated to 120 C, when com-

pared with results for this species acclimated to 201C (Burns and Rigler

1967), indicated that filtering rates may be higher at lower temperatures

than previously demonstrated (Figure 18). Since the acclimation period

of Burns and Rigler was 48 hr, it is evident that this time period is

insufficient to allow for complete acclimation.

140. Burns (1969b) allowed four species of Daphnia to acclimate

for "several weeks" before conducting her tests. By the standards for

acclimation time presented by Geller (1975), a period of about 4 weeks

would be needed for Daphnia pulex at temperatures above 15*C. Therefore,

it is not clear whether Burns allowed sufficient acclimation time. Her

results show that the filtering rate of Daphnia magna increased over the

range of temperatures tested, while rates for D. pulex, P. schodleri,

and D. galeata reached a maximum at 20'C and declined at higher tempera-

tures. Geller (1975) found that acclimated Daphnia pulex showed
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Figure 17. Grazing rate as a function of temperature for Daphnia
pulex. Based on the data of Kryutchkova and Knodratyuk (1966)
( ....... ), Burns (1969b) (- ),Geller (1975) (C for long-
term acclimation), and Geller (1975) (--- for short-term

acclimation)
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Figure 18. Grazing rate as a function of temper iture for Daphnia
rosea. Based on the data of Kibby (1971a) (- )and Burns and

Rigler (1967) (
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linearly increasing filtering rates with increasing temperature over

the range of temperatures tested. Most reported temperature "optima"

for grazing must, therefore, be considered to be responses of incom-

pletely acclimated animals to temperature stress. Such results do not

reflect the normal physiological response of acclimated animals. These

results are, however, valuable when one is considering short-term re-

sponses of zooplankters to abrupt changes in temperature, such as might

occur upon entrainment in the thermal plumes of power plants.

141. Temperatures of 200 or 251C are the optimum temperatures for

grazing (Table 7). It is clear that these optima are to a great extent

artifacts of experimental design. Most authors measure grazing rates at

fairly wide intervals, for example 50, 100, 200, 250, and 300C. Because

these experimental designs did not allow for a continuum of temperatures,

it could not be ascertained whether the optimum grazing rate occurred at

the cited temperature. Referring to Table 7, one can determine that 20°

and 25'C are almost the most frequently measured temperatures.

142. Model construct. The form of the relationship between

temperature and grazing rate is unclear for reasons previously discussed.

Based on a theoretical argument, a maximum (or optimum) grazing rate must

exist at some temperature, for a given food concentration, near the upper

lethal limit of the organism. Beyond this temperature one would expect

grazing to decline or cease completely as physiological processes become

impaired. For field populations not under stress from thermal pollution,

it is unlikely that lethal or near-lethal temperatures would occur for

long periods (I day or more in the model).

143. Based on this argument and on the assumption that field

populations gradually acclimate to temperature changes, we propose a

linear model to describe the relationship between grazing rate and

temperature (Figure 19). The equation for Figure 19 can be written,

y = 0.67T - 0.33 (12)

where y = scalar of the grazing rate and T = temperature (*C). Such a

relationship, although lacking some biological reality, is in
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TJiPERf1TURE (0 0)

Figure 19. The relation of temperature to the relative increase
in grazing rates for animals fully acclimated to test tempera-
tures. The maximum grazing rate is equal to one on the ordinate

accordance with the results of Geller (1975). The bounds of the model

are the lower and upper lethal temperatures for the species, approxi-

mately 00 to 340C. This model is predicated on zooplankton populations

from temperate lakes and does not consider the synergistic effects of

temperature with metabolic processes and food concentration, although

these factors are recognized as influencing variables (Chisholm et al.

1975, Hayward and Gallup 1976).

144. Clearly, a second construct is needed if abrupt thermal

changes need to be incorporated into the modeling framework. Again,

thermal pollution effects serve as an example. The grazing response

increases with temperature to a maximum value and then declines at

higher temperatures, with a cessation of grazing at the upper lethal

limit (Figure 20).

145. Most laboratory studies support a function of this form.

The optimum grazing rate usually occurs at or only slightly above the

acclimation temperature of the animal. Therefore, the temperature at

which the maximum grazing rate occurs differs for an animal acclimated
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Figure 20. The relation of temperature to the relative increase
in grazing rate for animals incompletely acclimated to test tem-
peratures. In this example, the animal is fully acclimated to
20°C. The maximum grazing rate is equal to one on the ordinate

to 10C, and subjected to a sudden heat stress, than it will be for an

animal acclimated to 20'C and subjected to the same relative stress.

Furthermore, upper and lower lethal temperature limits will vary.

146. Because no data are available on the maximum grazing rates of

animals fully acclimated to various temperatures, the following construct

is proposed. For animals acclimated to temperatures between 00 and

30'C, the maximum grazing rate is assumed to occur at the acclimation

temperature and to remain constant with increasing temperature until the

acclimation temperature plus 20 percent is reached. If the acclimation

temperature is 300 to 341C, the maximum grazing rate is assumed to

be constant up to 34°C. Temperatures above 34°C are considered lethal.

Temperatures at 30°C and above are not likely to normally occur in the

field for periods long enough for acclimation to occur. Indeed, Geller

(1975) stated that Daphnia pulex could not be successfully raised for

any length of time at temperatures above 27°C. Burns (1969b) noted that

temperatures above 25°C rarely occur in temperate lakes inhabited by

Daphnia pulex or D. galeata, two widely distributed zooplankters.
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147. To complete this construct we must define the form of the

function above and below the temperatures at which maximum grazing

occurs. Experimental results indicate that grazing tapers off less

rapidly as temperatures decline from the maximum grazing temperature

than occurs as temperatures increase above the maximum grazing tempera-

ture. Furthermore, filter-feeding zooplankters tend to graze at a

greater rate at temperatures closer to their upper lethal limit than to

their lower lethal limit (Figure 20). A generalized biological reaction

rate curve similar to that described by Thornton and Lessem (1978) would

adequately define this function. The reader is referred to this paper

for details. The upper and lower lethal temperature limits must be

known for each acclimation temperature. These data are unavailable for

all temperatures for even one zooplankton species. In light of this, we

have proposed such limits based on qualitative judgment (Table 8).

Diel Variations in Filtering and Feeding Rates

148. Most modelers of zooplankton grazing assume that the grazing

rate remains constant on a diel basis, the rate being determined only by

food concentration and temperature. In recent years it has become in-

creasingly clear that grazing is a complex interaction among food supply

and its distribution, zooplankton food habits, feeding behavior, and

environmental variables. The role of zooplankton migratory behavior and

endogenous rhythms is now recognized as a major influence on phytoplank-

ton dynamics. A number of models now include diel vertical migrations

of zooplankton. Bowers (1979) reviewed the role of vertical migration

of zooplankton and its incorporation into simulation models of zooplank-

ton grazing. The objective of the present section is to review the

experimental evidence for diel variations in the grazing of freshwater

zooplankton and to propose a simplified construct for including these

changes in the grazing function.

149. Literature synopsis. Nauwerck (1959) in his study of the

plankton of Lake Erken was the first worker to comment on diel changes

in zooplankton grazing. He found that Eudiaptomus graciloides fed more
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Table 8

Acclimation Temperature, Upper and Lower Lethal Temperatures, and

the Temperature Range for a Constant Maximum Grazing Rate

for Zooplankters Exposed to Rapid Temperature Stress

Acclimation Lower Lethal Upper Lethal Temperature (oC) Range Over
Temperature, Temperature Temperature Which the Maximum Grazing Rate

°C Limit, 0C Limit, °C Remains Constant (Ta to 1.2 Ta)

0 -- -- Lethal

5 0 25 5-6

10 0 30 10-12

15 2 33 15-18

20 5 34 20-24

25 7 34 25-30

29 10 34 29-34

30 10 34 30-34

31 12 34 31-34

34 15 34 34

35 Lethal - No Grazing
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actively during the day than at night. However, he found the opposite

to be true for Dapihnia longispina. Haney (1973) reported on unpublished

data of Gliwicz, who found that zooplankton feeding declined at night by

7 to 20 percent in two Polish lakes. Haney (1973) found contradictory

evidence in Heart Lake, Canada. He found that zooplankton migrated

toward the surface at night, but found no difference between the grazing

rate at noon and midnight. Repeating the experiment later in the year,

he again found vertical migration by some species and a nearly twofold

increase in grazing from noon to midnight. Haney noted that the results

may reflect differences in environmental conditions and changes in the

species composition of zooplankton between the two sampling dates.

Starkweather (1975), who subjected laboratory populations of Daphnia

pulex to a light:dark cycle of 16:8 hr (16L:8D), found that the maximum

filtering rate occurred during the dark phase and that the filtering

rate increased significantly with the onset of darkness (Figure 21).

The maximum filtering rate, which occurred during the dark phase, was

two to three times greater than the minimum rate. Based on additional

experiments, Starkweather concluded that his results provided circum-

stantial evidence that diel changes in filtering rate may be endogenous

in nature.

150. Chisholm et al. (1975) observed diel changes in the grazing

rate of Daphnia middendorffiana and that feeding peaks occurred con-

sistently at 2400 hr and 1400 hr, times when the water temperature

passed through 11*C, the optimum temperature for this species. The

authors suggested that Daphnia may maximize their activity when the

temperature is optimum. The maximum grazing rate was approximately

double the minimum rate.

151. In a series of detailed studies at Lawrence Lake and Little

Mill Lake, Michigan, Haney and Hall (1975) found that the filtering

rates of Daphnia pulex and D. galeata were significantly higher at mid-

night than at noon. The filtering rate of medium-sized Daphnia was five

to ten times higher at night than during the day. Furthermore, the

magnitude of change in filtering rate between noon and midnight was not

influenced by water temperature in species of Daphnia, but only by body
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Figure 21. The diel pattern of filtering rate change at 181C
in a light:dark 16:8 photocycle. Based on data from Stark-

weather (1975)

size. Large animals had a greater increase in filtering rate. Both

ffigrating and nonmigrating populations of Daphnia showed the change in

filtering rate between day and night, and the authors concluded that

vertical migration was not a necessary prelude to high night filtering.

In contrast to these results, Diaptomus pallidus showed no significant

difference between the noon and midnight filtering rates, even though

some vertical migration toward the surface at night was detected.

152. Haney and Hall (1975) examined the role of light intensity

and vertical migration on filtering in Daphnia. Daphnia galeata in

Wintergreen Lake, Michigan, and D. pulex in Three Lakes, Michigan, in-

creased filtering rates during the night. The filtering rates of both

species were clearly related to photoperiod and showed a bimodal peak

(Figure 22). The maximum filtering rate was approximately six times the

minimum rate for Daphnia galeata and from 5 to 27 times the minimum,

depending on animal size, for D. pulex. Differences in temperature and

,J~.iriVty of filterable particles showed no clear relationship to the

v tiltering rate changes. Two species of Diaptomus were also studied
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Figure 22. The diel pattern of filtering rate change of Daphnia
pulex ia Three Lakes, Michigan. Based on data from Haney and

Hall (1975)

in Three Lakes. No clear increase in the filtering rate could be

demonstrated during the night, although the evidence suggested that it

may have increased slightly between 2100 and 0200 hr.

153. Haney and Hall noted that Daphnia in Wintergreen Lake and

Three Lakes should be considered nocturnal grazers because 85 percent of

the filter feeding in both lakes occurred during the night period. The

authors calculated the error that would result if only the daytime value

for grazing rate were used in the estimate of grazing pressure. For

Three Lakes, the daytime calculations underestimated Daphnia grazing by

a factor of 4.2.

154. Haney and Hall concluded that the diel activity patterns of

vertical migration and change in filtering rate in Daphnia are strongly

correlated with light intensity. They suggested that these are en-

dogenous cycles synchronized to a 24-hr time period by relative light

changes.

155. Duval and Geen (1976), who examined diel feeding of the

zooplankton community of Eunice Lake, British Columbia, also found

bimodal grazing during the night period, with maxima occurring at 0200
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and 1800 hr or times just prior to sunrise and sunset. Similar resultg

were obtained for populations of Daphnia pulex and Cyclops scutifer from

Deer Lake, British Columbia. The maximum feeding rate varied by a fac-

tor of 8 over the minimum rate for the Eunice Lake population, and by 5

and 14 for the winter and summer populations, respectively, from Deer

Lake. Extrapolation of the diurnal values of feeding to a diel basis

resulted in an underestimate of grazing pressure ranging from 37 to 72

percent.

156. Similar diel grazing rhythms have been described by Mackas

and Bohrer (1976) for marine filter feeders.

157. Model construct. Although the preceding results are by no

means definitive, they do suggest the potential importance of diel

grazing cycles for some species of zooplankton. Many models currently

employing data based on diurnal grazing values may considerably under-

estimate the impact of zooplankton populations on their food supply.

Diel cycles have been demonstrated for several species of Daphnia.

These cladocerans often compose a significant, if not overwhelming, part

of the zooplankton biomass of temperate lakes. Therefore, it may be

reasonable to treat zooplankters of the entire community as if they

behaved like Daphnia.

158. For discussion, we adopted this treatment. The data base

developed in this report is designed to function in a model that simu-

lates zooplankton and benthos dynamics, normally on a daily basis. Such

a design presents problems in incorporating diel grazing rhythms which

ideally must be simulated at a time interval less than I day. Addition-

ally, diel cycles in vertical migration could potentially improve model

performance by more realistically portraying zooplankton grazing behav-

ior. Bowers (1979) discussed the simulation of vertical migration.

159. Four approaches to including diel changes in grazing rate

are presented. Whether one method is better than another cannot be de-

termined until test simulations are conducted against field data.

Numerical simulation results may indicate that a diel grazing cycle is

unnecessary for certain applications. Because the magnitude of in-

creases in grazing from daytime to nighttime is highly variable and
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dependent on species, size, temperature, and possible other factors,

we have elected to increase daytime grazing by a factor of five to rep-

resent the night value in our examples. The factor five was selected

based on the mean of literature values.

a. Method No. 1

160. The most straightforward approach to adjusting the grazing

rate to reflect average diel grazing is to correct the maximum grazing

rate by either increasing its value, if you assume that the maximum rate

is representative of daytime conditions, or by decreasing its value, if

you assume that it better reflects nocturnal grazing. There is no evi-

dence to support one of these alternatives as superior to the other. In

our opinion the maximum grazing rate better reflects nocturnal condi-

tions, but only simulation with a range of values will clarify this

hypothesis. Nightime grazing rates have been shown to range from 2 to

27 times the daytime rate, depending on such factors as species, food,

and water temperature.

b. Method No. 2

161. A second approach to including diel grazing involves these

points: (a) set the maximum nighttime grazing rate equal to the maximum

grazing rate; (b) calculate the diurnal grazing rate, i.e., Gnight/5

= G day; and (c) assume that zooplankton grazes at the nocturnal rate for

the entire period between sunset and sunrise, or some other threshold

light concentration (Table 9). For a 16-hr day and 8-hr night (16L:8D),

this grazing construct could be written as follows:

G diel = (G day /24) 16 + (G night /24) 8 (13)

Substituting Gnight = 5 Gday (14)

G diel (G Gday /24) 16 + 5 (G day /24 ) 8 (15)

= 2.33 Gday

The appropriate Ivlev function or linear relationship can be substituted

for Gday.
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Table 9

Values for Relative Change in Light Intensit_, as Cited b

Haney and Hall (1975), that Represent Threshold Light

Intensity for Positive Phototaxis

Rate of Light Change
When Vertical Migration

Species Began, sec 1  Reference

Daphnia maa -0.0013 to 0.0024 Ringelberg (1964)

Daphnia galeata -0.0007 Haney and Hall (1975)

Daphnia pulex -0.0021 Haney and Hall (1975)

Daphnia longispina -0.011 Siebeck (1960)

Bosmina longispina -0.011

Cyclops tatricus -0.011

c. Method No. 3

162. With the same assumptions presented in Method No. 2, we

assumed that a unimodel peak occurs during the night. This peak is the

maximum grazing rate. The temporal bounds are set as above, and Figure

23 illustrates this construct for a 16L:8D period. The curve in Figure

23 is one of many possible functions that could be used to describe a

unimodal peak. Integrating this curve and simplifying the result indi-

cates that the average diel grazing rate can be written,

Gdiel = 1.48 Gday (16)

d. Method No. 4

163. This method is identical to Method No. 3 except that a bimoial

peak occurs during the night (Figure 24). Bimodal peaks have been ob-

served in several studies. We have simplified the experimental results

by making the two maxima equal in value (they may not be according to

some studies) and have set the minimum grazing value between the maxima

at 70 percent of the maximum (literature values range from 35 to 89 per-

cent of the maximum). The bimodal curve can be integrated and simplified

to show that:
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Figure 23. The diel grazing function of filter-feeding zoo-
plankton exhibiting a unimodal peak in grazing during the night.
Hour 0 represents the time at which increased grazing begins and

hour 8 the time when increased grazing ceases
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Figure 24. The diel grazing function of filter-feeding zoo-
plankton exhibiting a biomodal peak in grazing during the night.
Hour 0 represents the time at which increased grazing begins and

hour 8 the time when increased grazing ceases
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Gdiel = 1.54 Gd (17)

Other solutions are possible.

164. We suggest using Method No. 3 for initial simulation runs.

Consumption by Predatory Zooplankton

165. A predatory zooplankter is difficult to define. In temperate

fresh waters, cyclopoid copepods, the cladocerans Leptodora kindtii and

Polyphemus pediculus, and several rotifers, particularly Asplanchna, are

usually considered predators. However, as Fryer (1957) has pointed out,

many of the so-called predatory zooplankters should more appropriately

be classed as omnivores. The problem in definition partly arises from

the mode of feeding employed by most of the "predatory" species. Almost

without exception these species are raptorial feeders; that is, they

grasp or seize their prey, whether it be animal or plant material. In

the past, most raptorial feeders have been automatically considered

predators, the assumption being that raptorial feeding is characteristic

of carnivority. The few carefully executed food studies that are avail-

able have revealed that this assumption is not always warranted.

166. The central question relevant to this review is whether or

not the form of the feeding response by predatory zooplankton species

differs from that of herbivorous filter feeders. Quantitative informa-

tion on the feeding of predatory zooplankters is scarce. The scarcity

is partly due to problems in designing experiments to measure food con-

sumption by raptorial feeders. For example, when a carnivorous copepod

such as Cyclops captures a prey item, possibly Ceriodaphnia, not all of

the prey is consumed. The process of raptorial feeding often leaves

prey dismembered, with a resultant loss in biomass. Brandl and Fernando

(1975) estimated that the three species of cyclopoid copepods they

studied ingested only about one third of the prey biomass that they

attacked. Similar results have been found for the carnivorous marine

amphipod Calliopius laeviusculus (Dagg 1974).

167. Because data are poorly detailed for predatory feeding, we
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have included a summary of reported values for daily ration for both

omnivores and predators (Table 10). Daily ration, when expressed as a

percentage of body weight, is a good approximation of grazing rate. A

synopsis of the literature for freshwater predatory zooplankters follows.

Literature synopsis

168. Shushkina and Klekowski (1968) examined how the daily ration

of Macrocyclops albidus varied with food concentration. Although their

results are not directly convertible to carbon units, they do show that

under conditions of short-term food acclimation, consumption increased

with increasing food concentration until a maximum rate was reached;

thereafter, consumption remained constant with further increases in food

concentration (Figure 25). This relation appeared to be true for all

developmental stages when fed Paramecium aurelia at concentrations from

60 -

40

MACROCYCLOPS ALBIDUS FEEDING ON INFUSORIA
0

E-

20

0 24 6 8 10 12 14
FOOD CONCENTRATION (g/m3)

Figure 25. The daily ration of Macrocyclops albidus females
as a function of food concentration. Based on the data of

Shushkina and Klekowski (1968)
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0.1 to 10 g/m3 wet weight. Their results clearly showed that the

grazing rate of this predatory zooplankter can be defined by an Ivlev

function identical to the construct used to describe herbivorous zoo-

plankton grazing. Data presented showed that daily grazing rates for

Macrocyclops albidus may be as high as 240 percent of body weight, de-

pending on zooplankter age and food concentration (Klekowski and

Shushkina 1966a, 1966b).

169. McQueen (1969) found that the predator Cyclops bicuspidatus

thomasi fed most extensively on copepod nauplii, both its own and those

of Diaptomus, and on rotifers. Few cladocerans and diaptomid copepodids

were eaten. Laboratory results showed that as prey density increased,

predation rate also increased, usually linearly or with a maximum feed-

ing rate being reached at high prey densities. Field measurements of

predation rates on nauplii of Diaptomus oregonensis, D. hesperus, and

Cyclops bicuspidatus thomasi, in Marion Lake, British Columbia, agreed

well with laboratory results. The predation rate increased linearly

with increasing prey density. The rotifer Keratella cochlearis was

readily eaten in laboratory studies but was seldom preyed upon In the

field, suggesting selective grazing by Cyclops.

170. Confer (1971) examined predation rates of Mesocyclops edax

on natural densities of the prey Diaptomus floridanus. When fed

Diaptomus copepodite stages V and VI, Mesocyclops showed an increasing

predation rate with increasing prey density. This relationship was

linear.

171. Stepanova (1972), who discussed the daily rations of

Mesocyclops leukarti and Leptodora kindtii, showed (although poorly)

that Mesocyclops approached a maximum grazing rate of about 34 percent

of body weight per day as food concentration increased. Leptodora, on

the other hand, reached a peak grazing rate of 20 percent of wet weight

per day as food concentration increased; the rate then declined at higher

food densities. No explantion was offered for this occurrence.

172. Fedorenko (1975) found that predation rates of the larval

phantom midges Chaoborus americanus and C. trivittatus on the copepod

Diaptomus tyrelli increased as prey density increased. The relation of
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predation to prey density followed a saturation curve. When Chaoborus

was fed Diaptomus kenai and Diaphanosoma, the results were similar. In

one experiment, Chaoborus showed a linear feeding response to increasing

density of Diaphanosoma.

173. Korniyenko (1976) found in laboratory studies that

Acanthocyclops vernalis, when fed various concentrations of four species

of infusorians, consumed between 27.4 and 64.8 percent (mean = 41.2 per-

cent) of its body weight per day. Cyclops vicinus ate between 9.6 and

79.2 percent (mean 29.3 percent) of its wet weight per day. The authors

noted that their results were in agreement with daily ration values given

by Bogatova (1951) for Cyclops strenuus and C. viridis.

174. When adult female Mesocyclops leuckarti were fed Ceriodaphnia

reticulata, the daily ration ranged from 63 to 113 percent of the wet

body weight per day, depending on temperature (Gophen 1977). As temper-

ature increased from 150 to 27*C, so did the daily ration. Similarly,

the rations of adult male and female Mesocyclops also increased when

they were fed Artemia salina nauplii at various temperatures. Male

daily rations (30 to 200 percent of their body weight) were greater than

those of females (30 to 130 percent). These results are generally higher

than values reported by Stepanova (1972) under similar temperature

regimes.

175. Similar feeding responses to those outlined above have been

found for predaceous mariae zooplankton (Ambler and Frost 1974, Landry

1978).

Model construct

176. Little quantitative work on feeding by predatory zooplankton

has been undertaken. No data are available for freshwater predators to

allow the calculation of grazing in carbon units. We have therefore

based our proposed model construct for predatory zooplankton grazing on

three assumptions: 4

a. For short-term feeding experiments, the available evi-
dence indicates that grazing follows a linear or satu-
ration curve response to increases in prey density. We
assume the saturation curve response to be characteristic
and that this response can be described by an Ivlev
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function (Equation 3). This type of response has been
previously demonstrated for herbivorous filter feeders.

b. Under field conditions, wherein zooplankton populations
are acclimated to ambient conditions, we assume that
grazing by predatory species is linearly related to food
concentration (Equation 9). There is currently no lit-
erature documentation to support this assumption.

c. Daily rations (Table 10) of predatory zooplankters are
an approximation of grazing rates and are within the
range of daily grazing rates reported previously for
filter-feeding zooplankton. We assume that the entire
range of grazing rates is similar for herbivorous and
carnivorous zooplankters. Metabolic similarities among
herbivores, omnivores, and carvivores support this
assumption.

177. We believe the assumptions outlined above are reasonable and

will be documented as additional information becomes available. The

acceptance of these assumptions will allow the modeler to design a pred-

atory zooplankton grazing function, if desired. Predators could be

assigned about 20 percent of zooplankton biomass in the event that

herbivorous and predatory zooplankton are divided. This figure was based

on ecological growth efficiencies tabulated by Welch (1968).

Seasonal Changes in Grazing

178. Seasonal changes in grazing are highly variable and dependent

on the species composition of the zooplankton community, available food

supply, temperature, and many other environmental variables. Generally,

in temperate lakes minimum grazing rates occur during the winter, fol-

lowed by increased grazing in the spring and peak rates in early summer.

A gradual decline may follow through late summer to fall. Often another

minor fall peak in grazing is observed. Major pulses in grazing activity

are usually well correlated with peaks in the population density of the

predominate zooplankters. A summary of several field studies is pre-

sented in Table 11.

Synergistic Effects of Environmental Variables

179. With many model processes, such as grazing, the understanding
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of system dynamics results from tile interpretation of studies that are

often designed to examine single variable effects (e.g., the effects of

food concentratLion or temperature on grazing). As a result, we end up

mathematically describing model processes by a series ot variables that

we assume art' independent. In many situations this is not a valid as-

sumption. Most modelers realize the inherent problems in attempting to

combine experimental results for variables that may not be independent.

Unfortunately, few data are available on synergistic effects to clarify

these relationships.

180. Hayward and Gallup (1976) are the only workers who have

examined potential synergistic effects on zooplankton feeding. Their

objective was to identify how feeding would be affected when two or

three parameters were altered simultaneously in one experiment. A par-

tial abstract of their work follows.

Feeding and filtering rates of aphnia schoedleri were
measured at different temperatures, light intensities, food
concentrations, crowding conditions, and with different diet

species. The rates were compared as well for different
sizes, sexes, and reproductive states of the experimental

animals. All of the above factors were found to affect
feeding rates in a significant fashion in single variate
experiments. However, when two or more environmental pa-
rameters were varied simultaneously, the previously defined
relationships did not hold, and indeed were obscured as
extremes of temperatures or cell concentrations were ap-

proached. The effects of these parameters which most dra-

matically altered feeding rates were then determined for

assimilation rates and digestive efficiency estimates

Results showed that a change in one environmental parameter
can significantly alter Daphnia schoedleri's response to a

change in a second parameter. The incipient limiting food
concentration was found to be significantly different at

different temperatures. Similarly, different shaped tem-

perature curves were obtained as food concentrations were
changed, the most dramatic alterations being evident in the

extremes. When comparable experiments were performed with
14 C-labeled algae, no incipient limiting level was observed

for assimilation rates, but rather, peaked curves became

evident. Three environmental parameters: temperature, food
concentration, and diet species, were found to alter re-
sponses to other parameters in a measurable manner. This
would seem to indicate that feeding behavior of the zoo-

plankton must be thoroughly understood before results from
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laboratory or field studies can be applied to even approxi-
mate estimates of secondary production in natural
conditions.

Model constructs to handle synergistic effects are generally unavailable.

Clearly, further research on this subject is needed.

Section B: Benthic Grazing

181. The benthos of freshwater lakes and reservoirs is highly

diverse, both taxonomically and functionally, complicating the modeling

process. Current understanding of the role of the benthic community in

the energy and nutrient dynamics of lentic ecosystems is poor. Indeed,

little information is available on the basic life history of most spe-

cies.

182. Little quantitative information exists on food consumption

by benthos. We were unable to find a single reference that documented,

in units convertible to carbon, the change in benthic grazing as food

concentration increased.

183. The functional diversity of benthic organisms contributed to

the problem of defining feeding relationships. Filter feeders, pred-

ators, deposit feeders, and surface grazers are all represented in most

benthic communities.

184. Because of the lack of quantitative feeding data, it is our

opinion that benthic communities are better treated as a whole in any

modeling effort. Daily rations (an approximation of the daily grazing

rate) of some benthic species are listed in Table 12. Unfortunately,

the values listed in this table include most of what is quantitatively

known of consumption by benthic organisms.

Effect of Food Concentration

185. Sorokin (1966b), who reviewed data on the filtering rate of

Dreissena polymorpha on bacteria, showed that the relative feeding in-

tensity increased nearly linearly with increasing bacterial concentration.
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Morton (1971) studied the filtering rate of D. polymorpha on

various concentrations of several algal and infusorian species. We

converted his results to feeding rates and compared the number of cells

per animal per day to cell concentration. For all of the six food spe-

cies offered, the number of cells consumed increased linearly or almost

linearly as cell concentration increased. These results (Table 13)

suggest that filter-feeding benthic mollusks may have the same functional

relationship to changes in food concentration as do filter-feeding

zooplankton. At extremely low food concentration levels, filtering

continued with no threshold food concentration apparent. Morton's

experiments allowed for short-term acclimation to the varying food

concentrations. Because the results indicated nearly linear responses

to increasing food concentration, it may be reasonable to assume that

the food densities tested were below the incipient limiting food

concentrations.

Effect of Temperature

186. Although data are limited, it may be reasonable to assume

that benthic organisms show the same grazing response to temperature as

that shown by zooplankton. Kititsyna (1975) found that the amphipod

Pontogammarus robastoides increased its daily ration linearly as tem-

perature was increased from 90 to 29*C. Elwood and Goldstein (1975)

acclimated the snail Goniobasis clavaeformis for 1 week to 13.8*C

before testing the snail's grazing response over the temperature range

of 10' to 19.30 C. The temperature at which the maximum grazing rate

occurred was 14*C. These results indicate a short-term grazing response

to temperature similar to that demonstrated for zooplankton (see

"Effects of Temperature on Consumption," page 66).

Effect of Diel Variations

187. Although quantitative documentation of diel changes in

grazing rate is virtually nonexistent, other evidence (primarily for
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stream macrobenthos) indicates that some benthic invertebrates feed more

at night. Kroger (1974) suggested that nocturnal activity may have

evolved, in some aquatic insects, as a protective mechanism against

trout predation. Elliott (1968) documented a significant diel foraging

pattern for the mayfly Baetis rhodani. Nymphs moved to the upper sur-

faces of stones to feed at night, and foraging apparently peaked right

after sunset. Baetis flavistriga, collected 2 hr after sunset, con-

tained significantly more food biomass than those nymphs collected 4 hr

earlier (Ploskey 1978). Although we realize that some species are day

active (e.g., some caddisflies), for modeling purposes we recommend that

diel grazing constructs for zooplankton be tested in benthos simulations

to determine whether such a construct improves results. Only future

work on diel grazing of reservoir benthos will unequivocally justify

such a formulation.

Section C: Model Constructs

188. A sound data base does not exist on which to establish firm

model constructs for benthic grazing, and much more research is needed.

Consequently, we propose to model benthic grazing in the same manner as

described for zooplankton. The only major change is that food concen-

tration should be expressed on a square meter basis, and a diel grazing

correction should not be employed unless its use improves simulations.

We again recommend the use of Equation 9, which corrects for the effects

of food concentration in acclimated animals, and Equation 12, which

corrects for the effects of temperature in acclimated animals. We base

this grazing proposal on the same assumptions outlined under the model

construct of consumption by predatory zooplankton. Most modelers have

used this approach when simulating the benthic community.

Summary of Constructs

189. The constructs described below are equally applicable to

zooplankton and benthos except as noted. Consult the text for analyses

and details.
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Definitions

b = zooplankton or benthos biomass
-3

B = B = concentration of food at time t (mg C-m - zoo-t -

plankton; mg C'm "2 
- benthos)

-3
B. = concentration of food of type i (mg C-m - zooplankton;

mg C'm- 2 - benthos)

G = observed grazing rate (mg C-mg C 1.day - )

G = maximum grazing rate (mg C-mg C 1'day - )
max I

G = diel grazing rate (mg C-mg C- 1 day -)
Gda = diurnal grazing rate (mg Cmg c- day -I)

G day = nocturnal grazing rate (mg C-mg C 1.day
- )

night
W. = preference factor for food of type i (unitless; ranging1

from 0 to 1)

k and Z = proportionality constants

y = scalar of the maximum grazing rate, G (unitless;max

ranging from 0 to 2)

T = temperature (°C)

Step 1 - Food Concentration

190. To obtain a baseline grazing rate that is corrected for the

effects of food concentration, solve for G in the equation:

G = ZBt - ekBt] (9)

where Bt is measured in the field, Z is defined by:

Z = 10(-3 .2295 - 0.0678 log B ) (10)

k is defined by:

k = 10(-2 .9664 - 0.9787 log Gmax) (6)

G is defined by:max

Gmax = ZBt  (8)
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We assume that most natural populations are fully acclimated to food

concentrations and therefore recommend the use of the above construct

(Equation 9). However, occasionally populations may be incompletely

acclimated and, in such cases, solve for G in the equation:

G = G a I - e- B (3)

where B is measured in the field, k is defined by:

k = 10(-2.9664 - 0.9787 log G max ) (6)

and G is defined by:max

G = 0.0788 + 0.0003105B (7)
max

The rate of consumption obtained above (G) may also be obtained for

zooplankton and benthos communities that have more than one food source.

This procedure is given in Step 2. If only one food type is available,

proceed to Step 3.

Step 2 - Food Selectivity

191. The grazing rate of zooplankton or benthos on a particular

food item (i) is given by the equation:

Gi = ZBt 1 - ekBi ( \ L)] (11)

where Bi measured in the field, k is defined by Equation 6 (Step 1), Bt

= concentration of food at time t (measured in the field), Z is defined

by Equation 10 (Step 1), and W. is the same for all potential food

sources, except for filamentous blue-green algae (where W. = 0 - 0.3).i

When data are available on the fractional composition of foods in the

environment, W. should be set equal to the fraction that a particular
1
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food contributes to the total. The baseline grazing rate G, corrected

for food concentration, is given by the sum of the grazing rates on all

individual food items obtained from Equation 11. Proceed to Step 3.

Step 3 - Temperature

192. After obtaining a grazing rate G that has been corrected

for the effects of food concentration (from Equation 9, Step 1) or for

the effects of food concentration and selection (Equation 11, Step 2),

the rate must also be corrected for the effects of temperature. This

correction may be accomplished by multiplying G by a scalar (y) that is

defined by:

y = 0.67T - 0.33 (12)

where y is a scalar and T = temperature (*C). Equation 12 is based on

the assumption that most natural populations are fully acclimated to

temperature. For incompletely acclimated animals, refer to Figure 20 in

the text and to Thornton and Lessem (1978). Proceed to Step 4.

Step 4 - Diel Variations

193. To correct zooplankton grazing rates for the effects of diel

variations in consumption, we recommend Method 3. This method assumed

that the grazing rates obtained from Equation 9 (Step 1) and Equation 11

(Step 2) represent mean daytime rates and as such should be multiplied

by a correction factor to account for increased nighttime grazing

(Gdiel = Factor X Gday = Factor x G). Gdiel is the average diel rate,

and the correction factor is obtained from Method 3 (paragraph 162).

Step 5

194. Grazing rates obtained from Steps 1-4 above must be multi-

plied by the biomass of the model compartment to yield the weight of
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carbon consumed daily (i.e., b (mg carbon) times G (mg carbon-mg carbon-
-1)-

-day ) = biomass of food consumed daily (mg carbon'day- )J. For use in
Equation 1, consumption should be left as a weight-specific rate G.

Section D: Conclusions

195. The mathematical formulation for feeding is one of the most

critical elements in the equation describing zooplankton and benthos

population dynamics. Filter-feeding zooplankton make up a greater

portion of the zooplankton community, both numerically and as biomass,

than do the carnivores. Consequently, the feeding relations of filter

feeders have been more heavily emphasized. More information is avail-

able on the dynamics of zooplankton feeding than is available for benthos.

Even so, the feeding relations of most filter-feeding zooplankters are

unknown and caution must be used in extrapolating grazing results to all

species.

196. Factors which influence food consumption by filter-feeding

zooplankton include animal density, size, sex, reproductive state,

nutritional or physiological state, as well as the type, quality, con-

centration, and particle size of food. Other factors include water

quality and temperature.

197. Papers that examined the effects of food concentration on

feeding rate must be interpreted as short-term feeding responses of

incompletely acclimated zooplankters. We believe the following hypothe-

sis to be true. For short-term incubation periods, zooplankters respond

to increasing food concentrations by increasing their grazing rate in a

curvilinear manner, where feeding rate attains a constant maximum value.

If zooplankton are allowed to acclimate at the test concentrations for

longer periods (possible I to 6 days), then digestive enzyme acclimation

may occur and the feeding rate response is linear.

198. Threshold food concentrations for feeding have not been

demonstrated for freshwater zooplankters. Further, most zooplankton

feed on particles of 100 pm or less. Little quantitative data exist on

the feeding of predatory zooplankton and virtually nothing suitable for j
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modeling purposes could be found for the benthic community.

199. When detritus is included as a food source in a grazing

formulation, it should be given equal preference, according to avail-

ability, with other suitable foods. Published data generally indicate

that the zooplankton community, as a whole, is capable of filtering and

consuming all major algal groups, including the blue-green Cyanophyta.

Filamentous algal forms are difficult for most zooplankters to consume.

Rejection and reduced feeding may occur in the presence of large quan-

tities of filamentous algae.

200. There are species differences as well as age differences in

the filtering response of zooplankton to temperature. In addition, the

previous thermal history of the animal is extremely important in deter-

mining the grazing rate. Most reported temperature "optima" for grazing

must be considered to be responses of incompletely acclimated animals to

temperature stress. These results are valuable when one is considering

short-term responses of zooplankters to abrupt changes in temperature.

Fully acclimated animals, such as might be found in a field population,

show a linear increase in grazing with temperature over the temperature

range normally experienced in temperate lakes and reservoirs.

201. Not all zooplankters or benthos show diel variations in

grazing rate. For those that do, diel patterns of foraging often are

correlated with light intensity and can result in significant changes in

the grazing rate. Grazing rates often are highest during the dark

period.

202. Synergistic effects of environmental variables on grazing

are poorly understood and model constructs to handle synergistic effects

are currently unavailable.
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PART IV: ASSIMILATION EFFICIENCY, EGESTION, AND

EXCRETION OF ZOOPLANKTON AND BENTHOS

Introduction

203. Assimilation (A) is the food absorbed from an individual's

digestive system. Assimilation efficiency (A/G) is the proportion of

consumption (G) actually absorbed (Sushchenya 1969, Odum 1971, Wetzel

1975). Although the term A/G is usually used in reference to individual

organisms, it also can be applied to populations. Egestion is food

that is not assimilated by the gut and which is eliminated as feces

(Pennak 1964). By contrast, excretion is a waste product formed from

assimilated food and generally is eliminated in a dissolved form.

204. Energy flow refers to the assimilation of a population and

is designated as the sum of production (P) and respiration (R), i.e.,

A = P + R (Sushchenya 1969; Odum 1971). The efficiency of energy flow
P+R

in a population, G , may be approximately equal to the assimila-

tion efficiency of an individual in that population (Sushchenya 1969).

However, since A/G often depends on age (Schindler 1968, Waldbauer

1968, Winberg et al. 1973, McDiffett 1970, Lawton 1970, Fischer 1972,

Pilarska 1977b), the A/G of an individual may differ significantly

from that of the population. Population A/G is essentially the mean

A/G of the individuals composing the population and therefore depends

on the age-class structure of the population. At the community level,

the efficiency of energy flow through trophic webs ultimately influ-

ences the rates of fish production and eutrophication, both of which

are important to man.

205. The importance of assimilation efficiencies in the modeling

of zooplankton and benthos is paramount, particularly when models

approach trophic dynamics by way of feeding equations. Assimilation

efficiencies may be used in feeding equations to modify consumption

and to yield the quantity of energy entering an individual or popula-

tion. In most models, a constant A/G value is used to modify consump-

tion (e.g. 0.70, Menshutkin and Umnov 1970; 0.70, Umnov 1972;
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0.57, MacCormick et al. 1972; 0.80, Male 1973; 0.70, Steele 1974; 0.20,

Thomann et al. 1975; 0.20 and 0.50, Scavia et al. 1976), but in other

models A/G ratios were varied (e.g., 0.50 to 0.76, DiToro et al. 1971;

0.50 to 0.70, Baca et al. 1974; 0.64 to 0.90, Ross and Nival 1976).

Assimilation was determined by the difference in consumption and the

quantity: excretion (E) plus egestion (F), in models by Zahorcak (1974)

and MacCormick et al. (1974). A potential drawback to this method is

that literature data on E and F are relatively scarce. However, if

assimilation efficiency and consumption data are used to estimate E and

F, a fairly large data base is available in the literature. Assimilation

efficiencies have been used to determine the quantity of matter or energy

entering a detrital pool from egestion or excretion (Menshutkin and Umnov

1970, Patten et al. 1975, Swartzman and Bentley 1978). The difference

in consumption (i.e., when G = 1) and A/G represents the fraction of

consumption that is egested and excreted. We have used this method to

estimate E and F losses from zooplankton and benthos.

206. Our approach to assimilation, egestion, and excretion was to

tabulate A/G (Appendix C) and to set up frequency distributions of A/G

and G for potential model compartments (Figures 26-35). In doing

so, we hoped to attain the largest possible data base and determine the

degree of variation among values within potential model compartments.

The following discussion primarily concerns assimilation efficiencies
F+E

and factors influencing A/G. Because A/G and F are additive inverse
funcion (ie. + (F +E) = 1)Gh

functions (i.e., G 1), the discussion also indirectly

applies to egestion and excretion (i.e., as A/G changes in response to
F + E

environmental conditions, G also must exhibit changes that are of

equal magnitude but opposite in direction). Thus, Figures 26 and 27 are

mirror images of Figures 34 and 35, respectively. Both A/G and F +E

from frequency distributions, are to be used as multiplicative modifiers

of consumption to yield the quantities of carbon assimilated and lost,

respectively.

207. Energy equations of individuals or populations are essential

to a thorough understanding of assimilation efficiency. A complete

energy equation may be expressed as:
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Figure 26. Frequency histogram of zooplankton assimilation
values (A) as a percentage of consumption (G). Based on data

in Appendix C
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Figure 27. Frequency histogram of benthos assimilation values
(A) as a percentage of consumption (G). Based on data in

Appendix C
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K

(g + r + ev + s)

where G consumption; P = production, elements of which are growth (g)

reproduction (r), exuvia (ev), and secretion (s); R = respiration; F

= egestion; E = excretion. Assimilation efficiencies can be estimated
A P + R A,

in two ways from the basic energy equation, i.e., G - and G
G - F- E

G
208. In the last two decades, radioactive-isotope methods that

directly measure uptake have been applied (see Appendix C for a tabula-

tion of methods). These methods use radioisotope movements to evaluate

energy parameters in Equation 18. Conover (1966a) developed an ash-

ratio method that did not require quantitative measurements of G and F.

All methods have technical problems, and results produced by the various

methods are often far from similar (Conover 1966a, Streit 1976, Pechen'-

Finenko 1977). To better understand why the assimilation efficiencies

cited in the literature are so variable (ca 2 to 99 percent, Figures 26

and 27), we have examined the methods and environmental factors which

influence them.

Methodology

209. One of the earliest methods was to evaluate:

A = P+R (19)
G G

Production (P) in Equation 19, often is measured in terms of growth (Pg)

(Czeczuga and Bobiatynska-Ksok 1972, Fischer 1972, Trama 1972) or per-

haps as growth and exuvial production (Pg + Pev) (Lasker 1966) or as

growth and reproduction (Pg + Pr) (Richman 1958, Kryutchkova and Rybak

1974, Duncan et al. 1974). However, rarely are all components of pro-

duction, including estimates of secretion (Ps), determined.

210. Secretions lost to the environment during feeding and upon

egestion may constitute a significant portion of production (McDiffett

1970). Otto (1975) estimated Pg, Pev, and Ps in larval Potamophylax
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cingulatus (Trichoptera) and found that Pev and Ps constituted

16.3 percent (4.1 and 12.2 percent, respectively) of total production.

Had he neglected these parameters, A/G would have been significantly

underestimated.

211. Potential errors in the estimation of respiration or con-

sumption are discussed under their respective headings. It is sufficient

to conclude that potential errors are numerous, and they all decrease

the accuracy of A/G estimates.

212. When A/G is calculated with three independently determined

parameters (i.e., P, R, and G), researchers may encounter fairly high

variation among results. This variability often results because inde-

pendent determinations of P, R, and G are conducted under different

experimental conditions. For example, Comita (1964) estimated the

consumption of Diaptomus siciloides by measuring changes in the concen-

tration of one food item (Pandorina or Chlamydomonas) before and after

feeding, in 50 ml of pond water. Respiration was determined in small,

2-ml vials which contained no algae. Production was estimated by eval-

uating reproduction (Pr) exclusively. This estimation was made by com-

puting the daily egg production of females that were collected from the

field 8 years earlier.

213. The equation used to calculate assimilation efficiency

(Zimmerman et al. 1975) is:

A - G-F E (20)
G G

However, most authors omit the excretion term (E) because it is difficult

to quantify and is sometimes considered negligible (Lawton 1970,

McDiffett 1970, Daborn 1975, Sweeney and Schnack 1977). Technically,

the following equation measures absorption efficiency (Ricker 1968) or

incorporation (Lasker 1960, Bell and Ward 1970) and not assimilation

efficiency:

A G - (
G 

(21)
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214. The excretion component (E) sometimes appears to be insig-

nificant and probably could be eliminated from assimilation estimates.

When Daphnia pulex swallowed algae whole, it lost only 4 percent of its

ingested carbon as dissolved organic carbon (DOC) (Lampert 1978). Ex-

cretion by Hexagenia limbata was generally less than 1 percent of con-

sumption (Zimmerman et al. 1975).

215. In contrast, Johannes and Satomi (1967) found that

Palaemonetes pugio (an estuarine decapod) lost DOC one third as fast as

it consumed particulate organic carbon (POC). This estimate is probably

high, because some of the DOC measured undoubtedly was derived from food

items ruptured during ingestion (Conover 1966a). Up to 17 percent of

the algal carbon filtered by Daphnia pulex was lost as DOC from ruptured

cells (Lampert 1978). Perhaps the best quantitative approach is to

combine F and E and simply measure all losses (Johannes and Satomi

1967). Until more research is conducted, researchers cannot be certain

of the magnitude of error involved when E is not evaluated. Apparently

it varies among taxa. For the purpose of this model, this potential

overestimation of A/G is considered as part of the random error affect-

ing all values.

216. Quantitative collection of feces, especially from small

zooplankton, is perhaps the most serious problem with the G
G

method. In macrobenthos, however, the quantitative collection of feces

is not always a problem (Lawton 1970, McDiffett 1970). Torn fecal

pellets and the subsequent loss of feces, as DOC or POC, usually results

in an overestimation of A/G (Conover 1964, 1966a). The situation is

complicated by the suspension and reconsumption of zooplankton feces.

Coprophagy results in underestimates of F and G and overestimates of A/G

(Conover 1966a, Schindler 1968). Unless precautions are taken (e.g.,

short feeding periods), these errors can be very significant. Though

the loss of feces is the most common source of error, the collection of

foreign matter such as algae, exuvia, bacteria, fungi, or detritus with

the feces, especially in prolonged experiments, may result in an

underestimation of A/G (Conover 1962, 1966b). Lawton (1970) discussed
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in some detail the potential sources of error in determinations of A/G

by Equation 21. He concluded as did Conover (1964) that most of the

potential errors tend to overestimate A/G.

217. Since previous methods failed to yield comparable results,

Conover (1966a) developed an ash-ratio method. His method does not

require quantitative collection of feces nor measurements of consumption.

The method is based on the assumption that the inorganic fraction (ash)

of ingested foods is unaffected during gut passage. Assimilation ef-

ficiency is defined as

A _ F' -E'A F l x 100 (22)

G (1-E') (F')

where F' and E' are the fractions of organic matter (i.e., ash-free dry

wt:dry wt ratio) in the ingested food and feces, respectively.

218. Prus (1971), who calculated the A/G of Asellus aquaticus

(Isopoda) by the ash-ratio and G F methods, found that Asellus
G

aquaticus excreted minerals in excess during the winter and absorbed

them during the summer. The differential use of minerals by this species

thus rendered the ash-ratio method unreliable (Prus 1971).

219. At one time, the most promising methods appeared to be those

in which foods were labeled with radioisotopes of phosphorus (Marshall

and Orr 1955a, 1956; Cohn 1958) or carbon (Monakov and Sorokin 1960,

Schindler 1968, Vannote 1969). Using these methods, investigators can

directly measure the accumulation of isotopes in the body, excreta, and

feces of an animal, as well as provide an estimate of consumption.

Though many variations exist, the basic steps of the method are as

follows: (a) label food items and correlate the radioactivity, in counts

per minute (cpm), to the caloric value of the food; (b) feed animals

labeled food (preferably for a short period of time so that defecation

and excretion of isotopes are minimal); and (c) feed animals unlabeled

food until all radioisotopes in the gut have been eliminated. By measur-

ing the difference in radioactivity accumulated in the body of the animal

before and after the elimination of radioisotopes, a researcher can

estimate consumption and assimilation, respectively. Radioactivity of
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the respired CO2 and feces provides estimates of E and F, respectively.

Thus, A/G can be calculated by using the terms A = (cpm in the body and

CO 2 ) or (cpm consumed minus cpm in F and CO 2 ) in the numerator, and G

(cpm consumed) or (cpm in the body, F, and CO2) in the denominator.

220. Radioisotope methods often are considered to be significantly

more accurate than the other methods of determining A/G (Marshall and

Orr 1955b, Sorokin 1966a, Pechen'-Finenko 1977). The basis for this

belief is that radioisotope movements into an animal constitute the only

direct measurements of consumption and assimilation. By contrast, a

number of researchers seriously question the value of most tracer studies

conducted to date.

221. Johannes and Satomi (1967) stated that most A/G values de-

termined by radiocarbon methods are overestimates. Overestimates result

from losses of unlabeled materials from the gut wall to the gut lumen.
14C

Unless the worker is absolutely sure that no C is excreted, respired,

or lost to the environment, the experiment is uninterpretable without

detailed information on reaction kinetics (Conover and Francis 1973).
14 14Lampert (1975) demonstrated that C losses (i.e., as CO 2 ) can be

accurately measured only during feeding experiments. Carbon losses as
14CO2 usually are negligible when measured at the end of feeding periods

(Schindler 1968, Kibby 1971b); however, in Daphnia pulex monitored

during feeding, 14C losses were about 10, 20, and 30 percent of as-

similated carbon in 10-, 60-, and 300-min experiments, respectively

(Lampert 1975). Unmonitored losses of this magnitude result in signif-

icant overestimates of A/G. Lampert (1975) developed a model of 14C

loss for Daphnia pulex.

222. Some of the assumptions on which the isotope methods are

based apparently are invalid. For example, the specimen is assumed to

be a single compartment system in which there is instantaneous and com-

plete mixing of labeled and unlabeled compounds. In addition, labeled

compounds are supposedly evenly distributed and do not recycle. Unfor-

tunately, several pools of carbon and phosphorus with different turnover

rates have been demonstrated and tracer recycling does occur (Conover

1964, Conover and Francis 1973. Lampert 1975). Conover (1961)
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recognized two phosphorus pools in Calanus finmarchicus, and Lampert

(1975) stated that Daphnia pulex was not a single compartment system.

Conover and Francis (1973), who developed a multicompartment model to

account for tracer recycling among compartments, stated,

Unless it is known that no recycling of isotope has occur-
red, the assumption of linear uptake, when in fact the sys-
tem is not linear, even for short periods, can lead to
significant errors in the estimation of ingestion or
feeding.

223. In summary, none of the methods of assessing assimilation,

egestion, and excretion are invariably foolproof, but one method may be

significantly more accurate than another for a particular species or

under specific experimental conditions. Although assimilation efficien-

cies have been calculated for many animals (Appendix C), many of the

estimates are probably of limited value. Variation in experimental

results is a function of a multitude of factors, but major discrepancies

probably result from variable experimental conditions (Marshall 1973).

Apart from variation among species, age groups, and sex, factors such as

temperature, light, container size, animal density, animal size, and

quality of food all exert a marked influence on experimental results

(Marshall 1973). Thus, methodology is not 'he only cause of variability

in A/G estimates.

Factors Affecting Assimilation Efficiency

Food type

224. Undoubtedly the most significant factor affecting assimila-

tion efficiency is food type. The effect is not very apparent in

carnivores, like the odonate Pyrrhosoma nymphula (Lawton 1970), the

plecopteran Acroneuria californica (Heiman and Knight 1975), and the

amphipod Calliopius laeviusculus (Dagg 1976; Appendix C), because the

food type, energy content, and digestibility of animal foods do not

vary greatly. For example, most benthic carnivores have A/G ratios

between 0.80 and 0.95 (Figure 28). By contrast, ranges in A/G are wide

in herbivore-detritivores (Figure 29) because these animals often

consume foods of varying energy content and digestibility--e.g., the
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Figure 28. Frequency histogram of benthic carnivore assimilation
values (A) as a percentage of consumption (G). Based on data in

Appendix C
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Figure 29. Frequency histogram of benthic herbivore-detritivore
assimilation values (A) as a percentage of consumption (G).

Based on data in Appendix C
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cia adocera is 1)apjni a I ongi syin a (Srhi n dIle r 1971 ) a n(d Sid a cryst a IIin na

(Monakov and Sorokiln 1972) and the jmphipod Ganimarus pseudolimnaeus

(Barlocher and Kendrick 1975).

225. Many workers have correlated A/G with the caloric value of

foods (Odum 1971, Wetzel 197-)). Schindler (1968) found that the assimi-

lation etticiency of Oaphlia ma ia increased from about 10 to 99 percent

as the caloric content of its diet increased from 1.3 to 5.3 calories/mg

dry weight. Thereafter, further increases in caloric value resulted in

decreasing A/G--perhaps due to decreased digestibility of these foods.

Similar correlations have been cited for planktonic crustaceans

(Pechen'-Finenko 1971) and suggested for Asellus sp. and Gammarus sp.

(Swiss and Johnston 1976).

226. Assimilation efficiencies also depend directly upon the

quality and digestibility of foods (McDiffett 1970, Fischer 1970, Odum

1971, Wetzel 1975) and apparently are inversely related to the ash con-

tent (Conover 1966a, Schindler 1968). By contrast, Lawton (1970) found

that the A/G of Pyrrhosoma nyp hula was not correlated to ash content nor

to caloric content.

227. In general, the A/G of animals fed living or senescent plant

matter is less than that of animals fed living or dead animal tissue

(Sushchenya 1969, Monakov 1972, Monakov and Sorokin 1972). This obser-

vation was substantiated by most of the literature values for benthic

carnivores and herbivore-detritivores (cf Figures 28 and 29). Certain

phytoplankters, however, may be assimilated very efficiently by zooplank-

ton (e.g., see Schindler 1971, Monakov and Sorokin 1972, Hayward and

Gallup 1976). Digestibility is probably more related to the high caloric

and low cellulose contents of some phytoplankters than to increased

efficiency of digestion by zooplankton. We separated zooplankton assimi-

lation efficiencies on the basis of diet. Blue-green algae and detritus

are apparently assimilated less efficiently than are green algae (Fig-

ures 36 and 37, respectively). The data for the assimilation of green

algae are highly variable, perhaps reflecting the tremendous diversity

of structure within the Chlorophyta.

228. Though the use of detritus and/or microflora as food by
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benthos is widely accepted (Cummins et al. 1966, Hynes 1970, Fisher and

Likens 1972, Marzolf 1964, Barlocher and Kendrick 1975, Rodina 1966),

the use of these items by zooplankton is not generally acknowledged. In

most models, zooplankton and benthos depend primarily upon phytoplankton

as a food source. This basic premise probably is inaccurate for reser-

voir benthos and zooplankton. A detailed discussion of this topic was

given in the section "Detritus and Microflora as Food" in Part III of

this report, page 53.

Food concentration and feeding rate

229. Assimilation efficiencies have been observed to decrease

significantly with increasing food concentration or ration in filter-

feeding zooplankton, e.g., Daphnia magna (Ryther 1954, Schindler 1968),

Daphnia pulex (Richman 1958), Brachionus pilcatilis (Doohan 1973),

Diaptomus graciloides (Kryutchkova and Rybak 1974), and seven species of

Entomostraca (Winberg et al. 1973). The same trend also has been ob-

served in other animals such as the nematode Plectus palustris (Duncan

et al. 1974), the gastropod Goniobasis clavaeformis (Elwood and Goldstein

1975), and various Crustacea (Sushchenya 1969). The above findings seem

to support the theory of superfluous feeding (Harvey et al. 1935,

Beklemishev 1962), which holds that animals assimilate food most effi-

ciently when it is present in small quantities. When food is abundant

and consumption exceeds the animal's food requirement, the efficiency of

digestion decreases because of the animal's inability to efficiently

process the large quantities of food. In filter-feeding Cladocera,

Copepoda, and perhaps Rotatoria, filtration rates cannot be reduced

enough to limit the intake of food, when the food is present at very

high concentrations. Under these conditions extra or superfluous feed-

ing can occur (Monakov and Sorokin 1961, as cited by Monakov 1972).

Field observations also seem to substantiate superfluous feeding. King

(1967) noted that undigested algae appeared in the feces of the rotifer

Euchlanus dilitata only when the algae were present at very high concen-

trations. A similar observation also was made for Daphnia magna (Ryther

1954).
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230. Some authors have observed constant A/G with increasing food

concentration and therefore disagree with the theory of superfluous

feeding. Pechen'-Finenko (1973) rioted that in raptorial zooplankters

(mostly predators), A/G remains constant over a wide range in food con-

centration. Presumaty, these types of animals can regulate consumption

and therefore optimize A/G. Pyrrhosoma nymphula, a carnivorous odonate

(Lawton 1970), and Neanthes virens, a carnivorous polychaete (Kay and

Brafield 1972), also exhibit fairly uniform A/G regardless of the quan-

tity of food consumed. Even the filter-feeding copepods Diaptomus

gracilis (Kibby 1971b) and Calanus hyperboreus (Conover 1964, 1966a)

exhibit fairly uniform assimilation efficiencies (64.2 to 68.4 percent

and' 39.6 to 71.1 percent, respectively) when food concentrations are

varied significantly.

237. Pechen'-Finenko (1973) argued that the concentration at

which superfluous teeding o.curs exceeds the concentrations of food

found in nature. In additi-n, he suggested that automatic filter feeders

can regulate assimilation by altering their filtration rate and A/G.

Pechen'-Finenko (1977) expressed the belief that the apparent dis-

crepancies in previous results of experiments on food concentration were

entirely due to variaLions in methodology. For example, he viewed the

downward trend in the A/G of DaRhnia pulex (Richman 1958) as an artifact

generated by Richman's use of the P method. However, Schindler

(1968) and Hayward and Gallup (1976), using radiocarbon techniques, also

observed decreasing A/G as food concentrations were increased. Schindler

(1971) believed that superfluous feeding may become evident only when

zooplankton are feeding on certain types of food. He concluded that

assimilation efficiency varies inversely with the ingestion rate, when

different foods are consumed.

232. Firm conclusions cannot be made regarding the relation of

assimilation efficiency to food concentration. Lawton (1970) noted that

the A/G of Pyrrhosoma nymphula may increase, decrease, or remain con-

stant as feeding rates increase. He suggested that all three responses

are possible in nature. Hayward and Gallup (1976) pointed out that the

situation is even more complicated than most people believe. According
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to their work, A/G is a function of food concentration, but this func-

tion varies with temperature. They stressed the need for multivariate

information on assimilation and suggested that great care be exercised

in the interpretation of results.

233. Practically all models we reviewed used grazing constructs

that were dependent on food density. In other words, these authors

believed that assimilation efficiency remains constant, at all food con-

centrations, whereas consumption changes at low to moderate food concen-

trations. This premise may or may not be correct, but it is practical

in that the effects of concentration on grazing are easier to examine

and simulate than are those same effects on assimilation efficiency.

DiToro et al. (1971) used a density independent (i.e., linear) grazing

relationship based on the idea of superfluous feeding and made assimi-

lation efficiencies vary with food concentration. The relation of

feeding rate to food concentration is essentially linear over most food

concentrations and though a linear function may be appropriate in most

cases, difficulties in determining the exact effect of food concentra-

tion on assimilation efficiencies render this approach less appealing.

Temperature

234. Changes in A/G have been positively correlated with water

temperature for Cladocera (Webb and Johannes 1967, Schindler 1968,

Hayward and Gallup 1976), Copepods (Conover 1962), various Crustacea

(Sushchenya 1969, Pechen'-Finenko 1971), Insecta (Heiman and Knight

1975, Otto 1975), and Gastropoda (Elwood and Goldstein 1975). Effects

of temperature on metabolism have been described by the Q law (Prosser

and Brown 1961), which states that ectotherm metabolism increases two to

three times with a 100 increase in temperature. Under ideal conditions,

A/G should be low at low temperatures, increase to a maximum as tempera-

ture increases to a species-specific optimum, and gradually decline as

temperature approaches the upper tolerance limit for the species.

235. Unfortunately, the ideal relationship of A/G to temperature

is not always observed. The A/G of Calanus hyperboreus (Conover 1962),

between 20 and 11C, did not vary significantly (64.5 to 68.0 percent).

In the gastropod Goniobasis clavaeformis A/G remained constant between
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100 and 20°C (Elwood and Goldstein 1975). Assimilation efficiency also

was unaffected by temperature in a number of other animals (Lawton 1971,

Kibby 1971b, Dagg 1976).

236. A possible explanation for these discrepancies in published

data is that temperature not only affects P and R but also consumption

(G) through the effects of food concentration and temperature on filtra-

tion rates (Hayward and Gallup 1976). There is a good possibility that

increased temperature, within a certain range, may not increase the A/G

of an organism. This response could occur if the increase in assimila-

tion (P + R) was matched by a concomitant increase in consumption (G

also increases with temperature; see "Effects of Temperature on Consump-

tion" in Part III of this report, page 66). In short, several variables

are interrelated and the final result may have emergent properties (i.e.,

properties that cannot be predicted by separately examining the effects

of the individual variables).

Animal development

237. Assimilation efficiencies have been observed to change sig-

nificantly as animals develop. Whether this result is a function of age

or weight is not certain, but, in some organisms at least, the change is

clearly related to life history events such as metamorphosis (Fischer

1966). Many organisms change their diet during development (e.g.,

nauplii of predaceous copepods often are berbivorous until they reach a

certain size). Because food type probably is the most significant fac-

tor influencing assimilation efficiency, changes in diet during the

course of development may significantly alter A/G ratios (Schindler

1968, Waldbauer 1968).

238. Assimilation efficiencies have been observed to decrease,

remain constant, or even increase during the development of various

aquatic invertebrates. Decreasing A/G ratios during development were

noted in the zooplankters Daphnia magna (Schindler 1968) and Macrocyclo's

albidus (Shushkina et al. 1968), and in the insects Pyrrhosoma nymphula

(Lawton 1970), Pteronarcys scotti (McDiffett 1970), Hedriodiscus truquii_

(Stockner 1971), and Lestes sponsa (Fischer 1972). However, assimilation

efficiencies remained constant during the development of the copepod
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Macrocyclops albidus (Klekowski and Shushkina 1966b), the mollusc

Dreissena polymorpha (Monakov 1972), the amphipods Gammarus pulex

(Nilsson 1974), and Calliopius laeviusculus (Dagg 1976). Brachionus

rubens (Rotatoria) exhibited increased A/G during development (Pilarska

1977b), and Lawton (1970) believed that the A/G of Pyrrhosoma nymphula

(Odonata) could increase, decrease, or remain constant under a given set

of environmental conditions.

Reproductive state

239. Few data are available that describe the effects of an

animal's reproductive state on assimilation efficiency. Daphnia magna

and D. schodleri bearing eggs or embryos assimilate at a higher rate

than nonovigerous females (Schindler 1968, Hayward and Gallup 1976).

The assimilation efficiency of Assellus aquaticus varied from 26 to

44 percent depending on reproductive condition, sex, and population

density (Prus 1976).

Summary of Constructs

240. First, users should select the frequency histogram (Fig-

ures 26-33, 36, and 37) that best describes the model compartment they

are considering. Second, the frequency histogram should be transformed

into a probability distribution of A/G ratios (restricted by the con-

fidence limits placed on the probability distribution by the user), and

a range of A/G ratios should be selected. Third, consumption (mg carbon.

mg carbon-1 .day- I)--generated by grazing constructs in Part 111--should

be multiplied by the selected A/G ratios, according to Equation 1. The

resulting products describe the range of weight-specific assimilationS-1 -
(mg carbon-mg carbon -day - ) by the compartment. To determine the range

of weight-specific loss (egestion + excretion--mg carbon-mg carbon
1

-1
-day ), users should subtract A/G ratios from one and multiply weight-

specific consumption by the resulting difference. The product of the

weight-specific rates of assimilation or egestion + excretion (as de-

termined above) and the biomass of the model compartment (mg carbon)

yields the weight of carbon assimilated or lost, respe:tively.
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241. Because the distribution of A/G values for cladocerans

(Figure 32) was essentially uniform, we recommend that zooplankton be

considered as a single compartment (Figure 26). However, when greater

resolution is required, the frequency histograms of rotifer and copepod

A/G (Figures 30 and 31, respectively) may be used, but cladoceran A/G

ratios should be randomly selected from a range of 0.05 to 0.55. Bio-

mass of zooplankton should be arbitrarily assigned as follows:

Cladocera = 60 percent, Copepoda = 35 percent, Rotatoria = 5 percent,

unless more accurate data are available. Rotatoria assimilation, for

example, may be calculated as 0.05b [G(A/G)], where b = total zooplank-

ton biomass (mg carbon), G = zooplankton consumption (mg carbon'mg

carbon- 1day-), and A/G = Rotatoria assimilation efficiency (from

Figure 30).

242. Benthos should be compartmentalized into carnivores and

herbivores-detritivores on the basis of their respective assimilation

efficiencies (Figures 28 and 29). Based on the ecological growth ef-

ficiencies of a nematode (Duncan et al. 1974), a chironomid (Kajak and

Dusoge 1970), and an oligochaete (Ivlev 1939), we believe that carnivores

should constitute 20 ± 10 percent of total benthic biomass, when the

benthos compartment is divided. Assimilation by benthic herbivores-

detritivores may be calculated as 0.80b [G(A/G) I] and that of benthic

carnivores as 0.20b [G(A/G)2 1, where b = total benthic biomass (mg

carbon), G = benthos consumption (mg carbon-mg carbon- 1day- ), (A/G)1

= A/G ratio for herbivore-detritivores (Figure 29), and (A/G)2 = A/G

ratio for carnivores (Figure 28).

Conclusions

243. Assimilation efficiencies are important in biological models

because they can be used to modify consumption and thereby yield the rate

of energy flow into model compartments. Egestion (F) and excretion (E),

which technically differ, are defined as a single loss in the model--the

additive inverse of assimilation efficiency(A/G + (F + E)G

244. Because methods employed to estimate A/G are inaccurate, we
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ROTATORIA
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Figure 30. Frequency histogram of Rotatoria assimilation values
(A) as a percentage of consumption (G). Based on data in

Appendix C
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Figure 31. Frequency histogram of Copepoda assimilation values
(A) as a percentage of consumption (G). Based on data in

Appendix C
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CLADOCERA

12 1*

z
0=

0 20 40 60 80 100
A/G x 100

Figure 32. Frequency histogram of Cladocera assimilation values
(A) as a percentage of consumption (G). Based on data in

Appendix C
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Figure 33. Frequency histogram of Entomostraca assimilation
values (A) as a percentage of consumption (G). Based on data

in Appendix C
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16
ZOOPLANKTON
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Figure 34. Frequency histogram of zooplankton egestion (F) and
excretion (E) values as a percentage of consumption (G). Based

on data in Appendix C
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Figure 35. Frequency histogram of benthos egestion (F) and
excretion (E) values as a percentage of consumption (G).

Based on data in Appendix C
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12 BLUE-GREEN ALGAE AND/OR

DETRITUS AS FOOD
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Figure 36. Frequency histogram of assimilation values (A) as a
percentage of consumption (G) when zooplankton were fed blue-

green algae and/or detritus
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Figure 37. Frequency histogram of assimilation values (A) as a
percentage of consumption (G) when zooplankton were fed green

algae

125



did not develop constructs to predict cause-effect relations between A/G

and factors such as food concentration, temperature, animal development,

or reproductive state. When similar methods were used, food type gen-

erally was the most important factor affecting AIG (cf Figures 28-29 and

36-37), but food concentration and temperature effects were inconsistent.

Few data that illustrate the effects of reproductive state or animal

development have been published.
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PART V: RESPIRATION OF ZOOPLANKTON AND BENTHOS

Introduction

245. Respiration is the sum of all physical and chemical pro-

cesses by which organisms oxidize organic matter to produce energy.

During aerobic respiration, oxygen and organic matter are consumed and

carbon dioxide and water produced (Pennak 1964). Components of respira-

tion include specific-dynamic action (SDA), basal-respiratory rate (BRR),

standard-respiratory rate (SRR), and a respiratory component for activ-

ity. Specific-dynamic action refers to the energetics of digestion and

is the smallest component of respiration--e.g., 15.4 percent of the

total in the plecopteran Acroneuria californica (Heiman and Knight 1975).

Basal-respiratory rate is the minimum energy expenditure required to

sustain life. Standard-respiratory rate (SRR) is equal to the sum SDA +

BRR. The activity component is highly variable and accounts for most of

the variation in total respiration (Calow 1975).

246. Respiration is a very important parameter in energy budgets.

Maintenance energy constitutes a major portion of energy expenditures by

populations of aquatic invertebrates (80 to 90 percent) and therefore

can be used as a first approximation of total assimilation (Moshiri et

al. 1969). Respiration was 92.7 percent of assimilation in the cladoceran

Leptodora kindtii (Moshiri et al. 1969) and 81.8 percent in the isopod

Asellus aquaticus (Klekowski 1970). Since maintenance costs must be met

for survival, respiration may exceed assimilation under unfavorable

environmental conditions. Under such conditions, biomass may be

catabolized to meet the increased demand for energy.

Methodology

247. Respiration rates of aquatic invertebrates usually are

estimated directly by monitoring oxygen consumption, since the estima-

tion of heat loss from ectotherms is impractical by direct calorimetry

(Hughes 1970). By multiplying 02 consumed by an oxycaloric coefficient,

127

L-



e.g., 4.83 cal/ml 02 (Winberg et al. 1934), respiratory rate can be

estimated. Some degree of error is inherent to the application of an

oxycaloric coefficient because the coefficient varies with the type of

body component oxidized. Winberg et al. (1934) found different oxycaloric

coefficients for oxidation of carbohydrate (4.686 cal/ml 02) , protein

(4.721 cal/ml 02), and fat (5.043 cal/mi 02). Without measuring nitrogen

excretion and CO2 production during experiments, one has no way of de-

termining what type of material is being oxidized and therefore is unable

to appropriately adjust the oxycaloric coefficient. As a result, the

oxycaloric coefficients for the three body components usually are aver-

aged (i.e., it is assumed that specimens burn protein, fat, and carbo-

hydrates equally). Hughes (1970) stated that the error involved in

applying a mean coefficient was small--certainly smaller than the error

inherent to an extrapolation of lab results to a field situation.

248. Manometric methods (e.g., the use of Warburg, Gilson, and

Cartesian diver respirometers) require a manometer to measure decreases

in gas pressure within a closed chamber. In the respiratory chamber,

specimens consume 02 and produce CO Because the experimental medium

is alkaline and absorbs CO 2 the gas pressure in the chamber decreases

in proportion to the rate of 02 consumption (Umbreit et al. 1964). There

are two disadvantages to manometric techniques: (a) alkaline solutions

may affect respiration in some species (Sushchenya 1969) and (b) shaking

(often employed to ensure absorption of CO 2 ) may excite specimens and

elucidate artificially high rates of respiration (Rueger et al. 1969).

In contrast to Warburg and Gilson respirometers, Cartesian divers have

extremely small chambers for specimens and, consequently, are the only

respirometers suited to measure respiration rates of individual zooplank-

ters. Differences in the respiratory rates of individuals of the same

species often become apparent in Cartesian divers (Ivanova and Klekowski

1972). Such differences are usually masked in other methods where many

specimens are enclosed concomitantly in one chamber.

249. Chemical methods, usually Winkler titration (American Public

Health Association 1971), Modified-Winkler titration, or Micro-Winkler

titration, measure 02 concentrations in a closed system before and after
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a suitable experimental period. The period must be long enough for a

detectable difference in 02 concentration to develop but short enough to

preclude significant development of bacterial populations or starvation

of experimental specimens (Marshall 1973). The difference between the

initial and final 02 concentration is taken to represent oxygen consump-

tion by the cnclosed specimens. The combined use of a closed bottle and

Winkler titration has been the most popular means of determining respi-

ration in aquatic invertebrates (Appendix D, Parts I and II). Part of

the popularity is due to the fact that the system is simple and can be

used in the field or laboratory.

250. Polarographic methods require the measurement of current

flowing in the external circuit of a polarographic cell (Lingane 1961).

These methods are advantageous in that they provide continuous monitor-

ing of 02 tensions (Rueger et al. 1969). Electrodes are most often

employed in a flow-through chamber (e.g., Jonasson 1964, Berg and

Jonasson 1965, Rueger et al. 1969, Calow 1975), but they may be used in

a closed bottle (e.g., Brinkhurst et al. 1972, Roff 1973, Foulds and

Roff 1976, Swiss and Johnston 1976, Welch 1976) when a stirring mechanism

is present. Flow-through systems remove animal wastes which may affect

results in long-term experiments (Rueger et al. 1969).

251. No previous investigations found significant differences among

respiration methods. Lawton and Richards (1970) found no significant

difference between results produced by Cartesian diver and Winkler

methods, nor between Cartesian diver and Gilson methods. Richman (1958)

obtained similar results when he compared rates for DAphnia pulex de-

termined from Winkler and Warburg methods. Polarogr:aphic and manometric

methods were deemed suitable for measuring the 02 consumption of aquatic

invertebrates (Rueger et al. 1969). Results produced by a Scholander

respirometer (manometric) and Micro.-Winkler for Leptodora kindtii were

not significantly different. Calow (1972) demonstrated that chemical,

manometric, and polarographic techniques all measured similar rates of

respiration in the mollusc Planorbis contortus and Ancylus fluviatilis.
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Variation Due to Experimental Conditions

252. Laboratory conditions under which measurements of 02 con-

sumption are taken seldom approximate conditions in the field. None-

theless, over 95 percent of the respiration studies have been conducted

in laboratories (Appendix D). This fact results from the technical

difficulties of isolating and determining the respiration of an indi-

vidual or population in a natural community.

253. Laboratory specimens often are starved 24 to 96 hr prior to

experiments, e.g., 24 hr for the mollusc Helisoma trivolvis (Sheanon and

Trama 1972), 96 hr for the plecopteran Tarniopteryx nebulosa (Nagell

1973), 24 hr for the cladoceran Daphnia pulex (Richman 1958). When fed

during experiments, Diaptomus siciloides (Comita 1968) and Calanus

hyperboreus (Conover 1962) exhibited higher rates of respiration than

when starved. According to Satomi and Pomeroy (1965), small benthos and

most zooplankton are subjected to starvation if held without food for a

few hours, and after 24 hr of starvation, small specimens apparently

exhibit a significant depression in respiratory rate. In contrast,

Ikeda (1971) found that Calanus cristatus exhibited increased rates of

respiraLion during the first few days of starvation. In general, most

researchers probably would approve of the recommendation by Cummins

(1975) that specimens be fed during or immediately before experiments.

254. Research of Conover (1962), Marshall (1973), and Sushchenya

(1969) indicated that increased food concentrations increased rates of

respiration in Crustacea. Pilarska (1977c), however, observed increased

respiration in the rotifer Brachionus rubens when food concentrations

were below or above an optimum. When exposed to changes in food concen-

tration, aquatic invertebrates exhibit respiratory rates that may depend

on their present level of feeding and on the degree of previous starva-

tion (Marshall 1973). Obviously, more research is needed. Estimates

should be made over a broad range of food concentrations and taxa.

255. Another major cause of variation in respiration rates is

inadequate acclimation to test temperature. Unacclimated specimens may

be exposed to temperature changes that exceed any in their native
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habitat. In many studies, collected specimens were acclimated to test

temperatures for 24 to 28 hr (Appendix D, Parts I and 11). These speci-

mens may have been acclimated in the sense that they overcame the initial

shock of capture and handling (Marshall et al. 1935, Bishop 1968, Roff

1973), but they were far from acclimated to temperature in terms of

respiratory rate. According to Geller (1975), the rate of temperature

acclimation in Uaphnia pulex was proportional to its growth rate, and

acclimation required 6 weeks at temperatures of 70 to lOC and 4 weeks

at temperatures above 15*C. Blazka (1966) observed that Daphni hyalina,

acclii.ated to 20'C in the laboratory, exhibited higher respiratory rates

than did field populations at various ambient temperatures. This dif-

ference probably resulted from sufficient acclimation to temperature by

field populations. To avoid acclimation problems, Cummins (1975) sug-

gested that specimens be studied at the ambient temperature of their

native habitat. Some rates in Appendix D, Part I, are for specimens

studied at 5' to lOC above or below their acclimation temperature in

the field. These data undoubtedly increase the variance of our data

base, but since we have no way to consistently correct aberrant rates,

we must consider the error as part of the random variability affecting

all estimates.

256. Many of the existing data are conflicting. For example,

Roff (1973) and Siefken and Armitage (1968) found no effect of light on

the metabolic rates of the copepods Limnocalanus macrurus and Diaptomus

sp., respectively. In contrast, Marshall (1973) found that bright light

stimulated respiration rates in the copepod Calanus finmarchicus, and

Buikema (1972) found that light inhibited respiration in the cladoceran

Daphnia pulex. Bishop (1968) observed depressed respiration rates in

zooplankton as pressure increased, but Roff (1973) observed no signifi-

cant effect of pressure on the respiration of Limnocalanus macrurus.

Crustaceans exhibited three potential responses to increased salinity:

(a) no effect, (b) increased respiratory rates at hypertonia and

decreased rates at hypotonia, and (c) increased rates at both hypertonia

and hypotonia (Sushchenya 1969). When pH was shifted beyond the com-

pensation limits for a crustacean species, metabolism was either
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t-pre Ssed or disrupted complete ly (Sushcheiya I909). ThI- problem is

that compensat iol limits Vary signi f cant ly among t reshwater animals.

In contrast to the results of Satomi and Pomeroy (1965) for estuarine

/ooplunktoi, rej:earcfi on of igorfhae t es (Brinkhu rst et al. 1972) and cope-

pods (Marshal IIn t) rr 1958, Conover and Corner 1968, Siefken and

Armitage 1968, Rott 1973) tailed to demonstrate any effect of crowding

on rates of respiration. Although it is known that a significant cor-

relation exists between respilratory rates and activity, few investigators

have effectively quantified activity and certainly rlot in a manner com-

parable for a wide variety of aquatic animals.

257. Seasonal trends in metabolic rates are difficult to explain

in terms of any one environmental characteristic. Sweeney (1978) pointed

out that diel and seasonal shifts in metabolism, as a result of tempera-

ture changes, may increase efficiency of resource allocations and energy

partitioning. Siefken and Armitage (1968) suggested that seasonal trends

were the result of seasonal changes in weight and previous thermal his-

tory. Some authors have noted seasonal trends in metabolism and cor-

related these trends with food concentration (e.g., Conover 1962, Blazka

1966, Marshall 1973, Larow et al. 1975). By contrast, Roff (1973) failed

to observe any seasonal trends in the metabolism of Limnocalanus

macrurus. Seasonal trends probably emerge as a cumulative effect of

several variables on respiration (e.g., temperature, body weight, and

oxygen concentration).

258. Experimental conditions that affect respiration rates often

differ in laboratory and field experiments--for example, temperature

(Moshiri et al. 1969, Hughes 1970, Pourriot 1973), pressure (Bishop

1968, Roff 1973), light (Buikema 1972, Marshall 1973, Sigmon et al.

1978), oxygen concentration (Jonasson 1964, Palmer 1968, Nagell 1973),

salinity (Lance 1965, Sushchenya 1969), pH (Sushchenya 1969), size com-

position (Appendix D, Part II), crowding (Satomi and Pomeroy 1965), in-

terspecific interactions (Brinkhurst et al. 1972), and reproductive

condition (Berg and Jonasson 1965, Moshiri et al. 1969, Burky 1971).

These variables also may affect activity, an extremely important factor

directly influencing respiration rate (Moshiri et al. 1969, Sushchenya
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1969, Ulanoski and McDiffett 1972, Trama 1972, Foulds and Roff 1976,

Wycliffe and Job 1977). Absence of substrate in laboratory experiments

increased the respiration rates of the ephemeropterans Hexagenia limbata

and ELphemera simulans (Eriksen 1964). The respiratory rate of the

chironomid Lauterbornia sp. decreased 31 percent when a substrate was

provided (Welch 1976).

259. The above list of factors that influence rates of respira-

tion is not exhaustive, nor are the effects of all of the factors similar

for different species. Of the factors listed, only the effects of tem-

perature, body size, and oxygen concentration are sufficiently documented

to allow us to develop constructs. Fortunately, these factors probably

are the most important, and model constructs for these factors should

greatly reduce the variance of predicted rates.

Variation Due to Conversion of Units

260. Since respiratory rates of aquatic invertebrates have been

expressed in a multitude of incomparable units (see "Original Units" in

Appendix D, Part II), we converted all literature rates to a standard,

weight-specific unit (mg carbon-mg carbon- 1day- 1).

261. Factors for the conversion of wet weight to dry weight and

for dry weight to carbon are given in a table at the front of Appendix

D. Most of the conversions used were obtained from the percent - H2 0

Column in Table 2 of Cummins and Wuycheck (1971). Conversion factors

for dry weight to carbon were obtained from various sources (Appendix A).

When percent - H 20 data were lacking for a taxon, we used data for a

closely allied group or that of the next higher taxon for which percent-

ages were available. Since water content undoubtedly varies signifi-

cantly among species, we introduced an error by using mean factors to

convert wet to dry weight for broad taxonomic categories. Fortunately,

authors who listed 02 consumption per unit wet weight were in the minor-

ity. A disturbing number of papers from international journals gave no

indication of whether their data were in terms of wet, dry, or ash-free

weight. Had researchers who used wet weights included data on percent -
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H 20 for each species, the magnitude of errors associated with wet to dry

weight conversions could have been greatly reduced. Though some error

exists in the conversion of dry weight to carbon (Part II), it is in-

significant compared to that involved in conversions of wet to dry

weight.

262. To convert oxygen consumed to carbon metabolized, we applied

an oxy-carbon coefficient derived by combining the mean oxycaloric coef-
ficient of Winberg et al. (1934) (4.83 cal/mI 02) with the energy to

carbon relation for aquatic invertebrates (10.98 cal/mg carbon) derived
b 4.83 cal mg carbon - 044

by Salonen et al. (1976). The result is ml 02 10.98 cal

mg carbon/ml 0 Sources of error due to the use of oxycaloric coeffi-

cients are discussed in the section "Methodology," page 127. The varia-

tion of energy per unit organic carbon is insignificant (i.e., ca one

third less variable than energy per unit ash-free dry weight (Salonen et

al. 1976)). The conversion of oxygen consumed to carbon respired prob-

ably represents an insignificant error, in proportion to the total error

present in laboratory experimentation and extrapolation to real aquatic

systems.

263. The worst potential error in our conversions was the extrap-

olation of respiration per hour to respiration per day. To make this

extrapolation we assumed that aquatic invertebrates respire at a con-

stant rate throughout a 24-hr period. Some aquatic invertebrates may

behave in this fashion. For example, no diel cycles of metabolism have

been observed in the plecopteran Acroneuria californica (Heiman and

Knight 1975), the ephemeropteran Stenonema fuscus (Ulansoki and McDiffett

1972), the odonate Anax junius (Petitpren and Knight 1970), the mysid

Mysis relicta (Foulds and Roff 1976), the dipteran Chaoborus punctipennis

(Sigmon et al. 1978), or the cladoceran Leptodora kindtii (Moshiri et

al. 1969). On the other hand, diel cycles in metabolism have been ob-

served in the ephemeropterans Isonychia bicolor (Sweeney 1978) and

Isonychia sp. (Ulanoski and McDiffett 1972). There is no way to quantify

the error involved, but when we extrapolated from an hourly to a daily

rate for species exhibiting a diel cycle of metabolism, we may have sig-

nificantly underestimated or overestimated daily respiration.
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Overestimates would result when experiments were conducted during

periods of maximum diel respiration and underestimates when experiments

were conducted during periods of low respiration.

Model Constructs

Literature synopsis

264. Previous respiration constructs range from unmodified con-

stants to constants modified by several factors. In all models, respi-

ration terms represent energy loss and either are linear functions of

compartment biomass or a percentage of compartment consumption. Ross

and Nival (1976) included respiration in a term for death rate (a2

0.42 mg carbon-mg carbon- 1day- ) that was determined from batch ex-

periments on the respiratory rates of starved zooplankton. In the

zooplankton models by Scavia et al. (1976) and Chen and Orlob (1975) and

in the zooplankton and benthos models by MacCormick et al. (1974),

respiration rates were modified exclusively by temperature. Respiration

rates were modified solely by the body size of zooplankton in a model by

Menshutkin and Umnov (1970). Constructs of respiration rates as func-

tions of temperature and body size have been developed (DiToro et al.

1971, Umnov 1972, Baca et al. 1974, Kremer 1975, Patten et al. 1975).

Waters and Efford (1972) developed constructs with respiration rates as

functions of temperature, body size, and food intake. Steele (1974)

considered body size and food intake effects but omitted a function for

temperature effects, since temperature was essentially constant in the

North Sea. The most elaborate respiration constructs were those for

zooplankton and benthos in a model by Park et al. (1974) and those for

benthos by Zahorcak (1974). Park et al. (1974) modeled the effects of

temperature, body size, and behavior on rates of respiration. Zahorcak

(1974) considered the same factors as Park et al. (1974) but, in addi-

tion, developed constructs for the effects of crowding and oxygen

concentration.

265. The importance of food consumption as a factor affecting

rates of respiration is controversial. Waters and Efford (1972) and
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Steele (1974) considered consumption effects important enough to warrant

model constructs. We do not believe that sufficient data are yet avail-

able to permit us to accurately model the effects of consumption on

respiration. Steele (1974) made respiration of copepods a linear func-

tion of consumption. However, other data for copepods (Ikeda 1971) and

for rotifers (Pilarska 1977c) indicated that the relationship may not be

linear. In fact, Swartzman and Bentley (1978) noted that rates predicted

by Steele (1974), for copepods at high concentrations of food, were 2.7

times higher than those observed in laboratory populations of Mullin and

Brooks (1970). Mayfly and stonefly nymphs (Nagell 1973) did not exhibit

significant decreases in metabolism during brief periods of starvation.

266. Our first approach to modeling respiration was to consider

it as a proportion of consumption (R/G, Table 14). Figure 38 shows the

frequency histogram of R/G ratios for a wide range of taxa. Unfortu-

nately, only a limited number of studies have determined both respiration

and consumption, and, therefore, little is known about how the ratio R/G

responds to changes in the environment. Because respiration and con-

sumption generally are affected similarly by temperature, oxygen con-

centration, and body size, the ratio R/G should be less variable than

other expressions of respiration. More research is required before the

potential of R/G ratios in ecosystem models can be fully realized.

Figure 38 provides some insight into the range of potential values for

aquatic invertebrates. The product of consumption (mg C-mg C day

Part III) and R/G (Figure 38) yields weight-specific respiration for a

community. As more data are collated, frequency distributions for major

taxa such as Cladocera, Copepoda, Rotatoria, and Diptera could be

formed.

267. Our second approach to respiration involved the conversion

of literature data on oxygen consumption to rates of weight-specific

respiration (mg carbon-mg carbon- .day- ). Respiration rates were

tabulated for taxa (Appendix D, Part I), and frequency distributions of

rates were constructed for various taxonomic categories and weight

classes. Respiration losses are proportional to the biomass of the
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AQUATIC INVERTEBRATES
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R/G x 100

Figure 38. Frequency histogram of respiration (R), as a percentage
of consumption (G), for aquatic invertebrates. Based on the data

in Table 14

donor compartment. In other words, the product of compartment biomass

(mg carbon) and respiration (mg carbon'mg carbon- .day- 1 ) is the weight

of carbon respired daily by that compartment.

268. Frequency histograms were constructed from respiration rates

in Appendix D (Part I) for major taxa of zooplankton, i.e., Cladocera

(Figure 39), Copepoda (Figure 40), and Rotatoria (Figure 41). All rates

in the frequency histograms were corrected to 20*C. Rotifers generally

exhibit higher rates (x = 0.430; range = 0.20 - 1.10 mg carbon-mg

carbon day - ) than entomostracans (Figures 39 and 40; x = 0.240; range

= 0.050 - 0.800 units). Cladocera exhibit slightly higher rates (x

= 0.250; range = 0.050 - 0.800 units) than Copepoda (x = 0.232; range

= 0.050 - 0.800 units). These data are generally within the range of

weight-specific rates used in other phytoplankton and zooplankton models

(e.g., 0.096 - MacCormick et al. 1972; 0.16 - Bierman et al. 1973;

0.20 - Thomann et al. 1975; 0.23 - Kremer 1975; 0.50 - Steele 1974).

269. Frequency histograms of respiration rates also were con-

structed for the major taxa of benthos. Rates of benthic Crustacea,
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Figure 39. Frequency histogram of respiration rates for Cladocera.

Based on data in Appendix D, Part I. T = temperature (0C)

Insecta, Oligochaeta, and Mollusca (Figures 42-45, respectively) are all

of equal magnitude but considerably lower than those of zooplankton

(Figures 39-41). We anticipated these results, however, based on the

relation of weight-specific respiration to body weight.

Effects of Body Weight

270. The fact that rotifers exhibit higher metabolic rates than

entomostracans exemplifies the well-documented observation that weight-

specific respiration is a negative exponential function of body weight

(Appendix D, Part II). For example, Figure 46 illustrates the relation-

ship of respiration to body weight for aquatic invertebrates. The fit-

ted line is log R = log 1.472 - 0.285 log W, where W = weight (carbon

units) and R = respiration rate (mg carbon-mg carbon-l day - I) X 100.

This equation has an R2 of 0.96 and was fitted to data collected at 200C

(Appendix D, Part I).

271. Respiration as a function of body weight is described by the

general equation:

Y = aWb (23)
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Figure 40. Frequency histogram of respiration rates for Copepoda.
Based on data in Appendix D, Part I. T = tempertature (°C)
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Figure 41. Frequency histogram of respiration rates for Rotatoria.
Based on data in Appendix D, Part I. T = temperture (°C)
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Figure 42. Frequency histogram of respiration rates for benthic
Crustacea. Based on data in Appendix D, Part I. T = temperature

(0c)
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Figure 43. Frequency histogram of respiration rates for aquatic
Insecta. Based on data in Appendix D, Part I. T = temperature

(0c)
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Figure 44. Frequency histogram of respiration rates for
Oligochaeta. Based on data in Appendix D, Part I. T =

temperature (°C)
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Figure 45. Frequency histogram of respiration rates for
Mollusca. Based on data in Appendix D, Part I. T =

temperature (0C)

143



2

X
0

0

0

00-

log R= 1.472- 0.285 log W
WR ± = 0.96

-1 I

-2 -1 0 1 2 3 4 5 6

log [Organism Weight ,gCo

Figure 46. Respiration (R) as a function of organism weight (W)
for aquatic invertebrates at 20*C. Based on data in Appendix D,

Part I

where Y = respiration raLe (mg C/day), W = weight (mg C), and a and b

are constants. To obtain weight-specific respiration (R), both sides of

Equation 23 must be divided by the specimen's weight:

Y/W = aW b1W to yield:

Y/W = R = aW b - I  (24)

where R = weight-specific respiration (mg carbon-mg carbon- *day- ).

Appendix D, Part II, is a tabulation of equations relating weight-

specific respiration to body weight for various taxa of aquatic
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invertebrates. Weight distributions for various aquatic taxa could be

used in these respiration equations to stochastically describe the ef-

fects of body size on respiration. Unfortunately, weight distributions

for aquatic invertebrates are virtually nonexistent, owing to the

dynamic nature of such distributions and to technical difficulties as-

sociated with measuring the dry weights of small individuals.

272. Since young animals of large species overlap in size with

adults of smaller species, the use of taxonomic categories may be un-

justified to separate animals into groups according to their rates of

respiration. To justify using taxonomic categories, one must perceive

each taxon as a group of a static mean weight, rather than as a continuum

of weights. Perhaps a more realistic approach is to classify all species

according to weight, without regard to their phylogenetic affinities.

We originally formed six weight classes of aquatic invertebrates but

later reduced the number to three, since the mean rates of the three

heaviest groups were essentially identical. The weight range of each

class is: 0 < Class I < 0.1 mg dry wt (Figure 47); 0.1 < Class II < 1.0

mg dry wt (Figure 48); 1.0 < Class III (Figure 49). Class I consisted

exclusively of zooplankton and Classes 1I and III exclusively of benthos.

273. Bertalanffy (1951) classified aquatic invertebrates into

three categories based on the value of b exponents (Equation 23). Ac-

cordingly, Type I animals have metabolic rates proportional to the 2/3

power of their body weight (b = 0.67; b-i = 0.33). Since surface area

generally is related to the 2/3 power of body weight, Type I specimens

supposedly have metabolic rates that are directly porportional to

surface area. Bertalanffy cited isopod crustaceans as an example of

Type I organisms. Type 2 animals (mostly insects) have metabolic rates

proportional to their body weight (i.e., b = 1; b-I = 0). Type 3 orga-

nisms, pond snails for example, have b values between 0.67 and I (b-I

values between -0.33 and 0). The b-1 exponents in Appendix D (Part I1)

illustrate the arbitrary nature of Bertalanffy's classification. Many

specimens have b-I exponents between -0.33 and 0 (Figure 50), but there

is no significant correlation between taxa and the magnitude of the b-I

exponent in Equation 24.
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Figure 47. Frequency histogram of respiration rates for aquatic
invertebrates of weight class I. Based on data in Appendix D,

Part I. T = temperature (°C)

274. The exponent b or b-] illustrates the effects of body size

on oxygen consumption (Bishop 1968) and probably is unrelated to phylo-

genetic position. Zeuthen (1970) stated that he had always observed

invertebrate respiration to be a function of body size, regardless of

whether the variation of rates was due to phylogenetic or ontogenetic

increases in size. Alimov (Winberg et al. 1973) found similar rates of

respiration among molluscs of the same size, although they were of

different taxa.

275. Values of b or b-i (Equations 23 and 24, respectively) are

influenced by several factors besides surface area Knight and Gaufin

(1966) found that body shape affected b even when respiration was
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Figure 48. Frequency histogram of respiration rates for aquatic
invertebrates of weight class II. Based on data in Appendix D,

Part I. T - temperature (0C)
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Figure 49. Frequency histogram of respiration rates for aquatic
invertebrates of weight class III. Based on data in Appendix D,

Part I. T = temperature (°C)
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Figure 50. Frequency histogram of the exponent b-1 from
b-i

the equation: R = aw , where R = respiration (mg C-mg

C .day - ) x 100 and w = weight (mg C)

proportional to surface area. This finding suggested that surface area/

volume ratios influence the value of b. The ratio of living to inert

protoplasm may affect b exponents (Knight and Gaufin 1966). Calow

(1975) found that the b exponents of pond snails were influenced by the

type of weight measured (i.e., wet, dry, or ash-free dry weight).

Edwards (1957) observed that b had no constant value when wet weight

was used as a measure of body size for Chironomus riparius. On the

other hand, he found that log transformations of dry weight data sug-

gested that h values were constant. His results further suggested that

02 consumption was not proportional to surface area, although it varied

with dry weight to the 0.7 power. Buikema (1972) determined that b
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exponents were higher in unacclimated than in acclimated zooplankton.

276. The relative rates of respiration by animals of equal size

is given by the coefficient a in Equations 23 and 24 (Bishop 1968).

Several authors (e.g., Comita 1968, Hughes 1970, Calow 1975, Green 1975,

Sweeney and Schnack 1977) have correlated a coefficients with tempera-

ture. Figure 51 is a frequency histogram of a values for various

aquatic invertebrates as tabulated in Appendix D (Part 11). Our regres-

sion of a coefficients on temperature (Figure 52) was significant (r2

= 0.45; t(0.O1, 38) =  5.48).

277. Frequency distributions of "b-l" and "a" values are of limited

utility unless the mean weight of each model compartment is known (e.g.,

Steele 1974). Nevertheless, we have provided this information with the

hope that it will be more useful in the future. Hopefully, when biomass

and separation techniques improve for subcategories of zooplankton and

benthos, mean biomass will be easier to quantify. Once a mean weight is

quantified for a model compartment, the weight can be substituted for W

in Equation 24. Randomly selected b-i and a values, from their respec-

tive frequency distributions (Figures 50 and 51), modify W to yield a

weight-specific rate of respiration (R). This respiration rate is that

of an average individual within the compartment. The product of R and

total biomass yields daily respiration for the entire model compartment.

Effects of Dissolved Oxygen Concentration

278. Dissolved oxygen concentrations may significantly affect the

rate of respiration of aquatic invertebrates. Two types of animals have

been recognized, according to their response to changes in oxygen con-

centrations (Prosser and Brown 1961). Regulators are able to maintain

their metabolic rates at fixed levels, relatively independent of oxygen

concentrations. The range over which an animal can regulate varies among

species and within species, depending on their physical condition and

history of acclimation. Conformers are animals that faithfully track

concentrations of dissolved oxygen (i.e., metabolic rates are directly

proportional to oxygen concentration).
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Figure 51. Frequency histogram of the coefficient a from the
equation: R = awb-l, where R = respiration (mg C mg C-iday -1 )

x 100 and w = weight (mg C)
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Figure 52. Values of the coefficient a as a function of
temperature (T) for aquatic invertebrates. Based on data

in Appendix D, Part II
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279. Whether a species is a conformer or regulator may depend on

its history of acclimation to dissolved 0 In contrast to most

conformers that exhibit some degree of regulation at high or low 02 ten-

sions, the decapod Pacifastacus leniusculus was a conformer over all

concentrations of 02 (Moshiri et al. 1971). Apparently the metabolic

response of this species was characteristic of animals living in waters

with continually high levels of oxygen. Such organisms would gain

little selective advantage by having respiratory systems capable of

regulation (Moshiri et al. 1971).

280. Generally, all poikilotherms must conform when concentrations

of oxygen fall below a critical level for that species (i.e., the

incipient-limiting level of Calow (1975). The gastropods Ancylus

fluviatilis and Planorbis contortus were able to regulate down to 02

concentrations of 4.7 mg/i and 2.7 mg/k, respectively (Calow 1975).

Palmer (1968) found that the oligochaete Tubifex tubifex was a regulator

down to ca 1.5 percent of saturation. Below this concentration metabolic

rates declined sharply. Even diffusion of 02 into worms at this con-

centration was insufficient to meet oxygen demands for respiration.

Critical concentrations also have been recognized in the ephemeropterans

Hexagenia limbata and Ephemera simulans, i.e., 1.2 and 0.80 ml 02/i

(Eriksen 1964). Interestingly, these species regulate when a substrate

is provided but conform when none is present. The decapod Caridina

fernandoi maintained rates of respiration independent of 02 concentrations

down to approximately 1.4 mg/i (Wycliffe and Job 1977). The oxygen con-

tent of water affected the metabolic rate of the copepod Calanus

finmarchicus only when it was low (Marshall 1973). Below 3 mg O2/2 ,

respiration decreased very rapidly (Marshall et al. 1935). Sushchenya

(1969) found that the respiration of most Crustacea decreased linearly

at 02 tensions below 20 to 60 percent of saturation.

281. Some aquatic invertebrates are extremely tolerant of low 02

tensions and exhibit little change in metabolism as 02 tensions decrease.

Chaston (1969) found that Cyclops varicans could withstand deoxygenated

water for up to 36 hr by building a lactic acid debt. Respiration rate

doubled, however, after specimens were returned to water of normal 02
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tensions. The 0 consumption of Glyptotendipes polytomus larvae
2

(Chironomidae) was several hundred times lower at low than at high

concentrations of oxygen. Tissues of specimens collected from anoxic

mud contained traces of lactic acid which indicated that the chironomids

had met their metabolic requirements by anaerobic pathways (Kamler and

Srokosz 1973).

282. Few models have constructs for the effects of oxygen concen-

tration on respiration, although oxygen often may be limiting to orga-

nisms in aquatic ecosystems. Zahorcak (1974) developed the stepwise

construct "BEHAVE" which reduced respiration as 02 concentrations de-

creased. The function finally reduced respiration to zero when the

field concentrations of 02 fell below the critical level for the

compartment.

283. Our oxygen construct decreases the respiration of all in-

vertebrates logarithmically as 02 tensions decrease. We assumed that

most aquatic invertebrates in reservoirs are capable of some degree of

regulation over 02 concentrations in the range of 4 to 14 mg/f. At low

concentrations (< ca 4 mg/k), we assumed that most aquatic animals must

conform, i.e., exhibit decreased metabolism which is proportional to
db

concomitant decreases in 0 concentration. When R = 0, the term d- in
db 2 dt

Equation 1: - = [G(A/G) - R - NPM - PM] , should not increase sig-dt

nificantly because another oxygen construct increases nonpredatory

mortality (NPM) when 02 tensions decrease (see "Oxygen Concentration,"

page 170, Part VI). Table 15 lists logarithmic equations which describe

the relation of respiration to 02 concentration for several benthic macro-

invertebrates. Unfortunately, similar data for zooplankton were few.

Data from Appendix D (Part I) for each of the species in Table 15

were corrected to 20'C before regression analysis.

284. Based on the equations in Table 15, we calculated an oxygen-

correction factor (F ) for respiration as a function of ambient concen-
0

trations of 0 2. We let respiration (R) equal one at 14.6 mg 0 2/Q

(saturation at OC and 760 mm Hg) and calculated F0, according to the

last equation in Table 15, for 02 tensions ranging from 0 to 14.6 mg/k.

A curve fitted to these points is described by the equation:
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Fo = 0.426 + 0.482 log 02 (25)

where 02 = 02 tension (mg/k) and FO = oxygen correction. Equation 25

is graphically depicted in Figure 53. We assume that R = 0 when 02

tensions are less than 0.13 mg/f for 24 hr. The product of F ando

weight-specific respiration (from frequency histograms) yields a rate

corrected for oxygen effects.

Table 15
-1

Respiration Rates (R) (mg carbon-mg carbon- day-), as a Function

of 02 Concentration (mg/k), for Several Aquatic Invertebrates

Taxon Equation* N R2

Oligochaeta

Tubifex tubifex R = 0.124 + 0.0062 log 02 5 0.78

Plecoptera

Tarniopteryx nubulosa R = 0.010 + 0.0400 log 02 5 0.98

Nemoura cinerea R = 0.023 + 0.0380 log 02 5 0.93

Dirua nanseni R = 0.002 + 0.0410 log 02 5 0.83

Ephemeroptera

Cloeon dipterum R = 0.025 + 0.0230 log 02 4 0.95

Crustacea

Pacifastacus leniusculus R = -0.002 + 0.023 log 02 8 0.83

Mean of constants R = 0.030 + 0.0370 log 02 6

SE of means ±0.092; ±0.016

* Equations were calculated from data of Palmer (1968), Nagell (1973),

and Moshiri et al. (1970).

285. Due to insufficient data for zooplankton, we were unable to

calculate another 02 correction. Inasmuch as the data of Marshall et

al. (1935) and Sushchenya (1969) show that the relation of zooplankton

respiration to 02 concentration is similar to that for benthos

(Table 15), we decided to use Equation 25 for all aquatic invertebrates.
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Figure 53. Respiration correction factor (F ) as a function
of dissolved oxygen concentration. Based on equations in

Table 15

286. The oxygen correction (F ) was derived from very limited
0

information and should be treated with caution. Until further research

is conducted, especially on the effects of 02 tensions on zooplankton

respiration, constructs like ours and that of Zahorcak (1974) are state

of the art. Although such constructs greatly simplify known effects, we

believed that some effort should be made to approximate this important

relation.

Effects of Temperature

287. Temperature probably affects the respiration of aquatic

ectotherms more than any other single factor. Temperature explained

56 percent of the variation in the respiration of the mayfly Isonychia
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bicolor (Sweeney 1978). The amounts of variation in respiration ex-

plained by temperature ranged from 49 to 79 percent for the copepod

Diaptomus sp. (Comita 1968) and from 46.2 to 98.8 percent for the stone-

fly Acroneuria californica (Heiman and Knight 1975). Larow et al.

(1975) found that roughly 34 percent of the variance in zooplankton

rates was explained by temperature.

288. Respiration rates usually increase exponentially with in-

creases in temperature until upper lethal temperatures are reached. For

example, the metabolism of the coleopteran Dineutes indicus was slow at

low temperatures, increased rapidly with increasing temperature, and

then suddenly decreased as upper lethal temperatures were approached

(Tonapi and Rao 1977). Ivanova (1972) noted similar temperature effects

on all instars of the amphipod Gammaracanthus lacustris. Ivanova also

noted a sharp decline in rates at upper lethal temperatures (15 to 18°C).

Blazka (1966), Comita (1968), Moshiri et al. (1971), Gophen (1976), and

others (Appendix D, Part II) noted similar relationships of metabolism

to temperature.

289. Equations that predict rates of respiration at different

temperatures, e. g., Q1 0 functions (Prosser and Brown 1961) and Krogh's

normal curve (Krogh 1914), are reasonably accurate for many aquatic

ectotherms. Better still are the predictive equations derived specif-

ically for one species (See Appendix D, Part II). Nevertheless, devia-

tions from predicted rates do occur (Conover 1962, Sushchenya 1969,

Hughes 1970, Marshall 1973, Roff 1973). Most often, deviations result

from acclimation or compensation.

290. Acclimation was defined by Prosser and Brown (1961) as the

ability of ectotherms to maintain respiration rates independent of tem-

perature within narrow ranges. Buffington (1969) defined acclimation as

a shift in metabolic rate from that which would be predicted on the

basis of purely physical and chemical processes. Acclimation has been

observed in many aquatic invertebrates, for example, Mollusca (Calow

1975, Burkey 1971), Decapoda (Moshiri et al. 1971), Diptera (Buffington

1969), Copepoda (Conover 1962, Suschenya 1969, Ostapenya et al. 1969,

Marshall 1973), and Cladocera (Blazka 1966, Moshiri et al. 1969).
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Although the capability of temperature acclimation apparently is common

among aquatic invertebrates, it is not universal and varies with sex

(Moshiri et al. 1969) and among species based on genetic differences.

291. Because temperature greatly influences respiration,

constructs are imperative for models of aquatic systems where temperature

fluctuates seasonally. Respiration was considered to be a linear func-

tion of temperature in models by DiToro et al. (1971) and Baca et al.

(1974). More often, an exponential function is used to describe the

relation of respiration to temperature (Umnov 1972, Patten et al. 1975,

Chen and Orlob 1975, Scavia et al. 1976). An exponential form that is

widely used for ecological work is the Q function (Prosser and Brown

1961). This function is the ratio of two rate constants for respiration

at temperatures 10'C apart. A typical equation is k2 = kI Q10 (T2 - T)/lO

where k2 is a rate constant at T2 (2nd temperature) and kI is a rate con-

stant at TI (Ist temperature). By knowing T1 , k1 , and the Q for the

temperature range TI to T., k may be calculated for the second tempera-
1 2 2

ture (Lassiter 1975). Krogh's normal curve (Krogh 1914) has been used

to describe respiration-temperature relations for many aquatic ectotherms

and may be approximated by a set of Q coefficients (Winberg 1956).

MacCormick et al. (1974), Park et al. (1974), and Zahorcak (1974) in the

Eastern Deciduous Forest Biome models (International Biological Program)

used a respiration-temperature function in which respiration increased

exponentially with temperature to an optimum and then decreased as tem-

peratures approached upper tolerance limits. They also used Q values.

292. Our construct for the relation of respiration to temperature

is bascially exponential, with the added assumption that respiration rate

drops to zero when the upper lethal temperature (340 C) is reached. The

construct is essentially a Krogh curve (Krogh 1914, Winberg 1956), but

was calculated from the data tabulated in Appendix D (Part I). Rates of

respiration for aquatic invertebrates, regardless of taxon or size, were

selected from Appendix D, Part I. The criterion for selection was the

availability of estimates of metabolic rates at a minimum of three ex-

perimental temperatures. Rates of these specimens were averaged for each

temperature and plotted (Figure 54). The curve fitted to these points
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Figure 54. Mean rates of respiration (R) as a function of
temperature (T) for aquatic invertebrates. Based on data

in Appendix D, Part I

has the form R = 10(0 .19 5 + 0.044T) (r2 = 0.98), where T is temperature

(IC) and R is respiration rate [(mg carbon'mg carbon- *day - ) X 1001.

293. The variance of mean rates of respiration at different tem-

peratures (Figure 54) was high. Most of the variation resulted from

size differences among selected taxa. For example, Brachionus rubens

Rotatoria (x - dry weight = 7.6 x 10 - 1.4 x 10 mg, Pilarska (1977c))

had weight-specific rates that were ca 60 times those of Ferrissia

rivularis Mollusca (x - dry weight = 1.38 - 1.62 mg, Burky (1971)). For

this reason, we were interested in the shape of the curve and not the

predicted rates themselves.

294. To obtain coefficients that would permit the conversion of

rates in Appendix D (Part I) to rates at 20'C, we assigned the value of

one to the respiration rate at 200 (Figure 54) and calculated the ap-

propriate temperature correction (Fto 20) to convert rates at 00, 5',
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100, 15, 30, and 34C to rates to 20C. The resulting factors (Fto 20)

were plotted, and the curve was calculated:

Fto 20 = 0.887 - 0.045T (26)

where T = temperature ('C) and Fto 20 = coefficient for correction of

rates to 20C (Figure 55).

295. Using Equation 26, we adjusted all respiration rates (Ap-

pendix D, Part I) to 201C before forming frequency histograms (Fig-

ures 39-41 and 43-49). Thus, rates from any frequency histogram are at

20°C and must be corrected to ambient temperatures before they can be

used in the model. Figure 56 illustrates the rate of change of Ffrom 20

(a correction factor to convert rates at 20 0 C to rates at ambient tem-

peratures) with temperature. The equation for calculating Ffrom 20 is:

F from 20 = 10(-0.887 + 0.045T) (27)

where T = ambient temperature and Ffrom 20 = correction factor for tem-

peratures at 20°C. At the same temperature, the factor Ffrom 20 is the

reciprocal of Fto 20" The product of weight-specific rates of respiration

(from frequency histograms) and Ffrom 20 yields a weight-specific rate

which is corrected for temperature effects.

Summary of Constructs

296. Weight-specific rates of respiration (R) at 20°C may be ob-

tained from frequency distributions of rates for major taxa of zoo-

plankton and benthos (Figures 39-41 and 42-45, respectively) or from

similar distributions for three weight classes of aquatic invertebrates

(Figures 47-49). Selected rates must be modified to rates at ambient

temperatures and oxygen concentrations. Modification is accomplished by

multiplying R by Ffrom 20 (temperature correction from Equation 27) and

by F (oxygen correction from Equation 25). Respiration is set to zero

when temperatures are below zero or above 34°C for 24 hr. Similarly, R

0 when oxygen concentrations fall below 0.13 mg/k for 24 hr. When R
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(mg carbon-mg carbon- .day-), corrected for the effects of temperature

and oxygen concentration, is multiplied by the initial biomass of the

model compartment, the result is the total carbon respired by the com-

partment daily. According to Equation 1, respiration rates should be
db

subtracted from assimilated carbon: -- = b [G(A/G) - R - NPM - PM].d t

297. Because we had no realistic way to apportion total benthic

biomass among smaller taxonomic compartments, respiration rates should

be selected from a probability distribution formed from Figures 48

and 49. Rates for zooplankton may be obtained from Figure 47, which was

formed exclusively from zooplankton data, or from Figures 39-41 if the

users wish to divide the zooplankton compartment. When the compartment

is divided, zooplankton biomass should be assigned as follows: Cladocera

= 60 percent, Copepoda = 35 percent, Rotatoria = 5 percent (when no

better data are available). Copepod respiration rates at 20'C, for

example, may be calculated as 0.35b(R), where b = total zooplankton

biomass (mg carbon) and R = weight-specific respiration at 20'C

(Figure 40). The sum of this result and similar results for Cladocera

and Rotatoria represents total zooplankton respiration at 20'C.

Conclusions

298. Because respiration constitutes a major portion of energy

expenditures, it is a very important parameter in the energy budgets of

aquatic invertebrates. Methods employed to determine rates of respira-

tion (i.e., Warburg, Gilson, Cartesian diver, chemical, and polaro-

graphic) yield similar results, but differences in experimental

conditions (e.g., whether specimens are fed or acclimated) increase

variability among rates. Though factors potentially affecting rates are

numerous, only body size, 02 concentration, and temperature effects were

well documented by published data. Apparently, these effects account

for most of the variability among respiration rates in field populations.
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PART VI: NONPREDATORY MORTALITY OF ZOOPLANKTON AND BENTHOS

Introduction

299. The mortality rate of a population may be expressed as a

ratio of total deaths to total population per unit of time (Pennak

1964). In aquatic models, mortality is often subdivided into predatory

and nonpredatory categories. This approach separates two processes

which differ significantly in their effects on aquatic ecosystems.

Predation primarily results in a flow of energy to higher trophic levels

and may act to control population size. Nonpredatory mortality (NPM)

may also act to control a population but primarily results in the addi-

tion of organic matter and nutrients to the detrital pool. The two

categories are indirectly related. Environmental conditions that in-

crease NPM also weaken organisms and may increase their susceptibility

to predation. Natural mortality is a term occasionally used to refer

to NPM (e.g., Otto 1975). We prefer the usage NPM because predatory

mortality (PM) may also be considered natural.

300. When acquiring NPM data, we limited our review to literature

data that were obtained under typical environmental conditions, i.e.,

conditions which would normally prevail in temperate reservoirs. Simi-

larly, we discuss those factors most likely to influence NPM in temper-

ate reservoirs, although many factors (physical, chemical, and

biological) potentially affect NPM.

Previous Models

301. The differential equations for biomass in most aquatic

models treat NPM as a loss from zooplankton or benthos compartments.

Nonpredatory mortality may be treated as a single negative term (Chen

and Orlob 1975, DiToro et al. 1971, Scavia et al. 1976), as a constant

proportion of the biomass in the donor group (MacCormick et al. 1974,

Zahorcak 1974, Waters and Efford 1972, Menshutkin and Umnov 1970, Umnov

1972), or in combination with other losses. Ross and Nival (1976)
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combined NPM with metabolic losses. Nonpredatory mortality was included

with egestion and molting losses by Patten et al. (1975) and with res-

piration and sinking by Parker (1973). Baca et al. (1974) and Steele

(1974) discussed the inadequacy of this approach for most environmental

situations. Steele also proposed the alternative assumption that mortal-

ity tends primarily to occur during certain critical periods, i.e., NPM

is a function of age.

302. Although the magnitude of NPM is variable and a function of

a multitude of chemical, physical, and biological factors, NPM often is

an empirical constant in aquatic models (e.g., 1.5 percent/day, DiToro

et al. 1971; 0.5 percent/day, MacCormick et al. 1974; 0.14 to

0.34 percent/day, Ross and Nival 1976; 0.1 percent/day, Umnov 1972).

Attempts have been made to make NPM a function of season (Umnov 1972),

temperature (Scavia et al. 1974, Zahorcak 1974, Park et al. 1974), dis-

solved oxygen concentration (Zahorcak 1974, Menshutkin and Umnov 1970),

and density (Scavia et al. 1974, Zahorcak 1974, Park et al. 1974).

Experimental Estimates

303. The constant NPM values cited above are within the range of

values we tabulated in Appendix E, Part I. Though values potentially

range from 0 to 100 percent of biomass per day, given ideal and cata-

strophic conditions, respectively, NPM normally is less than 1 percent/

day in both zooplankton and benthos (Figures 57 and 58, Appendix E:

Part I). Welch (1976) could not demonstrate chironomid mortality until

their last year of larval life, when fish predation began. However,

Thornton and Wilhm (1975) observed two critical periods of increased NPM

in larval Chironomus attenuatus. Daphnia exhibited an estimated 0.12

and 0.17 percent/day NPM during April-June and July-August, respec-

tively, in Canyon Ferry Reservoir, Montana (Wright 1965). Nonpredatory

mortality was probably underestimated in most field studies because of

initial assumptions. For example, Wright (1965) assumed that Leptodora

kindtii was the sole predator and that predation was negligible when

Leptodora populations were low. Hall (1964) suggested that the
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physiological mortality rate of Daphnia galeata was probably less than

3 percent per day throughout the year. His suggestion was based on

observations of the laboratory survival of this species.

304. Estimates of NPi are difficult to obtain in the field and

when obtained usually involve questionable assumptions or uncertain

correlations of population phenomena (Hall 1964). For example, Dodson

(1972) assumed that Chaoborus spp. and salamanders were the only

predators of Daphnia rosea. After estimating PM he obtained NPM by

difference, i.e., NPM = total mortality - PM. Clark and Carter (1974)

considered predation on cladocerans in Sunfish Lake, Ontario, to be

insignificant because the lake lacked planktonic predators, and fish

supposedly were restricted to the littoral zone. A direct approach is

to cage animals and eliminate predators altogether (e.g., Otto 1974).

Still, researchers must assume that conditions within field cages

closely approximate the conditions outside the cages with respect to

factors such as food, density, light. Given the problems inherent in

accurately sampling zooplankton (Bottrell et al. 1977) and benthos

(Brinkhurst 1974), and the broad assumptions required in most field

estimates of NPM, one must consider field data to be crude approxima-

tions at best. By contrast, laboratory studies produce analyses that

often yield accurate knowledge of fundamental population growth. Un-

fortunately, laboratory work is often limited to conditions that are not

found in nature (Hall 1964). Furthermore, study specimens are seldom

given sufficient time to acclimate to experimental conditions (e.g.,

temperature, food concentration, and density). In short, investigators

often are torn between potentially inaccurate estimates of NPM from

field studies and accurate estimates of NPM from unnatural laboratory

experiments. Nevertheless, some NPM data from laboratory and field

experiments are surprisingly close (Appendix E, Part I). Hall et al.

(1970), who constructed life tables for Ceriodaphnia reticulata and

Simocephalus serrlatus from both laboratory and field data, found that

although temperatures fluctuated from 200 to 26'C in the field and were

constant at 23'C in the lab, rate functions produced by laboratory and

field experiments were similar.

164



Factors Affecting Nonpredatory_ ortality

Chemicals

305. The concentrations of many chemicals in natural waters influ-

ence the NPM of aquatic invertebrates, and, though in most cases we lack

sufficient published data to accurately model these effects, some are

worth mentioning. Toxicity models must be highly specific (as to animal

and chemical species considered) and therefore are beyond the scope of

this general ecosystem model. For example, the fairy shrimp Parartemia

zietziana exhibited tremendous NPM as a result of mild increases in

salinity (Marchant and Williams 1977). By contrast, Thornton and Sauer

(1972) found a high optimum salinity near 68.4 millimoles per litre in

Chironomus attenuatus. Willoughby and Sutcliffe (1976) found that a

combination of low pH, low cation concentration (especially K+), and

unsuitable food supply prohibited Gammarus pulex from colonizing a

stream. Apparently, osmoregulatory mechanisms were insufficient to main-

tain homeostasis at extreme ion concentrations. High concentrations of

organic chemicals may indirectly affect NPM by way of low dissolved oxy-

gen concentrations that result from increased biological oxygen demand

(Lieberman 1970). High concentrations of some chemical may be directly

toxic to biota (e.g., copper sulfate, pesticides, herbicides). Heavy

sedimentation of tripton (Willoughby and Sutcliffe 1976) may result in

increased mortality, especially in the headwaters of some reservoirs.

Diet

306. Seasonal fluctuations in the quantity and quality of foods

may produce seasonal variations in the NPM of Gammarus pulex (Willoughby

and Sutcliffe 1976). Paffenhofer (1971, 1976) found that the quality or

digestibility of foods, as well as its concentration, influence the NPM

of Calanus helgolandicus. Similar observations were made for Rhincalanus

nasutus (Mullin and Brooks 1970). The diversity of food types in natural

waters and the diversity in invertebrate diets combine to make impossible

any realistic attempt at modeling the effects of diet.
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Age and density

307. Nonpredatory mortality depends on the age structure of a

population but does not affect all species in the same manner. For

example, 85.9 percent of total NPM occurred in the naupliar stages of

Calanus helgolandicus (Paffenhofer 1976) and Diaptomus clavipes (Gehrs

and Robertson 1975). By contrast, young Daphnia pulex survived the

effects of high temperature better than did mature specimens (Craddock

1976), and, in the bivalve mollusc Sphaerium striatinum, the oldest

generation exhibited the highest NPM (Avolizi 1976). Similar results

were obtained for the trichopteran Potamophylax cingulatus (Otto 1975),

the mollusc Anodonta anatina (Negus 1966), and the cladoceran Daphnia

pulex (Frank et al. 1957). Because the effect of age on NPM varies

among species, we made no attempt to model this parameter.

308. Denisty is another population parameter which may influence

the magnitude of NPM. Though data are limited, Frank et al. (1957)

found that increased density of Daphnia pulex increased its survival.

Because population density modifies such important variables as meta-

bolic rates, intraspecific competition, and food availability, density

may eventually (i.e., after further research) be acknowledged as a

principal factor affecting NPM. Presently, however, scientific data to

substantiate hypotheses of density dependent or independent mortality

for zooplankton and benthos are lacking.

Temperature

309. Mechanisms. There are several mechanisms by which tempera-

ture can affect the survival of aquatic ectotherms (Goss and Bunting

1976). First, animals have upper and lower temperature tolerances, above

and below which mortality occurs. Second, within tolerance limits, high

rates of temperature change can produce shock and increase NPM. Third,

the first two mechanisms can function together, producing an emergent

effect.

310. Upper limits of thermal tolerance have been examined to a

greater extent than other aspects of temperature response, probably due

to a general concern for the effects of thermal pollution on aquatic

biota. Upper lethal temperatures (ULT's) and lower lethal temperatures
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(LLT's) are tabulated in Appendix E, Part I. Unfortunately, we found

few data on the LLT's of aquatic invertebrates.

311. The ULT's and LLT's both depend on the acclimation temperature

of study specimens. For example, the LLT of Corbicula manilensis was 12'C

when the clams were acclimated to 300 C, and only 21C when they were accli-

mated to 151C. Clams acclimated to 50C and 30'C exhibited ULT's of 240

and 340 C, respectively (Mattice and Dye 1976). Figure 59 is a graphical

representation of these results. Comparable results were obtained by

40"

30 L

S20-

ESURVIVAL RANGE

10_

00 51 0 1 5 20 25 30 35

ACCLIMATION TEMPERATURE (-C)

Figure 59. Upper lethal temperatures (ULT) and lower lethal
temperatures (LLT) for the clam Corbicula manilensis accli-
mated to different temperatures. After Mattice and Dye

(1976)

Becker et al. (1977), Sprague (1963), and Goss and Bunting (1976), as

shown in Appendix E, Part II. Surprisingly, the range of ULT's, even

for such a diverse group of animals as aquatic invertebrates in various
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states of acclimation, is fairly narrow (Figure 60).

312. In a reservoir, animals normally have enough time to accli-

mate to slowly changing temperatures. Rapid changes in temperature such

as those produced by entrainment in the effluent of a power plant,

however, may exceed the rate at which a species can acclimate and there-

fore result in high NPM. Goss and Bunting (1976) found that the NPM of

Daphnia pulex increased significantly with an increasing rate of change

in temperature between 200 and 35'C. Unfortunately, their experiment

did not demonstrate the exact cause of the high NPM. The increased rates

of temperature change (AT) may have been the cause, but a better hypothe-

sis is that increased NPM resulted from longer exposure to lethal tempera-

tures after water reached the ULT. There was not sufficient information

available to accurately model NPM as a function of AT. Because rapid

temperature changes on the order of 3'C per hour are rare in nature, the

lack of such a construct probably will not affect the performance of the

model, unless it is applied to a thermally polluted reservoir.

313. Model construct. We formed a construct for temperature

effects (Figure 61) by using data that related NPM to temperature (Ap-

pendix E, Part I) and data for upper and lower lethal temperatures

(Appendix E, Part II). According to Figure 61, NPM increases exponen-

tially toward asymptotes located at about 00 and 35*C. However, between
50 and 250 C inclusive, NPM is very low ((2 percent/day). Previous

research corroborates this relationship (see Cooper 1965, Mattice 1976,

Ginn et al. 1976). Hall (1964) found that the median life span of

Daphnia galeata was 30 days at 25'C, 60 to 80 days at 20°C, and 150 days

at llC. At 5'C no mortality was observed in 2 months.

314. When ambient temperatures are less than 5'C or greater than

250 C, ambient temperature should be substituted for T in,

NPM= [ 0 (1.121 - 0.261T) + 10(0.145T - 2.978)] 100 (28)

-1 -
where NPM = nonpredatory mortality (mg C-mg C -lday- ) and T = tempera-

ture ('C). The equation should be solved for NPM.
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Oxygei concentration

315. Effects. Low dissolved oxygen (DO) concentrations have a

profound effect on the survival of aquatic invertebrates. Above a

critical concentration, however, NPM is unaffected (Berg and Jonasson

1965). The effects of low DO concentrations have been modeled in two

ways. Menshutkin and Umnov (1970) increased NPM when DO concentrations

were less than those needed to meet the respiration of the total commun-

ity. NPM was increased to a point where the remaining animals could meet

their respiratory demand. In the Lake George model (Zahorcak 1974), a

construct "BEHAVE" stepped mortality above a base level, when DO fell

below some critical concentration for several days. With the data cur-

rently available, these constructs probably are the most sophisticated

yet applied.

316. Critical concentrations of DO may vary among individuals of

the same species. This is especially true when the duration of exposure

is varied (Berg and Jonasson 1965). Table 16 shows the concentrations

of DO at which 50 percent mortality of insects occurred in 96-hr and

30-day experiments. All species listed, with the exception of Tanytarsus

dissimilis, which exhibited no detectable mortality in either case, show

more tolerance for short-term than for long-term exposure to critically

low levels of DO.

317. Animals may be able to acclimate or behaviorally adjust to

low DO tensions. Evidence presented in the section on "Respiration of

Zooplankton and Benthos," page 127, showed that animals limit their

metabolic rates during periods of low 02 concentration. These types of

adjustments alter the rate of NPM when oxygen becomes limiting. To date,

there is no method of accurately modeling these phenomena.

318. Model constructs. Using data for various insects (Nebeker

1972), especially for the burrowing mayfly Ephemera simulans and for the

limnetic copepod Limnocalanus macrurus (Roff 1973), we developed a model

construct (Figure 62) that exponentially increases NPM above a normal

rate, as 02 falls below a critical concentration. A base rate of NPM (4

percent per day) was chosen from Appendix E, Part I, because it represents

maximum NPM under optimal environmental conditions. We let NPMDO equal
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Table 16

Comparison of Critical Concentrations (mg/£) of DO (i.e., Those

Producing 50 Percent Mortality) for Insects Exposed

to These Conditions for 96 hr and 30 days

(Berg and Jonasson 1965)

Concentrations
Exposure Time

Insect 96 hr 30 days

Pteronarcys dorsata 2.2 4.6

Baetisca laurentina 3.5 5.0

Tanytarsus dissimilis <0.6 <0.6

Ephemerella spp. 3.9 4.5

four and solved the following exponential equation for 02

(1.04 - 0.150 2) (29)NP% 0o :102

2
r = 0.80

where NP DO = oxygen correction and 02 = ambient 02 concentration. The

result, 2.9 mg/k, is the critical concentration. When DO concentrations

fall below 2.9 mg/Q, NPM should be increased above the selected rate

(i.e., the rate obtained from frequency histograms; Figures 57 or 58) by

(NPM DO - 4) + 100 mg C'mg C-day Rates of NPM may be obtained by

substituting the ambient oxygen concentration for 0 in Equation 29.
2

After tensions drop to zero for 24 hr, we assumed that NPM = l-mg C-mg C
-I

-day

319. Data in Figure 62 are from aquatic organisms that are fairly

intolerant of low DO concentrations. Therefore, this figure is taken to

represent zooplankton and littoral benthos. Though the critical concen-

tration (2.9 mg/£) seems low, evidence suggests that it is reasonable.

For example Hexagenia limbata had a 96-hr LC50 of 1.4 mg/£ (Nebeker

1972). Roff (1973) observed that Limnocalanus macrurus began to settle
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Figure 62. Nonpredatory mortality (NPM) as a function of dissolved
oxygen concentration (0 ) for zooplankton and littoral benthos.

Based on data irom Nebeker (1972) and Roff (1973)

out and die at 2 mg 02 /2. Moina brachiata survived DO concentrations

approaching zero for extended periods of time (Lieberman 1970). Some

zooplankton undoubtedly will exhibit high NPM at concentrations above

our critical 02 concentration of 2.9 mg/2. On the other hand, some

species probably will be more tolerant to low concentrations than our

hypothetical average species.

320. Figure 63 depicts the NPM of profundal benthos as a function

of DO concentration. Figure 63 is similar to Figure 62 in that it still

contains data points for Ephemera simulans. The retention of these data

points was essential to provide sufficient data on NPM at nonlethal

concentrations. Figure 63 differs from Figure 62 to the extent that we

added data points for Chaoborus flavicans (Berg and Jonasson 1965),

Tanytarsus dissimilis (Nebeker 1972), and Planorbis contortus (Calow

1975) and deleted data points for the intolerant species in Figure 62.

By manipulating the data in this fashion, we obtained:
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Figure 63. Nonpredatory mortality (NPM) as a function of dissolved
oxygen concentration (0 2 a) for profundal benthos. Based on data

from Berg and Jonasson (1965), Calow (1975), and Nebeker (1972)

NPtI DO 10 (.7- 0.1102) (30)

r 2 0.81

We again let NPM O= 4 percent/day (maximum NPM under optimal environ-

mental conditions) and solved for 02. We obtained a critical concentra-

2

should be increased by [(NPN DO - 4) +1001.

321. Observations indicate that many species of profundal benthos

are extremely tolerant of low DO concentrations. Curry (1965) indicated

that some midges (Chironomidae) can tolerate concentrations as low as

1.0 mg/9 for indefinite periods. Tanytarsus dissimilis exhibited no NPM

in 30 days at concentrations less than 0.6 mg/9 (Nebeker 1972). Tubifex

tubifex and 11yodrilus hammoniensis were able to live in anoxic water

for I month, and Chironomus anthracinus and Procladius pectinatus lived

for 3 weeks at ztro mg/9 (Berg and Jonasson 1965). Chaoborus flavicans
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survived for a few days without oxygen but then exhibited 50 percent NPM

in 2 weeks (Berg and Jonasson 1965). Similar observations were made for

chironomids by Cole (1921). Calow (1975) found that Planorbis contortus

and Ancylus fluviatilis exhibited 50 percent NPM only after 9 and 4.5

days, respectively, in anoxic water. To make our construct consistent

with these data, we assumed that NPM = 1-mg C-mg C -day -
, after 24 days

of anoxia.

Summary of Constructs

322. Nonpredatory mortality represents loss of biomass from a

model compartment. Zooplankton and benthos NPM, corrected for the

effects of temperature and oxygen concentration, are readily obtained

from the following steps.

Step 1

323. Convert frequency histograms of zooplankton and benthos NPM

(Figures 57 and 58, respectively) to probability distributions.

Step 2

324. Select a series of rates from the appropriate probability

distribution (zooplankton or benthos). Users may set confidence limits

on the distribution to restrict the selection range to the more probable

rates.

Step 3

325. Based on ambient temperatures in the reservoir, determine

whether a temperature correction is required.

a. Not required - Ambient temperatures are between 50 and
251C, inclusive. Proceed to Step 4.

b. Required - Ambient temperatures are below 50 or above
25'C. Substitute ambient temperature for T in:

NPM = 10(1.121 - 0.261T) +10 (0"145 - 2.978)1 +1 00 (28)

where T = temperatyre (*) and NPM nonpredatory mor-
tality (mg C-mg C -day , and solve for NPM. Proceed
to Step 4.
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Step 4

326. Based on the concentration of 02 in the pelagic or profundal

zone of the reservoir, determine whether an 02 correction is required

for zooplankton or benthos, respectively.

a. Not required.

(1) Zooplankton - 02 tensions in the pelagic zone
exceed 2.9 mg/f.

(2) Benthos - 02 tensions in the profundal zone exceed
1.7 mg/R.

Use rates obtained from Step 3a or 3b above and proceed
to Step 7.

b. Required.

(1) Zooplankton - 02 tensions in the pelagic zone are
less than or equal to 2.9 mg/f. Proceed to Step 5.

(2) Benthos - 02 tensions in the profundal zone are
less than or equal to 1.7 mg/f. Proceed to Step 6.

Step 5

327. Substitute 02 in the pelagic zone for 02 in:

NPM = 10(1.04 - 0.15 0 2) (29)

where NPM = 02 correction and 0 = ambient concentration and solve for
NPMDo. Add [(NPM - 4)] + 100 to NPM rates obtained from Step 3a or

3b above. If 02 tensions 0 mg/k for 24 hr, NPM = 1 mg C-mg C -lday-

Proceed to Step 7.

Step 6

328. Substitute 02 concentration in the profundal zone for 02 in:

NPMDO = 10(077 - 0.11 02) (30)

where NPM = 02 correction and 0 = ambient oxygen concentration.

SdIve for NPMDO. Add [(NPMDO - 4) 100] to NPM rates obtained from

, i., or 3b above. If 02 tensions = 0 mg/f for 24 days, NPM = 1 mg C

-I tv Proceed to Step 7.

a...m.,rtmrnt biomass (mg C) and NPM (mg C-mg
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C *.day- ) to obtain the biomass of carbon lost to nonpredatory mortal-

ity daily. According to Equation 1, the NPM rate (mg C'mg C day - )
db

should be subtracted from assimilated carbon: -- = b[G(A/G) - NPMdt

R - PM].

Conclusions

330. Nonpredatory mortality is important because it represents

the loss of biomass from model compartments to a detrital pool. In

previous models NPM often has been designated as an empirical constant,

although it may vary significantly in response to environmental factors

such as oxygen concentration, temperature, and chemicals or to biologica:

factors such as diet, age, and density. Attempts have been made to

express NPM as a function of season, temperature, oxygen concentration,

and density. Investigators are often torn between accurate estimates of

NPM under potentially unrealistic conditions in the laboratory and po-

tentially inaccurate estimates from field experiments.

331. Though many factors influence NPM, we only found sufficient

data to model the effects of dissolved oxygen concentration and tempera-

ture. Oxygen corrections must be made when 02 is less than or equal to

2.9 mg/k in the pelagic or 1.7 mg/k in the profundal zone of a reservoir.

Temperature corrections must be made when ambient temperatures are less

than 50 or greater than 25*C.
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PART VII: RECOMMENDATIONS

General

332. The present model represents a framework that should be

tested, refined, and calibrated prior to use as a predictive tool.

New data should be added when appropriate, and old constructs should

be modified or new ones developed. Modelers should use new data from

research to improve the model, and the improved model should in turn

be used to direct research - thereby completing a cycle that efficiently

advances the science.

333. We strongly recommend that published literature on zooplank-

ton and benthos production be reviewed to provide a check for this

model.

334. Literature and data on the skewed-horizontal distribution of

aquatic animals in reservoirs should be examined in detail. Greater

numbers, biomass, and diversity of animals in headwater areas may be

related to significantly greater energy flow through detrital pathways.

Chemical Composition

335. Carbon, nitrogen, and phosphorus data, as determined for

broad taxonomic categories of aquatic invertebrates (e.g., zooplankton)

or for preserved specimens, should not be used in the data base.

336. Carbon, nitrogen, and phosphorus data as determined for

marine plankton (except for medusoid forms) should be used in the data

base.

337. Frequency histograms of C:N and C:P ratios for macrobenthos

(Figures 1 and 5, respectively) and similar ratios for zooplankton (Fig-

ures 2 and 6, respectively) should be used to estimate N and P movements

through model compartments. When greater resolution is desired, zoo-

plankton biomass should be divided as follows: 60 percent Cladocera and

40 percent Copepoda, with Figures 7 and 8 used to determine appropriate

ratios.
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Consumption byZooplankton and Benthos

338. We recommend the use of the Ivlev function (Equation 2 for

acclimated specimens or Equation 9 for unacclimated specimens) tu

describe the relation between zooplankton and benthos grazing rates and

food concentration.

339. We suggest that a threshold food concentration not be in-

cluded in the grazing construct.

340. Equation 7 should be tested as an estimate of the grazing

rate for any ambient food concentration. Results should be compared to

simulations based on Equations 3 and 9.

341. The grazing construct should only allow the zooplankton

community to feed on particles of 100 pm or less.

342. We recommend that food preference be considered equal among

all potential foods except filamentous blue-green algae. A preference

factor (Equation 11) should be introduced to modify the grazing equation

when zooplankton are feeding on these species.

343. We believe that a linear model should be used to describe

the relation between grazing rate and temperature for fully acclimated

animals (Figure 19). We recommend that the reaction rate function of

Thornton and Lessen (1978) be used to define the relation between grazing

rate and temperature for incompletely acclimated animals.

344. We recommend that a correction factor for diel variations in

grazing be tested in initial simulations to see whether such a term im-

proves model performance. We suggest using Method No. 3.

345. The same model constructs used to describe grazing by filter-

feeding zooplankton should be used to describe grazing by predatory

zooplankton and benthos. When zooplankton are to be split into herbi-

vores and predators, we recommend that predators be assigned 20 percent

of total zooplankton biomass, based on the ecological growth efficien-

cies cited by Welch (1968).

346. We need accurate methods for determining the percent com-

position and turnover of detritus, bacteria, and phytoplankton in seston.

In addition, more studies are needed of assimilation and survival when
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zooplankton are fed protozoa, detritus or bacteria, or various combina-

tions, for several generations.

347. More research is necessary to determine what types of animals

in reservoirs, if any, can directly (by uptake) or indirectly (through a

bacterial trophic link) utilize the energy available in dissolved organic

matter (DOM).

348. Further research is needed to describe synergistic effects

among variables influencing grazing rates.

349. Considerably more research needs to be done to describe the

feeding relationships of zooplankton and benthos in a quantitative

manner (i.e., as carbon or energy consumed). Special attention must be

directed toward studying the responses of acclimated animals to fluctua-

tions in food concentration and temperature.

Assimilation Efficiency (A/G), Egestion (F), and Excretion (E)

350. Although physiologically incorrect, F and E should be con-

sidered as a single loss in the model and calculated as 1 - A/G. Re-

search that accurately quantifies excretion by aquatic invertebrates is

needed to fill a tremendous void in published data.

351. Methods used to determine A/G have not produced similar re-

sults and therefore should be experimentally compared so that results

can be standardized. When accurate methods are perfected, researchers

should investigate how A/G is affected by factors such as temperature,

food concentration, food type, development, consumption, and reproductive

condition.

352. Because the distribution of A/G values for cladocerans

(Figure 32) was essentially uniform, we recommend that zooplankton be

considered as a single compartment (Figure 26). When greater resolution

is required, the frequency histograms of rotifer and copepod A/G (Fig-

ures 30 and 31, respectively) should be used, but cladoceran A/G values

should be randomly selected from a range of 5 to 55 percent. Biomass of

zooplankton should be arbitrarily assigned as follows: 60 percent
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Cladocera, 35 percent Copepoda, and 5 percent Rotatoria, unless more

accurate data are available.

353. Benthos should be compartmentalized into carnivores and

herbivores-detritivores on the basis of their respective assimilation

efficiencies (Figures 28 and 29). Based on the ecological growth effi-

ciencies of a nematode (Duncan et al. 1974), a chironomid (Kajak and

Dusoge 1970), and an oligochaete (Ivlev 1939), we believe carnivores

should constitute 20 ± 10 percent of total benthic biomass when the

compartment is divided.

Respiration

354. Oxygen consumption should only be considered as an index to

respiration and should be converted to carbon or energy equivalents by

the original investigators. Because these investigators can measure CO2

evolution and N excretion from respiring specimens, they can accurately

adjust oxycaloric and oxy-carbon coefficients to account for the propor-

tions of fat, carbohydrate, and protein oxidized.

355. Experimental specimens (especially small individuals) should

be adequately fed and acclimated prior to respiration experiments.

356. Effects of environmental and biological factors (e.g.,

temperature, salinity, pH, 02 concentration, density, consumption, and

reproductive state) on rates of respiration should be examined for more

species of benthos and zooplankton.

357. The ratio of respiration to consumption (R/G) should be

experimentally explored to determine its variability lue to biological

and environmental perturbations and thereby evaluate its potential as a

modifier of consumption.

358. During calibration of the model, special attention should be

directed at achieving a balance between decreased respiration (R) and

increased nonpredatory mortality (NPM) at critically low concentrations

of dissolved oxygen.

359. Because data that relate zooplankton respiration to oxygen
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concentrations are few, research specifically designed to describe these

effects should be conducted.

360. Although many equations that relate R to individual body

weight have been developed, they cannot be used to correct for body

weight effects in models unless the mean weight of the individuals in a

compartment is known. Seasonal changes in length frequency and the

regressions of body weight on length for zooplankton should be explored

as a method of estimating mean weight.

361. Because we found no realistic way to apportion total benthic

biomass among smaller taxonomic compartments, respiration rates should

presently be selected from a probability distribution formed from Fig-

ures 48 and 49. Weight-specific rates of respiration for zooplankton

can be obtained from Figure 47, or from Figures 39-41 provided that

zooplankton biomass is apportioned among groups. We suggested 60 percent

Cladocera, 35 percent Copepoda, and 5 percent Rotatoria (unless better

data are available).

362. Rates of respiration for selected zooplankton and benthos

should be corrected for the effects of temperature and oxygen concentra-

tion, as described in "Summary of Constructs" (Part IV, page 120).

Nonpredatory Mortality (NPM)

363. Published data that relate NPM to concentrations of natural

chemicals are few. Future bioassay research should examine the effects

of single chemicals over a full range of 02 concentrations, temperatures,

specimen ages, or any other factors that have potential synergistic

effects.

364. More research is needed to determine the effects of age and

density on the NPM of a wide variety of zooplankton and benthos species.

365. Information on the NPM of zooplankton as a result of de-

creased 02 concentrations and lower lethal temperatures is minimal and

represents another area for additional research.
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366. Rates of NPM for zooplankton and benthos should be selected

from Figures 57 and 58, respectively, and selected rates should be cor-

rected for the effects of temperature and oxygen concentration, as

described in "Summary of Constructs" (Part V, page 158).
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APPENDIX A: ELEMENTAL CARBON, NITROGEN, AN) PHOSPHORUS
COMPOSITION OF ZOOPLANKTON AND BENTHOS

Al



1. Elemental carbon, nitrogen, and phosphorus composition (ex-

pressed as a percentage of the organism's dry weight) of various taxa of

zooplankton and benthos is presented herein. The appendix abbreviations

are defined as follows:

AFDW = ash-free dry weight

N = nitrogen

= mean
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APPENDIX B: FILTERING RATES REPORTED FOR FRESHWATER
ZOOPLANKTERS

-BI



1. Literature data are presented on the filtering rates of fresh-

water filter-feeding zooplankton herein. Columnar headings of the

appendix are described as follows.

TAXON. The arrangement is by family then by species. Within a family,
entries are in alphabetical order with general results listed at
the end of the appropriate taxon. Some taxonomic corrections have
been made to the original data.

LENGTH AND WEIGHT. Organism length in millimetres (mm) and weight in
milligrams (mg) are presented, if known. Weights are expressed as
either dry weight (mg dry) or as wet weight (mg wet). In some
cases estimates of these values were made.

LIFE STAGE. The developmental stage of the organism is presented. For
Copepods, development proceeds from nauplius to copepodie to adult
stages.

TEST LOCALITY. Laboratory studies are indicated by "Lab." Field studies
give the field locality by water body and state abbreviation if it
is in the U. S., otherwise by water body and country.

TEST METHOD. The basic experimental method used to determine filtering
or feeding rates is listed.

TEMPERATURE. The experimental temperature in degrees Celsius is given.

TYPE OF FOOD. The food type used during the experiments is given. Field
studies using the entire available food spectrum are designated
"natural assemblage."

RANGE OF FOOD CONCENTRATIONS TESTED. Values are presented as cells per
millilitre (cells/ml) unless otherwise indicated. Field studies
in which the food concentration was not actually measured have
been designated as "in situ," Many values were approximated from
figures presented by the author.

RANGE OF MEASURED FILTERING RATES. All values are expressed as milli-

litres per animal per day (ml/animal/day). We have converted
values presented in other time frames to a daily basis. Many
values were approximated from figures presented by the author.
Mean filtering values are also indicated when known.

REFERENCE. The sources of the data are presented.

2. In addition to the definitions described above, the following

abbreviations and symbols with their definitions have been used in the

appendix.

B2



a. The following abbreviations have been used to describe
Lifte Sta:

A = Adult

AS = All sizes
AF = Adult female

F = Female, age not stated

AM = Adult male
M = Male, age not stated

CI-CVI = Copepodid stages 1 through VI

b. The following abbreviations have been used to describe the

Test Method used:

32P = Radioactive tracer technique using phosphorus 32
14C = Radioactive tracer technique using carbon 14

CC = Cell count
CCC = Coulter counter

PL = Phytoplankton loss

OD = Oxygen depletion

c. The following abbreviations have been used to describe

Temperature:

RT = Room temperature
AB = Ambient temperature
V = Variable temperature

d. Other abbreviations used include:

? = Unknown

= Mean value
Ca. = Approximately

avg. max. = Average maximum value

C = Carbon
p = Micron = 10 metres

3P = Cubic microns

< = Less than

> = Greater than
NA = No significant filtering occurred

3. Appendix footnotes a through n are described below:

a. Filaments of Anabaena supp., Aphanizomenon flos-aguae, and
Oscillatoria tenuis and/or Gleatilia sp.

b. Based on Ivanova (1970).

c. Based on Monakov and Sorokin (1960).

d. Ivanova (1970) says the temperature was 20*C, Monakov (1972)

says it was 15*C.

e. Includes Diaptomus graciloides.

f. Includes Diaptomus gracilis.

B3
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Ivanova (1970).

h. It was assumed that the experiments were conducted at the
same temperature that the algal cultures were incubated,
but this is not stated by the authors.

i. Includes Diaptomus oregonensis.

1. Includes Diaptomus

k. Based on a summary of data from other authors.

1. Daphnia cucullata and Daphnia hyalina.

m. This entry may be based on the same data from Erman (1956)
and reported by Pilarska (1977a) under the name B.
uriceolaris although the measured filtering rates are

slightly different,

n. Kryutchkova and Rybak (1974) say ths food was Scenedesmus
sp. at a concentration of 13.6 x 10 cells/ml.
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APPENDIX C: ZOOPLANXTON AND BENTHOS
ASSIMILATION EFFICIENCIES

CI



Definitions of Abbreviations and Symbols
sed in Appendix C

A assimilation

G consumption

A/G assimilation efficiency (mg C/mg C/day) x 100

E excretion

F egestion

R respiration

P total production

Pg production as growth

Pev production as exuvia

Pr production as reproduction

Ps production as secretion

14C  carbon 14 radioisotope

14C0 2  labeled carbon dioxide respired (may be used to represent excretion)

cpm counts per minute (radioactivity)

VS varied seasonally

°C degrees Centigrade

ca approximately

ml millilitre

mg milligram
2

cm square centimeter

2 litre

@ at

? unknown or could not be determined from data

mean value

% percent

< less than

AFDW ash-free dry weight

C2
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Definitions of Experimental Methods Listed
in Appendix C

Method 1. A/G - (G -F)/G

Method 2. A/G = (1 4HC in body + 14CO2/( 14C in body + 14CO 2 + F)

Method 3. A/G = CO 2/(14 CO2 + F)

Method 4. A/G = (PG + Pr + R)/G

Method 5. Radiosotope (type not specified)

Method 6. A/G = (G - F - E)/G

Method 7. A.G = (PG + R)/G

Method 8. A/G = (Pg + Pev + Ps + R)/G

Method 9. A/G = (14 C ingested - F)/ 14C ingested

Method 10. A/G = (Pg + Pev + R)/G

Method 11. A/G = 14C in body/(14C in body + F + E)

Method 12. A/G = ((calories/cpm 14C)( 4C/individual))/(( 14C consumed)

(calories/cpm 14C))
Method 13. A/G = 14C in body/14C consumed
Method 14. A/G = 32P in body/ 32P consumed

Method 15. A/G = ( 14C in body + 14CO 2)/ 14C consumed

Method 16. Ash-ratio (see text for details)

Method 17. A.G = (3 2P in body and eggs)/( 32P in body + F)

Method 18. A.G = (Pr + R)/G

Method 19. A/G = (14 C consumed - F - CO2)/ 14C consumed
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APPENDIX D: RESPIRATION OF ZOOPLANKTON AND BENTHOS

PART I: RESPIRATION RATES OF AQUATIC INVERTEBRATES

FOR VARIOUS TAXONOMIC AND FUNCTIONAL GROUPS

PART II: RESPIRATION RATES OF AQUATIC INVERTEBRATES
AS A FUNCTION OF BODY WEIGHT AND TEMPERATURE
FOR VARIOUS TAXONOMIC AND FUNCTIONAL GROUPS

IDI

PD



1. The definitions of abbreviations and symbols used in Appendix D,

Parts I and II, are listed below:

L laboratory study

F field study

T temperature

W weight

R respiration

BOD biological oxygen demand

AFDW ash-free dry weight

h hour

mg milligram

Pg microgram

I litre

P2 microlitre

wt weight

g gram

m metre

mm millimetre

ca. approximately

fc foot-candle

ind individual

cal calorie

cm/sec centimetre per second

02  dissolved oxygen concentration

? unknown or could not be determined from data

R mean value

% percent

> greater than

D3
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APPENDIX E: NONPREDATORY MORTALITY OF ZOOPLANKTON

AND BENTHOS

PART I: NONPREDATORY MORTALITY RATES OF ZOOPLANKTON
AND BENTHOS

PART II: UPPER AND LOWER LETHAL TEMPERATURES OF
ZOOPLANKTON AND BENTHOS

El



1. The definitions of abbreviations and symbols used in Appendix E,

Parts I and II, are given below:

@ at

ca. approximately

CI-CV copepodids I - V of Copepoda

C carbon

0C degrees Centigrade

F field study

K constant

L laboratory study

Pg microgram

NI-NVI nauplii I - VI of Copepoda

NPM nonpredatory mortality

? unknown or could not be determined from data

ULT upper lethal temperature

VS varied seasonally

X mean

E2
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PART II: UPPER AND LOWER LETHAL TEMPERATURES
OF ZOOPLANXTON AND BENTHOS
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