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ABSTRACT 

Filtering Rate Inhibition of Daphnia (Crustacea; Cladocera) 

Philip H. Crowley 

The ability of lacustrine phytoplankton to limit 

zooplankton grazing rates has been well documented in the 

last two decades by Ryther, Rigler, McMahon, Burns, and many 

others. The experimental part of this study was designed 

to distinguish between the effects of seston concentration 

and dissolved substances on the rates of filtering and feeding 

by Daphnia pulex in the water of a small eutrophic lake 

(Wintergreen Lake, Kalamazoo County, Michigan) during the 

late summer (August 16-18, 1971) . 

Estimates of filtering and feeding rates of field- 

collected animals in modified lake water were obtained by 

32 
adding low concentrations of P-labeled yeast, Rhodotorula sp. 

five different dilutions of each of three treatments 

were used as experimental media: 

1) . Whole lake water diluted with its own filtrate; 

2) Lake water filtrate diluted with a physiologically 

neutral water; and 

3) Lake water seston resuspended in neutral water 

diluted with the neutral water. 

Lake water seston was found to limit grazing rates at 



ambient concentration daring the study period, but the 

lake water filtrate also exhibited inhibitory properties. 

In order to explain the results obtained in these 

experiments, a physiological model of daphnid feeding is 

proposed. It is suggested that feeding rates may be under 

the direct control of gut receptors at high food concen¬ 

trations, whereas filtering rates are proximately regulated 

in the labral region. 

Finally, mathematical models of the grazing and 

assimilation processes are derived. These are useful in 

clarifying and describing the mechanisms by which these 

processes function. 
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INTRODUCTION 

The study of lacustrine ecosystems has provided some 

of the most significant contributions to our understanding 

of the concept of trophic-dynamic interactions introduced 

by Lindeman (1942). The unidirectional transfer of energy 

and materials between adjacent trophic levels in lakes is 

simplified conceptually by the relatively distinct physical 

boundaries of the lake system—the water-air and water- 

sediment phase interfaces; although the system is necessarily 

open to energy flow, it is largely closed to emigration and 

immigration of the constituent biota. This relative distinct¬ 

ness of the physical and biological boundaries lends 

definition to the system and thus a certain "neatness" to 

the conceptualization of its dynamics. 

Aside from their importance in the more esoteric 

branches of ecology (see H.G. Odum 1971, Patten 1971), 

lacustrine ecosystems are beginning to receive close 

scrutiny in the developing field of applied ecology. As 

both the direct and indirect effects of a rapidly expanding 

technology and human population become more obvious and 

more significant, a need to anticipate irreversible changes 

in lakes and in other ecosystems has arisen. Eutrophication, 

the process of "aging" of a lake mediated by nutrient 

enrichment, is often accelerated dramatically as an ex- 

1 



2 

pression of such "cultural" influences on the ecosystem. 

Direct nutrient inputs from municipal sewage, industrial 

waste, and agricultural runoff, and the more subtle effects 

of heat discharges and of siltation induced by large- 

scale development in the drainage basin, may all contribute 

to the drastic increase in productivity and rapid alteration 

of species composition characteristic of cultural eutro¬ 

phication (Edmondson 1969, Beeton 1969, and others). 

Following the trend in many temperate lakes from 

oligotrophy to eutrophy, a shift commonly occurs in the 

phytoplankton from a year-round dominance of diatoms 

(Chrysophyceae) to include a summer bloom of green algae 

(Chlorophyceae) and finally to summer dominance by the 

blue-green algae (Cyanophyceae). This shift usually entails 

a summer increase in standing crop of phytoplankton and 

a greater frequency of aesthetically and economically 

unpleasant algal blooms (See Lund 1969, Arnold 1969 pp. 2-3). 

Certainly such changes in the phytoplankton population 

in a eutrophic lake should have a significant effect upon 

the important limnetic primary consumers, the zooplankton, 

and thus upon predaceous secondary consumers, most notably 

fish. The expression and implications of this effect, 

especially at the trophic pathway from phytoplankton to 

zooplankton, have not been successfully elucidated. In 

fact, the pathway from producer to primary consumer comprises 
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a poorly understood link for ecosystems in general. 

Since herbivores and decomposers may have important 

influences on the rise and fall of some algal blooms 

(Gorham 1965, Fogg 1965 pp. 77-79), perhaps a better 

understanding of this reciprocal trophic relationship will 

promote the development of biological techniques to relieve 

some of the harmful symptoms of eutrophication. 

Among the most ubiquitous and numerous of the zoo¬ 

plankton in temperate lakes and ponds are the water fleas 

of the genus paphnia. These and smaller Cladocera along 

with the cralanoid Copepoda constitute the prominent 

assemblage of planktonic filter-feeding grazers (Brooks 

1969, p. 237). The importance of the daphnids in lacustrine 

food chains does not rest merely on their large biomass 

or their high filtering rates. Parthenogenetic reproduction 

enables Paphnia to muster a rapid numerical response to 

a sudden increase in available food, such as a nannoplankton 

bloom, whereas the purely sexual reproduction of the 

copepods probably precludes comparably swift population 

growth. Also, the role of the larger water fleas as a 

primary fish food, especially among the young fish, is 

well-known (Brooks 1969, and others). Thus the Paphnia 

occupy a key position in the lacustrine trophic structure, 

through which much of the energy must flow and much selection 

pressure must be exerted (Brooks and Podson 1965, Brooks 



4 

1969). However, the factors controlling the numerical 

(and functional) response of daphnid field populations to 

"food" are probably more complicated (Pennak, 1946) than 

the simple food-limitation demonstrated in laboratory 

populations (e.g. Pennington 1941, Slobodkin 1954). An 

interaction of the limiting effects of available food and 

predation (Hall 1964, Brooks and Dodson 1965, Brooks 1969) 

and other factors (Burns and Rigler 1967, Burns 1968a, 

Arnold 1969) such as those considered in this thesis may 

regulate this important trophic pathway of the Daphnia. 

Before 1954 it had been generally assumed that fil¬ 

tering rate of daphnids and other filter-feeders, is inde¬ 

pendent of the food concentration in the water (Reeve 

1963a, p. 195). Ryther (1954) found this assumption to be 

valid only for some of his cultures and then only below 

a certain concentration; he postulated phytoplankton 

inhibition of filtering rates to account for the observed 

discrepancies. This paper provided the impetus for a 

new (or rather, revived) perspective of zooplankton- 

phytoplankton interaction, which may be stated most simply 

as, "How do algae defend themselves?" Ryther marshalls 

support for his observations from several sources. 

Hardy's Theory of Animal Exclusion (Hardy and Gunther 

1935, Hardy 1936)(or the Hardy Exclusion Principle, as in 

Arnold 1969, p. 7) holds that dense phytoplankton 
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populations produce conditions inimical to the zooplankton. 

Lucas (1947 in. Ryther 1954, p. 522) suggests that animal 

exclusion may be mediated by the production of inhibitory 

algal ectocrines; the work of Pratt et al. (1940, 1944, 

1945 in Ryther 1954) on the discovery and study of the 

antibiotic chlorellin involves a substance with the 

requisite properties of such a grazing inhibitor. 

The filtering rate studies of Marshall and Orr (1955), 

Ryther (1954), Slobodkin (1954), Sushtchenia (1958), 

Richman (1958), Reeve (1963a and b), and others were carried 

out by measuring the decrease in concentration of the feed¬ 

ing suspension over the duration of the experiment—the 

differential cell count method (after Fuller and Clarke 

1936, Gauld 1951, and Conover 1956) . A more sophisticated 

technique—determining the rate of uptake of radioactive 

isotope from labeled food particles—was developed by 

Nauwerck (1959) and Monakov and Sorokin (1960); the tracer 

method allows much shorter experimental feeding times, 

improving accuracy (Hutchinson 1967, p. 599), and avoids 

the often unjustified assumption that the food concentration 

declines exponentially during feeding (Reeve 1963a, 

p. 204 and Burns and Rigler 1967, p. 495). 

Unsatisfied with Ryther's (1954) hypothesis to explain 

32 filtering rate inhibition, Rigler (1961b) used P-labeled 

yeast to collect filtering rate-food concentration for 
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jD. Ttiagna. Rigler concludes that Ryther' s (1954) results 

and those of Marshall and Orr (1955) with the marine 

copepod Calanus finmarchicus indicate a general phenomenon 

among filter feeders; that below a certain food concen¬ 

tration—later termed the "incipient limiting concentration" 

(Fry 1947 in McMahon and Rigler 1965, p. 105)—feeding 

rate is limited by the animal's ability to filter water; 

hence feeding rate is directly proportional to food con¬ 

centration and filtering rate is constant and maximum. 

But above the incipient limiting concentration, feeding 

rate is limited by ingestion or digestion rate; hence 

feeding rate is constant and maximum, and filtering rate 

declines to an asymptote at zero (Rigler, 1961b)(See 

Fig. 1).* McMahon and Rigler (1965, p. 105) identify 

this as the relationship expected between any biological 

process (e.g. daphnid feeding) and a factor capable of 

limiting that process (e.g. high food concentration). 

Thus, this argument appears to have general application and 

to be well-grounded in limiting factors theory (from the 

work of Liebig 1840, Blackman 1905, and many others). 

However, Rigler and McMahon are unable to refute Ryther's 

(1954) conclusion that senescent and even possibly log- 

phase algal cultures may chemically inhibit daphnid 

* Reeve (1963a)(studying the brine shrimp Artemia salina), 
found this same grazing rate-food concentration relationship. 
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Fig. 1. Mean filtering rates (upper graph) and 
feeding rates (lower graph) of Daphnia rosea adults 
(avg. body length, 1.6 mm ) in different concentrations 
of Rhodotorula cf. glutinis cells suspended in membrane 
filtered tap water at 20°C. Adapted from Fig. 2 in 
Burns and Rigler (1967, p. 496). 
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filtering rates. McMahon (1965, pp. 610-611) cautiously 

states that this concept of filter-feeding behavior may 

well be incomplete. 

Filtering and feeding rates measured in pure cultures 

may not be directly applicable to animals in nature (Burns 

and Rigler 1967, p. 492). A pure culture may be nutri¬ 

tionally inadequate for a zooplankton population (See Taub 

and Dollar, 1969). The presence of even a very low con¬ 

centration of large, filamentous, and/or toxic cells in 

the lake, such as many of the common blue-green algae, 

may inhibit grazing (Arnold, 1969), whereas the pure cul¬ 

ture is immune to this influence. Also, the inorganic 

particles suspended in lake water may significantly alter 

filtering and feeding rates (Reeve 1963b). In order to 

avoid these pitfalls of pure feeding cultures and to 

directly observe and measure grazing by daphnids in the 

natural medium, Burns and Rigler (1967) and Burns (1968a) 

32 
added P-labeled yeast in negligibly small concentration 

to different dilutions of lake water and followed uptake 

of the label by Daphnia rosea (See Fig. 1). It is sig¬ 

nificant that in no instance were these filtering rates 

as high as those obtained for a lab culture of the same 

daphnid species, feeding on yeast suspended in tap water. 

Burns (1968a, p. 84) states that filtering rates may 

be depressed in nature by high food particle concentrations, 
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chemical factors, or both, but she does not resolve the 

respective effects of the two. 

The experimental part of this thesis is an attempt to 

distinguish the relative importances of the dissolved 

substances and the seston from whole lake water in daphnid 

filtering inhibition. The remainder of the thesis is a 

synthesis of these results and those reported by other 

workers into physiological and mathematical models of the 

food-filtering rate relationship, the functional response 

of Daphnia to food density (See Holling 1965, p.9 ). In 

the broadest sense, this approach is similar to that 

proposed by Gates (1968, pp. 32-33): careful gathering of 

data in a controlled environment from which descriptive 

and (eventually) predictive models of a process may be 

formulated. 



MATERIALS AND METHODS* 

Wintergreen Lake is a highly productive drainage 

kettle in Kalamazoo County, south-central Michigan, having an 

area of 15.0 hectares and a mean depth of 3.54 meters (Manny 

1971, p. 18). Throughout most of the summer, the water below 

a depth of three meters in Wintergreen is anaerobic, and a 

dense algal population dominated by Cyanophyceae flourishes 

in the epilimnion and the discontinuity layer. It was sus¬ 

pected that the presence of the very low numbers of daphnids and 

other Cladocera observed was related to the high standing 

crop of phytoplankton (as in Burns and Rigler, 1967) or to 

some inhibitory metabolite excreted by these algae (as in 

Arnold, 1969), or to both. The central area of Wintergreen 

Lake was sampled the evening of each set of experiments with 

a Van Dorn water bottle at a depth of one meter to obtain 

one or two gallons of lake water; this water was used within 

six hours of collection or discarded. 

Daphnia pulex Leydig 1880 (after the taxonomy of Brooks 

1957) was chosen for use in these experiments because it is 

a widely distributed member of the open-water plankton, it 

was readily available in large numbers in several near-by 

* Fig. 2 is a flow chart of the experimental procedure 
described in this section. 

10 
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lakes, it proved to be much easier to handle than the 

similarly distributed I). galeata mendotae, and D. pulex 

has been used in many relevant experiments reported in the 

literature (Pacaud 1939, Cohn 1958, Richman 1958, Burns 

1968b, Burns 1969a, Burns 1969b, Arnold 1969, and others). 

A field population of ]D. pulex in Lawrence Lake was sampled 

immediately before each lake water sampling by a short tow 

of a plankton net near a depth of ten meters. Several 

thousand captured animals were then transferred to a one- 

gallon jar of lake water ice-cooled to approximately the 

ten meter temperature (ll°c); the water was allowed to warm 

up slowly over the next few hours to the experimental 

temperature (20°C), simulating a vertical migration through 

the discontinuity layer (See below). Animals selected for 

experiments were used within six hours of capture (after Burns 

and Rigler 1967, p. 495) . 

Although D. pulex has been reported present in Wintergreen 

Lake (Hall, personal communication, 1971), the severely depleted 

daphnid population of questionable physiological condition 

there in July and August, 1971, could hardly be expected to 

provide suitable experimental animals. The population in 

Lawrence Lake, a small, unproductive marl lake in adjacent 

Barry County, Michigan, contained many large, highly pigmented 

gravid D. pulex,; no females bearing ephippia or males were 

observed before or during these experiments. It was felt 
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that sampling this apparently healthy field population to 

obtain experimental animals also avoided the fluctuations 

in physiological condition and interruption of diurnal 

rhythms likely if newly-established laboratory cultures 

had been used. 

Gravid*, active daphnids about 2.0 mm in body length 

were selected from the gallon jar sample visually, since 

this was found to be the simplest and most accurate method 

of choosing and separating uniform experimental groups (as 

did Schindler 1968, p. 372) . Exact body lengths were meas¬ 

ured after each set of experiments under a dissecting micro¬ 

scope. A range of 1.72-2.26 mm in body length, the distance 

from the inflection point at the base of the tail spine to 

the most anterior margin (Egloff and Palmer 1969, p. 2), 

specifies the size limits of animals from which filtering and 

feeding rate data were obtained. 

Filtering rate is operationally defined for these 

experiments as the volume (ml) of medium from which the 

observed uptake of label activity (cpm) was effectively 

extracted, per animal per hour (after Rigler 1961 p. 857, 

* Essentially all of the daphnids from which filtering and 
feeding rate data were obtained were ovigerous. The presence 
of eggs in the brood pouch was taken to indicate good phys¬ 
iological condition; it is recognized that gravid individuals 
have a higher weight to body length ratio (Richman 1958, p. 
283), but Schindler (1968, p. 372) found no significant dif¬ 
ference in feeding rate between ovigerous and nonovigerous 
Daphnia maqna. 
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Reeve 1963a p. 195, and others). Feeding rate is defined 

as filtering rate (ml/animal/hour) multiplied by concen¬ 

tration (Rigler 1961, p. 857)(expressed as filtered des¬ 

iccated weight per ml); operationally, feeding rate is the 

weight of seston contained in the volume of medium from which 

the observed uptake of label activity was effectively ex¬ 

tracted, per animal per hour. 

Filtering and feeding rates were determined in several 

different treatments and concentrations of Wintergreen Lake 

water (the experimental media) by observing daphnid uptake 

rate of the radioactive yeast cells added. A suspension 

of Rhodotorula cf. glutinis labeled with carrier-free 

32 
P (after Burns and Rigler 1967 p. 493, Haney 1970), was 

obtained from Dr. James F. Haney (Department of Zoology, 

Michigan State Univeristy) and diluted so that 1 ml of sus¬ 

pension added to the 500 ml feeding medium resulted in a 

yeast concentration of about 1000 cells/ml. This concen¬ 

tration, though sufficient to provide enough activity for 

a feeding duration of several minutes, is considered to be 

negligible ( < 1%) with respect to the amount of particulate 

material present in undiluted Wintergreen Lake water (as in 

Burns and Rigler 1967, p. 498, for Heart Lake water). Burns 

and Rigler (1967, p. 493) found R. glutinis to be an ideal 

label carrier; the cells are ovoid, uniform in size, have 

a low incidence of budding, are readily ingested by D. rosea, 
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and have been reported in lake water. Also, they are 

resistant to mechanical damage (as by shaking) and to leakage 

32 of P (Haney, personal communication, 1971).* 

A prefeeding solution of the same food quality and con¬ 

centration used in the experiment itself (after Rigler, 

McMahon, Burns, and others) was provided before the measured 

feeding began, to enable the daphnids to attain constant 

feeding behavior and maintain it throughout the experiment 

itself. The densities of animals in the prefeed and the 

feeding solution were about 1 per 2 ml and 1 per 10 ml 

respectively; Schindler (1968, p. 374) was unable to detect 

a significant difference in feeding or assimilation rates of 

D. magna at these two densities. Direct density effects are 

certainly unlikely (Slobodkin, 1954), but it may still be 

important to adjust the density of animals so that food 

concentration is not drastically reduced during the exper¬ 

iment, since such a reduction could raise filtering rate 

and lower feeding rate (McMahon and Rigler, 1965). Several 

workers have adjusted densities to hold food concentration 

reductions below 10% (Rigler 1961, p. 859, McMahon and Rigler 

1965 p. 106, and Burns and Rigler 1967 p. 495). In the 

experiments reported here, the actual experimental concen¬ 

tration—the feeding concentration—could only have been 

* Even if a significant amount of label could leak into 
solution, direct uptake by Daphnia would surely be neg¬ 
ligible (after Burns 1969a, p. 695). 
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reduced less than 3.2%, but the prefeeding concentration may 

have dropped by as much as 62.2% in one case, though this 

is unlikely. The implications of a large decline in pre¬ 

feed concentration such as may have occurred here will be 

discussed in a later section. 

Prefeeding was carried out in 100 ml pipettes each 

containing 50-75 animals, since this technique was found 

to greatly simplify the handling process (See Fig. 2, <s». 
Lawrence Lake water in which the visually selected daphnids 

had been swimming, was flushed from each pipette (except for 

1 or 2 ml) ; prefeeding was then initiated by taking up the 

prefeeding medium. This exchange was carried out without the 

removal of animals from suspension by fitting a Tygon tube with 

Nitex screen of 390p. pore diameter glued to its distal end 

onto the pipette. Prefeeding duration varied from 30-90 

min., certainly long enough for the experimental animals to 

fill their guts (see below)? McMahon (1965, p. 608) found 

no significant effect on filtering or feeding rate of variations 

within this time range for D. magna. 

Prefeeding was terminated by expelling the prefeeding 

medium from the pipette, except for about 1 ml containing 

the experimental animals in the Tygon tube (See Fig. 2, @) . 

A clear plastic cylinder (3" diameter) with 390p. Nitex screen 

covering its bottom end was placed inside the 1000 ml 

feeding beaker, which already contained about 500 ml of 
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labeled feeding solution., At exactly the beginning of the 

timed feeding period, the Tygon tube of daphnids was emptied 

of its contents within the plastic cylinder, using a pair 

of forceps. A Mason jar lid to which a disc of 390ju Nitex 

screen (diameter slightly greater than 3") had been glued 

was immediately forced down inside the cylinder just beneath 

the surface of the feeding medium.* Between 90 and 180 

seconds later, two 500 X aliquots were withdrawn from the 

feeding beaker with an Eppendorf pipette, placed on planchets 

sprayed with adhesive, and allowed to air dry. After 5 

minutes ± 1 second, the plastic cylinder containing the 

experimental daphnids was removed from the feeding medium 

and quickly plunged into a bowl of supersaturated carbon 

dioxide solution (Club Soda) to anesthetize the animals 

(after Burns and Rigler 1967, Burns 1969b, and Arnold 1969). 

These were then rinsed into a sample bottle containing enough 

sugar and formalin to make a solution of approximately 

4% formaldehyde and 5% sucrose, which acted as an isotonic 

preservative (Hall and Haney, personal communication, 1971). 

* The purpose of the screen-lid device is to eliminate the 
problem of animals being trapped at the surface during the 
feeding period as the water film is electrostatically repelled 
by their hydrophobic carapaces. The effect of this phenomenon 
on grazing rates is not known with certainty, but the frantic 
irregular beating of the antennae characteristic of these 
trapped animals suggests that filtering may be interrupted 
or prevented altogether. Burns and Rigler (1967, p. 495) 
tried to cope with this problem by using long, narrow tubes 
for feeding vessels; Burns (1969a, p. 695) dropped medium 
on the trapped animals to knock them free. The tiny area 
of surface film exposed in a 100 ml. pipette resting on one 
end is another advantage of using these as prefeeding chambers. 
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The sample bottle was stored for 12-18 hours in a refrigerator; 

the daphnids were later poured into a petri dish and sized 

for body length under a dissecting microscope at 250X. If 

possible, two planchets (sprayed with adhesive)of 6-10 

animals each (within the proper size range) were obtained 

from the experimental group. These planchets were allowed 

to air dry for about 18 hours and were counted with the 

aliquot planchets to 1000 counts each in a Nuclear of Chicago 

end window gas flow disintegration counter. 

A feeding time of five minutes (after Haney, 1970) 

was used in these experiments for several reasons. It is 

desirable to terminate feeding before the onset of defecation 

of label, because this can certainly confound the determi¬ 

nation of filtering and feeding rates as they have been 

defined operationally. Pacaud (1939, pp. 603-604) found a 

minimum time of 10.5 minutes for the beginning of defecation 

of India ink particles after D. pulex was placed in an ink 

suspension. Although other reports suggest longer gut 

retention times for D. pulex and D. magna (Arnold 1969, 

Schindler 1968, respectively), there is little reason to 

avoid being cautious, since Burns and Rigler (1967) used 

feeding times as low as two minutes with small adult D. rosea, 

apparently without complications. Also, Rigler (1961b, p. 

860) argues that egestion of label by postabdominal rejection 

(see APPENDIX I) begins (at high food concentrations) after 
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about 4.0-4.5 minutes for D. magna. Loss of label by re¬ 

jection could also introduce a complication into grazing 

rate calculations. On the other hand, it is important to 

32 insure that experimental animals take up enough P label 

to provide an accurate determination of filtering and feeding 

rates. Thus, the five minute feeding time represents a 

compromise among these considerations. 

Light and temperature were regulated during the pre¬ 

feeding and feeding phases of these experiments by using 

a Sherer Controlled Environment Chamber. The intensities 

of these physical parameters were chosen in an attempt to 

optimize the physiological response, i.e., maximize grazing 

rates. McMahon (1965) and Schindler (1968) were unable to 

detect a significant effect on filtering, feeding, or assim¬ 

ilation rates for D_. magna of light intensities ranging 

from dark to 1000 ft.-candles. Nauwerck (1959, in McMahon 

1965, p. 604, and Hutchinson 1967, p. 602), however, observed 

that D. hyalina and D. longispina feed more actively in 

reduced light conditions. Also, Hall (unpublished) has 

evidence suggesting a vertical migration of the Lawrence 

Lake D. pulex population into the warmer epilimnetic water 

on summer evenings; therefore, the use of low light intensity 

and a warm water temperature could help preserve these 

diurnal rhythms and maintain more natural feeding conditions 

during the experiment. A Kodak utility safelight darkroom 
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lamp with an orange filter (Dupont S-55X), dimmed by fitting 

several sheets of drafting paper inside the glass, was used 

as a light source; the intensity was considerably less than 

full moonlight (<0.005 ft.-candle), just barely adequate 

to carry out the experimental manipulations. It was noticed 

that D_. pulex tended to be much more evenly dispersed in 

their container in this intensity than in normal room light. 

An experimental temperature of 20±1°C was selected (after 

Ryther 1954, Richman 1958, Reeve 1963a and b, and many others) 

mainly because of the preponderance of published data 

available at this temperature, and because there is evidence 

(Burns 1969a, p. 699) that 20°C is approximately the optimal 

temperature for grazing by D. pulex. 

For each set of experiments, three separate operations 

were performed using the water obtained from Wintergreen 

Lake (See Fig. 2, (5)) . First, about 50 ml of lake water was 

poured into a sample bottle with four drops of Lugol's 

solution to stain and preserve the phytoplankton for later 

qualitative analysis. Second, three 40 ml aliquots of 

Wintergreen Lake water were filtered through preweighed 

25 mm diameter HA (O'.45 p pore size) Millipore filters. 
Three additional 40 ml aliquots were similarly filtered 

after having been washed through a 31p Nitex screen. (The 

material caught on'the screen was discarded.) These six 

filters were then placed in a desiccator to dry; after about 
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18 hours the six filters and three controls (through which 

50 ml of distilled water had been passed) were removed from 

the desiccator and allowed to equilibrate to the room 

humidity, i.e., reach a stable weight. All nine filters 

were then weighed on a Mettler Model B$ Semi-micro Analytical 

Balance accurate to +0.02 mg. 

The main purpose of the weighing procedure is to estimate 

total and "ingestible" seston concentrations for each sep¬ 

arate sample of Wintergreen Lake water, so that observed 

filtering and feeding rates could be corrected for relative 

concentration differences. It was expected that such dif¬ 

ferences would naturally arise from sampling a patchy phyto¬ 

plankton distribution, not from significant qualitative 

or quantitive changes in the lake plankton over the three 

days of these experiments. Maximum ingestible particle 

diameter was calculated from the data of Burns (1968b p. 676); 

she obtained a regression line for diameter of largest 

bead ingested vs. carapace length for Bosimna longirostris 

and six species of Daphnia (including D. pulex) by gut 

examination of animals placed in a suspension of various 

sizes of spherical plastic beads. The relationship between 

carapace length, x (mm), and body length L (mm), for an 

adult female D. pulex from Fig. 27.27 in Fresh Water Biology 

(Ward and Whipple 1959, p. 614) was estimated to be 

- = 1.21. 
X 
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Burns's equation for largest bead ingested, y (u) '• is 

y = 22x + 4.87. 

Since the body length of the smallest animals used in these 

experiments is 1.72 mm, maximum particle size ingestible 

by all experimental animals must be 35.7 p. Thus, using 

a 31 ju screen to eliminate large particles provides a 

slightly conservative estimate of ingestible seston concen¬ 

tration., 

Burns (1968b, p. 677) also observed that all of the 

species of Cladocera she studied were able to remove the 

smallest beads used (0.81 p diameter) from suspension. Coker 

and Hayes (1940, p. 197) state: "The meshes of the straining 

combs of the Cladocera, at least, are fine enough to hold 

back, not only any alga, but doubtless also, any bacterium 

common in the lake water." Gellis and Clarke (1935) even 

documented the removal of organic particles of colloidal 

size by D. magna. Thus, measuring ingestible seston with 

a 0.45 p filter may tend to be conservative with respect to 

very small particles as well. However, differences in 

removal efficiency within the .ingestible size range (Burns, 

1969b) may reduce the applicability of the estimate attempted 

here. 

The third operation performed on the Wintergreen Lake 

water sample was filtration and dilution (See Fig. 2, Q» • 

For the final run of these experiments, from which the data 
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presented here was obtained, each experimental treatment was 

used on one of three consecutive evenings (August 16-18, 

1971). The treatments (in chronological order) were: 

G/N - lake water filtrate (G) diluted with filtered 

tap water (N) ; 

S/N - lake water seston (S) suspended in filtered 

tap water diluted with filtered tap water (N)? and 

W/G - whole lake water (W) diluted with lake water 

filtrate (G). 

Reeve-Angel 984-H Ultra Glass Fiber filters with 

cellulose pads beneath were used in the treatment prep¬ 

arations, because gentle filtration could be accomplished 

much more easily and rapidly with these than with membrane 

filters? the pore size (rated by the manufacturer at 0.1 ju) 

is similar to the HA Millipore filters employed elsewhere 

in these experiments. Qualitative comparison of seston 

removal efficiencies of the two filter types used in series 

on a whole lake water suspension suggested that differences 

between them could be considered insignificant. The tap 

water included in two of the treatments was unchlorinated 

well water? many successful daphnid cultures have been 

established on water from this source (Hall, personal com¬ 

munication, 1971). This tap water, filtered and used 

immediately, was assumed to be physiologically ^'neutral". 
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Lake water seston was suspended in filtered tap 

water by means of a technique known as reverse flow filtration, 

described and evaluated by Holm-Hansen, Packard, and Pomeroy 

(1970). In the reverse flow filtering cylinder, head pres¬ 

sure from the suspension itself gradually forces filtrate 

through a large HA Millipore filter where it can be siphoned 

off, retaining particles larger than 0.45 /a in the suspension. 

Two liters of Wintergreen Lake water initially added to the 

cylinder were flushed with four liters of filtered tap water 

over a period of about three hours, obtaining a final volume 

of two liters. Filters were gently but thoroughly wiped 

clean with a small camel's hair brush while submerged in 

the suspension and were changed several times during the 

filtration process. Assuming the contents of the cylinder 

were completely-mixed at all times, the concentration 

of lake water filtrate in the final suspension was reduced 

to 13.5% of its concentration in lake water.* The completely- 

mixed assumption is probably conservative, however, because 

the lake water was introduced :into the cylinder first, making 

it likely that slightly more then 86.5% of the original 

filtrate passed through the filter and out of the suspension. 

The purpose of using this tedious process to accomplish 

* Two turnovers of a completely-mixed reactor with first 
order kinetics reduces substrate concentration to the 
fraction e“2 of its initial value (13.5%) (after Rich 1963, 
p.. 33) . 
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the suspension of lake water seston in filtered tap water 

was to avoid injuring or crushing phytoplankton or other¬ 

wise contributing to excretion into the suspension, which 

might seriously alter the chemical characteristics of the 

medium (Arnold 1969, p. 19). 

For the experiments carried out with each treatment, 

five dilutions of 1000 ml each were prepared (See Fig. 2, ©): 

IX - 1000 ml of the concentrate (k) 

2X - 500 ml of the concentrate and 500 ml of the 

diluent (d) 

5X - 200 ml of the concentrate and 800 ml of the 

diluent 

15X- 67 ml of the concentrate and 933 ml of the 

diluent 

ooX- 1000 ml of the diluent 

From each dilution beaker, 500 ml of medium was poured into 

32 a feeding beaker (to which P-labeled yeast was added), 

and part of the other 500 ml of medium was taken up into 

each of two 100 ml pipettes to initiate prefeeding. Thus, 

each of three treatments was run at five different dilutions, 

each with two replicate groups of experimental animals. Two 

aliquot planchets and two daphnid planchets were counted in 

the disintegrationcounter for (almost) every experimental 

group. 
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Following Burns and Rigler (1967, p. 495), filtering 

rate ("uncorrected") F’ was calculated by means of this 

equation: 

F' (ml*animal’"^hour""■*■) 

_  cpm-an imal 
-1 

-1 X 
60 

cpm* (ml feeding medium) minutes feeding 

These values for each planchet of animals were then 

corrected for differences in mean body length by a modified 

application of the data of Burns (1969a). Her expression 

(1969a, p. 6) for the relationship between filtering rate F 

and body length L for four species of daphnids (including 

D. pulex) at 20°C in filtered tap water is 

F = 2.08 L2*80, or logF = 2.80 (log(2.08)) 

Although the exponent (2.80) of body length estimated in 

this equation is apparently a temperature-specific character¬ 

istic, the proportionality constant (2.08) could easily be 

different even in two "neutral" media at the same temperature. 

Therefore, a line of slope 2.80 was drawn on full logarithmic 

graph paper so as to intersect a point determined by F' and 

L for pure filtered tap water N in these experiments (See 

Fig. 3). The expression 

Fr = 0.175L2*80 

L, exp 

was thus obtained. Filtering rates for animals of different 

sizes could then be "corrected" to an arbitrarily chosen size 

(2.00 mm) using the following equation: 



L, body .length, mm 
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F = F 
1
 (F /F ) 

2.00 Lv 2.00, exp' L,exp' 

where F' is observed filtering rate for animals of 
body length L, 

F~ no is expected filtering rate for 2.00 

mm animals in N (from eq. 1), 

F is expected filtering rate for L mm animals 
J_i / 6Xp 

in N, and 

F_ nn is corrected filtering rate, hereafter written F. 

Corrected feeding rates (f) were determined (again after 

Burns and Rigler 1967, p. 495) from: 

f 5 Fc 

where c is the seston concentration of the medium, mg/1. 



RESULTS 

Grazing rate data obtained in these experiments are 

summarized in Table 1. Mean activities per animal and per 

ml feeding medium have been adjusted for a background of 

32 19.0 cpm, but allowing for radioactive decay of P is 

unnecessary, since label activity in the feeding solution 

aliquots and in the daphnids is assumed to decline at the 

same rate. Corrected filtering rates are presented in 

Figure 4. 

Though the range of daphnid body length used in these 

experiments was confined to 1.72-2.26 mm, it may be seen 

from Fig. 3 that even this small size difference includes 

filtering rates varying more than two-fold. The combination 

of visual pre-sorting and measurement under a dissecting 

microscope after each treatment held the coefficient of 

variation (CV) of body length within the planchets to less than 

6%, with a mean CV of 3.3%. The filtering rate correction 

technique reduced the mean coefficient of variation (CV) 

of grazing rates within treatment cells from 31.3% to 26.3%. 

Schindler (1968, p. 372) stresses the importance of such 

careful sizing of daphnids in grazing rate determinations, 

stating: 

Previous authors have used groups of animals varying 
by nearly 50% in length, which(would mean a two- to 

29 
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Table 

treatment 

G/N 

S/N 

W/G 

parameters 

Calculated Experimental Grazing Rates 

■—dilution 
parameter- ooX 15X 5X 2X IX 

n 27 20 36 34 30 
Z 1.94 1.93 1.93 1.92 1.92 
T 53.31 34.81 42.00 45.19 34.82 
F' 0.864 0.567 0.678 0.788 0.689 
F 0.890 0.622 0.731 0.836 0.783 

& 0.240 0.174 0.347 0.330 0.812 
0.000 0.000 0.000 0.000 0.000 

cl 
0.000 0.000 0.000 0.000 0.000 

15.1 19.8 21.3 16.3 47.6 

n 40 40 38 40 40 
z 1.97 1.92 1.92 1.92 1.92 
T 79.32 44.10 33.87 16.46 48.21 
F' 1.418 0.786 0.632 0.294 0.217 
F 1.545 0.865 0.682 0.328 0.242 

& 0.731 0.535 0.362 0.304 0.152 
0.000 0.614 1.442 1.735 2.556 

cl 
0.000 0.379 0.766 1.710 1.603 

20.7 28.8 24.1 40.6. 30.2 

n 40 40 37 39 38 
Ti 1.94 1.92 1.89 1.88 1.95 
r 41.39 37.32 35.41 19.15 13.88 
F' 0.784 0.709 0.637 0.350 0.265 
F 0.825 0.798 0.754 0.420 0.285 
zF 0.574 0.407 0.692 0.255 0.040 
Y 0.000 0.472 1.331 1.857 2.516 

cl 
0.000 0.241 1.222 1.124 0.354 
38.3 22.5 38.5 24.8 6.0 

n number of experimental animals, animals 

*L mean body length of experimental animals, mm 

Y mean body activity per animal, cpm animal 

F' mean uncorrected filtering rate, ml/animal-hour 

P mean corrected filtering rate, ml/animal-hour 

Z„ corrected filtering range, ml/animal-hour 

Y mean corrected feeding rate, ug/animal-hour 

Zg corrected feeding rate range, ug/animal-hour 

CV coefficient of variation of F and F, per cent 



1.75- 

1.5Q. 

treatments 

A W/G 
□ S/N 

0.00 
cox 15X 5X 2X •lx 

—7—. , dilution of concentration in lake water 
c (W) , 

Fig. 4. Filtering rates of Daphnia pulex adults at 20°C, 
corrected to 2.00 nun body length, at five dilutions of three 
different treatments. Wherever two treatments are identical, 
the average is also plotted. Brackets are one standard error 
from each data point. 
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three-fold difference in weight. It is therefore not 
surprising that there is little agreement among the 
results of different investigators. 

A statistical analysis of the corrected filtering rates 

of Fig. 4 is presented in Table 2. The effect of treatments, 

dilutions, and the interaction term were all found signi¬ 

ficant in a two-way analysis of variance for uneven cells 

(Horn and Reck, 1970). Filtering rates in pure filtered 

tap water (N) were found to be different from those in 

filtered lake water (G) (Student's t-test; P (F.T =F_ )<0.05) 
JN t ITtciX G / IU3.X 

the important a_ priori hypothesis that F in N is greater 

than F in G (one-tail t-test) is supported by the data at 

the 2% level of significance, but this is not included in 

Table 2 to avoid confusion. At both the 2X and IX dilutions, 

treatment G/N is significantly different from S/N and W/G. 

The gravimetric seston analysis is divided into three 

categories (see Table 3): 

a) 0.45/a(total) seston retained in 0.45/a membrane 

filtration; 

b) 0.45/a - 31/a seston passed through the 31/a filter 

before 0.45/a membrane filtration; and 

c) 31/a seston estimated by subtraction of b) from 

a). 40 ml. of Wintergreen Lake water was filtered through 

each membrane filter; therefore each liter of lake water was 

estimated to contain 25 times the average sample weight of 
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Table 2. Statistical Analysis of Corrected 
Filtering Rates 

Two-way Analysis of Variance with Provision for Uneven 
Cells (ANOVAUC,1 Horn and Reck, 

Source of Variation 

Treatments (G/N,S/N,W/G) 
Dilutions (ooX, 15X, 5X, 2X, IX) 
Treatment X Dilution 
Error 

1970) 

df SS MS F 

2 0.89 0.44 5.678** 
4 3.98 0.99 12.707*** 
8 2.04 0.25 3.256** 

57 4.46 0.08 

Student's t-Tests of Sginificance•of Difference Between Two Means 

Treatment, Dilution Treatment, Dilution Significance 

W/G, ooX~ 
VS . fs/N, ooXl * 

-G/N, ix_ LG/N, ooXj 
"S/N, 
-G/N, 

OOX' 
ooX. 

VS . G/N, ooX n.s. 

"S/N, 
-G/N, 

OCX" 
OOX 

VS . S/N, coX n.s. 

W/G, 15X VS . S/N, 15X n.s. 
W/G, 15X vs. G/N, 15X n.s. 
S/N, 15X vs. G/N, 15X n.s. 
W/G, 5X vs. S/N, 5X n.s. 
W/G, 5X vs. G/N, 5X n.s. 
S/N, 5X vs. G/N, 5X n.s. 
W/G, 2X vs. S/N, 2X n.s. 
/W/G, 
\S/N, 

2X\ 
2XJ 

VS . G/N, 2X ** 

W/G, 2X vs. S/N, 2X n.s. 
[W/G, 
IS/N, 

iXl 
1XJ 

vs. [G/N, 
LW/G, 

iXl 
ooXl 

** 

W/G, IX vs. S/N, IX n.s. 

Each treatment-dilution combination identifies the experimental 
medium in which some of the filtering rates being compared were 
measured. Data from bracketed pairs of experimental media were 
lumped for the test indicated; square brackets join identically 
prepared media. 

n.s. Not significant at 20% 
* Significant at 5% 
** Significant at 1% 
*** Significant at 0.1% 
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Table 3: Quantitative Seston Analysis; 
Desiccator-Dry Weights and Seston 
Concentration in Wintercrreen Lake 
Water 

(treatment) range 
date parametSir^ 0.45ju (total) 0.45-31JU 31M 

w 0.47 0.34 0.13 

ZTaT 0.02 0.08 
(S/N) 

8-16-71 

w 
C 11.75 8.58 3.17 

Zc 0.50 2.00 --■— 

CV 2.1 13.4 — 

w 0.51 0.42 0.09 

zw 0.01 0.06 — 

(G/N) 
8-17-71 

w 
C* 12.67 10.58 2.08 

Zc 0.25 1.50 

CV 1.1 7.2 —,— 

w 0.47 0.35 0.12 

C 

0.01 0.01 — 

(W/G) 
8-18-71 . 11.67 8.33 2.83 

Zc 
0.25 0.25 ———• 

CV 1.2 1.7 

parameters W mean of three desiccator-dry weights, mg 

Zw range of these desiccator-dry weights, mg 

c" mean of three seston concentrations, mg/1 

Zc range of these seston concentrations, mg/1 

CV coefficient of variationof W and c, per cent 
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seston in each size category. The coefficients of variation 

within each treatment size group are small. 

Wintergreen Lake water samples preserved and stained 

with Lugol's solution were examined about one month after 

collection to identify algal constituents to genera and to 

estimate relative concentrations. These results comprise 

Table 4. Quantitative measurements of algal concentrations 

were not attempted because of suspected differential preser¬ 

vation and because such data obtained over so short a period 

are probably no more useful for suggesting sources of inhi¬ 

bition than the information in Table 4. The Cyanophyceae 

Anabaena and Microcystis are notably important in the samples 

examined. 

In Figs. 5 and 6, filtering and feeding rate data 

(respectively) are plotted considering seston concentration 

to be the independent variable (rather than dilution as in 

Fig. 4). Thus, the information in Table 3 allows any dif¬ 

ferences in seston concentration among lake water samples 

to be accounted for in a comparison of grazing rates for the 

three treatments. Several important generalizations about 

the experimental data are suggested by the curves of Figs. 

4, 5, and 6 and supported by the statistical analysis of 

Table 2: 

1) For seston concentrations greater than about 2 

mg/1 in Fig. 5 and for dilutions less than about 5X in Fig. 4, 
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Table 4. Qualitative Seston Analysis: Algal Genera 
and Relative Concentrations in Winterqreen 
Lake Water, August 16-18, 1971 

#Anabaena **** 

Ceratium * ** 

Cocconeis ** **** 

Cryptomonas **** 

#Fragilaria *** 

#Microcystis *** 

Navicula ** 

#Pediastrum * 

Scenedesmus * 

Staurastrum * 

* present 

** low concentration 

*** intermediate concentration 

**** high concentration 

# colonies 



Fig* 5. Filtering rates of D. pulex adults at 20°G# corrected 
to 2o00 ram body length, vs. seston concentration. Wherever 
two treatments are identical, the average is also plotted. 
Brackets are one standard error from each data point. 



3.50 

3.00 

Pig. 6. Feeding rates of D. pulex adults at 20°C, corrected 
to 2.00 nun body length, vs. seston concentration. Brackets 
are one standard error from each data point. 
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filtering rate declines monotonically (curves concave 

upward) with increasing concentration and decreasing dilution 

for treatments S/N* and w/G*; in Fig. 4 these trends are 

very similar, but in Fig. 5, for which the seston concen¬ 

tration correction was made, the trends seem to be identical. 

Within this same range of seston concentration and medium 

dilution, filtering rates in treatment G/N*, in contrast, 

appear to be approximately constant and generally higher 

than in the other two treatments. 

2) Below about 2 mg/1 concentration in Fig. 5(and 

similarly in Fig. 4), the w/G treatment seems to reach a 

plateau at filtering rates quite close to those maintained 

in treatment G/N in 1) above. F for treatment s/N continues 

to rise with decreasing seston concentration to a maximum 

at c = 0; filtering rates for treatment G/N remain constant 

or decline slightly below C = 2 mg/1, until at some low 

seston concentration F rises sharply to the S/N maximum 

at c = 0. 

3) Feeding rates in Fig. 6 increase monotonically 

(curves generally concave downward) with increasing seston 

* S/N - lake water seston suspended in filtered tap water 
diluted with filtered tap water 

W/G - whole lake water diluted with lake water filtrate 

G/N - lake water filtrate diluted with filtered tap 
water 
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concentration for both treatments S/N and W/G in a very 

similar fashion. 

The implications of these observations cind their 

relationship to those of other workers (e.g. Fig. 1) will 

be discussed in the next section. 



DISCUSSION 

The work of Marshall and Orr (1955), Rigler and his 

students (McMahon, Burns), and Reeve (1963a) supports a 

concept of filter-feeding characterized by filtering rate- 

limitation (F = Fmax) below the incipient limiting food 

concentration (c.) and by feeding rate limitation (f = f ) 

above c* (See INTRODUCTION). Although this concept will 

be altered and expanded somewhat in this section, it is 

instructive to reexamine Fig. 5 in these terms alone. The 

lake water curve (w/G treatment) may be visualized as a 

hybrid combination of the other two curves; below about 

1.5 mg/1 seston concentration (c^)*, filtering rate in fil¬ 

tered lake water remains constant near 0.77 ml/animal-hr. 

(the G/N plateau), but above 1.5 mg/1, F drops off, closely 

following the S/N decline. Thus, lake water filtrate lowers 

FN,max^pure to FG,max^pure ^as in Burns 1968a» p. 98, 

for Heart Lake water), while seston concentrati on becomes 

limiting above controlling the feeding rates of Fig. 6. 

Therefore in Wintergreen Lake water on August 16-18, 1971 

seston concentration was clearly the factor limiting filtering 

* is hereby defined as the incipient limiting 
concentration of seston suspended in its natural filtrate 
(in this case, w/G), whereas c^ is obtained for food particles 
suspended in a neutral water (here, S/N). The tvo can be dif¬ 
ferent if lake water filtrate and neutral water effect fil¬ 
tering rates differently. See Table 1 and Fig. 5. This dis¬ 
crepancy probably invalidates the use of "yeast equivalent 
concentration of available food" by Burns and Rigler (1967) 
to express food concentration. 

41 
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rates of the experimental daphnids; however, "dissolved" 

inhibitors (less than about 0.1/a in diameter) capable of 

limiting F at seston concentrations about one fifth as great 

as those observed were also present. It is particularly 

noteworthy that the two types of filtering rate limitation 

appear to act independently of each other: "dissolved" 

inhibitors do not seem to affect F (or f) in the feeding 

rate-limited range (c>c**), whereas particle concentrations 

exerts no obvious influence on F in the filtering rate- 

limited range (c<cA*). This result implies that filtering 

and feeding rates may be controlled separately and perhaps 

linked only indirectly, a central precept of the physiological 

model presented below. 

Problems 

Several problems of interpretation and evaluation o f 

these experiments must be discussed before proceeding further. 

As mentioned in MATERIALS AND METHODS, seston concentration 

in the 100 ml of prefeeding medium may have been reduced 

considerably in some cases by the 50-70 daphnids feeding 

for 30-90 minutes. A gradual increase of filtering rates 

during prefeeding (with declining seston concentrations) 

could result; unless the experimental animals are able to 

adjust filtering rates immediately to the higher feeding 

medium concentration, they would filter more labeled medium 
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daring the five minute experiment than would animals 

allowed to adjust to the feeding concentration. McMahon 

and Rigler (1963, Fig. 2 p. 329) found by direct obser¬ 

vation of starved D. magna that thoracic appendage rates 

decline gradually to a new level characteristic of an in¬ 

creased food concentration (c > c^.) over a period of 15-20 

minutes. If non-starved D. pulex behave similarly, it is 

possible that the feeding rates and some of the filtering 

rates reported here are too high. Eight of the treatment 

cells were susceptible to this effect—dilutions 15X, 5X, 

2X and IX for treatments S/N and W/G—since seston was 

present in these media. Although seston concentration was 

likely reduced by less than 30% during prefeeding for 2X 

and IX dilutions, it probably fell by 20-60% for 15X and 5X 

dilutions.* Unfortunately, no record was kept of prefeeding 

duration for each experiment. It is important to note that 

the statistical significance of the difference between 

treatments S/N and w/G VS. G/N at the 2X and IX dilutions 

(which indicates that seston concentration is limiting 

filtering rates where c is near c(W)) is not threatened 

by high estimates of F for the former two treatments; this 

would lend a conservative bias to these differences. In 

* These estimates were calculated by assuming that 70 
daphnids of 2 mm body length prefed for 30-90 minutes in 
100 ml of medium at a constant rate (the experimentally 
determined f), and that seston concentration declined 
exponentially. This is intended only as an approximation. 
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general, the shapes of the curves of Figs. 5 and 6 were 

probably not greatly influenced by these prefeeding concen¬ 

tration effects, but c* and c** may be slightly overestimated. 

The relatively high coefficients of variation within 

the fifteen treatment cells (range: 6.0-47.6%, mean: 26.3%) 

obtained in these experiments compare unfavorably with those 

of Ryther (1954, p. 524) (range: 10-20%), who used a dif¬ 

ferential cell count technique for measuring F and f. 

Burns (1969a, p. 698) cites (from MacArthur and Baillie 

1929, Richman 1958, and Blazka 1965) several possible sources 

of scatter in her filtering rate data for four daphnid 

species: changes in the metabolic rate with age, reproductive 

state, and nutritional history; these factors may be even 

more variable in field animals. Perhaps the use here of 

two separate experimental runs for each treatment cell also 

contributed to the CV(Burns 1969b, p. 396), although variation 

of F between duplicate runs is only slightly greater than 

the variation between planchets from a single experiment. 

Most likely, then, the physiological variability inherent 

in any field population such as the one from which exper¬ 

imental D. pulex were captured provides a much more diverse 

grazing response to a highly complex medium—modified 

Wintergreen Lake water. Such a relatively broad spectrum of 

•filtering and feeding response by a field population in 

contrast to a genetically and physiologically uniform 
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laboratory population may prove to be much more useful 

in answering questions about the natural interactions of 

Daphnia and their lake water media. 

The seston analysis techniques employed here are not 

borrowed directly from the literature, and they require 

further comment. The gravimetric determinations proved to 

be simple and useful for comparing "available food" concen¬ 

trations in different lake water samples; an assumption 

implicit in this method—that daphnid feeding within a 

certain size range is nonselective—will be considered 

below. It is also possible that the straightforward fil¬ 

tration-desiccation procedure will be similarly helpful 

in comparing food concentrations of different lakes. 

Pechlaner (1967) and Haney (1970) have calculated food 

volume estimates from (oven) dry-weight data by assuming: 

6 3 1) 1 /ig biomass occupies a volume of 10 ju , and 

2) wet weight = (dry weight)/(0.3). 

Thus, for example, a dry weight of 10 mg corresponds to a 

. -5 volume of approximately 3.3 x 10 ml. Since Reeve (1963a, 

p. 200) found that total volume ingested of three different 

food organisms at maximum rates by Artemia is essentially 

constant, seston volume concentration may provide a useful 

measure of food for indiscriminant filter-feeding populations 

in the field. (See' discussion in McMahon and Rigler 1965, 

p. 112, and below). 
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The 31/1 screen utilized in the estimates of available 

food concentrations (see Table 3) removed an average of 

17-28% of the filtered seston for the three lake water samples 

measured. Of the algal species identified from these 

samples (Table 4), essentially all the Pediastrum, most of 

the Anabaena and Microcystis, and some of the Fraqilaria 

must have contributed to this 31/a fraction. The size of 

these algae must have kept them largely unavailable as food 

for the experimental animals (see MATERIALS AND METHODS). 

Food Selection 

Schindler (1968, p. 382), interpreting some laboratory 

observations of D. magna, states that particles of different 

origin are consumed non-selectively by Cladocera in lakes, 

though there may be some selection for size and shape. That 

grazing may be largely indiscriminant is implied in many 

discussions of filter-feeding by zooplankton (e.g. Brooks and 

Dodson 1965, p. 31, Brooks 1969 p. 237), but it is clear 

that means for food selection do exist in Daphnia (see 

APPENDIX I) and that such selection does occur (Burns 1969b, 

p. 394, Arnold 1969, and others). Burns (1969b, p. 392) 

suggests three possible types of daphnid food selection: 

mechanical, chemical, and behavioral. In order to provide 

perspective for a discussion of the functional response 

(in the sense of Solomon 1949 and Holling 1959, 1965, 1966) 
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of Daphnia to food concentrations, the mechanisms and 

expressions of these types will be considered briefly. 

It is important at this point to establish the role 

of detritus in daphnid feeding and food selection. The 

primary importance of detritus as a food for Daphnia is 

suggested by its high concentrations in lakes relative to 

living phytoplankton (Ruttner1961, p. 115), by its presence 

as a large fraction of daphnid gut contents (Bogatova 1965, 

p. 3), and by the uptake of labeled detritus by D. magna 

(Schindler 1968, p. 374). In fact, Daphnia pulex is 

particularly well-adapted to high detrital environments 

(Bogatova 1965, p. 6), e.g. ponds (Pacaud 1939 in Burns 

1969b, pp. 400-401). Although feeding on organic detritus 

may proceed more slowly (Schindler 1968, p. 374) and feeding 

on inorganic detritus more rapidly (Reeve 1963b, p. 211) 

than on living phytoplankton, there is little evidence to 

support differential selection among these "food" categories 

in lakes.* 

Mechanical food selection is based mainly upon size 

and shape. The fact that an upper limit of food particle 

diameters exijsts and may be expressed as a function of 

body length (Burns 1968b) has already been applied in these 

* Although Reeve (1963b) found that the presence of fine 
sand particles in the medium increased the grazing rates 
of Artemia, Gayevskaya (1949 in Bogatova 1965, p. 3) dis¬ 
covered that D. magna refuses to ingest glass particles in 
the laboratory. This daphnid behavior may be an additional 
expression of chemical qualitative rejection in APPENDIX. I. 
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experiments (see MATERIALS AND METHODS); the work of Gellis 

and Clark (1935) on D. magna implies the existence of a 

lower size limit which is probably indistinct and lies within 

the colloidal size range. Size selection by daphnids, 

however, is probably much more complicated than simply 

rejecting or ignoring particles that are too large or too 

small to be processed. Burns (1969b, p. 397) observes that 

removal of spherical plastic beads by D. pulex is most 

efficient in the diameter range 12-14u and considerably less 

efficient for diameters < lO/i. She also notes that the 

numbers of beads removed by individual daphnids during ten 

minutes varied greatly. Thus, removal efficiency is a function 

of particle sizes and the physiological or behavioral 

characteristics of the filtering animal. 

Filtering rate (F) as measured in the experiments 

reported here (defined in MATERIALS AND METHODS) is a con¬ 

servative estimator of theoretical or "true" filtering rate 

(Fth
: volume of medium pumped through the filtering setae 

per animal-hour); the two are equal only when removal effic¬ 

iency of labeled particles (E^) equals one.* Feeding rate 

(f) (measured and defined as for F) may be either higher 

or lower than theoretical or "true" feeding rate (fthJ 

F = Fth when E 1 r 

F < F th 
when E < 1 

r 
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weight of seston removed from suspension per animal-hour); 

only when Es (removal efficiency of unlabeled particles) 

equals E (as perhaps when labeled particles are represen¬ 

tative of the unlabeled particles in size distribution) 

are these rates the same.* Although E is probably not 

equal to E^ and E^ is surely less than one in these exper¬ 

iments and those of Burns and Rigler 1967 and Haney 1970, 

estimating removal efficiencies is beyond the scope of this 

thesis. The possible differences between F and and 

between f and f^ will not be considered further except 

briefly in the mathematical models. 

Shape selection consists mainly of the casting out of 

highly spinose or filamentous particles from the thoracic 

chamber, as in APPENDIX I. Many of the blue-green algae 

such as filaments of Anabaena (abundant in Wintergreen Lake 

water (see Table 4)) are rejected in this manner. Bogatova 

(1965, p. 6) found that the selectivity indices of all the 

crustaceans for the Cyanophyceae she studied were all neg¬ 

ative. However, the results of Arnold (1969) strongly suggest 

that such negative selectivity for these algae does not arise 

from their shape alone. Utilizing seven species of blue- 

* f = Fc = FthErC 

eq. 3 f = fth(Er/Es) 

f = f 
th 

when E E 
r s 

f > f th when E < E 
s r 

r f < f., when E > E th s 
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green algae grown in turbulent axenic cultures, Arnold 

demonstrated greatly reduced ingestion and assimilation 

(relative to Chlorella and Ankistrodesmus) by D. pulex, 

which could not be attributed to mechanical interference 

with filtering. Burns (with Anabaena, 1968a, p. 87) and 

Arnold (1969) both observed labral rejection of single 

blue-green algal cells as they reached the region of the 

maxillules, at the labral end of the food groove; a chemical 

stimulus from extracellular products may well trigger this 

response (Arnold 1969, p. 36). 

Arnold (1969, p. 8) lists eight species of Cyanophyceae 

for which toxic effects on other organisms have been doc¬ 

umented. Significantly, this list includes two Anabaena 

and two Microcystis species; both of these genera were prom¬ 

inent in the experiments reported here (See Table 4). 

Since Microcystis and especially Anabaena were both present 

in Heart Lake when dissolved inhibitors may have been acting 

(Burns 1968a, p. 93), it is tempting to postulate excretion 

of inhibitory products by these and other algae in both 

Heart and Wintergreen Lakes. Liberation of substantial 

quantities of extracellular organic substances is a well- 

established characteristic of the Cyanophyceae (Fogg, 1952). 

In a recent report, Gorham (1965 ill Arnold 1969, p. 9) dis¬ 

cusses the various "death factors" produced by most blue- 

green algae which may effectively stifle grazing. Although 
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it has been clearly demonstrated that Daphnia can ingest and 

assimilate these algae (Bogatova 1965 p. 2, Schindler 1968 

p. 374, Arnold 1969), growth and reproduction may be impaired 

or prevented when Cyanophyceae become dominant in a lake 

(Blazka 1965, Brooks and Dodson 1965, Burns 1968a p. 97, 

Arnold 1969, and many others). 

The inhibitory effects of some senescent algal cultures 

on daphnid grazing were first demonstrated by Ryther (1954); 

he cited the maximal chlorellin production observed by Pratt, 

Oneto, and Pratt (1945) for senescent cultures as a possible 

cause of this phenomenon. After 12 hours of exposure to a 

senescent Chlorella culture, D. magna had ceased feeding 

entirely (Ryther 1954, p. 528)? senescent Navicula and 

Scenedesmus were also found to inhibit grazing (Ryther 

1954) . These effects appear similar in expression to those 

caused by cells of some blue-green algae. McMahon and Rigler 

(1965, p. 107) obtained similar results with senescent cultures 

of Chlorella vulgaris, but they failed to find evidence for 

the inhibition of D. magna by log-phase C. vulgaris cultures. 

Ryther (1954, p. 531) postulates that inhibitory substances 

diffused from cells into the water and that the inhibitory 

effect of ingested cells was especially great. A careful 

examination of his Figs. 2-5 (Ryther 1954, pp. 525, 527-529) 

suggests that these two sources of inhibition—dissolved 

substances in "conditioned medium" and the senescent cells 
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themselves—have separate influences upon the filtering rate 

vs. algal concentration curves; dissolved inhibitors seem 

to lower F , while senescent cells reduce cand change 

the shape of the curve by lowering feeding rates. This 

interpretation is quite consistent with the previous discussion 

of Figs. 5 and 6. 

Feeding Regulation 

How, then, do Daphnia respond physiologically to food 

concentration and quality and how are these responses reg¬ 

ulated? The experimental results presented in this thesis 

and a recent mathematical treatment of predator-prey systems 

by Holling (1959, 1966) provide the basis for a reinterpre¬ 

tation of the literature related to these questions. Although 

no definitive answers are presented here, it is hoped that 

this analysis and subsequent model syntheses lends some.in¬ 

sight into the mechanics of these processes. 

Egloff and Palmer (in press) investigated the relation¬ 

ship between filtering rates and the dimensions of the third 

and fourth pairs of thoracic appendages. Using the power 

function expressions for F of Burns and Rigler (1967) and 

Burns (1969a) for D. rosea and D_. magna, they tested the 

hypothesis that filtering rate is solely a function of the 

volume swept by the filtering setae; applying a filtering 

area vs. appendage length relationship they established by 
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direct measurement, Egloff and Palmer obtained close agree¬ 

ment with the published data. Sushtchenia (1959 in Brooks 

and Dodson 1965, p. 32) had found filtering rates of Cladocera 

to be more nearly proportional to the square of a linear 

dimension(such as thoracic appendage length or body length). 

Burns (1969a,p. 698), however, discovered that near the 

optimal temperature of 20°C, F for D. pulex is most nearly 

proportional to the cube of body length (the relationship of 

Fig. 2), the exponent being smaller at higher or lower 

temperatures. 

Thoracic appendage rates (T), therefore, should be very 

closely related to filtering rate,?, while the mandibles — 

the large grinding mouthparts— should by their rate of 

movement reflect feeding rates. These appendage movements 

have been observed and recorded both manually (for D. magna 

by McMahon and Rigler, 1963) and photometrically (for D. rosea 

by Burns, 1968a). It is apparent from these observations 

that the reduction of thoracic appendage rates, and labral 

rejections*, at high food concentrations help limit food 

intake to some maximum ingestion rate (Rigler 1961, McMahon 

and Rigler 1963, p. 330). The fact that T does not decline 

to zero at very high c (but rather to about half of its 

* McMahon and Rigler (1963, p. 328) noticed that labral 
rejection rate increases only slightly with increasing food 
concentration (oc*). It is possible that maxillular 
rejection or rejection by the thoracic appendages themselves 
(Reeve 1963a, p. 200) were helping to eliminate excess food 
before ingestion. 
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maximum in Fig. 1 of McMahon and Rigler, 1963, p. 327) and 

that collecting and ingesting mechanisms continue to function 

even in the absence of suspended particles (McMahon and Rigler 

1963, p. 326) is of considerable significance. Since the 

inhalent current subserves respiration as well as feeding 

(Burns 1969, p. 698), it is essential for filtering to con¬ 

tinue even without a feeding reward or when excess food 

must be rejected. Thus, the minimum filtering rates (Fm^n) 

obtained in short-term experiments using radioactive label 

(such as those reported here) should be greater than zero.* 

Figs. 5 and 6 certainly support this expectation; similarly, 

most of the feeding rate curves of McMahon (1965) fail to 

achieve a constant f at high food concentrations as a 

consequence of this effect. If it is related to respiration, 

however, Fm^n should certainly increase with temperature, 

and McMahon's (1965) data suggests no such relationship. 

Also, the preponderance of feeding rate curves with clearly 

discernable fmax published by McMahon and Rigler (1965), 

McMahon (1965), and Burns and Rigler (1967), implies that if 

Fmin may really be greater than zero (not merely as an 

experimental artifact), its value is often quite small. 

In order to determine the effect of the amount of food 

in the daphnid gut on feeding behavior, several authors 

* Ryther (1954) and Sushtchenia (1958) recorded minimum 
filtering rates for D. magna that were certainly greater than 
zero, but it is questionable that the differential cell count 
method of filtering rates could detect an F . . 
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have experimented with starved animals*. Ryther (1954) 

found no change in filtering rate vs. concentration for D. 

magna fed Chlorella after 24 hours of starvation. McMahon 

and Rigler (1963, 1965) showed that starved D. magna did 

filter and feed faster for a few minutes after being placed 

in a Chlorella suspension of limiting concentration (c >cA); 

after about 20 minutes, f had dropped to the rate character¬ 

istic of that concentration (McMahon and Rigler 1965, p. 107). 

By direct observation of thoracic appendage rate (T) and 

oesophageal peristalsis rate (P) in a very similar exper¬ 

iment, McMahon and Rigler (1963, p. 330) observed T and 

eventually P declining over a few minutes as the gut became 

packed with food. They note (1965, p. 112), as does Hutchinson 

(1967, p. 600), that feeding (or more properly, ingestion) 

may be limited by the maximum volume the gut will pass. 

The data of Reeve for total volume of three different foods 

ingested by Artemia cited previously in this section con¬ 

stitutes further evidence in support of this idea. 

At this point in the argument, the definition of the 

"incipient limiting concentration" may be further refined; 

the incipient limiting concentration is the lowest food 

concentration (c) at which an increase in c results in a 

depression of filtering rate (or of thoracic appendage rate). 

* Rolling (.1966) has collected this sort of data for 
mantids; he uses relative emptiness of the gut to define 
"hunger", an important component of the functional response. 
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The purpose of this new definition is to eliminate a source 

of confusion apparent in the work of Reeve (1963a, p. 197) 

and others; the incipient limiting concentration estimated 

from the bend of the feeding curve may be quite different 

(probably larger) from that estimated from the break in the 

filtering rate curve (See Fig. 1). The shape of the f vs. 

c curve reflects the gradual saturation of the functional 

response (as described below) and contains only a relatively 

indistinct discontinuity at c4 (see Fig. 6), whereas the 

sharp break in the f vs. c curve is more useful for estimating 

c* (or c**) . Physiologically, c# probably represents 

the point of just maintaining a full gut where with increasing 

c, the limitation imposed by the rate of food passage becomes 

significant. 

In their 1965 paper, McMahon and Rigler present feeding 

rate curves for D. magna in separate suspensions of Tetra- 

hymena pyriformis (a large cilliate protozoan), Chlorella 

vulgaris, Saccharomyces cerevisiae, and Escherichia coli. 

That f is not simply a function of food volune alone is 

indicated by the ten-fold greater maximum (volume) feeding 

rate they observed in the protozoan vs. the bacterial sus¬ 

pension; the yeast and the algae were similar and intermediate 

in the magnitude of fmax- When the relative digestibility 

of these four foods is taken into account, these results 

seem much more intelligible. T. pyriformis, a large, soft- 
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bodied prey, is surely broken open and digested more readily 

than E_. coli, with its resistant cell wall, while C_. vulgaris 

and S_. cerevisiae are probably in between those extremes 

in digestibility (McMahon and Rigler 1965, p. 112). Similarly, 

Schindler (1968, p. 381) observed that feeding and assimilation 

by D. magna of detritus and nutrient-starved algae is poorer 

than in a normal algal culture. Senescent cells, such as 

those of Ryther , (1954) which reduced feeding rates of D. magna, 

could certainly be less digestible or assimilable by daphnids. 

Saunders (1969, p. 568-569) considers detritus and bacteria 

refractory to daphnid digestion and assimilation; he states 

that assimilation efficiency may bear an inverse relation¬ 

ship to wall thickness of food cells (1969, p. 567). Thus, 

algae of small size with fragile cell walls are believed 

by Katal'skaia-Karzinkina (1942 in Brooks and Dodson 1965, 

p. 35) to be the most suitable food for Daphnia. 

If maximum ingestion rate is controlled by the volume 

and digestibility of ingested food, then how might the 

animal sense a limiting food concentration and tune its 

filtering effort accordingly? Because McMahon and Rigler 

(1963, p. 329) observed the gradual decrease in thoracic 

appendage rate when starved daphnids were placed in a food 

concentration c greater than c* (as previously mentioned), 

they postulate that a "gut tension receptor" must be responsible 

for the signal to reduce T. In support of this contention, 
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Hutchinson (1967, p. 600) states that starved animals have 

been shown to filter at F for a while after being intro- 

duced to a limiting food concentration, but this statement 

may simply be a misinterpretation of observations by McMahon 

aid Rigler (1965, p. 107) cited above? under these exper¬ 

imental conditions T of D. magna began to decline immediately- 

(McMahon and Rigler 1963, p. 329), and it seems unlikely 

that a gut (or "internal") receptor could recognize and 

respond to a change in ambient food concentration instan¬ 

taneously.* Also, it is unclear how the dissolved substances 

known to inhibit filtering rates (such as those in Winter- 

green Lake water filtrate) could reach an internal receptor 

in sufficient concentration to be effective, since very 

little water is actually ingested with the food bolus and 

swallowed into the gut.** "External" (outside the alimentary 

canal) control of thoracic appendage rate seems much more 

consistent with these observations. This external receptor 

hypothesis is further supported by the previous interpretation 

* Swallowing, however, occurred at a constant, unusually 
high rate for about ten minutes before it slowed down to a 
frequency characteristic of the new concentration (McMahon 
and Rigler 1963, p. 329). Oesophageal peristalsis, then, 
could be at least partially regulated by a tension receptor 
in the gut (See below). 

** Gellis and Clarke (1935) demonstrated that glucose 
in solution is not assimilated by D. magna. They state 
(p. 134): "... if' dissolved organic matter can be used 
as food by Daphnia at all, its role is an insignificant one." 
This is surely because the water bearing the dissolved mater¬ 
ial is forced out. of the food groove as excurrent after 
the particles have been removed (See Fig. 11). 
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of Figs. 5 and 6 and of Ryther's (1954) Figs. 2-5; the 

independence of filtering and feeding rates also implies that 

control of T (and thus of F) lies outside of the mouth- 

gut region. 

Physiological Model 

In order to summarize the foregoing argument and to 

present a coherent hypothesis of the response to food sus¬ 

pensions, a physiological model of the daphnid feeding mech¬ 

anism has been constructed (See Fig. 7). In the context 

of this model, some of the implications of the experimental 

results of this thesis and the other literature reviewed 

here should be apparent. The model is presented by tracing 

the progress of captured food particles through the animal's 

filtering, ingesting, digesting, and assimilating apparatus. 

APPENDIX I is intended as background for this discussion. 

Food particles trapped on the filtering setae by the 

suction stroke of the third and fourth pairs of thoracic 

appendages are scraped off into the food groove and shunted 

by the water current toward the labral region. In the 

vicinity of the labrum, at least two separate sensors must 

be present—a pressure sensor and a "flavor" sensor—since 

it is here that quantitive and chemical qualitative rejections 

by the postabdomen have been observed. That these two sensors 

may be located in the labrum itself is suggested by the following 
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1) the deflection of the labrum which occurs during both 

of these types of rejection indicates that it must respond 

to these stimuli at least indirectly, and 

2) the secretion by the labrum of a viscous fluid to 

entrap the food particles implies both the presence of 

chemically sensitive sites and the ability to detect the 

particles. 

It can now be argued that the labrum may have all the requisite 

characteristics of the hypothetical external receptor con¬ 

trolling filtering (and thoracic appendage) rate. If it is 

indeed sensitive to both pressure and "flavor", the labrum 

could mediate the response of thoracic appendage rate to 

food concentration and dissolved inhibitors. This would 

also allow coordination of the filtering and rejecting pro¬ 

cesses which jointly control ingestion. 

When a food bolus is formed as a particle-secretion 

mass, the maxillules push this material into the mouth. 

Regulation of the rate of mandibular grinding action could 

be accomplished very simply by a direct pressure stimulus 

from the food mass. 

Just as back pressure from the oesophageal region may 

limit mandibular rate, so may overloaded mandibles cause a 

buildup of pressure in the labral region where T may be 

reduced and/or R increased. If the ultimate control of 

daphnid feeding lies in the rate of food passage through 
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the gut, then regulation by a food pressure gradient may be 

recognized as a very efficient means of coordinating the 

rates of these appendages. 

The food bolus is removed from the mouth by swallowing; 

again it seems likely that a direct physical stimulation 

elicits the response. In this case, a pressure buildup near 

the oesophageal exit from the mouth caused by a food mass 

probably induces oesophageal peristalsis, carrying this mat¬ 

erial toward the gut. It is also necessary, however, for 

the gut to maintain some control over this process, so that 

rapid swallowing will not force food through the gut faster 

than it can be digested and assimilated. A tension receptor 

in the gut could at least partially serve this purpose by 

limiting P when the gut is full. The process of tuning the 

rate of peristalsis may also involve a chemical feedback 

from assimilated material which could enable the animal to 

adjust residence time (t) and insure maximum assimilation 

efficiency (See Assimilation Model below). The (natural) 

selective advantages of the latter mechanism should be 

obvious; nevertheless its existence is (on other than theoret¬ 

ical grounds) purely speculative. 

The rates of flow of material in Fig. 7 follow directly 

from the symbol definitions. Given that g amount of material 

remains in the gut for t time and assuming a full gut (c>c.A.) 

and rate equilibrium, food must enter and leave the gut at 
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the rate If assimilation rate is —, then defecation rate 

must equal since everything entering the gut is assumed 

to be either assimilated or defecated. then, is the 

ingestion rate (I), but the rate of capture by the thoracic 

appendages is ^ + R, where the difference R represents 

rejection rate. These symbols and concepts are an essential 

part of the assimilation model presented below. 

For the purpose of clarifying the physiological model 

outlined here and "testing" it against some well-documented 

observations of daphnid feeding behavior, the animal's 

response to an experiment (mentioned previously) performed 

by McMahon and Rigler (1963, p. 328ff.) will be predicted 

by the model in an attempt to follow the authors' data. 

As the starved daphnids begin to filter the limiting concen¬ 

tration of Chlorella, cells would be captured and quickly 

shunted to the labral region, where the increasing mass of 

algal material could cause the labrum to begin reducing T 

almost immediately. Even though the mandibles would respond 

very quickly and peristalsis in turn would be stimulated, 

the food mass in the labral region should continue to increase 

in size (or at least remain large), indirectly reducing T 

further. Since there is little food in the gut, P would 

maintain a very high rate not limited by the tension receptor. 

Only after the gut is nearly full would P begin to decline. 

Meanwhile, after a few minutes, T could have reached an 
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equilibrium with the algal mass in the labral region, and 

back-pressure from the filling gut would reduce P to an 

equilibrium level. At some point during the decline of P, 

M would be slowed so much that captured cells would begin 

to become more concentrated near the labrum again; because 

T cannot be reduced below respiration requirements, 

quantitative rejection by the postabdomen would begin. 

The physiological model, then, appears to provide a 

successful "fit" to an otherwise rather confusing set of 

observations by McMahon and Rigler (1963), who attempted 

only a partial explanation. Although this approach seems 

promising as a means of probing further into the physiology 

of daphnid feeding, the discussion will be continued at this 

point from a mathematical perspective. 

Filtering Model 

The shape of Fig. lb suggests two well-known expressions 

describing biological systems on strikingly different levels 

of organization and scale: the Michaelis-Menten Equation 

(White, Handler, and Smith 1968, p. 227) and Holling's 

(1959) Disc Equation. With a minor reshuffling of terms, 

these two relationships can be shown to have identical 

mathematical properties (Smith, 1969); each curve is char¬ 

acterized by a smooth shift from a positive linear trend 
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near the origin to a positive asymptote at large values 

on the abscissa, i.e. at "saturation." 

The Michaelis-Menten Equation was derived early in the 

present century to describe the reaction velocity-substrate 

concentration interaction of enzyme kinetics. Assuming a 

constant concentration of enzyme, reaction velocity V may be 

expressed as 

,, vmax ® 

where V is reaction velocity, amount/volume-time 

V is maximum reaction velocity, amount/volume-time max 

[S] is substrate concentration, amount/volume, and 

K is substrate concentration at half maximum 
reaction velocity, amount/volume (White, 
Handler, and Smith 1968, p. 227). 

By simple analogy, daphnid-feeding rate may be written 

eq. 4 
f c 

_ max , 

" Km + c 

where food concentration replaces substrate concen¬ 

tration and the feeding animals are seen as molecules 

of enzyme. 

Since 

eq. 5 

=Fc, then 

f max 

5a + c 

The Disc Equation, a model of the functional response of 

predators to prey density developed by Holling (1959), is 
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presented here in a slightly modified* form: 

aT.N 
N = — 
C l+aT.N h o 

where is number of prey captured, animals, 

a is rate of successful search, area (or 
volume )'/time, 

Tj. is exposure time of predator to prey, time, 

NQ is prey density, animals/area (or volume), and 

is handling time (time spent exclusively 
handling prey), time/prey (Holling, 1959). 

The contention that grazing is, in the most general sense, 

analogous to predation and exhibits a similar functional 

response to its "prey" may be considered axiomatic to this 

discussion. Holling (1965, p. 9) even refers specifically 

to the work of Rigler (1961b) and McMahon and Rigler (1963) 

on D. magna, citing this feeding behavior as a type of 

functional response. 

Taking f = 
T. c = N 

eq. 6 

eq. 7 

F c 
max 
1+T.F c 

h max 

and F = a, then 
max ' 

and 

F 
F = 

max 
1+T.F c h max 

aT.N 
* Holling (1959, 1965, 1966) writes this N =» 1^^T°N 
where N is the number of prey attacked, aXn o 
animals; however, since "a" (see above) 
incorporates capture success (Holling 1966, p. 15), 
N^ is replaced by N to preserve rigor. 
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It is possible to proceed from this point using either 

eq. 4 and 5 or these derived from the Disc Equation; both 

sets of expressions have the general form 

c 
f = 

F = 

p+qc 

1  
p+qc 

, and 

, where p and q are constants. 

Since the terms F and T, are more useful to the subsequent 
max h ^ 

discussion than f and K , the derivation is continued with 
max m 

eqs. 6 and 7. 

If the F of eqs. 6 and 7 is to represent F as 
max ^ max 

it has been used here previously, food concentration must 

be expressed relative to the incipient limiting concentration, 

i^e. as c-c^ for c>cA, effectively shifting the ordinate 

from zero to c*. Similarly Fm^n must be included, lifting 

the abscissa from zero to F . and allowing for a minimum 

filtering rate at very high food concentrations by sub¬ 

tracting F . from each of the other filtering rate terms. 

Thus, including these adjustments and solving for F and f, 

eq. 8a F = 
F - F . 
max mm 

+ F_ l+T. (F -F . ) (c-c.) min 
h max mm'-' *' 

(F - F . ) C 
' max mm' 

when c > c^, and 

eq- 9a f = 1+OF -r. )(c-'cT + Fminc when °£°*- 
h max mm7 ' *' 

c* clearly represents a mathematical as well as a physical 

discontinuity. It is apparent from Figs. 1 and 5 and from 

the foregoing discussion that eqs. 6a and 7a are applicable 
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only at concentrations equal to or greater than ck, because 

F has earlier been shown to be independent of c below c^. 

Solving eq. 8a at c*, F = Fmax. Recalling that f = Fc, it 

follows from the above that 

eg. 8b F = Fmax, and 

eq. 9b f = F c, when c< c+. max * 

It is important for the sake of clarity and complete¬ 

ness to distinguish between relationships derived for . 

empirical or "operational" grazing rates (eqs. 8 and 9) and 

similar expressions involving the theoretical or "true" 

rates. Given from an earlier argument that 

eq. 2 F = FthEr' and 

eq. 3 

then 

f = 

F.. = 
P “P 
th.max th.min 

th l+ErTh(Fth_ma;.-Fth(mi n) (=-=*) + Fth,min, when c^c*. 

Fth = Fth,max' when c<c*' 

f,., = = 
ES^Fth,max ~ Fth,min^c 

th 1+E T, (F + E„F. C, 
r~hth,max~Fth,min^ ^G""G*^ s th'min 

when c >c#, and 

fth = ES
Fth,maxG' When G<G** 

Since these equations for F^ an<^ ^h are not directly useful 

for describing the data presented earlier in this thesis, 
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the mathematical properties of the expressions derived here 

will be discussed as they relate to eqs. 8 and 9, although 

many of these properties are obviously the same for the 

corresponding pairs of equations. 

The assumptions that F approaches Fm^n at high concen¬ 

trations, and that F = F below c. , have been built into 
max w 

the derivation of these equations directly. The shapes of 

F vs. c and f vs. c curves for c >cA constructed from eqs. 

8 and 9, however, are characteristic of Holling's (1959) 

equation and the assumptions that produced it; since (in the 

simplest case) a predator must spend a certain amount of time 

handling captured prey during which he cannot pursue or 

capture additional prey, handling time imposes a limit on 

feeding rate at high prey densities. For daphnids, a cer¬ 

tain T^ must be associated with the process of digesting 

and assimilating a given food whenever the gut is full, 

because a food bolus or a single algal cell must await the 

removal of a corresponding amount of food from the gut before 

it can be ingested. When the gut is not full, no such 

ingestion restriction is in effect, and therefore handling 

time is zero; this is just another way of stating that c 

is less than c^, because if T^ = 0 is substituted into 

eqs. 6a and 7a, eqs. 6b and 7b respectively are obtained. 

This concept of a handling time in daphnid feeding 

suggests a means of defending Cushing's (1959) "encounter 
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theory of grazing" cited by Rigler (1961b, p. 867). The 

"encounter theory", developed to describe filter-feeding by 

copepods, states that each time it captures a food particle, 

a copepod ceases its filtering effort momentarily to consume 

the particle; therefore, filtering rate and food concentration 

are inversely related as in the following equation: 

F = —  where p and q are constants. p+qc c ^ 

Rigler (1961b, p. 867) objects to the theory on two counts: 

1) Filtering rate is known to be independent of con¬ 

centration below the incipient limiting concentration; and 

2) Filtering is a continuous process which is not 

interrupted by the capture of food. 

The first objection merely restricts the applicability of 

the encounter theory to environments of high particulate 

concentration (c> cA). Objection 2 may be challenged on 

the grounds that the slowing of a continuous process is 

simply the limiting case of intermittent stopping and 

starting of a discrete process. It has been argued above 

that filtering rates respond indirectly to the rate of food 

passage through the gut; although the tuning of F is con¬ 

tinuous, there is little doubt that feedback from the cap¬ 

tured food can reduce the filtering effort. It is noteworthy 

that the general form and mathematical properties of Cushing's 

equation is identical to those of eqs. 5 and 7. 
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Eqs. 8 and 9 are presented graphically in Fig. 8. 

Comparing Fig. 8 with Fig. 1, the corresponding curves 

appear to differ in shape due to the effect of Fm^n in 

Fig. 8a and of the hatched R wedge of Fig. 8b. A possible 

explanation for this discrepancy will be mentioned below; 

Figs. 5 and 6 are quite similar to Figs. 8a and 8b respectively. 

Equations 8 and 9 have been partitioned and inscribed in 

the appropriate part of the latter figures. When c<;c^, 

filtering rate is maximum and all captured food may be 

ingested. However, when c>c , the minimum filtering rate 

contributes a certain excess amount of food which must be 

rejected; eliminating the "excess" concentration (c-c^) 

brought in by F . , 

R = Fmin(c"c*) ' when c> c** 

In daphnid feeding experiments of very short duration (e.g. 

5 minutes, as used herein), rejection of radioactive label 

may be prevented or reduced by the time lag of several 

minutes from capture of particles until their rejection may 

occur (See Rigler 1961b, MATERIALS AND METHODS). Thus, the 

hatched R wecge of Fig. 8b, which prevents a leveling off 

of the f vs. c curve at high food concentrations, represents 

the rejection rate necessary to limit ingestion and insure 

a maximum ingestion rate (Imax)• Ingestion rate (I) is 

simply f - R, the unhatched curve height. 



Fig. 8. Graphical presentation of the Filtering Model. 
Below the incipient limiting concentration (c*), filtering 
rate (F'in the upper Fig. 8a) is independent of food concen¬ 
tration (c) and feeding rate (f in the lower Fig. 8a) is 
directly proportional to c. Above cA, however, F drops to¬ 
ward the minimum filtering rate (Fmjn)» while f increases 
(at a decreasing rate). For shortmterm experiments with 
radioactive label (such as those reported here), the observed 
f may be partitioned conceptually into an ingestion rate 
(I) and a rejection rate (R) when c> c*. 
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Eqs. 8 and 9 have been fit to the data in Figs. 5 and 

6 by the method of least squares applied to linear trans¬ 

formations of the equations. Although the fit appears to 

be a good one, it does not constitute a test of the validity 

of the filtering model outlined here. But even if obtaining 

independent estimates of the parameters for a critical test 

should prove impracticable, the model presents a useful 

conceptual framework for interpreting the mechanics of 

filter-feeding. 

Parameters estimated from the fit in Figs. 5 and 6: 

cA =0.52 mg/1 

c** = 1.47 mg/1 

Fmax(
c*) = 1*27 ml/animal-hr. 

F (Cj..)= 0.77 ml/animal-hr. max ** 

F . =0.12 ml/animal-hr. mm 

= 0.70 hr/mg 

I = 1.49 mg/animal-hr. 
IftclX ^ 

I  (c. .)= 1.61 mg/animal-hr. max ^ ^ 

Assimilation Model 

The hypothesis that feeding and ingestion rates are 

ultimately controlled by digestion and assimilation is 

strongly supported by much of the above discussion. In 

order to extend this analysis another logical step, the fol¬ 

lowing question may be posed: what factors and processes 
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act and interact to determine digestion and assimilation 

rates in Daphnia? 

Reeve (1963a, p. 203), points out that filter-feeding 

is simply a tradeoff between rates of digestion and ingestion. 

For high food concentrations it is conceivable that ingestion 

could proceed so rapidly that digestion is prevented or 

restricted by short gut residence times (t)(Arnold 1969, 

p. 50)? on the other hand, slow ingestion (large t) could 

certainly limit the availability of digestible material as 

the less refractory portion is used up. This view implies 

the existence of an optimal ingestion rate for a given food, 

and the possible role of natural selection in enforcing 

such optima is not difficult to imagine. 

The assimilation model developed here is an attempt 

to demonstrate the existence of a maximum assimilation 
A 

rate (—•) and an optimal gut residence time (t ) for daphnids 
b ° 

in a given food suspension.* An expression for assimilation 

rate as a function of concentration is also derived. 

Finally, possible mechanisms of regulating gut residence 

time are presented. 

Several assumptions of the model must be stated at 

the outset: 

* Maximizing assimilation rate (and thus optimizing gut 
residence time) should be a prime "goal" of daphnid natural 
selection, since assimilation directly provides the 
energy budget for each animal. 
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1) Passage of food through the gut (of length u) 

proceeds by constant plug flow, i.e. each food particle 

moves toward the end of the gut at the same constant rate, 

, with a mass flow rate I, the ingestion rate. 

2) Digestion is a step function of gut residence time, 

i.e. no digestion occurs until t = t , the digestion time, 

at which a certain fraction (K) is instantaneously digested; 

the fraction 1 - K of the food is completely refractory. 

3) Only digested food may be assimilated. 

4) Gut capcity g is independent of food concentration 

(c) . 

Case 1: c>c*., full gut. 
t—t 

D = Kg (—£—) when t;> tp, and 

D = 0 when t< tp. 

where D is amount digested, amount, 

K is digestible fraction, dimensionless, 

g is gut capcity, amount, 

t is gut residence time, time, and 

t is the digestion time, time, 
t-t D 

-represents the fraction of the gut containing digested 

material. 

Instantaneous assimilation rate (A1) may be expressed 

as a function of a driving gradient (amount digested minus 

amount already assimilated: D-A), the gut surface to 
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volune ratio (s), and a specific absorption rate (b), the 

flux of material through the gut wall. In fact, a careful 

study of these terms and a dimensional analysis show that 

A ' = bs (D-A) , or 

eq. 10a 

eq. 10b 

Kgt 
A' = bs(Kg - 

= 0 when t < t 

D 
- A) when t> t , and 

D 

where A' is instantaneous assimilation rate, 
amount/time, 

s is gut surface to volume ratio, 1/length, and 

b is specific absorption rate, amount/time. 

Solving eq. 10 for A(t), t 

eq. 11a A (t) = Kg (1-e ■bs ^ ) - bsKgt e kst e, . at, 
- t 

when t > t , and 
— D 

A(t) =0 when t< t^. eq. 1lb 

As t becomes very large, A(t) from eq. 11a tends toward Kg. 

As t approaches t , A(t) becomes very small. 

In order to further examine the mathematical properties 

of eq. 11a, A(t) is differentiated: 

± 
-bs (t-t ) 2 2. 

eq. 12a A 1 {t) = bsKge ^ v^ '~DJ + b^s^Kgt^e -bst f“ bst , Tr , I e  dt - bsKgtn 
J. t t 
D 

eq. 12b A'(t) = 0 when t< t . 

As t either tends toward t or becomes very large in eq. 12a, 

A 1(t) nears zero. 

Using arbitrarily selected values for the coefficients 

of eq. 11a, Fig. 9 is constructed to illustrate a graphical 



b=1000/a/hr. t .optimal gut residence tirru 
s=0.004/ju ° =0.50 hrs. 

t =0.1 hr . __o,maximum assimilation rate 
t =0.141 jug/animal-hr. 

Fig. 9. Determination of optimal gut residence time and maximum 
assimilation rate. A straight line passing through the origin and 
tangent to a plot of the assimilation equation has slope _o. The 
gut residence time at this point of tangency is tQ. t 
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A 
method of determining maximum assimilation rate and 

o 
optimal gut residence time (tQ) when c> c^. The distinction 

between maximum instantaneous assimilation rate (A1 ) and 
^ max 

maximum assimilation rate (T—) should be carefully noted. 
A o 

An equation for —• could be obtained by the following process: 
o 

eq. 11a is divided by t; the result is differentiated with 

respect to t and set equal to zero. By solving for t (actually 

tQ), an expression is found which may be divided into and 

substituted into eq. 11a to produce This calculation 
o 

has been omitted because its awkwardness outweighs, its 

usefulness to this discussion. 

In order to express assimilation as a function of 

food concentration, it may be recalled that ingestion rate 

I = ■?• when c> c^. Therefore: when c > c* , 

eq. 13 A (I) = Kg (l-e“bs ) -bsKgtDe —J3- 

when t > t^. 

From the Filtering Model, 

( 

eq. 14 I = f-R = ■ + F. 

rt -bs / * 
dl 

(F -F . ) c 
max mm 

1+T, (F -F . ) (c-c. ) • h' max min' ' *' "h' max mm' 

when c > c 

mm *' 

Eq. 14 may now be substituted into eq. 13 to find A(c) when 

t> t . When A(c) is divided by t (=3) , an expression for 

assimilation rate as a function of food concentration results. 

This relationship is plotted in Fig. 10. Again, however, 



o.05a 

coefficients of eqs. 14,16 
obtained from fit in Fig.5: 
c** = 1.47 mg/1. 

F (c#*)= 0.77 ml/animal-hr. 
XF . = 0.12 ml/anima1-hr. 

= 0.70 hr./mg 

coefficients of eqs. 13, 16 
chosen arbitratily: 
K = 0.2 
g = 0.5/ig 
b = 1000 n/hr. 
s = 0.004/ju 

tD = 0.1 hr. 

^ ■ = 0.44 hrs. 

Fig. 10. Assimilation rate vs. concentration of seston cal¬ 
culated from eqs. 13 and 14 (c2;cM) and from eq. 16 (c<cA) 
using the coefficients listed above. r 
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the equation is simply too unwieldy to be included here. 

Fig. 10 predicts that assimilation rate (—) is greatest 

at c*; Schindler (1968, p. 381) found a decline in assim¬ 

ilation efficiency of I), magna at high food concentrations, 

but assimilation rate was apparently increasing in this range 

It is possible that assumption 4) above is invalid, i.e. 

the gut may increase its effecitve surface:volume ratio(s) 

at high concentrations, but such a phenomenon has not been 

reported in the literature cited here. 

Case II: c< c^, gut not full. 

t"tD 
D = Kh (--jr~ " ) when t> tp, and 

D = 0 when t< t^. 

where h is amount of food in the gut, amount. 

If we assume that t(c) = t(c^) (i.e. that food particles 

are carried through the gut at rate —y ) when c< c±t 

then 

h(c) = , and eqs. 10a and 10b may be rewritten 

eq. 15a 

eq. 15b 

A' = bs(Kgg. _ - A) when t(c*)> tD, and 

A ' = 0 when t(c*)< tp. 

Solving eq. 15a for A(c) and dividing through by t(c^) to 

obtain assimilation rate, 

A(c) 
t (c*) 

/Kgc 
'bsc * 

) ( (t(cj)^ when t(c*)> t . eq. 16 
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Clearly, assimilation rate bears a non-negative homogeneous 

linear relationship to food concentration below c*; in this 

concentration range, — is predetermined by the maximum 

filtering rate in the feeding suspension and apparently cannot 

be controlled (or "optimized") by the animal. 

When a mixture of several foods (or one food composed 

may be modified as follows: 

A' = A^ + A2' + . 

ingested, eq. 10 

= b1s(K1h1 
WD.I - Al) t 

+ b2s(K2h2 
XZVD.Z - A2)+... t 

+ b .s (K.h . 
3 3 3 

K.h.t . 
. j 1 D,i 

-v t 

when t t^, t^, . t., and y h.= g, 
3
 1=1 J 

where i and j are food index integers; 

If t < t. for some i< j, then A.' = 0. 
l — I 

Thus, this analysis may be extended to a more complicated 

food regime, though the mathematical manipulation of the 

resulting equations could become quite tedious. 

Although many of the equations presented in this der¬ 

ivation of the Assimilation Model may appear unencouraging 

in the degree of their mathematical complexity, they suggest 

that regulation of assimilation by Daphnia is possible and 

certainly advantageous at food concentrations greater than 

c.k. It is interesting to speculate about how the sensing 
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and optimization of assimilation rate might be accomplished. 

If t is controlled by the rate of oesophageal peristalsis 

(P) as indicated for the Physiological Model, and if P could 

respond to chemical receptors which detect the concentration 

of dissolved organic nutrients passing through the gut wall, 

A Ao then a negative feedback loop could stabilize near •£— ♦ 
o 

For instance, a sudden drop in the assimilated nutrient 

concentration might trigger a gradual reduction in P until 

another decrease in assimilation rate could be detected; 

at this signal, P could be gradually increased again until 

another decline in is sensed by the chemical receptor. 

Assimilation rate could thus be maintained at approximately 

its maximum value for that food suspension. This mechanism 

would likely be largely independent of peristalsis control 

by direct food stimulation or by a gut tension receptor 

proposed in the Physiological Model; the feedback loop 

could simply override the other stimuli when necessary. 



CONCLUSIONS 

1. In Wintergreen Lake water on August 16-18, 1971, 

seston concentration was the factor limiting filtering rates 

of the experimental Daphnia pulex. "Dissolved" inhibitors 

capable of limiting filtering rates at lower seston concen¬ 

trations were also shown to be present; it is possible that 

these substances were excreted into solution by the dense 

phytoplankton population, notably including Anabaena and 

Microcystis♦ 

2. Feeding rate appears to be regulated internally, 

i.e. within the alimentary canal, whereas filtering rate 

seems to respond directly to an external receptor perhaps 

located in the labral region. These two rates are certainly 

linked physiologically, but this linkage is probably indirect. 

3. Simple equations to describe filtering, feeding, 

ingestion and labral rejection rates have been derived 

mainly from Holling's Disc Equation; these expressions provide 

a satisfactory fit to the data and are useful in clarifying 

the mechanics of filter-feeding by zooplankton. 

4. At high concentrations of suspended food, grazing 

rates are ultimately controlled by digestion and assimilation 

rates. The Assimilation Model suggests that daphnid reg¬ 

ulation of assimilation rate is both possible and advantageous. 
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APPENDIX I. The Feeding Mechanism of Daphnia* 

"All branchipods, and many filter-feeding Malacostraca, 

exploit essentially the same mechanical principle in their 

feeding mechanisms: the formation of a suction chamber by 

the expansion and contraction of inter-limb spaces, and the 

drawing in of water through filtering setae." (Barrington 

1967, p. 202). Fig. 11 shows how this principle has been 

deployed by Daphnia♦ The forestroke of trunk-limbs 3 and 4 

(bearing the true filtering setae) and the (approximately) 

simultaneous shutting-off of the excurrents by limbs 1 and 5 

sucks water through the setae (not shown in Fig. 11) extending 

from the former pairs of appendages, straining out the sus¬ 

pended particles. On the backstroke of limbs 3 and 4, 

the residue on the fourth limb is combed off by the third, 

and the third limb is scoured by joint action of appendages 

2 and 4; this process effectively rakes the captured material 

into a food groove between the bases of the limb pairs. 

The twisting backstroke of the third and fourth pairs of 

thoracic appendages provides an anterior-directed current 

in the food groove, which sweeps the filtered particles 

toward the labrum. 

* This brief description is based primarily on the work 
of Cannon (1933, pp. 298-309), with contributions from 
several other authors referenced herein. 
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Pig. 11. Outline sketches of left half of 
Daphnia magna to show feeding apparatus and 
movements of limbs and feeding currents. The 
five left thoracic appendages are numbered and 
overlain by a grid so that their position at 
approximately the end of the forestroke (upper 
diagram) and backstroke (lower diagram) of limbs 
3 and 4 may be seen (adapted from Fig. 20 _in_ 
Cannon 1933, p. 301). 



93 

In the labral region the food mass becomes entangled 

in a mucous secretion released from labral glands, while the 

main water current is forced out of the inter-limb space 

laterally between the first and second appendages. The 

maxillules, a pair of small appendages bearing long setae, 

push the viscous food bolus into the mouth, where it is 

ground between the apposed mandibles. When oesopageal 

peristalsis (the swallowing flexure of the oesophageal 

muscles) occurs, the bolus is carried through the 

esophagus and into the gut. 

The postabdomen with its prominent claw has an important 

regulatory function in daphnid feeding: the removal of 

undesirable material from the food mass or the feeding 

apparatus. Rejection from the food groove by the sweeping 

upward of the postabdominal claw includes a deflection of the 

labrum covering the entrance to the mouth. Thus Burns (1968a, 

p. 87) has termed this phenomenon "labral rejection"; the 

casting out of material (suchas filaments) from the thoracic 

chamber by movement of the postabdomen alone she calls 

"pseudorejection". Three types of labral rejections are 

recognized here (after Arnold 1969, p. 11): 

1) quantitative—when the amount of food collected is 

greater than can be ingested (McMahon andRigler 1963, p. 330, 

and others), 
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2) physical qualitative—when the food is unacceptable 

in size or shape, and 

3) chemical qualitative—when the food is chemically 

unacceptable (Burns 1968a,p. 87, Arnold 1969). 



APPENDIX II: Table of Symbols 

A amount assimilated, amount 

A* instantaneous assimilation rate, amount/time 

A' maximum instantaneous assimilation rate, amount/time 
max 

AQ optimal amount assimilated, amount 

a rate of successful search, area/time (or volume/time) 

b specific absorption rate, length/time 

CV coefficient of variation, per cent 

c food concentration, amount/volume 

c* incipient limiting concentration in neutral water, 
amount/volume 

c*A incipient limiting concentration in lake water, 
amount/volume 

D amount digested, amount 

d diluent used to prepare experimental media 

removal efficiency of radioactive label, dimensionless 

E removal efficiency of seston, dimensionless 
u 

F empirical or "operational" filtering rate, ml/animal-hr. 

F' "uncorrected" empirical or "operational" filtering 
rate, ml/animal-hr. 

3?2 empirical or "operational" filtering rate stan¬ 
dardized to a body length of 2.00 mm (also 
written F), ml/animal-hr. 

2.00,ejp expected empirical or "operational" filtering rate 
(obtained from eq. 1) for animals of mean body 
length 2.00 mm in neutral water, ml/animal-hr. 

F' "uncorrected" empirical or "operational" filtering 
rate for animals of mean body length L, ml/animal-hr. 
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APPENDIX II: Continued 

FL expected empirical or "operational" filtering rate 
' ^ (obtained from eq. 1) for animals of mean body- 

length L in neutral water, ml/animal-hr. 

F maximum empirical or "operational" filtering rate, 
ml/animal-hr. 

FN maximum empirical or "operational" filtering rate ,max pUre neutral water, ml/animal-hr. 

F max maximum empirical or "operational" filtering rate in 
' a pure filtered Wintergreen Lake water, ml/animal-hr. 

F • minimum empirical or "operational" filtering rate, 
ml/animal-hr. 

Ft^ theoretical or "true" filtering rate, ml/animal-hr. 

F th,ma?c maximum theoretical or "true" filtering rate, ml/animal-hr. 

p 
th,min minimum theoretical or "true"filtering rate, ml/animal-hr. 

f empirical or "operational" feeding rate, amount/animal-hr. 

f maximum empirical or "operational" feeding rate, 
amount/animal-hr. 

theoretical or "true" feeding rate, amount/animal.-hr. 

G Wintergreen Lake water filtrate from glass fiber 
filtration 

g gut capacity, amount, 

h amount in gut, amount 

I ingestion rate, amount/time 

Imax maximurn ingestion rate, amount/time 

i food index integer, dimensionless 

j food index integer, dimensionless 

K digestible fraction of a food, dimensionless 
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APPENDIX II; Continued 

k concentrate used to prepare experimental media 

Michaelis constant, amount/volume 

L body length, length 

LL Lawrence Lake water 

M mandibular rate, beats/time 

N glass fiber filtered tap or "neutral" water 

NA number of prey attacked, animals 

Nc number of prey captured, animals 

NQ prey density, animals/area (or animals/volume) 

n numberof experimental animals, animals 

P rate of oesophageal peristalsis, contractions/time 

p constant 

q constant 

R labral rejection rate, amount/time 

r mean activity per animal, counts/min. 

[S] substrate concentration, amount/volume 

S Wintergreen Lake water seston resuspended in 
neutral water by reverse flow filtration 

s surface:volume ratio, 1/length 

T thoracic appendage rate, beats/time 

handling time, time/prey (or time/amount) 

T^. exposure time, time 

t gut residence time, time 

t gut residence time at which digestion occurs, time 

t optimal gut residence time, time 
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APPENDIX II; Continued 

u length of gut, length 

V enzymatic reaction velocity, amount/volume-time 

Vmax enzymatic reaction velocity, amount/volume-time 

W Wintergreen Lake water 

w desiccator-dry weight, mg 

x carapace length, mm 

y diameter of largest spherical bead ingested, mm 

Zc range of seston concentration, mg/1 

Zj, corrected filtering rate range, ml/animal-hr. 

Zg corrected feeding rate range, mg/animal-hr. 

Zw range of desiccator dry weight, mg 


