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ABSTRACT

The feeding behaviors of Daphnia paravula and Diaptomus 

siciliodes are analyzed by a method which utilizes the natural phyto

plankton and zooplankton densities of Pena Blanca Lake, Arizona. Both 

zooplanktors consume only a portion of the phytoplankton assemblage, 

but the species composition of the consumed food differed. Daphnia 

paravula selectively feed on cells of Chlorella sp., Crucigenia sp. and 

an unidentified blue-green alga, while Diaptomus siciliodes preferen

tially removes cells of Chilomonas sp., Chlamydomonas sp., Cryptomonas 

sp., and a form of Oocystis pucilla. Size, morphology, and chemistry 

of the phytoplankton cells as well as zooplankton behavior are dis
cussed as possible factors which may have accounted for the selective

consumption of particular algal species. Daphnia utilizes a high
3

proportion of small (17.2 u ) cells (mostly Chlorella) whereas,
3Diaptomus utilizes a small number of very large (2400 u ) cells (mostly 

Cryptomonas) to obtain the bulk of their food. The mechanism by which 

the food is apportioned is one factor which allows separation of niches 

in the zooplankton community and the subsequent coexistence of the two 

species in nature. In addition, the feeding characteristics of the 

zooplanktors are factors which may be partly responsible for changes in 

aquatic community structure, composition and energy flow.
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CHAPTER 1

INTRODUCTION

The selective feeding of zooplanktors may be studied by labora

tory techniques which measure their ability to remove cells from the 

phytoplankton assemblage with which they naturally occur. The methods 

of Hargrave and Geen (1970) and Martin (1970) have been successful in 

obtaining information on the feeding characteristics of zooplankton 

from comparisons of cell counts in lake water filtered free of zoo

plankton and lake water into which the zooplanktors have been reintro

duced and allowed to feed. These experiments have demonstrated that 

freshwater zooplanktors have varying efficiencies by which they remove 

algal species of different sizes from a natural phytoplankton popula

tion and that they have the ability to selectively feed on specific 

components of the phytoplankton.

The feeding of zooplankton has generally been studied without 

regard to the community in which they are found. Information on the 

feeding behavior of zooplankton species has been most commonly derived 

from methods which measure grazing or feeding rates on unialgal cul

tures (Mullin 1963; Reeve 1963a; McMahon and Rigler 1965; Richman and 

Rogers 1969; McQueen 1970; Arnold 1971; Frost 1972) or mixtures of 

cultures (Mullin 1963; Reeve 1963b; Mullin and Brooks 1967; McQueen 

1970). Most of these techniques have demonstrated that grazing rates 

vary with cell concentration (Mullin 1963; Reeve 1963a; McMahon and

1
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Rigler 1965; Frost 1972) and the size particle which is offered 

(McMahon and Rigler 1965; Richman and Rogers 1969; McQueen 1970; Frost

1972) . Only a few of these authors (Reeve 1963b; Frost 1972) have con

cluded that zooplanktors are not able to discriminate between food 

particles when offered a choice of algal cells. Studies using plastic 

beads have been applied to predict the maximum food size zooplankton 

species can consume (Burns 1968) and have been correlated with morpho

logical characteristics of the zooplanktors1 feeding appendages (Cannon 

1928; Egloff and Palmer 1971) to explain their feeding behaviors (Wilson

1973) .

While the analyses of feeding behaviors using monospecific or 

mixed cultures and inanimate particles may be useful in characterizing 

feeding capacities and mechanisms in the laboratory, they may be inade

quate for the description of zooplankton feeding in nature. McQueen 

(1970) has found that zooplanktors are able to handle their natural 

foods more efficiently than they can handle algal cultures and mixed 

cultures in the laboratory. Taub and Dollar (1969) suggested that pure 

cultures of algae may be nutritionally inadequate for a zooplankton 

population during a feeding experiment. Zooplankton found to ingest 

certain cells at a particular rate in a unialgal culture might totally 

reject the same taxon or type of cell when placed in a natural hetero

geneous mixture of algae. The presence of very low concentrations of 

large filamentous algae or toxic cells in lake water may influence the 

selective feeding (Crowley 1973), whereas experiments with pure cul

tures would be exempt from this influence. The statements above lead



to the conclusion that analyses of selective feeding in the laboratory 

may disclose information which does not truly represent what is 

occurring in nature.

Phytoplankton assemblages of lakes are very diverse and their 

components differ from one another in morphology, physiology and taxo

nomic affiliation. If cells of different morphological and chemical 

composition are ingested at varying rates and to different degrees, 

previous estimations of phytoplankton reductions in nature by extrapo

lation of zooplankton feeding rates on. laboratory cultures are ques

tionable. Feeding experiments which take into account all cell sizes, 

concentrations and species present in the natural phytoplankton are 

necessary when analyzing composition and energetics of plankton popula

tions (Hargrave and Geen 1970). Zooplanktors must be allowed to 

exhibit preferences between food particles in an algal population which 

possesses biotic and abiotic factors which influence their feeding 

behavior in nature. The results of these feeding experiments may be 

applied to demonstrate changes in the phytoplankton standing crop and 

species composition without the bias based on arbitrary cell concen

trations and unique features of algal species selected by the experi

menter.

Similarly, zooplanktors have been reintroduced into experimen

tal vessels without regard to their natural densities (Reeve 1963a, 

1963b; McMahon and Rigler 1965; Mullin and Brooks 1967; Richman and 

Rogers 1969). The subsequent overcrowding of the organisms may have 

led to alterations in swimming and feeding mechanisms which would cause

3
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abnormal food consumption and selectivity. Application of results to 

the natural community would be more realistic if the natural population 

density of the zooplanktors as well as the phytoplankton species were 

maintained at the start of a feeding experiment.

The analysis of zooplankton species as a functional unit of the 

larger ecosystem may be useful in characterizing their role and 

behavior in their environment. In the aquatic environment the separa

tion of ecological niches by sympatric zooplankton species may be very 

limited (Hutchinson 1951; Pennak 1957). There are cases in which dif

ferent generic preferences for temperature, alkalinity and water chem

istry have been found, but superficially most zooplanktors have the 

same generalized feeding habits and mechanisms by which they secure 

phytoplankton (Pennak 1957; Mullin 1963). Thus, competition for a 

common pool of food particles may be intense. Selective feeding would 

prevent competition between herbivorous zooplanktors by partitioning 

food according to size, shape, chemistry or any other factor or group 

of factors.

The demonstration of selective feeding by various species of 

zooplankton may have other important implications for the specific 

zooplankton and phytoplankton populations of a given community. Selec

tive feeding by herbivorous zooplanktors is an important factor in the 

energy flow of the aquatic ecosystem. Hargrave and Geen (1970) have 

suggested that grazing by zooplankton may limit aquatic primary pro

ductivity. Parsons et al. (1969) have suggested that selective feeding 

may be a factor which limits the growth, development, abundance and
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distribution of particular zooplankton species in the marine environ

ment.

The purpose of the present research was to investigate whether 

the dominant zooplanktors of Pefta Blanca Lake, Arizona selectively feed 

on the natural phytoplankton assemblage. That is, to determine whether 

these zooplanktors consume particular algal species in greater propor

tions than their percent composition (in terms of numbers of cells) in 

the phytoplankton. The significance of this behavior will be discussed 

in relation to the interactions of the components of the plankton, 

especially partitioning of food resources. In addition, the physical 

and chemical nature of the algal species was analyzed as possible 

factors which regulate the feeding behavior of the zooplanktors.



CHAPTER 2

METHODS

Selective feeding of zooplankton was demonstrated by procedures 

similar to those of Reeve (1963b), Hargrave and Geen (1970), McQueen 

(1970), Frost (1972), and Porter (1972). Zooplankton species were 

reintroduced into lake water which had been filtered free of other zoo

plankton. Filtered lake water containing no zooplankton served as a 

control. After a period of incubation in the dark, cell counts were 

made with an inverted microscope to show changes in numbers of each 

algal species between control and experimental samples. A significant 

decrease in the number of cells in the experimental samples denoted that 

zooplankton consumption of the particular algal species had taken place.

This experimental procedure is based on two important assump

tions: a) that estimates of algal densities in both control and

experimental samples are based on an enumeration technique which incor

porates sufficient sample size and precision of counts and b) that 

there is no algal growth in either control or experimental vessels 

during incubation.

Analysis of Randomness

In order to use any type of statistical analysis to determine 

sample size, establish precision of counts or demonstrate that no 

growth occurs during incubation, a random distribution of the algal 

species in each sample must be shown to exist. Since the determination

6
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of feeding in the actual experiment is based on changes in the number 

of cells in Utermohl chambers, it must necessarily follow that the 
cells in these chambers be randomly distributed. However, E. Snyder 

(personal communication) has shown that a random distribution is diffi

cult to obtain. She found the test organisms (Euglena gracilis) aggre

gated in concentric rings within the chamber with a large concentration 

of cells in the center. This condition was thought to be the result of 

the pouring process in the settling method (Utermohl 1931a, 1931b) 

employed to concentrate the cells.

To eliminate the problem of clumping, a modification of the 

Utermohl settling apparatus (similar to the funnel chamber marketed by 

Carl Zeiss, Germany) was developed. A 6.0-cm plastic tube of the exact 

diameter (2.4 cm) of a 10-cc Zeiss combined plankton counting chamber 

was fitted at one end with a 0.15-cm thick plastic disk. Forty-six 

holes of 0.16-cm diameter were drilled 3.0-cm apart, from center to 

center. The perforated funnel was placed directly on top of a Zeiss 

10-cc settling chamber and the rims aligned to prevent sample loss. 

Tests indicated that when a sample was poured into the apparatus the 

liquid dripped into the settling chamber and swirling was minimized. 

Tests were then conducted to find out if the settling chamber modifi

cation produced a random distribution of cells at the bottom of the 

chamber.

A 100-ml sample composed of 10 species of freshwater algae was 

produced by mixing random portions of unialgal cultures obtained from 

the culture collection of The University of Arizona. The 10 species
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were selected on the basis of their common occurrence in the freshwater

plankton and their collective range in size and shape. The 100-ml

sample was preserved with Lugol's Iodine solution, and 10-ml portions

were settled for 10 hr in each of 10 Zeiss settling chambers using the

perforated funnel attachment. Ten, 1-cm strips representing 0.064 ml

of sample were counted at 660X magnification with a Carl Zeiss phase-

contrast inverted microscope. The same 10 strips, as indicated by a

stage micrometer, were counted in each of the 10 Zeiss settling chamber

slides, yielding 10 sets of counts (chambers) and 10 replicate counts

(strips). The above number of counts surpasses the minimum required by

Lund, Kipling, and LeCren (1958) to determine if a system is randomly
odistributed. The counts were analyzed using Fisher's X test for

randomness (Lund et al. 1958, p. 159). Significance of the chi square

value obtained was determined from a graph of the 0.95 probability
2levels of X prepared by Lund et al. (1958, p. 160).

The results (Table 1) indicate a random distribution in regard 

to the total sample (total of all species) and for Gonium pectorale and 

Volvox tertius colonies. Each of the other species had at least one 

incident of clumping, but in no case did it occur in more than three 

chambers for any species. A random distribution was found in 84 of the 

100 cases observed. There was no common morphological characteristic 

which would cause them to aggregate. There was a wide range in size 

(13 x 12 u in Chlamydomonas moewusii, 56 x 50 u in Cosmarium botrytis 

and 155-u diameter in Eremosphaera viridis) and a diversity in cell 

shape (Ankistrodesmus falcatus is long and slender, Trachelomonas sp.



TABLE 1

TEST FOR RANDOM DISTRIBUTION IN SETTLING GILUIBERS

Chi square values+ are listed for ten species of 
algae present in a mixed algal suspension

Chl Square Value
Algal species

Chamber
1

Chamber
2

Chamber
3

Chamber
4

Chamber
" 5

Chamber
6

Chamber
7

Chamber
8

Chamber
9

Chamber
10

7.
Random

Chlamydomonas moewusii 9.5477 23.4624 3.0792* * 5.1491 3.8058 6.8019 2.8627* 10.9919 10.1978 7.4771 80
Sccnedcsnuis nundricauda 17.8335* 10.4251 6.2515 9.1818 6.2071 6.9495 6.6923 8.2547 10.2444 2.4867* 80
Rhizosolcnia sp. 8.1382 7.6667 5.8037 8.1382 1.9565* 5.9914 5.8172 12.0845 8.4815 1.7895* 80
Ankistrodcsmus falcatus 13.6250 21.3333* 8.6667 9.2162 12.6667 9.7143 15.6341 21.2424* 16.8546 3.9213 80
Goniun pectorals 12.3154 14.1765 11.5454 11.5000 6.5714 8.4359 8.9091 7.7647 13.0512 5.4444 100
Volvox tertius 7.0000 11.0000 14.0000 10.6471 11.8571 11.6923 7.6667 11.6364 11.0000 13.0000 100
Cosirnriun botrytis 17.3105* 13.2857 10.6471, 14.6000 9.0000 9.7778 11.9032 13.0000 14.3333 10.0000 90
Trachelomonas sp. 2.8333* 5.1384 9.3158 7.3681 3.1818* 8.1020 10.5850 20.0061* 9.0786 9.9412 70
Euglena gracilis 4.6000 4.8692 12.0000 11.0777 9.6142 6.9370 17.8235* 6.9210 9.2857 2.8407* 80
Ererr.osohaera viridis 9.3077 6.4444 15.3529 7.0909 17.7500* 9.6667 17.6667* 16.3333 12.0588 5.7360 80
Total population 7.1666 12.0743 6.4897 5.4637 4.5934 10.7891 10.2417 11.2920 9.6467 13.7357 100

+  ' 0Calculated according to Fisher’s X test for randomness (Lund et al. 1958, p. 159)•
*
Significant chi square value indicating a non-random, distribution of cells as determined from 

the graph of the 0.95 probability levels of chi square (Lund et al. 1958, p. 160).~

vO
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is ellipsoidal, uniflagellate and highly ornamented and (X moewusii is 

ellipsoidal, but biflagellated and non-ornamentcd). This indicates 

that neither size nor shape of the cells is responsible for clumping if 

it occurs when the modified settling apparatus is used. In summary, it 

is clear that the modified settling chamber allows algal cells to 

settle in a random distribution pattern in most cases, in respect to 

individual species as well as the total assemblage of algae.

Analysis of Sample Size

Since a random distribution of species was found to exist in 

the Zeiss combined plankton counting chamber following settling, 

standard methods were used to determine sample size. Sample size, in 

this study, referred to the number of chambers and strips that must be 

observed for each test bottle to obtain counts within - 10 percent of 

the mean at the 0.95 probability level. The data obtained in the 

analysis of randomness was used in the following investigations.

The first area of concern was the variance in and between 

chambers. Steel and Torrie's (1960) analysis of variance for any 

number of groups (chambers) with equal replications (strips) and data 

with a single criterion of investigation (number) was the method 

employed. Table 2 lists total counts, means, sum of squares of the 

counts, treatment (chamber) sum of squares, error (strip) sum of 

squares and total sum of squares. The F test was used to find out 

whether variation was greater between strips or between chambers.

The results of the analysis of variance for the data of Table 2 

are found in Table 3. Since the calculated F value was greater or less



TABLE 2

ANALYSIS OF VARIANCE IN SETTLING CHAMBERS

The ten algal species were observed with a Zeiss phase-contract microscope at 660X 
magnification following settling in a modified 10 cc combined plankton counting 
chamber. The analysis follows the procedures described by Steel and Torrie (1960)

Chamber
No.

Total
Count

Sum of 
Squares Tot. ^/r

Calculations
Error Sum Correction Tot. Sum
of Squares Mean Factor of Squares

Treatment Sum 
of Squares

Chlamydomonas moewusii
1 241.0 6039.0 5808.1 230.9 24.1
2 186.0 3896.0 3459.6 436.4 18.6
3 202.0 4140.0 4080.4 59.6 20.2
4 161.0 2675.0 2592.1 82.9 16.1
5 206.0 4262.0 4243.6 18.4 20.6
6 212.0 4632.0 4494.4 137.6 21.2
7 204.0 4220.0 4161.6 58.4 20.4
8 246.0 6322.0 6051.6 270.4 24.6
9 182.0 3498.0 3312.4 185.6 18.2

10 218.0 4900.0 4752.4 147.6 21.8
Total 2058.0 44584.0 42956.2 1627.8 20.6 4253.6 2230.4 602.6

Scenedesmus quadricauda
1 206.0 4612.0 4243.6 368.4 20.6
2 167.0 2963.0 2788.9 174.1 16.7
3 171.0 3031.0 2924.1 106.9 17.1
4 187.0 3667.0 3496.9 170.1 18.2
5 169.0 2961.0 2856.1 104.9 16.9
6 198.0 4058.0 3920.4 137.6 19.8
7 156.0 2538.0 2433.6 104.4 15.6
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9
10

Tot,

1
2
3
4
5
6
7
8
9
10

Tot;

1
2
3
4
5
6
7
8
9
10

TABLE 2 ANALYSIS OF VARIANCE IN SETTLING CHAMBERS— Continued

161.0 2725.0
225.0 5293.0
128.0 1670.0
1768.0 33518.0

2592.1 132.9
5062.5 230.5
1638.4 31.6

31956.6 1561.4

16.1
22.5
12.8
176.8 31258.2 2259.8

123.0 1613.0 1512.9
150.0 2366.0 2250.0
107.0 1207.0 1144.9
123.0 1613.0 1512.9
115.0 1349.0 1322.5
117.0 1439.0 1368.9
93.0 919.0 864.9
142.0 2188.0 2016.4
135.0 1937.0 1822.5
114.0 1320.0 1299.6

1219.0 1595.0 15115.5

Rhizosolenia sp.
100.1 12.3
116.0 15.0
62.1 10.7

100.1 12.3
26.5 11.5
70.1 11.7
54.1 9.3

171.6 14.2
114.5 13.5
20.4 11.4

835.5 12.2 14859.6 1091.4

32.0 146.0 102.4
12.0 40.0 144.0
18.0 48.0 32.4
37.0 171.0 136.9
24.0 88.0 57.6
35.0 139.0 122.5
41.0 231.0 168.1
33.0 179.0 108.9
57.0 421.0 324.9
89.0 827.0 792.1

378.0 2290.0 1860.2

falcatus
3.2
1.2 
1.8 
3.7 
2.4

16.5 3.5
62.9 4.1
70.1 3.3
96.1 5.7
34.9 8.9

429.8 3.8 1428.8

Ankistrodesmus
43.6
25.6
15.6 
34.1 
30.4

861.2

698.4

225.9

431.4

H



TABLE 2 ANALYSIS OF VARIANCE IN SETTLING CHAMBERS— Continued

Gonium pectorals
1 13.0 33.0 16.9 16.1 1.3
2 17.0 53.0 28.9 24.9 1.7
3 33.0 147.0 108.9 38.1 3.3
4 16.0 38.0 25.6 12.4 1.6
5 42.0 204.0 176.4 27.6 4.2
6 39.0 185.0 152.1 32.9 3.9
7 22.0 68.0 48.4 19.6 2.2
8 34.0 142.0 115.6 26.4 3.4
9 39.0 203.0 152.1 50.9 3.9

10 9.0 13.0 8.1 4.9 0.9
Total 264.0 1086.0 833.0 25.3 2.6

Volvox tertius
1 8.0 12.0 6.4 5.6 0.8
2 24.0 8.4 57.6 26.4 2.4
3 16.0 48.0 25.6 22.4 1.6
4 17.0 42.0 28.9 18.1 1.7
5 21.0 65.0 44.1 20.9 2.1
6 26.0 98.0 67.6 30.4 2.6
7 24.0 76.0 57.6 18.4 2.4
8 22.0 74.0 48.4 25.6 2.2
9 20.0 62.0 40.0 22.0 2.0

10 12.0 30.0 14.4 15.6 1.2
Total 190.0 596.0 390.6 205.4 1.9

Cosmarium botrytis
1 19.0 69.0 36.1 32.9 1.9
2 35.0 169.0 122.5 46.5 3.5
3 17.0 47.0 28.9 18.1 1.7
4 25.0 99.0 62.5 36.5 2.5
5 25.0 81.0 62.5 18.5 2.5
6 18.0 49.0 32.4 16.6 1.8

697.0

361.0

389.0

235.0

136.4

29.6

HU>
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9
10

Tot,

1
2
3
4
5
6
7
8
9
10

Tot;

1
2
3
4
5
6
7
8
9
10

31.
25.
21.
25.

241.

120.
159.
152.
163.
165.
156.
142.
163.
178.
85.

1483.

100.
107.
90.

103.
127.
127.
136.
152.
175.
113.

1230.

TABLE 2 ANALYSIS OF VARIANCE IN SETTLING CHAMBERS— Continued

0 133.0 96.1
0 95.0 62.5
0 71.0 44.1
0 55.0 62.5
0 868.0 610.1

0 1474.0 1440.0
0 2619.0 2528.1
0 2452.0 2310.4
0 2777.0 2656.9
0 2781.0 2722.5
0 2560.0 2433.6
0 2172.0 2016.4
0 2983.0 2656.9
0 3330.0 3168.4
0 983.0 722.5
0 24131.0 22655.7

0 1046.0 1000.0
0 1197.0 1144.9
0 918.0 810.0
0 1175.0 1060.9
0 1735.0 1612.9
0 1701.0 1612.9
0 2092.0 1849.6
0 2414.0 2310.4
0 3225.0 3062.5
0 1309.0 1276.9
3 16812.0 15741.0

36.9 3.1
32.5 2.5
26.9 2.1
7.5 2.5

257.9 2.4

Trachelomonas sp
34.0 12.0
80.9 15.9

131.6 15.2
120.1 16.3
58.5 16.5

126.4 15.6
155.6 14.2
326.1 16.3
161.6 17.8
260.5 8.5

1475.3 14.8

Euglena gracilis
46.0 10.0
52.1 10.7

108.0 9.0
114.1 10.3
122.1 12.7
122.1 12.7
242.4 13.6
103.6 15.2
162.5 17.5
32.1 11.3

1071.0 12.3

580.8 287.2

21992.9 2138.1

15129.0 1683.0

29.3

662.8

612.0
4>



TABLE 2 ANALYSIS OF VARIANCE IN SETTLING CHAMBERS— Continued

1 13.0 29.0 16.9
2 18.0 44.0 32.4
3 17.0 55.0 28.9
4 22.0 64.0 44.1
5 16.0 54.0 25.6
6 30.0 116.0 90.0
7 24.0 100.0 57.6
8 15.0 47.0 22.5
9 17.0 55.0 28.9

10 19.0 47.0 36.1
Total 191.0 611.0 383.0

1 864.0 75264.0 74649.6
2 875.0 78319.0 76562.5
3 823.0 68267.0 67732.9
4 854.0 73625.0 72931.6
5 910.0 83228.0 82810.0
6 958.0 92810.0 91776.4
7 . 873.0 77107.0 76212.9
8 995.0 100322.0 99002.5
9 1049.0 111053.0 110040.1

10 802.0 65422.0 64320.4
Total 9003.0 825417.0 816038.9

Eremosphaera viridis
12.1 1.3
11.6 1.8
26.1 1.7
19.9 2.2
28.4 1.6
26.0 3.0
42.4 2.4
24.5 1.5
26.1 1.7
10.9 1.9
228.0 1.9 364.8 246.2

All Species
614.4 86.4

1756.5 87.5
534.1 82.3
693.4 85.4
418.0 91.0
1033.6 95.8
896.1 87.3
1319.5 99.5
1012.9 104.9
1101.6 80.2
9378.1 90.0 810540.1 14876.2

18.2

5498.8
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ANALYSIS OF VARIANCE FOR DATA OF TABLE 2

TABLE 3

Calculations
Source of Variation df Sum of Squares Mean Square F

Chlamydomonas moewusii
Among chambers 9 602.56 66.95
Within chambers (strips) 90 1627.80 18.09
Total 99 2230.36 3.70

Scenedesmus quadricauda
Among chambers 9 698.36 77.59
Within chambers (strips) 90 1561.40 17.35
Total 99 2259.76 4.47

Rhizosolenia sp.
Among chambers 9 255.89 28.43
Within chambers (strips) 90 835.50 9.28
Total 99 1091.39 3.06

Ankistrodesmus falcatus
Among chambers 9 431.36 47.90
Within chambers (strips) 90 429.80 4.78
Total 99 861.16 10.02

Gonium pectorale
Among chambers 9 136.04 15.10
Within chambers (strips) 90 253.00 2.81
Total 99 389.04 5.37

Volvox tertius
Among chambers 9 29.60 3.29
Within chambers (strips) 90 205.40 2.28
Total 99 235.00 1.44

Cosmarium botrytis
Among chambers 9 29.29 3.25
Within chambers (strips) 90 257.90 2.87
Total 99 287.19 1.13

Trachelomonas sp.
Among chambers 9 662.81 73.60
Within chambers (strips) 90 1475.30 16.39
Total 99 2138.11 4.49
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TABLE 3— Continued

Calculations
Source of Variation df Sum of Squares Mean Square F

Euglena gracilis
Among chambers 9 612.00 68.00
Within chambers (strips) 90 1071.00 11.90
Total 99 1683.00 5.71

Eremosphaera viridis
Among chambers 9 18.19 2.02
Within chambers (strips) 90 228.00 2.53
Total 99 246.19 0.80

All Species
Among chambers 9 5498.11 610.90
Within chambers (strips) 90 9378.10 104.20
Total 99 14876.21 5.86
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than the tabulated F value of 2.0 in all cases, there were differences 

among chamber and strip means. Therefore, more than one chamber and 

one strip must be observed in order to obtain a reasonable estimate of 

the number of cells present per sample. Because of the variation in 

calculated F values, it was difficult to decide if the variation 

between chambers or within chambers (strips) was the greatest source of 

variation in the experiment.

In order to determine exactly how many chambers and strips 

should be counted, Stein's two stage sample equation for the estimation 

of required number of observations (Steel and Torrie 1960, pp. 86-87) 

was selected. According to the equation:

t^ = tabulated t value for the desired confidence level and the 
degrees of freedom of the initial sample

s2 = sample variance
2d = half-width of the desired confidence interval 

The data from the randomness study were again used in the estimations. 

Total chamber counts and strip counts from each chamber were used to 

determine the minimum number of chambers and strips needed per test, 

respectively.

Table 4 shows the number of chambers which must be counted per 

test to yield counts within 10 percent deviation from the mean at the 

0.95 confidence interval for each species and the total population. 

Table 5 lists the number of strips which must be observed in each of
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THE MINIMUM NUMBER OF SETTLING CHAMBERS THAT MUST 
BE EMPLOYED IN EACH FEEDING EXPERIMENT

TABLE 4

Figures are based on the analysis of ten species of 
algae present in a mixed algal suspension.

Species *Minimum number of chambers

Chlamydomonas moewusii 0.7

Scenedesmus quadricauda 0.2

Rhizosolenia sp. 0.4

Ankistrodesmus falcatus 6.9

Gonium pectorale 4.4
Volvox tertius 1.9
Cosmarium botrytis 1.1
Trachelomonas sp. 0.7

Euglena gracilis 0.9

Eremosphaera viridis 1.4

Total population 0.2

Number of chambers that must be observed to obtain counts 
within 10 percent of the mean at the 0.95 probability level as deter
mined by Stein's two stage sample equation (Steel and Torrie, 1960).



TABLE 5

THE MINIMUM NUMBER OF STRIPS THAT MUST BE OBSERVED 
IN EACH SETTLING CHAMBER

1 2 3 4

Min. no. Strips 
Chambers 

5 6 7 8 9 10 Limit

Chlamydomonas moewusii 0.9 2.9 0.3 0.7 0.4 0.7 0.3 1.0 0.8 0.8 3
Scenedesmus quadricauda 2.0 1.4 0.8 1.1 0.8 0.8 1.0 1.2 1.0 0.4 2
Rhizosolenia sp. 1.5 1.2 1.2 1.5 0.4 1.2 1.4 1.9 1.4 0.4 2
Ankistrodesmus falcatus 9.7 40.5 11.0 5.7 12.0 3.1 8.7 14.6 6.7 1.0 41
Gonium pectorale 21.1 19.0 8.0 16.4 3.6 4.9 9.2 5.2 7.6 13.8 21
Vo1vox tertius 19.9 10.4 19.9 14.3 8.2 10.2 7.3 12.0 12.5 24.6 25
Cosmarium botrytis 20.7 8.6 11.0 13.3 8.6 12.4 8.7 11.8 15.5 3.6 21
Trachelomonas sp. 0.5 0.7 1.4 1.0 0.4 1.2 1.6 2.8 1.2 2.7 3
Euglena gracilis 1.0 1.0 3.0 2.4 1.0 1.2 3.0 1.2 1.2 0.6 3
Eremosphaera viridis 16.3 8.1 20.6 7.3 7.4 7.3 16.7 24.8 16.1 6.9 25
Total population 0.2 0.3 0.2 0.1 0.3 0.3 0.3 0.3 0.2 0.4 1

Number of strips that must be observed to obtain counts within 10 percent of the mean at 
the 0.95 probability level as determined by Stein's two stage sample equation (Steel and Torrie, 
1960).
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the test chambers under the same limitations as above. From the data 

it may be concluded that a minimum of seven chambers is sufficient to 

obtain counts within the selected boundaries of error. In respect to 

the number of strips that need to be counted, some additional con

siderations must be made. According to the results of Table 4, 

Ankistrodesmus, Gonium, Eremosphaera, and Cosmarium require at least 20 

strips to be counted in each chamber. Referring back to Table 2, it 

can be seen that these species have mean counts of less than 40 cells 

per chamber (or four cells per strip). The number of cells of most 

species in natural plankton samples after settling in a 10-cc chamber_ 

is greater than four cells per strip. Therefore, the author has 

selected five strips per chamber to be counted for reliable counts.

Five strips is more than was found to be required for those species 

having a mean greater than four cells per strip. This creates a limi

tation in the experimental procedure in that only species of algae 

having more than four cells per strip can be analyzed.

Analysis of Reproduction In Control and 
Experimental Vessels

Since zooplankton feeding is demonstrated by changes in algal 

numbers between control and experimental samples, it is necessary to 

show that no growth of algae occurs when the samples are incubated in 

the dark and that the addition of zooplankton does not stimulate algal 
growth.

To determine whether algal reproduction could be prevented in 

control bottles of phytoplankton by light elimination, the following
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experiment was conducted. Phytoplankton was collected from Pena Blanca 

Lake, Arizona from a depth of 1 m with a 3-liter polyvinylchloride 

VanDorn water bottle and filtered through #20 plankton netting (0.076- 

mm aperture) to remove zooplankton. Into two 500-ml Erlenmyer flasks 

were placed 500-ml aliquots of the filtered lake water. The content of 

one of the bottles was immediately preserved with 5 ml of Lugol's 

Iodine Solution. This flask was assumed to possess a representative 

sample of the natural phytoplankton assemblage in the lake. The other 

flask was sealed with parafilm and covered with aluminum foil to 

eliminate light. The latter flask represented a control bottle in zoo

plankton feeding experiments. The two flasks were placed in a 19-liter 

styrofoam ice chest maintained at the lake temperature (14C) for 6 hr. 

The ice chest temperature was checked every 5 min with a centigrade 

thermometer and ice was added when required. At the end of the incuba

tion period the control flask contents were preserved in the same 

manner as the initial sample. Five strips in each of seven settling 

chambers were observed to obtain counts of the algae according to 

species in the flask. The totals were compared at the 0.95 probability 

level as described by Lund et al. (1958) for sums of a single count. 

According to this method, ranges of counts which overlap indicate that 

no significant differences exist between the two samples. Whether 

growth or no growth had occurred was indicated by + or 0, respectively 

(Table 6). The results indicate that no significant reproduction will 

occur in the control or experimental flasks for all algal species, 

except for the possibility that additions of zooplanktors might



TABLE 6

TEST FOR ALGAL GROWTH IN DARKENED BOTTLES

Initial Control
Cell Counts 

Initial Control Change*
Algal Species Total Total Range Range

Ankistrodesmus falcatus 
Chilomonas sp.
Chlamydomonas sp.
Chlorella sp.
ClostGrium venus 
Coolastrum microporum (col.) 
Grucigenia quadrata 
Cryptomonas sp.
Diatoms (-Navicula)
Euglena sp.
Merismopedia sp.
Navicula sp.
Oocystis pucilla (form 1) 
Oocystis pucilla (form 2) 
Pandorina sp. (colonies) 
Phacus sp.
Quadrigula sp.

96 81 78-118
130 100 109-155
750 680 698-806

100000 110000 99382-100622
150 120 127-176

4 3 1-12
870 800 813-930

1000 1100 939-1064
480 490 438-525

2 2 0-9
130 160 109-155
75 86 59-95
12 3 6-22
16 19 9-27
4 0 1-12
5 2 1-13

390 360 352-431

64-102 0
81-122 0

630-734 0
109351-1102058 0

99-144 0
0-10 0

746-859 0
1036-1167 0
448-536 0

9-9 0
136-187 0
69-107 0
0-10 0

12-31 0
0-5 0
0-9 0

322-398 0 rou>



TABLE 6— Continued

Scenedesmus quadricauda 12 9 6-23 4-18 0
Scenedesmus brasiliensis 210 250 182-241 220-284 0
Selenastrum sp. 13 27 7-33 15-40 0
Tetraedron sp. 2 6 0-9 2-15 0
Trachelomonas sp. 10 5 5-19 1-13 0
Trachelomonas #2 420 420 381-463 381-463 0

Ranges of counts were calculated by the equations of Lund et al. (1958, p. 155) for 
upper and lower confidence limits of a single sample at the 0.95 probability level.

+No growth is represented by 0; growth is represented by +.
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stimulate growth of algae in the experimental vessels. However, Frost 

(1972) has shown that at the end of long grazing experiments with 

Calanus pacificus, no difference in algal growth rates was found 

between grazer beakers and control beakers, indicating that the cope- 

pods were not affecting the growth of algae by remineralizing nutri

ents .

Field Procedures

All samples and organisms were collected from Pena Blanca Lake, 

Pima County, Arizona on 22 March 1974. They were secured from the 

western side of the lake, approximately 75 m south of the boat dock and 

2 m from shore. Lake water was collected from a depth of 1 m by a 

3-liter polyvinylchloride VanDorn water bottle. The water was filtered 

through a fine mesh netting (0.076-mm aperture) to remove zooplanktors 

and was collected in a 2-liter plastic container. Following agitation 

of the container to randomly distribute the algal cells within, 500-ml 

aliquots of the filtered lake water were placed into each of 15 clear 

glass reagent bottles (550-ml capacity). The bottles were wrapped with 

aluminum foil to prevent light exposure and algal reproduction.

A 550-ml bottle was selected as the experimental chamber in 

order to provide a 50-ml air space, thus reducing the probability of an 

oxygen deficit. A 500-ml container should be large enough to allow 

planktonic organisms as Daphnia, to maintain their normal swimming and 

filtering pattern without numerous collisions into the glass walls of 

the vessel. Mullin (1963) has found that no significant difference in 

grazing rates occurs when feeding experiments conducted in 950-ml jars
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are repeated utilizing 475-ml jars containing half the number of cope- 
pods.

All the bottles were transferred to a 38-liter styrofoam ice 

chest (Gotham Industries, Norwalk, California). A centigrade thermom

eter was placed through one of the walls of the ice chest so that the 

internal temperature could be monitored from the outside. The internal 

temperature was maintained at 14-16C, the.lake temperature at 1 m, by 

the addition of ice or water whenever needed. The bottles remained in 

the chest until required for the addition of the zooplanktors.

The dominant cladoceran and calanoid copepod present at the 

time of sampling were Daphnia paravula and Diaptomus siciliodes, 

respectively. In order to determine the natural densities at which the 

two species occurred, five vertical zooplankton tows, from 1 m to the 

surface, were taken with a #10 (0.158-mm aperture) plankton net. The 

number of organisms per liter of each of the two zooplankton species 

was calculated by assuming the net collected all organisms in a 

cylinder 1 m high and the width of the net mouth, with 100 percent 

efficiency. The natural densities obtained were 62 adults of Daphnia 

paravula per liter and 33 adults of Diaptomus siciliodes per liter.

Living adults of Daphnia paravula and Diaptomus siciliodes were 

removed from the zooplankton samples by micropippette. Into each of 

five of the phytoplankton bottles was placed 16 individuals of Daphnia 
and 31 individuals of Diaptomus. The remaining five bottles were left 

void of zooplankton and acted as controls. The bottles were sealed 

with parafilm and the aluminum foil coverings replaced. The bottles
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were cushioned with styrofoam to prevent breakage in future manipula

tions of the chest and the lid was replaced. All bottles were 

incubated in the chest for 4 hr as suggested by Mullin (1963) and the 

entire ice chest was inverted once every two minutes• Burns (1969) and 

Martin (1970) have shown that this time interval between inversions 

allows zooplankton maximum time in which to recover from the distur

bance created by inversion of the bottles while ensuring that most food 

particles within the range of 1-22 u remain in suspension. Inversion 

is necessary since Burns (1969) has noted that slow sedimentation of 

uneaten algal cells, combined with bottom foraging by Daphnia, signifi
cantly changes the size distribution of particles consumed.

At the end of the 4 hr period, 5 ml of Lugol1s Iodine Solution 

was placed in each of the bottles to preserve the plankton. The 

samples were then taken to the laboratory for analysis.

Data Analysis

The contents of the control bottles were examined microscopi

cally to develop a list of algae. Identification was made to at least 

the generic level except for the following two cases. A unicellular 

cyanophycean alga was impossible to identify even to genus, as is the 

case for many coccoid blue-green algae. All Bacillariophyceae were 

incorporated into one category, diatoms, since their numbers were so 
few and the species diversity among the members so great. Two forms 

were recognized for Oocystis pucilla; form 1, in which four small 

cells were present within a mother cell wall with characteristic narrow 

or pointed apices, and form 2, with four large cells embedded in an
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Irregularly shaped mother cell wall. Two other forms of Oocystls were 

also found. The first, denoted as Oocystls #3, was a single cell sur

rounded by an irregularly shaped mother cell wall. The second,

Oocystls #4, was a single cell with no mother cell wall present. Two 

species of Trachelomonas were also found, of which only one could be 

named.

Quantitative counts of each algal species present in the 
experimental and control bottles were made under a Zeiss, inverted 

phase-contrast microscope at 660X magnification. A synopsis of the 

inverted microscope technique may be found in Lund et al. (1958)• Pro

cedures for the preparation of the samples for microscopic analysis as 

well as the number of sub-samples and minimum number of cells observed 

followed the guidelines already presented in the analyses of randomness 

and sample size. The only variation from the prescribed method 

accompanied the counting of Chlorella cells. Due to the extraordinarily 

large number of cells of this species only one strip was counted for 

Chlorella in each chamber• The resultant figure was multiplied by a 

factor of 5 to represent a complete count of five strips and to allow 

the sum to be compared on equal terms with other species specific 

totals.

Student’s t Test (Simpson, Roe and Lewontin 1960) was applied 

to evaluate differences between experimental and control means• A 

special calculator method prepared by C. Lowe (Associate Professor, 

Department of Biological Sciences, University of Arizona) was employed 

to obtain t values. Probability values for the degree of significance
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of change in the experimental counts were obtained from tables of t 

(Simpson et al. 1960, p, 422). Probability values closely approximating 

or exceeding 0.95 were accepted as indications of significant change in 

algal numbers between control and experimental bottles.

After noting the shape of the cell for each of the algal species 

found in the chambers, measurements to determine mean size were made 

with a calibrated ocular micrometer. Fifty cells were measured at 

random to obtain the mean values for each species. Dimensions measured 

were diameter for spherical cells or maximum length and width for 

irregularly shaped cells. Average cell volumes were calculated using 

mensuration formulae for geometric solids which approximate the shapes 

of the cells. Selectivity indices were calculated for each algal 

species by the method of Wilson (1973) to determine which species were 

selectively consumed by the zooplanktors.



CHAPTER 3

RESULTS

The algal species of Pena Blanca Lake present on 22 March 1974 

at a depth of 1 m are listed in Table 7. Included in the table are 

average dimensions, abundance and percent composition in the phyto

plankton. External morphologies of the cells are shown in Fig. 1. 

Chlorella sp. was the numerically dominant phytop1anktor with a con

centration of 7500 cells/ml and comprising 87 percent of the total 

algal population. Cryptomonas sp., the unidentified blue-green alga 

and Schroederia ancora were the next three major species each of which 

comprised over 1 percent of the population. All remaining algal species 

made up less than 1 percent of the phytoplankton assemblage.

Consumption of the Algal Species 

Table 8 denotes the species of algae consumed by Daphnia 

paravula and Diaptomus siciliodes based on significant reductions in 

the numbers of cells found in the experimental versus control samples. 

Raw data on which the control and experimental sums are based may be 

found respectively, in Appendices I and II. The data indicate that 

Chlamydomonas sp., Chlorella sp. and Crucigenia quadrata were consumed 

by both zooplankton species. The population of Daphnia also consumed 

Oocystis pucilla (form 1), Oocystis #3, Oocystis #4, and the unidenti

fied blue-green alga. Chilomonas sp., Cryptomonas sp. and Oocystis 

pucilla (form 2 were also consumed by Diaptomus.

30
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PHYTOPLANKTON COMPOSITION OF PENA BLANCA LAKE

All samples were collected on 22 March 1974 
from a depth of one meter

TABLE 7

Mean Cell 
Length (u)

Mean Cell 
Width (u) No./ml Z> Comp *

Chilomonas sp. 10.0 4.1 17.7 0.21

Chlamydomonas sp* 6.6 — 85.0 0.99

Chlorella sp. 3.2* — 7471.0 86.95

Coelastrum microporum 13.5*+ — 18.8 0.22
Crucigenia quadrata 6.0*+ — — 18.9 0.22
Cryptomonas sp. 21.6 12.0 337.4 3.93

Diatoms 18.4
+

•9.1
+

7.8 0.09

Oocystis pucilla (form 1) 11.5+
t

8.3+
+

55.3 0.64

Oocystis pucilla (form 2) 12.1+
+

9.9+
+

27.0 0.31

Oocystis #3 12.1+ 9.2+ 20.2 0.49

Oocystis #4 6.4 4.6 38.3 0.45

Scenedesmus brasiliensis 16.7* 11.9+ 59.4 0.69

Schroederia ancora 24.6 2.8 108.4 1.26

Trachelomonas volvocina 16.4* — 15.2 0.18

Trachelomonas #2 18.2 14.9 15.2 0.18

Unidentified blue-green alga 5.6 1.9 274.0 3.19

* Diameter

+ Dimensions of the colony 

+ Dimensions of the mother cell wall
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Crucigenia quadrata
Trachelomonas volvocina Unidentified blue-green 

alga

Fig. 1. External Morphologies 
of the Algal Species of Pena Blanca Lake



TABLE 8

ALGAL CONSUMPTION BY DAPHNIA AND DIAPTOMUS

No. in No. k
Controls Removed % Removed t p

Daphnia paravula
Chilomonas sp. 1981 72 4.01 0.790 • .5 < P < . 6  *
Chlamydomonas sp. 9524 2905 31.74 3.355 P = • "  *Chlorella sp. 836755 264884 31.81 3.574 p < .999
Coelastrum microporum 2103 -57 -2.71 0.107 P <  -1 *
Crucigenia quadrata 2121 744 38.73 9.309 p > .999
Cryptomonas sp. 37793 -8803 -23.29 1.147 .7 < p < .8
Diatoms 878 -105 -11.96 0.475 .3 < P < -1 *
Oocystis pucilla (form 1) 6194 1143 19.52 2.111 .9 < P < .95
Oocystis pucilla (form 2) 3028 30 1.07 1.588 .8 < P ^ - 9 *Oocystis #3 4767 89 1.99 2.476 .95< P <  -98*
Oocystis #4 4290 373 9.31 2.090 .9 < p <  .95
ScenedGsmus brasiliensis 6652 -434 -6.52 0.341 .2 < p <  .3
Schroederia ancora 12146 617 5.29 1.256 .7 < p <  .8
Trachelomonas volvocina 1698 -786 -46.29 1.638 .8 < P <  .9
Trachelomonas #2 1702 -1508 -88.60 2.153 .9 < P <  .95
Unidentified blue-green alga 30694 18648 46.82 3.069 P >.98

Diaptomus siciliodes
Chilomonas sp. 1981 636 35.41 1.864 .9 < P c .95*
Chlamydomonas sp. 9524 5465 59.71 5.957 P >.99*
Chlorella sp. 836755 207687 24.94 3.215 P >.98
Coelastrum microporum 2103 -1068 -50.78 1.081 .6 < P < - 7 *Crucigenia quadrata 2121 394 20.51 11.256 P >.99g
Cryptomonas sp. 37793 9474 25.72 2.199 .9 < P <.95
Diatoms 878 -18 -2.05 0.082 p < .1



TABLE 8— Continued

Oocystis pucilla (form 1) 6194 
Oocystis pucilla (form 2) 3028 
Oocystis #3 4767 
Oocystis #4 4290 
Sccnedesmus brasiliensis 6652 
Schroederia ancora 12146 
Trachelomonas volvocina 1698 
Trachelomonas #2 1702 
Unidentified blue-green alga 30694

282 4.82 1.107 .6 < p < .7 ,
752 26.92 3.208 .98 <  p <  .99

-1204 -25.26 2.886 .95 <  p <  .98
-449 -10.47 0.823 .5 < p <  .6
-418 -6.28 0.309 .2 <  p <  .3
-139 -1.14 0.125 .7 < p <  .8
-983 -57.89 1.961 .9 <  p <  .95
-552 -32.43 0.976 .6 < p <  .7
8332 20.90 0.008 p <  .1

^Control totals are based on figures of Appendix I.

^Numbers removed are based on reductions of cell numbers in the experimental
bottles.

•̂ Values of t were calculated from the analysis of control and experimental sums 
by the Student's t test (Simpson et al. 1960).

^Values of p represent the probability of a significant difference between control 
and experimental totals.

Denotes a significant reduction in cell numbers and that consumption of the 
algal species occurred.

^Denotes a significant increase in cell numbers following introduction of the 
zooplankton species.
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The results of the analysis of selective feeding by the popula

tions of Daphnia paravula and Diaptomus siciliodes are given in Table 

9. The selectivity index is the ratio of the proportion of cells con

sumed to the proportion of cells in the environment. Thus the selec

tivity index of a particular algal species is the ratio of its percent 

composition of the diet of the zooplanktor to its percent composition 

of the phytoplankton assemblage. A selectivity index of one indicates 

the zooplankton species consumed the cells of the algal species in 

proportion to their abundance in the phytoplankton. A value greater 

than one indicates selection had occurred. A value less than one 

denotes avoidance, rejection or low feeding efficiency for that algal 

species by the zooplanktors.

The results indicate that Daphnia paravula selectively fed on 

Crucigenia quadrata, the unidentified blue-green alga and probably 

Chlorella sp. Chlamydomonas was found to be consumed in about equal 

proportion to its.abundance in the experimental bottles. The remaining 

algal species were either rejected or avoided by Daphnia to various 

degrees as described by their selectivity index. Diaptomus siciliodes 

preferentially consumed Chlamydomonas sp. and Chilomonas sp. and to a 

lesser extent, Cryptomonas sp., Oocystis pucilla (form 2), and 

Chlorella sp.

Partitioning of the Food Resource 

Analysis of partitioning of food by volumes is presented in 

Table 10. The total volume of the cells of each algal species and 

their percentage of the total phytoplankton population volume are
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ALGAL SPECIES SELECTION BY DAPHNIA PARAVULA 
AND DIAPTOMUS SICILIODES

TABLE 9

Algal Species
7o Total Algae 

Consumed
Selectivity

Index

Chilomonas sp.
Daphnia paravula

0.00
Chlamydomonas sp. 1.00 1.01
Chlorella sp. 91.50 1.05
Coelastrum microporum —  — 0.00
Crucigenia quadrata 0.26 1.18
Cryptomonas sp. —  — 0.00
Diatoms —  — 0.00
Oocystis pucilla (form 1) 0.39 0.61
Oocystis pucilla (form 2) —  — 0.00
Oocystis #3 0.03 0.06
Oocystis #4 0.13 0.29
Scenedesmus brasiliensis —  — 0.00
Schroederia ancora — 0.00
Trachelomonas volvocina —  — 0.00
Trachclomonas #2 —  — 0.00
Unidentified blue-green alga 6.44 2.02

Chilomonas sp.
Diaptomus

0.28
siciliodes

1.33
Chlamydomonas sp. 2.43 2.45
Chlorella sp. 92.55 1.06
Coelastrum microporum —  — 0.00
Crucigenia quadrata 0.17 0.77
Cryptomonas sp. 4.22 1.07
Diatoms —  — 0.00
Oocystis pucilla (form 1) —  — 0.00
Oocystis pucilla (form 2) 0.33 1.06
Oocystis #3 — 0.00
Oocystis #4 —  — 0.00
Scenedesmus brasiliensis —  — 0.00
Schroederia ancora —  *- 0.00
Trachelomonas volvocina —  «- 0.00
Trachelomonas #2 —  — 0.00
Unidentified blue-green alga 0.00

, A value of 1 indicates the zooplanktors consumed the cells in 
proportion to their abundance; a value < 1 indicates rejection or 
avoidance of the cells; a value > 1  indicates selective feeding.
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VOLUMES OF ALGAL SPECIES AND PERCENT COMPOSITION 
OF THE TOTAL ALGAL VOLUME

TABLE 10

Algal Species
Vol./Cell

(u)
Total Vol.
doV)

7. Total 
Pop. Vol.

Chilomonas sp* 132.0 261.6 0.2

Chlamydomonas sp. 150.5 1433.7 1.1

Chlorella sp. 17.2 14357.0 10.9

Coelastrum microporum 47.7 100.3 0.1

Crucigenia quadrata 56.5 119.9 0.1

Cryptomonas sp. 2443.2 92336.6 70.0

Diatoms 1196.9 1050.8 0.8
Oocystis pucilla (form 1) 622.3 3854.5 2.9

Oocystis pucilla (form 2) 931.5 2820.7 2.1

Oocystis #3 804.5 3834.9 2.9

Oocystis #4 106.4 456.3 0.3

Scenedesmus brasiliensis 142.2 945.7 0.7

Schroederia ancora 40.0 486.2 0.4

Trachelomonas volvocina 2309.7 3921.8 3.0

Trachelomonas #2 3173.9 5401.9 4.1

Unidentified blue-green alga 15.9 487.4 0.4

Total 131869.3 100.0
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displayed. The numerically dominant alga, Chlorella, made up only 10 

percent of the entire phytoplankton volume. Cryptomonas cells which 

were found to be 20 times less abundant than those of Chlorella com

prised 70 percent of the total algal volume. The much greater dimen

sions of the cells of Cryptomonas were responsible for their large 

volume in the population. In Table 11 are listed, on the basis of cell 

volumes, the portion of the total diet of each zooplankton species that 

was derived from each algal species. From Table 11 it is clear that 

Daphnia obtained the bulk of its food (73 percent) from Chlorella and a 

minor portion (11 percent) from Oocystis pucilla (form 1). Diaptomus 

on the other hand, obtained the bulk of its food volume (81 percent) 

from Cryptomonas and a lesser proportion (12 percent) from Chlorella.

It has been shown that food is partitioned by the two zooplank

ton species by obtaining the major portion of the volume of their food 

from different algal species. Daphnia derived the bulk of its food 

from the numerically dominant Chlorella cells, while Diaptomus derived 

the bulk of its food from the large, but less abundant cells of 

Cryptomonas.

In summary, Daphnia paravula and Diaptomus siciliodes have been 

found to consume only particular components of the algal assemblage of 

Pena Blanca Lake. Of the species consumed, several are preferentially 

fed upon and the selective feeding is involved in the partitioning of 

the food resources. These results are in opposition to the results of 

Reeve (1963b) and Frost (1972) which have described copepods and 

cladocerans as indiscriminate feeders. The conclusions of Mullin
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VOLUMES OF ALGAE CONSUMED AND PERCENT COMPOSITION 
OF THE TOTAL VOLUME OF ALGAE CONSUMED

TABLE 11

Algal Species
Vol. Consumed 

(10 u )
% Total Vol. 

Algae

Chilomonas sp.
Daphnia paravula 

0.0 0.0
Chlamydomonas sp. 437.3 7.1
Chlorella sp. 4544.9 • 74.0
Coelastrum microporum 0.0 0.0
Crucigenia quadrata 42.1 0.7
Cryptomonas sp. 0.0 0.0
Diatoms 0.0 0.0
Oocystis pucilla (form 1) 711.3 11.6
Oocystis pucilla (form 2) 0.0 0.0
Oocystis #3 71.6 1.2
Oocystis #4 39.7 0.6
Scenedesmus brasiliensis 0.0 0.0
Schroederia ancora 0.0 0.0
Trachelomonas volvocina 0.0 0.0
Trachelomonas #2 0.0 0.0
Unidentified blue-green alga 296.1 4.8

Chilomonas sp.
Diaptomus
84.0

siciliodes
0.3

Chlamydomonas sp. 822.7 2.9
Chlorella sp. 3563.5 12.5
Coelastrum microporum 0.0 0.0
Crucigenia quadrata 22.3 0.1
Cryptomonas sp. 23147.1 81.7
Diatoms 0.0 0.0
Oocystis pucilla (form 1) 0.0 0.0
Oocystis pucilla (form 2) 700.5 2.5
Oocystis #3 0.0 0.0
Oocystis #4 0.0 0.0
Scenedesmus brasiliensis 0.0 0.0
Schroederia ancora 0.0 0.0
Trachelomonas volvocina 0.0 0.0
Trachelomonas #2 0.0 0.0
Unidentified blue-green alga 0.0 0.0
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(1963), McMahon and Rigler (1965), Mullin and Brooks (1967), Richman 

and Rogers (1969), McQueen (1970), Arnold (1971), and Crowley (1973) 

which have demonstrated that zooplanktors have the ability to discrimi

nate between different algal cells have been supported by this 
analysis.



CHAPTER 4

MECHANISMS OF CONSUMPTION AND SELECTION

What exactly causes zooplanktors to select one type of food 

over another is a question which has been studied in some detail.

Martin (1970) and Burns (1969) have offered the following as possible 

mechanisms of selection in the feeding habits of cladocerans and cope- 

pods: 1) mechanical selection based on physical properties of the

algal cells as size, shape and configuration of the cell wall, 2) 

mechanical selection based on the structure and function of the feeding 

apparatus of the zooplankton, 3) chemical selection based on substances 

present in or released by the cell, and 4) behavioral selection based 

on different behavior patterns in the zooplankton species. In 

addition, the chemistry of the zooplanktor, especially in regard to the 

digestive enzymes it possesses, may play and important part in the 

selective mechanism. McMahon and Rigler (1965) suggest that the 

volumes of foods eaten by Daphnia magna are determined more by digest

ibility than by size of food cells. These mechanisms will be discussed 

below as factors which affect the consumption and selectivity of algal 

species by Daphnia paravula and Diaptomus siciliodes.

Cell Size of the Algae

Despite the recognition of all the possible mechanisms of 

selection, cell size has been emphasized in most studies. It has been 

found that smaller copepods ingest the smaller phytoplankton species
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and the larger calonoids preferentially remove larger cells from a 

phytoplankton assemblage (Mullin 1963; McMahon and Rigler 1965; Martin 

1970; Wilson 1973)• Calanus finmarchicus prefers larger cells over 

small in mixed culture experiments (Richman and Rogers 1969)•

Diaptomus oregonenis consumed cells in the 1-70-u range in mixed cul

tures (McQueen 1970) whereas, Pseudocalanus minutis, Temora longi- 

cornis, Oithona similis, and Acartia tonsa were found to ingest cells 

in the 1-15-u range in greatest numbers from a natural phytoplankton 

population (Hargrave and Geen 1970)• Inherent in all the experiments 

above is the possibility that factors other than size affect the food 

preferences of the zooplankton species. Acknowledgment of the other 

possible factors is found in each study, but discussion of these other 

mechanisms as they pertain to the work and results are minimal, at 
best.

In order to better analyze the role of food size in selective 

feeding, a group of experiments utilizing plastic beads has been pub
lished. The use of micronic beads eliminates such variables as shape, 

structure and chemistry found in algal cells, while still allowing food 

particle sizes as low as 1 u in diameter to be analyzed. Wilson (1973) 

has found Acartia tonsa to selectively feed over a narrow size range of 

particles based on the size frequency distribution offered. Burns 

(1968) developed a formula to predict the maximum size particles 

Daphnia can consume based on analyses of body length and bead size con

sumption in seven different Daphnia species. Burns (1969) has also 

shown that two species of zooplankton of the same genus may
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preferentially feed on different sizes of algae. Daphnia pulex was 

found to ingest high proportions of large beads (> 14-u diam), while 

Daphnia galeata ingested higher proporitions of small beads 

(< 14-u diam). Although offering excellent experimental analyses, 

these studies have little significance in explaining factors which 

influence zooplankton feeding preferences since they isolate other 

physical and chemical factors from cell size of the algae. Thus, the 

application of the results to field situations would be impractical and 

misleading.

Consumption of Algal Cell Sizes

To determine whether the size of the cell was a significant 

factor in the consumption of algal species by Daphnia and Diaptomus, 

the algal species consumed and rejected are compared by size in Table 

12. Similarly sized algal species were consumed or rejected by both 

zooplankton species. The best example of this is the zooplanktors1 

consumption of Oocystis. Daphnia consumed Oocystis #3 (12.1 u), but 

did not consume Oocystis pucilla (form 2) (12.1 u), while Diaptomus con

sumed Oocystis pucilla (form 2) and rejected Oocystis #3. Therefore, 

the size of the algae did not independently determine the ability of 

the zooplankton to consume their cells. McQueen (1970) has similarly 

found another freshwater copcpod, Diaptomus oregonensis, to be incapable 

of consuming some algal species despite the fact that their size and 

volume fell within the filterable range. Daphnia did have a maximum 

size cell which it consumed (12.1 u) whereas Diaptomus tended to



TABLE 12

COMPARISON OF ALGAL SPECIES CONSUMED AND 
REJECTED BASED ON SIZE

Mean
Species Consumed Length

Mean
Species Rejected Length

Daphnia paravula
Chlorella sp. 3.2"
Unidentified blue-green alga 5.6
Crucigenia quadrata 6.0
Oocystis #4 6.4
Chlamydomonas sp. 6.6
Oocystis pucilla (form 1) 11.5 Chilomonas sp. 10.0
Oocystis #3 12.1 Oocystis pucilla (form 2) 12.1

Coelastrum microporum 13.5
Trachelomonas volvocina 16.4:
Scenedesmus brasiliensis 16.7
Trachelomonas #2 18.2
Diatoms 18.4
Cryptomonas sp. 21.6
Schroederia ancora 24.6



TABLE 12— Continued

Diaptomus siciliodes
Chlorella sp. 3.2*
Crucigenia quadrata 6.0 Unidentified blue-green alga 5.6
Chlamydomonas sp. 6.6 Oocystis #4 6.4
Chilomonas sp. 10.0
Oocystis pucilla (form 2) 12.1 Oocystis pucilla (form 1) 11.5

Oocystis #3 12.1
Coelastrum microporum 13.5*

Cryptomonas sp. 21.6 Trachelomonas volvocina 16.4*
Scenedesmus brasiliensis 16.7
Trachelomonas #2 18.2
Diatoms 18.4
Schroederia ancora 24.6

Diameter



consume a wide range of cell sizes (3.2-21.6 u) correspodning closely

to the range of cell sizes in the phytoplankton population.

In respect to cell volumes, it has been shown (McQueen 1970)
that Diaptomus oregonensis did not consume or was incapable of con-

3suming cells ranging in volume between 20-60 u . Diaptomus oregonensis
3females utilized cells between 123-490 u most efficiently. Beyond

3490 u , biomass ingested decreased with increased cell size. In con

trast, Diaptomus siciliodes consumed Chlorella, the unidentified blue-

green algae and Cryptomonas, all of which had volumes approaching or
3within the 20-60 u range. In addition, Diaptomus siciliodes utilized

3the cells of Cryptomonas sp. (2400 u ) most efficiently in their diet, 

indicating an increased biomass intake with increased cell size.

It has been shown that Diaptomus siciliodes selectively fed on 

cells of Chilomonas, Chlamydomonas, Chlorella, Cryptomonas, and 

Oocystis pucilla (form 2). The collective range of size (length or 

diameter) of these species is 3.2-21.6 u. This size range incorporates 

almost the full range of cell sizes in the algal assemblage. Since all 

algal species with a cell length or diameter between 3.2 and 21.6 u 

were not consumed, size of the cell cannot be the only factor affecting 

the ability of Diaptomus to selectively feed on different algal 
species.

Daphnia paravula preferentially consumed Chlorella, Crucigenia 

and the unidentified blue-green algae. The size range represented by 

these species is 3.2-6.0 u in length. Within the selected size range 

were individual cells of Coelastrum microporum (5.6 u long) which were
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not consumed. Coelastrum is a colonial alga consisting of up to 64 

cells with an average total diameter of 13.5 u. If individual cells of 

the colony cannot be removed and consumed, the only inconsistency in 

the size range of selected species by Daphnia would be eliminated. 

Accordingly, the narrow range of cells which were selectively consumed 

may indicate that cell size has a significant effect on selective 

feeding by Daphnia paravula.

Feeding Behavior and Feeding Apparatus of the 
Zooplanktors

The analyses of consumption of algal cell sizes and partition 

ing of food include information which aids in the recognition of feed
ing strategies or feeding patterns of Daphnia and Diaptomus. According 
to the data listed in Table 8, Daphnia consumed approximately 260,000

Chlorella cells and 1200 cells of Oocystis pucilla (form 1). Diaptomus 

consumed around 9500 Cryptomonas cells and 210,000 cells of Chlorella. 

When these numbers are compared to the proportion of the total volume 

of the diets of the two zooplankton species which they represent, two 

distinct and opposite feeding behaviors of the zooplankton are shown 

to have occurred in the experimental vessels. Daphnia paravula con

sumed a large number of small (in size and volume) cells to obtain 

most of its food volume and consumed relatively few cells of greater 

size to obtain most of the remainder of its food volume. In contra

position, Diaptomus siciliodes secured the bulk of its food volume by 

consuming a small number of cells of great size and volume, while also 
consuming a large number of small cells.
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Mullin (1963) has shown the same type of feeding behavior as 

displayed by Diaptomus in feeding experiments with Calanus helgolan- 

discus, Calanus finmarchicus and Calanus hypeboreus. Because of selec

tive feeding and differences in volumes between large and small cells, 

the larger cells were found to have contributed the greater ration of 

the total volume of food ingested by the copepods, even though they 

were considerably less abundant than smaller cells. Frost (1972) found 

the marine copepod, Calanus pacificus to obtain its maximal daily 

ration of food at low concentrations when feeding on the larger cells 

present in their environment. In the freshwater environment, Hargrave 

and Geen (1970) have shown that four copepod species also filter and 

feed at higher rates on large cells even though the smaller cells are 
more abundant.

Data as above lend support to the conclusion of Mullin (1963) 

that grazing rates computed from the number of cells removed from a 

heterogeneous mixture of algae do not render the most useful informa

tion. Previous investigations on grazing rates should be reevaluated 

on the basis of the removal of food biomass before the results are 

applied to predict what is occurring in the natural environment.

It should be noted that earlier in this work Daphnia was found 

to avoid cells of Oocystis pucilla (form 1) based on its selectivity 

index of 0.61. Daphnia has also been found to utilize the cells of 

this same algal species as the secondary contributors to the total 

volume of their diet. A possible explanation of this event may be that 

chance encounters and subsequent ingestion of cells of Oocystis pucilla
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(form 1), coupled with the moderately large volume of the cells

3
(622 u ) was sufficient to cause Oocystis to become the secondary com

ponent of the total food volume consumed by Daphnia.

Most filterers have a limitation to the size of cell they can 

effectively remove from a mixture of algae (Burns 1968). Daphnia 

paravula has been found to consume no cell greater than 12.1 u in 

length and prefers to consume cells between 3.5-6.0 u. It seems 

probable that Daphnia paravula is primarily a filter feeder, securing 

most of its food from grazing on the small and abundant cells of 

Chlorella. Daphnia still possesses the ability to selectively feed on 

other cells, but the preferential feeding on these other cells is of 

minimal importance in securing the major portion of its food. These 

results are supported by the work of Arnold (1971) which has demon

strated Cladocera to be obligate filter feeders, while still possessing 

appendages which are capable of some degree of food selection and 

rejection. The maximum size particle which can be ingested by Daphnia 

may be determined by the structure of the feeding appendages. Hargrave 

and Geen (1970) have shown that the distance between fine bristles 

present in the oral cavity of zooplankton make the organisms capable of 

catching only a particular size range of particle based on the distance 

between adjacent bristles. Burns (1968) has shown that the size of 

Daphnia also determines the maximum size particle that can be ingested. 

It is possible that these two factors are interrelated with the size of 

the organism determining the distance found between adjacent bristles.
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It is also of interest that Diaptomus was found to consume such 

a large number of Chloralla cells when they added only a minor amount 

to the volume of food the zooplanktors consumed. In terms of expendi

ture of energy, it would seem more beneficial for Diaptomus to limit 

its feeding to the Cryptomonas cells. Diaptomus would need only to 

consume one cell of Cryptomonas to obtain the same food volume that is 

present in 140 cells of Chlorella.

A possible explanation of this phenomenon has been proposed by 

Wilson (1973)• He suggests that a zooplanktor can select a narrow size 

range of algae by the particular posture in which its grasping or feed

ing appendages are maintained. It is assumed that the probability of 
encounters is equivalent to the probability of consumption. After 

ingesting a food particle, the feeding appendages are thought to assume 

a posture such that slightly larger cells are caught more efficiently 

than smaller cells. The process is believed to continue until there is 

a greater abundance of smaller sized cells, or a significant decrease 

in the number of large cells. When this occurs and equilibrium is 

reached and small sized cells are gathered and consumed repeatedly. 

Wilson has derived this theory from experimentation with Acartia tonsa 

which has demonstrated that selective feeding occurred on particle 

sizes larger than the numerically dominant particle.

Based on the above theory, Diaptomus siciliodes tended to 

select larger and larger sized algal cells, ranging from the unidenti

fied blue-green alga to Chilomonas and Cryptomonas cells. Because the

encounters were more numerous with Cryptomonas cells, the second most
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abundant alga, they were consumed in the greatest numbers of all the 

selected species. However, because the Chlorella cells were so abun

dant in terms of all algal cells, and because the number of preferred 

cells had possibly decreased from selective feeding (especially since 

algal growth was prevented and there was an enclosed environment) an 

equilibrium status probably existed for quite some time. Richman and 

Rogers (1969) have noted that Calanus, in feeding experiments with high 

concentrations of small forms and a low concentration of large algae, 

first consumes the large cells. So, due to the equilibrium that may 

have existed, large numbers of Chlorella were also consumed. This 

explanation seems to adequately describe a possible reason why 

Diaptomus consumed so many cells of Chlorella, while consuming only a 

relatively small number of cells of Cryptomonas from which most of 

their food is obtained.

Wilson (1973) has noted that two distinct feeding mechanisms 

may occur in the copepods; selective (encounter) feeding and filter 

feeding. These two mechanisms are thought to be mutually exclusive 

(Richman and Rogers 1969), since the same feeding structures are used 

in both processes.

The above information leads to another possible explanation of 

the feeding strategy which Diaptomus has displayed. Selective feeding 

by Diaptomus siciliodes was found to have taken place, but the degree 

or intensity of the selection was rather low (a selectivity index 

slightly greater than 1) in most cases. Yet, due to the large size of 

the most commonly encountered, selected species (Cryptomonas sp.), the
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zooplanktors derived most of their food volume from the Cryptomonas 

cells. However, since the Chlorella cells were so numerically domi

nant, the number of encounters with large cells would have been rela

tively few overall and the process of filter feeding could have been 

the more commonly used feeding mechanism. Table 5 does show that 

Chlorella was indeed, consumed in only a slightly greater proportion to 

its abundance in the water. Thus, the rather low preference indices 

for the species that were selectively fed upon would be expected,.

The preceding explanation is in accordance with Richman and 

Rogers (1969) who have predicted that if two mechanisms of feeding 

exist, selective feeding on the larger cells would decrease as their 

concentration decreased while the filtering rate on the smaller cells 

would remain constant. In fact, in the same work, Calanus helgolan- 

discus was found to actively hunt large particles and filter small 

particles.

Therefore, it seems likely that Diaptomus siciliodes are selec

tive feeders when sufficient quantity of the preferred food is avail

able, However, when the preferred large volume cells are not found in 

large concentrations or have been depleted by selective feeding (as can 

be the case in a defined environment as an experimental vessel), 

Diaptomus obtains some of its food bulk from the consumption of the 

less substantial, but highly abundant small cells.

Algal Cell Morphology

Since the length of the cell played only a limited role in the 

consumption and selection of algal species by Daphnia and Diaptomus,



morphological characteristics of the algal species, such as flagella, 

cell wall structure and presence of spines, may also determine which 

cells the zooplanktors can consume.

Chilomonas, Trachelomonas, and Cryptomonas are algal genera 

which were rejected by at least one of the zooplankton species; all 

three possess flagella. Flagella do not seem to be a universal feeding 

retardant since flagellated Chlamydomonas cells were consumed. The two 

Trachelomonas species also possess a hard covering or lorica. The 

lorica of Trachelomonas volvocina is more or less smooth, interrupted 

by a very short collar through which the flagellum extends, whereas the 

lorica of Trachelomonas #2 is highly ornamented in a spinous nature, 

with a pronounced collar. Perhaps the lorica or flagellar collar acted 

as an obstruction to the feeding apparatus of the zooplankton, account

ing for the rejection of Trachelomonas cells by both Daphnia and 

Diaptomus.

The possession of spines by some algal species may affect the 

ability of the zooplankton to consume their cells. Schroederia ancora 

possesses a long spine at each end of the cell, one of which ends in a 

bifurcation. The cells of Scenedesmus brasiliensis are spicate with 

lateral spines. In addition, Trainor (1964, 1966) and Trainor and Burg 

(1965) have shown Scenedesmus species to possess fine bristle-like 

processes protruding from their cell walls. These bristles are* more 

commonly observed in spine bearing cells (Trainor and Burg 1965) as 

those of Scenedesmus brasiliensis. One might expect that the spines or 

bristles blocked or clogged the feeding structures of Daphnia and
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Diaptomus, since neither zooplanktor consumed the cells of Scenedesmus 

or Schroederia. Hullin (1963) noted that Calanus has been found to 

avoid cells of the diatom, Chaetoceros apparently because of its 

spinous processes•

Cells of a coenobium of Coelastrum may be connected to one 

another by lateral processes arising from the pectic portion of the 

cell wall (Smith 1950), thus making the removal of a single cell or 

group of cells very difficult. Both Daphnia and Diaptomus rejected or 

were incapable of consuming Coelastrum. The diameter of the colony was 

larger than the maximum algal cell Daphnia was found to consume, yet 

the cells of the coenobium were within the size range of preferred food 

cells. Many zooplanktors are known to grasp and tear away portions of 

filaments and colonies in order to consume the entire algal particle 

(Fryer 1957a; Richman and Rogers 1969). The connections between cells 

of Coelastrum may have prevented Daphnia from dislodging and consuming 

individual cells and subsequently the entire colony.

Chemical Composition of the Algae 
and Zooplankton Digestion

The chemical composition of an algal cell may have a function 

in the potential selection or rejection of it as a food item for zoo

plankton. The first portion of the cell encountered and requiring 

digestion by the zooplankton is the cell wall. Therefore, one might 

expect the chemical composition of the cell wall to be a prime factor 

if zooplankton feeding preferences are based on the ability of the 

organism to sense whether or not it can digest the potential food cell.
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Daphnia possesses a system of enzymes which can attack proteins 

(including three peptidases), fats (one lipase) and carbohydrates (one 

amylase), while Diaptomus similarly possesses functional digestive 

enzymes capable of breaking down the three major food stuffs (Easier 

1937)• Unless the members of an algal assemblage of a lake contain 

some specialized compound, variations in chemical composition resulting 

from species differences would not be expected to influence their 

digestibility (Conover 1966)• The chemical composition of the cell 

wall of the genera of algae found in Pena Blanca Lake, as described by 

Smith (1950), Leedale (1967), and Fuhs (1973), are listed in Table 13.

Based on the known chemical composition of the cell walls and 

the enzymes possessed by the zooplanktors, only two categories of algae 

would seem likely to pose a problem to the digestive capacities of 

Daphnia and Diaptomus. Trachelomonas species possess a hard lorica 

envelope built up of inorganic deposits attaching to mucilaginous 

threads (Leedale 1967). The thickness or the degree of ornamentation 

of the lorica is dependent on the amount of impregnation with iron and 

manganese (Pringsheim 1953). These metallic compounds may be indigest

ible and sensed by the zooplanktor leading to the rejection of the cell 

from the oral passage. There is also the possibility that the thick 

cell wall or lorica can resist mastication and prevent digestion by the 

absorption of the digestive enzymes without cell breakdown (Conover 

1966; Arnold 1971). A cell of Trachelomonas may be ingested then, 

without having its wall ruptured, and as suggested by Fryer (1957b), 

could emerge from the anus undamaged. Any of these factors may have



TABLE 13

CHEMICAL COMPOSITION OF THE CELL WALL
OF PENA BLANCA LAKE ALGAE

Cell Wall *Component
Genus Cellulose Pectin Other

Chilomonas Uncertain Uncertain
Chlamydomonas + 0 ——
Chlorella + + —  —

Coelastrum + + —  —

Crucigenia + + — —
Cryptomonas Uncertain Uncertain mucilaginous material

( ot polysaccharide)
Diatoms
(all genera) + + silica

Oocystis + + mucilaginous material
(polysaccharide, 
probably pectose)

Scenedesmus + + —
Schroederia + + —  —

Trachelomonas 0 + firm, gelatinous lorica; 
Fe and Mn in lorica; 
protein in pellicle

Unidentified blue-green alga + + gelatinous polysaccharide

All information obtained from Smith (1950) except for the components of 
Trachelomonas which were obtained from Leedale (1967) and the components of the 
blue-green alga which were obtained from Fuhs (1973). + present; 0 absent.



been responsible for the rejection of the cells of both Trachelomonas 

species by Daphnia and Diaptomus,

The Bacillariophyceae have a siliceous cell wall. It has been 

shown by Bond (1934) that a pelagic calanoid species was unable to 

digest a minute body in the center of Nitzschia, a marine diatom and 

was also incapable of digesting its frustules. The indigestibility of 

the silica of diatoms, then may act as an inhibitor to feeding by some 

zooplanktors. Fryer (1957b) has found cladocerans and calanoid cope- 

pods to select smaller phytoplankton which are more digestible than 

diatoms which have a covering that impedes digestion and assimilation. 

Similarly, diatoms were not consumed by either Daphnia paravula or 

Diaptomus siciliodes.

The mucilaginous coverings of some of the algal species does 

not seem to be a probable deterent to feeding, chemically speaking, 

since it is a complex polysaccharide and should be digested by the 

amylases. Bond (1934) has shown that Calanus possesses an amylase 

which does destroy gelatin. More likely, the mucilaginous coverings 

affect feeding of zooplankton by the clogging of the filtering appara
tus •

In addition, the storage products of the algal species may 

also have some type of effect on their ability to be digested by the 

zooplanktors (R. Hoshaw personal communication; Martin 1970; Burns 

1969). Most of the algal species used in the present experiment have 

starch or laminaria (a polysaccharide closely related to starch) as 

their major storage product, both of which should be easily digested
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by the amylases of the two zooplankton species. However, the chief 

product of photosynthesis in the Euglenophyta is paramylum, an 

insoluble polysaccharide not found in other algae (Smith 1950). This 

product is starch-like, but does not respond to the usual tests for 

starch. Paramylum could be difficult to break down since the beta 

linkages which hold its molecules together differ from those of starch. 

The Bacillariophyceae possess oils as a major storage product and zoo- 

planktors may also have difficulty totally digesting some of these sub

stances. Thus, storage products may have had an effect on the avoidance 

or rejection of the cells of Trachelomonas and of the diatom species by 

both Daphnia and Diaptomus.

Regardless of the digestive capabilities of the zooplanktors, 

algal species may also be avoided on the basis of some toxic or 

inhibitory substance present in their cells (Ryther 1954; Mullin 1967; 

Arnold 1971; Crowley 1973). Arnold (1971) found Daphnia pulex to have 

low survivorship and no reproduction when fed Merismopedia and 

attributed these results to toxic properties of the cells. In the same 

experiment, Anacystis nidulans and Synechocystis were shown to be toxic 

or inhibiting toward Daphnia pulex since low assimilation rates were 

recorded for these cells. All the aforementioned algae are blue-green 

algae and the toxic nature of cyanophycean cells has been noted often 

(Fryer 1957b; Fogg 1962; Arnold 1971). However, the ability of Daphnia 

paravula to consume the only blue-green alga in the phytoplankton 

assemblage raises doubt that all Cyanophyceae possess toxic or inhibit

ing substances.
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From experiments demonstrating a depression of the grazing 

rates of Daphnia at high cell concentrations and from other evidence, 

Ryther (1954) has suggested the presence of a toxic or inhibiting sub

stance in cells of Chlorella which when released from a large number of 

ingested cells in the gut, depresses feeding. Rigler (1961), has 

opposed this suggestion and has hypothesized that "overloading" 

(decreased feeding activity when sated or reduced efficiency in filter

ing or ingestion when in a dense population of cells or when the gut is 

full) accounted for Ryther1s results. Mullin (1967) has found that the 

feeding behavior of Calanus does not follow Rigler1s hypothesis, since 

food intake became constant rather than decreasing at high cell concen

trations •

It appears that Daphnia paravula had no difficulty in consuming 

cells of Chlorella. Inhibition seems unlikely to have occurred during 

the feeding period due to the large number of cells of Chlorella con

sumed and their importance in the total diet of Daphnia. This conclu

sion is supported by Arnold (1971) who found Daphnia pulex to consume 

and totally assimilate Chlorella vulgaris. In contrast, Diaptomus 

siciliodes utilized a much smaller proportion of Chlorella cells in 

their diet. The small volume of Chlorella cells consumed by Diaptomus 

may be accounted for by released inhibitors from the consumed cells 

which prevented further ingestion of cells of Chlorella. Inherent in 

this explanation would be the assumption that Diaptomus possesses a 

greater sensitivity for the released inhibitor than does Daphnia.

Feeding behaviors, independent of cell chemistry may also have caused
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the low volume intake of Chlorella cells. The latter explanation 

appears to be the stronger, since feeding inhibition has been more 

commonly found when zooplanktors feed on senescent cultures of 

Chlorella (Ryther 1954; McMahon and Rigler 1965; Mullin 1967). Log- 

phase Chlorella vulgaris have not been observed to inhibit feeding of 

Daphnia magna, but senescent cells caused Daphnia to decrease its 

filtering rate and its maximum feeding rate (McMahon and Rigler 1965). 

Similarly, the inability of Daphnia pulex to ovulate and live a normal 

life span when fed Chlorella pyrenoidosa has been accounted for by the 

lack of some nutritional requirement which is not supplied by Chlorella, 

but is found in lake water (Taub and Dollar 1969). In the natural 

environment then, Chlorella can sustain normal growth and development 

of zooplankton. Thus, application of fresh, natural phytoplankton and 

lake water may not have allowed the cells of Chlorella to produce 

inhibiting substances or be nutritionally inadequate. Nevertheless, 

other algal species may have inhibited zooplankton feeding in the 

manner theorized by Ryther (1954). Ditylum, Gonyaulax, Asterionella, 

and Thalassiosira have shown effects on copepods which could be 

attributed to the presence of accumulated inhibiting substances in the 

gut (Mullin 1967).

Extracellular Products of Algae 

Marine phytoplankton has been found to excrete glycolic acid, 

polypeptides, amino acids, carbohydrates and sugar alcohols (Hellebust 

1965). Freshwater green flagellates have been found to excrete glycolic 

and oxalic acid, polysaccharides, free amino acids, peptides, fixed



nitrogen and sugar alcohols (Allen 1956; Lewin 1956; Stewart 1963; 
Hellebust 1965)•

In order for zooplanktors to select food based on the sensing 

of extracellular products, there must be some variation in products 

between different species of algae. Lewin (1956) in his studies of 

mucilaginous chlorophytes noted that in three strains of Chlamydomonas 

callosa which were morphologically similar, the composition of the 

extracellular polysaccharide of the strains differed. Hellebust (1965) 

found that some algae excrete mainly only one substance. Chrysophytes 

and diatoms were both found to excrete large quantities of their 

respective unknown substances. Guillard and Wangersky (1958) could not 

conclusively find any extracellular carbohydrates in the cryptomonad, 

Rhodomonas. These studies show that there may be considerable differ

ences among algal species with respect to relative amounts and composi

tion of their extracellular products. This strengthens the supposition 

that zooplankton may be able to distinguish between different algal 

species by their released by-products. In addition the occurrence of 

variations in extracellular products, even among different strains of 

algae, may explain the selection of only certain forms of Oocystis by 

each of the respective zooplankton species studied in the report.

Extracellular products may enter into the mechanism of feeding 

of zooplankton in several ways. Wangersky and Guillard (1960) have 

shown Amphidinium carter! releases an analogue of acetylcholine as 

either a waste product or as a protective device. They believe such a 

compound should be physiologically active and could possibly act as a
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chemical deterent against zooplankton. Arnold (1971) has described 

blue-green algae to be the most rejected species in feeding experiments 

with Daphnia pulex and predicted that toxic extracellular products 

accounted for the rejection. Daphnia pulex had low ingestion rates 

when fed Synechococcus, Anacystis, and Merismopedia, indicating that 

the zooplanktors may possess some mechanism for sensing the extra

cellular products and rejecting these cells prior to ingestion.

Although Arnold (1971) found blue-green algae to be highly rejected by 

Daphnia pulex, Daphnia paravula preferentially consumed the only 

cyanophytcs in the phytoplankton. This indicates that the blue-green 

algal cells either had no inhibiting extracellular products or the 

products were not sensed by Daphnia and their effect had not occurred 

before the experiment was ended.

Therefore, zooplankton, if possessing a chemoreceptive device 

capable of distinguishing between different extracellular products 

prior to contact of the cell, could effectively avoid undesirable algal 

cells. However, extracellular products may also attract zooplankton to 

certain algal species• Stewart (1963) suggested that nitrogenous 

extracellular products of algae may be of importance in nature since 
many organisms utilize amino acids as a nitrogen source while others 

require amino nitrogen for growth. In this respect, liberation of 

chemical products by algae could attract zooplankton to a desirable
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CHAPTER 5

SELECTIVE FEEDING AND COMMUNITY STRUCTURE

Very little is known about significant differences in the eco

logical requirements and niches of different genera of zooplankton.

Due to this lack of knowledge, the use of the term ,,nicheM is usually 

based on food habits with little emphasis on other requirements. In 

the following discussion the term "niche" will apply to the interrela

tionships that any species has with food, feeding, predators or prey, 

as suggested by Pennak (1957).

Partitioning of Food and Coexistence 

It must be assumed that the niche requirements of different 

zooplankton species must be sufficiently different to allow the coex

istence of their populations. In the aquatic habitat, herbivorous food 

selecting species, living in the same community and utilizing the same 

food resources, may apportion the available size array of food 

particles in accord with their body sizes (Hutchinson 1951)• However, 

Brooks and Dodson (1965) have noted that food apportioning according to 

body size is a process toward the separation of niches and coexistence 

which rarely is available in the planktonic communities. This conclu

sion is based on the occurrence of similarly sized zooplankton species, 

which according to their size-efficiency hypothesis for feeding should 

all be able to consume the same size algal cells.
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Both of the above statements regarding separation of feeding 

niches are based on the assumption that the size of the zooplanktor 

dictates the size range of particle it can consume, with large zoo- 

planktors consuming large and small cells and smaller zooplanktors 

limiting their feeding to small cells. The authors who have based 

their remarks along this line have failed to recognize that small zoo

planktors as Diaptomus can select very large food particles by grasping 

them with their feeding appendages and breaking the cell apart with 

their maxillae and mandibles (Richman and Rogers 1969). Similarly, 

larger zooplanktors as Daphnia may only consume cells which are smaller 

than those ingested by smaller copepods.

It appears to this author that partitioning of food resources 

based on the modes of feeding used by the zooplanktors rather than food 

size, is what probably distinguishes niches in the zooplankton com

munity. More simply, it is the difference in feeding strategies which 

allows coexistence of herbivorous zooplankton species. From the analy

sis of feeding in the present work, Diaptomus obtained most of its food 

volume from selective feeding on large cells (Cryptomonas and 

Chilomonas) while Daphnia obtained most of its food from filtering 

small cells (Chlorella). Thus, two modes of feeding (filtering and 

selecting) and partitioning of food based on volume occurred in the 

feeding experiments. It is therefore, suggested that these factors 

separate the niches of the zooplanktors and allows coexistence of her

bivorous zooplanktors to occur in Pena Blanca Lake.
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The preceding explanation of the determination of the feeding 

niches in zooplankton communities is supported by Pennak (1957)•

Pennak has indicated that two basic or functional niches are those of 

the filter feeder and the selective feeder* He has inferred that it is 

common to have just one species in each of these functional niches and 

that it is usually the numerically dominant zooplankton species which 

fill them, Daphnia and Diaptomus were the dominant zooplanktors and 

were found to be respectively, a filterer and primarily a selective 
feeder.

Analogously, Dodson (1970) has found complementary feeding 

niches to be sustained by the predation of different size food in ' 

planktonic communities of 24 similar ponds in the mountains of 

Colorado. He found that the more selective predator excludes the pre

ferred large food items which then favors the presence of suboptimal, 

small food which is used by the other predator. The ability of the 

more selective feeder to sustain its biomass by the consumption of the 

smaller food when it has depleted its preferred food, prevents the 

selective predator from encountering severe losses of its population 

numbers. Diaptomus has likewise been suspected to have the ability to 

feed selectively on large cells, but switch to a more passive feeding 

on the dominant small cells (from which a small portion of their food 

volume can be derived) when conditions favor such a move. However, it 

can be assumed that if the filtering of the suboptimal small cells con

tinued for some extended period of time, insufficient food volume would 

probably be consumed by Diaptomus since it does not efficiently remove
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such small cells. The zooplanktors would eventually starve and be 

replaced by a less selective or filter feeder which could derive a 

greater portion of their diet from the small cells. This is in con

trast to the findings of Dodson only insofar as the selective predator 

he studied was just as efficient in consuming small cells as in 

selecting large cells so that the change to feeding on the small cells 

did not reduce the biomass of food it could consume.

Feeding behaviors as the ones just described may be involved in 

the cyclic changes in the composition and concentration of the plankton 

throughout the year. The effects of herbivorous zooplankton and 

carnivore predation will be discussed below as they pertain to the 

structure and composition of the plankton.

Predation and Population Structure 
and Energetics

In regard to the effects of grazing on the qualitative com

position of the phytoplankton community, Riley, Stommel, and Bumpus 

(1949) and Margalef (1958) have indicated that a slight preferential 

removal of certain species, as found in this experiment, can have a 

considerable effect if it occurs for a number of weeks. Since the 

feeding experiments were not done on a continuous basis, it is diffi

cult to assess the possibility that the selective feeding by Daphnia 

paravula and Diaptomus siciliodes can significantly alter the phyto

plankton composition of Pena Blanca Lake. However, Mullin (1963) has 

postulated from feeding experiments with Calanus, that larger celled 

species will usually experience a greater loss of biomass to the
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zooplanktors than smaller celled species, even if the populations are 

equal in total biomass, due to preferential removal of larger cells. 

This conclusion leads to very interesting implications in respect to 

what might happen in the natural situation at the lake.

It would seem likely that the population of Cryptomonas would 

suffer great losses due to selective feeding by Diaptomus. However, 

since copepods are believed to switch to filter feeding when they have 

reduced the concentration of their preferred food, the Cryptomonas 

population would be able to recover. There would then seem to be a 

cyclic pattern in the abundance of these cells. Chlorella on the 

other hand, receives double predation since it has been shown to be 

selectively filtered by Daphnia and consumed in large numbers by 

Diaptomus. It would be reasonable to expect the Chlorella population 

to decline in abundance after a period of time. However, Parsons et 

al. (1969) have shown that cessation of feeding occurs in zooplankton 

populations when particle concentrations become low. Similarly, Reeve 

(1963a) and McMahon and Rigler (1965) have shown feeding rates to 

decrease with decreasing cell concentrations. Since Daphnia was shown 

to feed within a narrow size range of small cells, their feeding rate 

could presumably decline. Thus, recovery and growth of that portion of 

the phytoplankton population can be made possible by a decrease in the 

filtering rate of the zooplankton.

The selective feeding of the zooplanktors would appear to be an 

important factor which influences aquatic primary production. Species 

of algae do not contribute equally to the total primary production of a
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community (Stull, de Amezaga and Goldman 1971). Preferential grazing 

upon algal species which have the potential to be highly productive can 

decrease the total primary production of the plankton. In contrast, 

selective consumption of non-productive species of algae could allow 

primary production to remain stable or increase over a period of time.

In another point of view, selective feeding by zooplankton could deter

mine which algal species will become the greatest contributors to the 

primary production of the algae by regulating the number of cells of 

various algal species. Accordingly, the contribution of a particular 

algal species to the community production at any point in time may cor

respond to the predation pressure placed on them by the zooplanktors.

The predation of the zooplanktors may also influence the com

position and energy flow of higher trophic levels. The presence of 

ingestible algal cells, based on size and shape, have been shown to 

limit the early growth stages of zooplankton in the Straight of Georgia 

(Parsons et al. 1969). Predation by primary carnivores and consequently 

their abundance was found to be dependent on the availability of zoo

plankton, which in turn was based on the ability of the zooplanktors to 

consume their preferred food. Thus, the ability of zooplanktors to 

selectively feed on the phytoplankton assemblage can control the energy 

input into the next trophic level. Compositional change in the 

carnivore community would then be partially based on their ability to 

utilize alternative foods when zooplankton growth is limited.

Since the zooplanktors themselves are not isolated from pre

dators, the predation pressures placed on the zooplankton species can



result in changes in the composition of the phytoplankton community. 

Brooks and Dobson (1965) have described the selective predation by 

Alosa (alewife) on the zooplankton of Crystal Lake. They found that 

all zooplanktors consumed particle sizes between 1-15 u, but the larger 

zooplanktors were more efficient at their removal, while still being 

able to consume even larger cells. When predation by Alosa was of low 

intensity, small zooplanktors were completely eliminated by the large 

zooplanktors due to their more efficient feeding. When predation was 

intense, the larger zooplanktors were consumed, allowing the smaller 

species to become dominant. Therefore, when predation on zooplankton 

was low the concentration of small cells was low and when predation was 

intense the concentration of small cells was very high.

If the planktivorous fish of Pena Blanca Lake have a similar 

ability to more efficiently utilize larger zooplanktors as food (which 

is usually the case at this trophic level), then the composition of the 

plankton can possibly be predicted based on the predation pressure of 

the fish. When predation pressures on the zooplanktors are intense, 

the larger zooplankton species (like Daphnia) would be consumed and the 

smaller zooplanktors (as Diaptomus) would become dominant. According 

to the results of the present work, such a situation would cause the 

smaller algal cells, which are not efficiently utilized by the smaller 

zooplanktor, to become dominant. It is interesting to note that at the 

time the experiment was initiated, Diaptomus a smaller zooplanton 

species was dominant while at the same time the small cells of Chlorella
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were the numerically dominant algae in the phytoplankton. When
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predation is not severe, both zooplankton sizes would be present with 

the larger cladocerans utilizing the small cells and the smaller cope- 

pods utilizing the larger cells in preference to the smaller. At this 

time, the phytoplankton would slowly become dominated by the larger 

algal forms since the smaller cells would be severely reduced by the 

double predation pressure placed upon them by both zooplankton groups. 

Thus, feeding behaviors can lead to insight on how the cyclic patterns 

of planktonic communities are developed and what mechanisms are 

involved in the changes in the biotic components.
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CONTROL COUNTS OF THE ALGAE

Species

Chilomonas sp.
Chlamydomonas sp.
Chlorella sp.
Coelastrum microporxrn 
Crucigenia quadrata 
Cryptomonas sp.
Diatoms
Oocystis pucilla (form 1) 
Oocystis pucilla (form 2) 
Oocystis #3 
Oocystis #4
Scenedesmus brasiliensis 
Schroederia
Trachelomonas volvocina 
Trachelomonas #2 
Unidentified blue-green alga

No. of Cells
Bottle Bottle Bottle Bottle Bottle

1 2 3 4 5 Mean

413 308
1659 2443

182775 188220
700 224
441 441
9905 5033
252 98

1127 1554
553 441
980 1022
910 756

1498 819
2716 2940
336 196
175 175

5901 6608

175 301
1869 2135

164550 150355
756 394
406 427
7133 7357
182 175
1414 1365
714 567
861 952
1057 924
1782 1372
1813 2492
364 301
637 329
7518 6678

784 396.2
1468 1904.8

150855 167351.0
24 420.6

406 424.2
8365 7558.6
171 175.6
734 1238.8
753 605.6
952 953.4
924 858.0
1372 1330.4
2492 2429.2
301 339.6
329 340.4
6678 6138.8

Figures are based on the analysis of seven, 10-ml samples (seven settling 
chambers) obtained from each control bottle.
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EXPERIMENTAL COUNTS OF THE ALGAE

*No. of Cells
Bottle Bottle Bottle Bottle Bottle

Algal Species 1 2 3 4 5 Mean

Daphnia paravula
Chilomonas sp. 196 350 273 440 280 307.8
Chlamydomonas sp. 1120 1460 1260 1264 1686 1214.0
Chlorella sp. 114300 121790 146930 115200 66570 112958.0
Coelastrum microporum 280 882 581 30 437 442.0
Crucigenia quadrata 217 147 182 196 281 204.6
Cryptomonas sp. 11039 12747 11893 6022 5793 9498.8
Diatoms 168 315 245 112 143 196.6
Oocystis pucilla (form 1) 924 1085 1008 571 820 881.6
Oocystis pucilla (form 2) 427 511 469 562 561 506.0
Oocystis #3 735 847 791 722 989 816.8
Oocystis #4 630 602 616 641 872 673.2
Sccnedesmus brasiliensis 1386 1988 1687 872 1153 1417.2
Schroederia ancora 2156 2513 2338 1679 1902 2117.6
Trachclomonas volvocina 658 609 630 340 247 496.8
Trachelomonas #2 819 826 819 310 438 642.0
Unidentified blue-green alga 3962 4907 4438 2775 4457 4107.8

Diaptomus siciliodes
Chilomonas sp. 196 224 175 196 217 201.6
Chlamydomonas sp. 728 819 749 574 546 683.2
Chlorella sp. 149940 110880 120750 196980 142800 144270.0
Coelastrum microporum 854 581 1050 364 322 634.2
Crucigenia quadrata 252 245 280 266 308 270.2
Cryptomonas sp. 6382 5298 6830 4871 3339 5344.0

JN



Diatoms 287 
Oocystis pucilla (form 1) 1267 
Oocystis pucilla (form 2) 462 
Oocystis #3 1316 
Oocystis #4 945 
Scenedesmus brasiliensis 1799 
Schroedcria ancora 2422 
Trachelomonas volvocina 672 
Trachelomonas #2 406 
Unidentified blue-green alga 6398

84 210 203 112 179.2
952 1281 833 910 1048.6
308 490 343 238 368.2

1183 1421 1057 944 1194.2
686 1204 938 966 947.8

1260 1750 1624 637 1414.0
2835 2457 2254 2317 2457.0
357 728 637 287 536.2
616 581 196 455 450.8

4865 5824 6195 7441 6144.6

Figures are based on the analysis of seven, 10-ml samples (seven settling 
chambers) obtained from each experimental bottle.
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