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I, Introduction

Grazing by zooplankton represents tihe primary means of convert-
ing the phytoplankton crop into animal protoplasm. The subject has
received widespread attention by investigators, but its complexity
and inherent diff{icu’tv has made progress exceeding'y slow. Tiere are
two main points of view from which to examine U e problem. (1) In the
sea, where tl:e phyloplankton is composed largely of diatoms, the cues-—
tion usually arises - ""Is there sufficient food available for the
zooplankton population to flourish?" (2) (n thre other hand, in fresl-
water lakes, where tie composition of t'e¢ piytoplankton is Ll var-
iable, the cvestion is often raised - '"To what extent does tl.e zooplank-
ton control tlie phytoplanliton porulation?" This lost question is especi-
ally pertircrt in cases wicre “lue-green algae cairse uncesira>le “looms,
Jese tuo cuestions nre .ot ouderentally lifferent as ther seek roughly

tiie sare infornatiorn for .uwo iistinct situations. However, they do il-

lustrate two of t!e principal wvays of looking at tlie problemn,

iI, Tlitera.ure

Jork on the grazirg of zooplankton was at first directed toward
thie qualitative aspects of UL .e pro-lem. Pltter (1909) nroposed tle
theory tlat particulate naterial cannot jossi.ly satisfy the metaholic
recuirenents of zouplankton anc t'at dissolved organic natter must

ersiore seive € a  iaporitart food soirce, Jebour (1922) and



~2—

Marshall (1923) made studies on the gut contents of Calanus and found
a variety of phytoplankton is consumed by tlie animals. Later on work
by Krogh (1931), Gellis and Clarke (1935) and Clarke and Gellis (1935)

showed that in the cases of Daphnia magna and Calanus finmarchicus

dissolved material is not an impcstant food source.

Investigators next turned toward the quantitative aspects of
grazinge Lucas (1936) measured the rate of diatom$ consumption by
estuarine zooplankton. At Woods lole, Fuller and Clarke (1936) used
carmine particles to determine the filtering rate of ﬁalanus and ob-
tained the mean value of 5.61 ml. water per day at 12° C. Respiration
rates of Calanus as ueasured by liarshall, Nicholls, and Orr (1935)
showed thet Calanus would have to filter 72 ml. of water per day in
order to subsist in Vineyard Sound. In 1937, Fuller, using litzschia
closterium as food obtained filtering rates per day of 0.35 ml. at 3° Q.,
2.83 ml. at 8° C., and 1,09 ml. at 13° C, Harvey (1937) found that the
filtering rate varied with the size of the food organism. IHis values
ranged from 1.2 to 240 ml. per day for different diatoms.

More recently liley, Stommel, and DBumpus (1949) in their report,
"Quantitative ecolozyv of the plankton of the western North Atlantic!
mace some feeding rate i.easurenents while at sea, They obtained a
value of 9 ml./cday/my;. wet weisht of zoopliankton for Atlantic slope
water and 34~52 nl./day/mg. wet wt., for the Sargasso Sea. 3y a separate

method which is indirect and highly involved they calculate tlat the
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actual rate in tle sea varies from €0 to 110 nl./day/mg. wet weight.
Gauld (1951) made a thorough study of feeding rates of marine copepods

using Chlarydomonas as the food organism, His results varied from

L,3 to 71 ml./day dependins on tc copepod used.

ITT, Grazing Rates of Daphnia on Chlorella

A. lkethods and Laterials

1, Daphnia Cultures

Althovgh Daphnia are lmown to be easily raised in the laboratory,
to obtain a constamt supply of lcalthy, vigorous arimals recuires care and
experience. [For tuis reason it seems worthwhile to descrite the metliods
used. The aninals are raised in filtered lake water in large batiery

jars., They are fed exclusively on Chlorella pyrenoidosa (Pringschein).

Cultures of two species of Daphnia, D. lonsispina 0. F, Miller and

D. pulex de Geer, are raintained, The first colony of each is started

by a single female obtained from Lale Mendota, thus eliminating genetic
differences in tle laboratory colonies. ileprodvction by parthenogeresis
soon establishes a vigorous colony. The demsity of the population fol-
lows the usuval pattern observed in pure cultures of practically all
organisms, After an initial delay the numbers begin to increase geometri-
cally. At a certain level '"crowding effects! bezgin to appear and the
numbers level off., Then begins a period of population fluctuation
punctuated by occasional sharp decreases from which recover; is slow,

In Daphnia cultuvres tiiese depressions, as they are called, frequently
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culminate in the complete destruction of the colony. Depressions occur
in spite of regular, heavy feeding and are accompanied by a heavy growth
of bacteria, In order to eliminate this difficulty new colonies are
started by transfers from the old one during the veriod of most rapid
increase. This period can only be deterrined by regular observation

of the population., Ho fixed rules can be given; it is mostly a cuestion
of experience and regular observation, Timing is important, for if the
transfer is macde after tle peak is reached, the new culture will exhibit
an extra long delay or die out altogether., By always transferring before
the peak, the depression is in effect postponed indefinitely, Thus
healthy, vigorous animals are always available.

Feeding is done on a demand basis; that is, whenever the water
appears clear, Chlorella is added, This is usually every 2 or 3 days in
the beginning and every day after the population begins to increase
rapidly. /lso larger amounts are added as the Population increases.
dalthough no special study was rade, it may be noted that production of
winter eggs usually accompanies periods of starvation in a fairly crowded
colony.

2. (Chlorella cultures

A constant supply of fresh Chlorella is reocuired to maintain
the Daphnia colonies, This small green alga is cultured in one-liter

frlenmeyer flasks in the following nutrient solution:



Coripound lig.
KHyFO,, 2.1,50
KQHPOA 1.010
lig SO, 2,400
KNOg 2,525
FoS0,» 7Hy0 0.0015
A - Z solution (trace elements) 1.0 nl,
Distilled water 1000, ml.

Sterilization of the medium is unnecessary due to its low pH which
prevents excessive growth of most bacteria. After innoculation, the

lasks are aerated writh compressed air. By vigorous aeration a sufficiently
large supply of COp is obtained from atmospheric air to permit rapid growth
of the alga, The light source is an ordinary 100 watt bulb., A heavy
green "soup" is produced in a week or less under these conditions. The
resulting Chlorella suspension is allowed to settle out and the spent
nutrient solution decanted., The cells are then resuspended in tap water.
This suspension is refrigerated and used within a week. Prolonged

storage of the cells is undesirable since "old" Chlorella tends to
inhibit reproduction and increase mortality in laboratory Daphnia cultures.,

3. Feedins—rate experiments

The feeding rates of D. longispina and D. pulex are measured
by placing the animals in a suspension of Chlorella and determining the

rate of decrease of the cells., Chlorella is suspended in filtered lake
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lake water (no, 42 fine precipitate filter paper) and a dilute suspension
in amounts varying from 50 to 200 ml. placed in 250 ml. Lrlenmeyer flasks.
Either 5 or 10 Daphnia are allowed to feed for periods of 2 to 24 hours.
lHost of the tests were made using 10 Daphnia in 100 ml, of suspension
over a 4 hour period. Temperatvre control is achieved by immersing the
1asks in a "home-made" constant temperature water bath.

The concentration of Chlorella is determined by counting samples
of the suspension in a Levy-Hausser haemacytometer; the nean of 10
counts is taken as the concentration. Since the largest unit of the
haenacvtometer contains 1074 rnl., the number of cells per unit x th
is the number of cells per ml., of suspensions

Three flasks are used in each experiment, Two receive Daphnia while
one is kept as a control, Before introducing the Daphnia tlie algal-con-
centration is determined for each flask and the results of the 3 flasls
averaged, The rates of consumption of the Chlorella by the Daphnia are
measured by cell counts made at 1 or 2 hour intervals except in the
20 and 24 hour experiments. Since it recuires about 15 minutes to make
the 10 counts for a single flask, the starting times for the 3 flasks are
stagsered so that counts cen ve rade for feeding periods of the sane lengtl
for all flasks.

Chlorella, being a non-motile green a.ga, tends to scettle out
gradually., In the 20 and 2l, hour experiments this sedimentation was
observed in tl.e control flasks, and t e concentrations in the feeding-

flasks are corrected in proportion to thelr observed concentrations,
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Subseaquently the difficulty was eliminated by two measures. First by
conducting shorter experiuents secdimentation is materially reduced.
Second, gentle swirling of the flasls every hour or so reduces the
settling effect to nractically zero, Flasks are always swirled immediately
before counting.

Direct observations of the novenent of material through the gut of

Daphnia longispina were made by placing Daphnia fed on Chlorclla in a

suspension of carmine particles in a watch glass, The elapsed time from
the first appearance of carmine on the apnendages until it passes out
the anus is taken as the time of passage. Tie times of passage in 8
Daphnia varied from 3 minutes 15 seconds to 10 minutes with a mean time
of 7 minutes, The eliminated Chlorella and carmine is in t'e form of
mucous bound clumps, In tle feeding flasks these clumps settle out
rapidly. Vigorous shaking tends to break them up and artificially
increase the algal concentrations, while gentle swirling resuspends only
those cells that are not clumped,

In a few experiments the concentrations in tlie control flasl:s
decreased in an irregular manner in spite of all preceutions. Data from
these experiments were discarded,

B. Results

When Chlorellé-concentrations are plotted against tiie in a

typical feeding experirent, a parabolic curve results (Figs. 29 and 30),

However, when logarithms of the concentrations arce plotted against time,
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a straight line results (Figs. z§ and égﬁ. This sort of relationship
sucgests a constant filtering rate rather than a constant rate of food
consumption, If one takes a filter-feeding rechanism as a working kypo-
thesis, the filtering rate can be calculated from the experimental data

by the following nethod:

c okt

Let Ct 5

where Co = Initial concentration of Chlorella cells
Ct = Concentration of cells at time t

Filtering constant

1
|
-
n

t = Tine (seconds)

Differentiating logarithmically with recspect to time

In C = 1n C -kt In e

dInC _dInC, ~ dktilne
d$ dt K e

d 1n Cy
dt

k can now be obtained by

k=1n Cy - 1n Gy

Since k is a constant with the vnits 1/sec., the actual filtering rate

see.
(Fg) as ml./Daphnia/d=y is given by

where v = ml./Daphnia
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In this nanner all the results of each experirient can be expressed
as a filtering rate. Actually, since there are more than two points
for each experinent and since these points do not fall in a straight
line, an estimate of the slope (k) has to be made. This is obtained
by the i.ethod of least scuares with tine as the independent variable and 1n
concentration as tie devendent variable, Table ] gives a summary of
the results of all the experiments., Filtering rates are expressed as
ril./Daphnia/day.

Sixteen of the 18 experinents were done with D. longispina and 2
with D. pulex. Ixperiments 13 and 14 are identical except for the
species of Daphnia; nearly identical filtering rates are obtained
for both species. Ilo systematic study of inter-specific differences
or similarities was carried out, mainly because variations within a
single species (Q. longispina) are so large that study of these was
given priority. ss shown in Table 1, with the exception of one filter-
ing rate of 42 ml./day and two rates of less than 10 ml./day, all the
values fall in a range of 9 to 27 nl./day. Attempts to relate these
rates with temperature and food concentration (to Le discussed below)
met with little success. Although the range of values represents
considerable relative variation, thé absolute range is small and may

be uninportant in field applications of the data.



Table 1

Filtration Rates of Daphnia longispina When Fed on
on Chlorella pyrenoidosa

Ixper, Temp, Duration Vol./ Initial Conc. Filtration
No. °C,  of exper. Daphnia  Cells/ml. x 1074 Rate ml./day
Hours ml.
1 10 A 10 5944 12,04
2 10 4 10 53.8 17.68
3 10 L 10 The3 6.62
4 10 A 10 3he5 22.17
5 10 A 10 31.6 10.96
6 10 L 10 33.0 23.67
7 10 5 10 20.7 10.77
8 15 L 10 59.1 10,57
9 15 L 10 4947 22,67
10 15 L 10 L7 18.85
11 17 5 15 82.3 L.52
123 22 20 10 85,0 9.38
13 22 21 20 61.5 1.88
14, 22 21, 20 61.5 12.05
15 25 3 10 35,0 27.29
16 25 2.5 10 28.0 25.75
17 25 2 10 33.6 19.77
18 25 1 10 31.6 L8.57

*Daphnia pulex ecperiments.
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Oiscussien

Co ketheds—andtaterials

Certainly tlie rost striking feature of the results is their
variability. Several factors possibly influencing Daphnia's filtering
rate rust be considered. Temperature is irmediately suspect in this
respect. Fuller's worlk on Calanus (1937) deronstrates the existence
of an optimum tenperature for maxirum filtering rates. Riley et al
(1949) assume that grazing rates very with temperature in the same
manner as respiration rates, and they adjust their grazing-rate data
to the desired temperatures on this basis.

The experiments on the rate of feeding of Daphnia reported here
were done at 10, 15, 17, 22, and 25° C., However when the nean filter-
ing rate at each temperature is plotted against temperature, no optirmum
or relation between the two variables is apparent, The correlation
coefficient between temperature and filtering rate is 40,07 which is
not significantly different from zero., If the filtering rate is
assuned to be related to temperature by the Van't Hoff principle, then
there should be a lLiigher correlation between the log of the filtration
rate and the temperature., However, the points are so widely scattered
that there is no suspicion of this nor is tlrere any hint of the exis-
tence of an oprtimum temperature., sisence of a tenperature effect is
most surprising. It céuld be that other variables affecting the
filtering rates tend to mask an expected temwer-ture effect, but

further analysis of the oti.er known factors does not suggest this.
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Precise control of the age and size of the experimental animals
was not practical, but by using 10 individuals per flask and 2 flasks
per experiment, an avera e filtering rate is obtained which ninimizes
size differences. Furthermore results from replicate flasks of any
one experiment give results that agree very closely,

Yet 2 experiments done within a 3-day period under identical physical
conditions yie'ded variable results.

The filter-feeding hypetlesis is favored by tle individual feeding
experiments as there is no indication that the rate of depletion of

Chlorella cannot be accurately described by the exponential equation

On the same basis it follows that filtering rates obtained should be
independent of the food concentration. To test this the filtering rates
were plotted against algal-concentrations (Fig., 3 ). The result is
suggestive of a relationship between the two quaptities, but the corrcla-
tion coefficient between F and Co is only 40,107. Application of the "
test shows that 40,107 is not significantly different from zero at the
»10 level (calculated t = 0.43, tabular t = 1.7 for N = 18). Statistically
there is no reason to reject the hypothesis that the filtering rate is
unrelated to the food concentration. Despite this negative evidence,

an element of doubt stiil persists. Further experiments are necessary

to substantiate the fact or fiction of the food concentration offect.

If future evidence should support the existence of a relationship with
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the algal-concentration, an explanation compatible with the filter-
fezding hypothesis will not be simple. It may be tlat the filtering
rates reported hore were ueasured under such high food (alrae) con-
centrations tiat some otlier factor besides the filtering mechanism
began to operate as a linit of the rate at which cells were removed
from suspension. Ieristaltic ratcs or the size of the mouth opening
are possible liniting factors. Finer technicues which nermit accurate
ratec measurements at food concentrations ten or a hundred times less
than those used herc are desirable to investiggte this possibility.

In any event on the basis of the data given here the filter-reeding

hypothesis is not seriously challenged.,

IV, The Grazing Problem

"To what extent does the zoop’ankton control ile phytonlankton
population?" It has been shown that, ile feeding rate of Daphlnia can
he conveniently expressed as a iiltering rate, By naking certain
assumptions, the expression for filtering rate can be used to derive
an elenentary solution of the grazing problern.

Assurie tlie followir: conditions:

1. The phitoplainkton pepulation consists of a susnension

of single-celled algae,
2. The filterins rates exiiinited by Daphnia under laboratory

-

conditions also hold Tor conditions in the lake.



-13-

3. The Daphnia population is not chan;ing. This is essentially
true in the summer ronths when algae '"bloons!" occur.

Starting with the filtering rate ecuation (Ch. VI)

and substituting

k = F/v - FC,

where I = filtering rate

v = volume ver Daphnia

C,= 1/v = Daphnia concentration
we obtain

Ct= Coe ~-FC,t ‘

This equation describes the grazing effect of Daphnia in terwms of the
filtering rate and the Daphnia concentration.,

assuriing simple civision as the mode of reproduction, the phyto-
plankton population may be described by
t/T

G2

d-
1]

where Cp = algae concentration at time t

initial algae concentration

T = days ner division
t is clear that graziﬁg tends to decrease the phytoplankton population
while growth of the algae tends to increase it.. Ignoring otlher factors,

such as mortality rate of the phyvtoplankton population, a perfect balance

Py
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of grazing Ly Daphnia and growth of the algae will result in a phyt o~
plankton population which is neither increasing nor decreasing.
To exanine the conditions for a statie phytoplankton population

the expressions for grazing ard algae growth are ecuated

~FC,t _ t/T

Coe CoR™ 7

Solving for generation tire, T, we obtain
T = loge2
=FC,;

The average filtering rate for all the laboratory feeding experi-
rents is 17.5 nl./Daphnia/day. Using this value, the following table
is constructed to show the generation tires of alcae which will be
exactly balanced by various concentrations of Daphnia. lote that the
balance between growth of the algae and grazing by Daphnia. lote that
the balance between growth of the algae and grazing by Daphnia is

entirely independent of the algae concentration,

Table 2
C, - Daphnia/liter T - generation tiie in days

1 39.6
5 7.9
10 L
i3 2
20 2
25 1
50 0
100 0]
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Practically nothing is known about the generation tires for
algae under natural conditions. At 25° C, and under favorable light
and nutrient conditions, Microcystis sp. cultures have denonstrated
a generation tine of 2 to 3 days (Gerloff, personal coumunication, 1953).
If this is taken as an upper limit, it is apparent from the table that
15 to 20 Daphnia per liter could effectively balance the growth potential
of the algae, Darhnia concentrations of this order are very common on
Lalte liendota during the surmer months. Yet heavy '"blooms" of blue-green
algae occur every year. This contradiction is good evidence that the
blue-green algae of the lake are not being removed by Daphnia according

to tle grazing equation.

V. Blue-green Algae as Food for Daphnia,

To what degree Daphnia can utilize blue-green algae as food is not
known., In the theoretical developrient of the previous section it is
shown that Daphnia do not remove blue-green algae from Lalke lendota
in accordance with the grazing rates obtained in the laboratory., iAs a
nore direct apnroach several laboratory experinents were conducted to
deternine tlie ability of Davphnia to live and reproduce when fed pure
cultures of various species of blue-green algae.

A, lMethods and laterials

Pure cultures of the following genera of blue-green alzae were
obtained fron Profs. Gerlaff and Fitzgerald of the Botany Dept.,:

licrocvstis, inabaena, Gloeotrichia, .phanizomenon, Lyngbva. ne physical
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characteristics of the suspensions were as follows:

Iicrocystis suspension of single cells

Anabaena separated filaments, 20-40 cells each

Gloeotrichia diffuse colonies anc nany single cells in
suspension

Aphanizomenon - large masses of filaments, brolien up with

glass beads before using.

Lyngbya large nass of filaments, teased apart with
needles before using

Five feeding experiments were perforried. In the first two experi-

ments Daphnia longispina was used as the test animal, In order to elim-

inate miscellaneous particulate food material, lake water was filtered
through cotton and then through lo, 2 filter paper. Cne hundred ml,

of water was adaed to 200 ml, screw-top sauple jars, anc one adult
Daphnia was placed in each jar. The jars were then divided into sroups
of five. Iach group received a different alga as a source of food.

One ml. of the algal suspension was adopted as a "standard feeding"
except in the case of Lynghya where a small nass of filanents was

useds One group of test jars received Chlorella and one group
received no food. The Daphnia were obLserved each day, and the young
counted wlen they appeared. The experiments were continued until most

of the animals died and until all reproduction had ceased.

Daphnia pulex was used in the lest three exnerinents. In these
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tests Microcystis was compared to Chlorella as a food source for the
animals. Ten or twelve Daphnia were added to 1500 ml. of cotton-
filtered water in battery jars, and larger arounts of food were added.
after eight days the number of Daphnia in each battery jar was recorded.

B, Results

The results of the first two experiments are given below. The
values given are niean values of each group of five jars except in the
nunber of Daphnia renroducing. As Chlorella is a good source of food
for Daphnia, the group receiving this alga may be considered as the
control group.

Table 3

Lffect of Feeding Blue-green Alrae to D, longisnina

Food Source Days to Number of Daphnia Tot. No, Fro-
i death reproducing duced per jar
ixper, llo, 1 2 1 2 1 2
Chlorella (controls) 17.6% 15,0 5 L Lol 15.6
No food (Starved) 14,0 6.6 2 1 1.6 0.4
Aphanizorn.enon 14.8 13.0 L 5 2.8 3.4
Gloeotrichia 17.0 13.0 5 5 3.8 5.4
Lynghya 16.6 9.8 2 1 Ouh 0.2
Microcystis ) 6,0 10,2 1 2 e 0.4
Anabaena -~ 13,7 - 2 = 12

*ill values except number of Daphnia reproducing are neans of five jars.
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Experinents 3 and 4 were designed to coripare Microcystis with

Chlorella as a food source for Daphnia pulex.

Table 4

jcrocystis vs. Chlorella as Food for D. Tulex

Number of Daphnia after & days

Food source Ixper. 3% xper. U
Chlorella 325 L7
Chlorella 301 L1
Iicrocystis 19 0
Microcystis 1 2

*Initial number of Daphnia: Iixper. 3 - 12
Ixper. 4 - 10
In the next experiment (No., 5) Microcvstis and Chlorella were con-
pared separately end then used mixed to determine whether starvation

was operating in experiments 3 and 4.

Table 5

Effect of Feeding a .dxture of Chlorella and licrocystis
to D. Pulex*

Food Source Number of Daphnia after & days
20 ml, Chlorella L17
70 ml, ldcroeystis 164

10 ml, Chlorella 4 35 ril. licrocystis 158

10 ml., Chlorella + 35 11l, idcrocystis 131

pOs
P

Initial number of Daphnia - 10.
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C. DUiscussion

As expected the results of these feeding experiments are highly
variable. Even under apparently identical conditions no two populations
of Daphnia behave exactly alike. This may be attributed to differences
in vigor of the parent individuals, dif{fererces in egg number in the
first brood, slight variations in time between molts and probably other
unlnown factors. In spite of all these uncontrollable factors the
results of feeding experinents 1 and 2 show tendencies of the animals

to grow better on Chlorella, Aphanizomenon, and Gloeotrichia than on
S 3 5

Lynchya, lidcrocystis, and finebaena, This is sliown rost clearly by the

number of Daphnia reproducing and the total number produced in each jar.
ns nentioned previously, the clumps of Lyn-bya resisted attemnts to

break then up into a cuspension of indivicduel filarents., This may

well have rendored‘the alga less available to Daphnia, fAnabaena was

only used in one experiment and so results were not checled by repitition.
licrocystis produced very poor growth in both experiments. Furthernore

it was in a suspension of single cells and would most likely be readily
available to Daphnia.

The last three experiments in which lidcrocystis was compared to

Chlorella as a source of food further verified this result. In all
cases the Daphnia populations showed less growth when fed dicrocystis.

When Licrocystis and Chlorella were nixed (Exper. 5), the numbers of

Daphnia produced were practically the same as when liicrocystis was fed

in a pure form. This world seem to rule out starvation as the limiting
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factor. Rather it would seem that Microcystis has an inhibitory
effect on colonies of Daphnia.

In all tests fresh living alsae cultures vere used as the food
supply. What effect dying or decomposing blue-grecn algae would have
is not lnown, However in order to control a blue-green alga popula-
tion in a lake, Daphnia would necessarily have to attack the living,
reproducing cells, Any detrimental effect that blue-green algae have

on Daphnia will automatically be reflected in a lessened ability of

the Daphnia to control a blue-green "bloom" by grazing.
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