
INGESTION, ASSIMILATION, SURVIVAL, AND 
REPRODUCTION BY DAPHNIA PULEX FED 
SEVEN SPECIES OF BLUE-GREEN ALGAE1v2 

Dean E. Arnold 
Great Lakes Research Division, The University of Michigan, Ann Arbor 48104 

ABSTRACT 

Daphnia p&x (Crustacea, Cladocera) was fed the blue-green algae (Cyanophyceae) 
Anacystis nidulans, Synechococcus elongata, S. cedrorum, Merismopedia sp., Anabaena flos- 
aquae, Synechocystis sp., and Gloeocapsa alpicola. The green algae ( Chlorophyceae) Ankis- 
trodesmus falcatus and Chlorella uulgaris were used for comparison. Direct observations were 
made of D. pulex feeding in depression slides filled with the test food. Food labeled with 
14C was usccl to determine ingestion and assimilation. Life tables were constructed for 
cohorts fed blue-greens, greens, and no food, and survivorship (L), net reproductive rate 
( R”), median age of death, and intrinsic rate of natural increase ( r) were calculated. 

In all casts, ingestion, assimilation, survivorship, and reproduction of D. pulex fed blue- 
green algae were lower than of those fed green algae, although there were differences 
among the blue-greens in their efFccts on these parameters. Anacystis nidulans, Meris- 
mopedia sp., and Synechocystis sp. showed some toxicity or inhibition towards D. pulex. 
Although some blue-green algae can be ingested and assimilated by D. pulex, few if any 
of those tested provide sufficient nutrition to support a population that does not have other 

food available. 

INTRODUCTION 

Eutrophication often results in a prolif- 
eration of blue-green algae, many of which 
can displace other species by forming h’eavy 
blooms. This study investigated the effects 
of such situations on zooplankton which 
normally feed on planktonic algae. The 
toxicity of several blue-green genera to 
higher animals is well established (e.g., see 
Gorham 1965; Shilo 1967), but only a few 
tentative reports of toxic effects of blue- 
greens on aquatic invertebrates exist (Bra- 
ginskii 1955; Dillenburg and Dehnel 1960; 
Smirnov and Fcoklistova 1963; Vance 1965; 
Stangenberg 1968; Gentile and Maloney 
1969). In cases where zooplankton are 
unable to feed on the predominant phyto- 
plankton, or where their populations have 
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been dcpresscd by previous unsuitable food 
conditions, grazing could cease to bc a 
factor in the control of phytoplankton pop- 
ulations ( as it usually is: see Edmondson 
1957). This could contribute to the dcvel- 
opment of nuisance conditions. 

It is commonly believed that Cladocera 
feed on phytoplankton, bacteria, and or- 
ganic detritus, but many reports of excep- 
tions exist. Edmondson (1957) has reviewed 
the subject in detail. The Cladocera are 
obligate filter feeders, having appendages 
specialized for respiration and food gathcr- 
ing, as well as for some degree of food 
selection and rcjcction. Although some 
forage on submcrgcd surfaces, most genera, 
including Duphniu, filter the open water. 
Food is rejected when the amount collected 
is greater than can be ingcstcd, when it is 
physically unacceptable (e.g., colonies or 
filaments too large), or perhaps if it is 
chemically unacceptable (Burns 1968). Un- 
desirable food may also be passed through 
the gut without digestion, but little evi- 
dence for or against this has been published 
( Edmondson 1957; Fitzgerald 1964). 

Lefkvrc ( 1942) studied the food value of 
various species of phytoplankton to Cla- 
doccra, testing each species by dctcrmining 

LIMNOLOGY AND OCEANOGRAPIIY 906 NOVEMBER 1971, V. 16(6) 



RESPONSE OF DAPHNIA FED BLUE-GREEN ALGAE 907 

its presence in the digestive tract and by 
observing the growth of populations of 
Cladocera fed pure cultures of the alga; 
I have used modifications of the same tcch- 
niqucs. Although his early study did not 
include blue-greens or diatoms, he later 
(Lefevre 1950) rcportcd that Aphanixo- 
menon was unsuitable as a cladoceran food. 
Sorokin et al. (1965; Sorokin 1968) con- 
cluded that Aphanixomenon flos-aquae and 
Coelosphaerium dubium are adequate 
foods, but that some blue-greens such as 
~Microcystis aeruginosa and some species of 
Anabaena arc not utilized to any extent. 
Schindler ( 1968) found that Anabaena was 
assimilated by Daphnia magna at a much 
lower rate than were Chlamydomonas and 
Chlorella. Others (Birge 1898; Monakov 
and Sorokin 1961; Hall 1964; Edmondson 
1965; Burns 1968) have questioned the 
suitability of bxluc-greens as food. 

The ability of the Cladocera to use a 
variety of foods makes interpretation of the 
effects of one particular food in natural 
populations difficult (Brooks and Dodson 
1965). Death due to toxicity of food was 
suggcstcd by Gentile and Maloney (1969) 
but is relatively unlikely in most field situa- 
tions. Death from starvation is equally 
unlikely, as Cladocera can live for cxtcnded 
periods on little food. Cladoceran popula- 
tions can thus be expected to respond to 
food conditions principally by changes in 
reproduction. 

Reproduction and growth in Cladocera 
are related since rclcase of young and in- 
crease in size both take place at molting. 
Normally, a new brood is released at every 
molt from the fifth instar (Anderson ct al. 
1937) until the last, which is usually sterile 
(Banta 1939). The food level affects the 
number of young per brood and the amount 
of growth per iastar, which are significantly 
correlated (Anderson et al. 1937). Thus WC 
would expect poorly nourishled cladocerans 
to have slow growth and low reproduction 
as compared with well-nourished ones kept 
under otherwise identical environmental 
conditions (Bccrstecher 1952). This assump- 
tion is basic to the life-table evaluations 
below. 

I am indebted to Dr. D. J. Hall for supcr- 

vision and advice during this study. Drs. 
A. W. Eipper, J. M. Kingsbury, and C. L. 
Schelske read various versions of the manu- 
script and made valuable suggestions. I?. J. 
DeNoyellcs, Jr,, assisted with procurcmcnt 
and maintenance of algal cultures. 

MATERIALS AND METHODS 

Blue-green algae 

The following cultures of blue-green 
algae were obtained on soil-water medium 
from the Coraell University Culture Collcc- 
tion. (Taxonomy according to the lists of 
the Cornell and Indiana University Culture 
Collections; see Starr 1964. ) 

1) Anacystis nidulans ( I. U. SZS), very 
small cylindrical cells with rounded poles, 
length about twice the diameter (3-3.5 X 
1-1.5 p), cells occur separately in turbulent 
culture, with a sheath. 

2) Synechococcus elongata ( I. U. 563)) 
small ellipsoidal to cylindrical cells with 
little sheath, often in pairs end to end. 
Length 15-20 p, diameter 8-12 p. 

3) Merismopedia sp. (C. U., isolated 
from nature by H. Wiltberger ), small cllip- 
soidal to spherical cells, 3-4 p in diameter, 
singly or in pairs in turbulent culture, with 
a sheath. 

4) Synechococcus cedrorum (I. U. 1191), 
very similar to S. elongata, tending toward 
spherical cells, also a pigment difference 
(see Gassner 1962). 

5) Anabaena flos-aquae (I. U. 1444), cells 
cylindrical to barrel-shape (4-6 x 5-6 p), 
in turbulent culture occurring singly or as 
short chains of three or four cells. 

6) Synechocytiis sp. (C. U., isolated from 
nature by F. J. DcNoycllcs, Jr,), small 
spherical cells, 5-6 ,u in diameter, tending 
to small clumps even in turbulent culture, 
no sheath. Probably is Synechocystis aqua- 
tizis l 

7) Gloeocnpsa alpicoka (I. U. 589), col- 
onies OE a few spherical cells in a common 
sheath. Cells 1.5-3 p in diameter. 

The algae were maintained on soil-water 
culture in sterile 250-ml flasks until needed. 
Transfers wcrc then made in a sterile hood 
to ASM-1 medium (Gorham et al. 1964) in 
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sterile 250-ml erlenmeycr flasks. Soil-water 
cultures were kept in dim light ( 409 lux), 
and liquid cultures were kept on a shaker 
table in bright light (4,482 lux) from “cool- 
white” fluorescent tubes. All cultures were 
kept on a cycle of 16-hr light and 8-hr 
darkness, at a tempcraturc near 20C. Shak- 
ing was continuous at 185 cpm, and a few 
glass beads were added to each flask to 
disrupt any algal clumps that might adhere 
to the flask despite shaking (Taub and 
Dollar 1965 ) . 

Comparison foods 

The following foods were tried at various 
times: 

1) Ankistrodesmus falcatus v. acicularis 
( I. U. 101) , crescent-shaped cells occurring 
singly in turbulent culture, fairly large (2.5 
x 4050 p), no sheath. 

2) Chlorella vulgaris ( I. U. 30)) small 
spherical cells, 5-9 p in diameter, occurring 
singly, no sheath. 

3) Chlorella pyrenoidosa (I. U. ZS), same 
as above. 

4) Chlamydomonas sp. (I. U. ZOS), sphcr- 
ical small ( 5-10 p in diameter ) frec-swim- 
ming cells, no sheath, phototactic. 

5) Yeast, Fleischmann’s baking, sus- 
pcnded in distilled water, species unknown. 
Cells spherical, lo-15 p in diameter. 

The algae were cultured in the same way 
as the blue-greens. Ankistrodesmus proved 
simplest to culture and was used as the 
reference food. It was also gro,wn in Bris- 
tol’s solution for feeding stock cultures of 
Daphnia pulex before they were used in 
experiments. 

Preparation of food suspensions 

Suspensions of food at the desired con- 
centration levels were prepared by sclccting 
a culture which was near, but not at or 
beyond, the stationary phase of growth. 
This could bc determined readily as the 
onset of the stationary phase coincided with 
a rapid color change from blue green to 

dark grass green. The optical density of 

the culture was then measured in a Klctt- 
Summ,erson photoclcctric colorimcter with 

a NO. 42 blue filter. A limited number of 
cell counts of diluted suspensions of the 
algae were made and no great deviation 
from linearity between ccl1 count and Klett 
reading was found; 16 Klett units equal 
about 1 X 10B algal cells/ml ( Hall 1964). 
Optical density was the most convenient 
way of equating different foods for this 
study. 

The Klett reading wcas then substituted 
into the formula: 

whcrc Kd = the Klett reading dcsircd in the 
final food suspension; Vd = the volume of 
final food suspension required; K, = the 
Klett reading of the stock culture; V, = the 
volume of culture which, when made up to 
Vd, will give Kd, 

Two food concentrations were chosen for 
USC in the cxperimcnts: 25 Klett units to 
correspond roughly to a heavy bloom in 
nature, and 1 Klett unit as a compromise 
bctwecn more usual concentrations in nature 
and a level that would give dctectablc 
results in a reasonable time. Only the K = 
25 level was used in the direct observation 
and radiotracer experiments so that an 
excess of food was available and counts 
were sufficiently greater than background. 
The centrifugation step used by Hall (1964) 
and others was omitted to prevent cell dam- 
age and the possible release of toxins from 
the blue-greens. This omission was prob- 
ably not harmful; since the cultures were 
used near the end of the log phase of growth 
most of the nutrient salts in the medium 
that might affect the Daphnia were bound 
up in algal cells and the dilution ncccssary 
to get the desired final concentration was 
rclativcly great (from 5 to more than 20x ). 
Also, ASM-1 medium was chcckcd for tox- 
icity to Daphnia by comparing survival oE 
groups o,f about 10 individuals in serial 
dilutions of the medium with that of similar 
groups in sterile water over a 5-day period. 
No mortality occurred in tither group. 

Dilution water 

Water for diluting the algal cultures to 
make Eood suspensions was obtained by 



RESPONSE OF DAPHNIA FED BLUE-GREEN ALGAE 909 

passing chlorinated tapwater (originating 
in Cayuga Lake) through an activated- 
charcoal filter to remove chlorine and some 
organic material and storing it in a stainless 
steel tank, from which it came through 
PVC plastic pipe to the laboratory. The 
water was quite hard, so it was diluted with 
one part distilled water to four parts treated 
water to reduce the formation of salt de- 
posits on culture vessels upon evaporation. 
The mixed water was autoclavcd in 4-liter 
flasks at 1.2 atm, 121C for 30 min, allowed 
to cool, and passed through an IIA (0.45 p) 
Milliporc filter into a sterile storage flask 
equipped with a delivery tube, The filters 
were washed with warm distilled water to 
remove detergents (Cahn 1967) before USC. 

Daphnia pulex Leydig 

This spccics is widely distributed in the 
open-water plankton and occurs in both 
ponds and lakes. Samples were collected 
from Oneida Lake, New York, during sum- 
mcr 1968 and cstablishcd in large aquaria 
in the above water mixture. I ran prclim- 
inary survivorship experiments in the pre- 
pared water, with and without autoclaving; 
survival was considerably better ia the auto- 
claved water ( Taub and Dollar 1968). 

Several clones were started from individ- 
ual adult females in ba’ttery jar aquaria (ca. 
4 liter) with constan’t aeration and the same 
light-dark cycle used for the algae cultures. 
All animals for the life-table and tracer 
cxpcriments were taken from two clones 
that originated with fcmalcs from a single 
brood and were assumed to bc genetically 
identical ( Slobodkin 1954). All cultures 
wcrc‘ kept at 20C. The stock cultures of 
Daphnia were fed every other day on A. 
fakutzu, but bacteria and detritus also 
dcvelopcd in the tanks and undoubtedly 
contributed to the food supply, Expcri- 
mental animals were allowed to empty their 
guts in sterile filtcrcd water (with two intcr- 
mediate rinsings) for at least 1 hr before 
use. All transfers were made with a largc- 
bore medicine dropper to avoid injury to 
the animals. Droppers wcrc flame sterilized 
to avoid 
media. 

unnecessary contamination of 

Di,rect observations 

Observations of D. pulex feeding on uni- 
algal food suspensions (concn K = 25) were 
first made by a modification of the tcch- 
nique of McMahon and Riglcr ( 1963). The 
bottom of the depression in a l-ml clear 
glass spot plate was smeared with petro- 
leum jelly, and individual adult fcmalc 
Daphnia were mounted for observation by 
placing them in the depression in a drop of 
water, then gently pressing their dorsal 
surfaces into the jelly with a probe. The 
water was then replaced with food suspcn- 
sion and the plate viewed by transmitted 
light under a dissecting microscope. Al- 
though the animals seemed to feed with no 
difficulty in this position, some variability 
in response may have been partly due to 
the unnatural orientation. A simpler, less 
variable method was therefore added. The 
animals were allowed to swim freely in the 
full depression, and when observations were 
to be made, the food suspension was re- 
moved with a micropipctte to immobilize 
the animal. The liquid could bc drawn 
down to a thin film covering the animal for 
1 min or more without affecting its sub- 
sequent behavior; all animals immediately 
resumed swimming when the liquid was 
replaced with fresh food suspension. 

Observations were made at lo-min inter- 
vals at magnifications of 25-50~. Between 
observations, plates wcrc moved off the 
microscope stage into subdued lighting to 
minimize photic effects. Filtering activity, 
ingestion, rejection, and filling of the gut 
with food could bc observed and timed 
easily using thcsc techniques. Percent of 
the gut filled in 1 hr was estimated by 
observation and avcragcd for six individ- 
uals. NO correction was made for possible 
variations in compaction of food in the gut. 

Radioactive trucer experiments 

Phytoplankton labclcd with lC-IICOs 
has been used frcqucntly as food in studies 
of zooplankton feeding (e.g., see Rigler 
1971). I used the following version of the 
general method: 10 @Zi of l’GIICOa were 
added to 1,500 ml of algal suspension at 
the K = 25 concentration and the suspcn- 
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sion allowed to stand under room light with 
frequent stirring for 1 hr, during which lcK’ 
was taken up by the algae, Meanwhile, two 
groups of 25 adult female D. pulex were iso- 
latcd in sterile water and allowed to stand 
for 1 hr to ensure that their upper guts and 
food-gathering apparatus were free of food, 
At the end of the hour, IOO-ml portions of 
the food suspension were measurecl into 
each of 10 old-fashioned glasses (2OO-ml 
capacity ) , which make ideal experimental 
vessels because they have no interior cor- 
ners whcrc food can accumulate, A 50-ml 
portion was filtered onto a Milliporc IIA 
filter (0.45-p pore size) for determination 
of the prefecding radioactivity of the algae 
and another 50 ml at the end of the feeding 
period to determine the average radioactiv- 
ity in the algae during feeding. Samples 
of radioactive culture medium without algae 
and algal suspension without added radio- 
activity were also filtered. Five D. pulex 
were then added to each of the 10 glasses 
and allowed to feed on the radioactive 
algae for 1 hr. 

At the end of the hour, D. pulex from 
5 of the glasses were rinsed twice with 
sterile water, transferred to a suspension of 
A. falcatus with no label at a concentration 
of K = 25, and allowed to feed in it for 2 hr. 
This r,emoved all radioactive food from the 
gut (except for a negligible amount that 
may have been refiltered from fecal mate- 
rial) and ensured that any remaining radio- 
activity in the animal was due to assimilated 
14C. The D. pulex from the other 5 glasses 
were given an anaesthetic rinse of club soda 
( a supersaturated solution of carbon dioxide 
in water ) to prevent defecation and other 
removal of food from the gut ( Rigler 1971) , 
th,cn a rinse of 1% hydrochloric acid to 
remove any radioactive food adhering to 
the exterior, then two distilled water rinses, 
and finally placed in a liquid scintillation 

counting vial. A few drops of Formalin- 
aceto-alcohol preservative (Pennak 1953) 
were add,ed to the 50 ml of labeled algae 
filtered at the end of the feeding period to 
avoid additional uptake of radiocarbon dur- 

ing filtration. All filters wcrc transferred 
to liquid scintillation vials after filtering. 

The Daphnia in the unlabclcd Ankistro- 
desmus suspension were rcmovcd at the end 
of 2 hr and treated as described above. 
Samples ( 50 ml) of the unlabeled food, 
taken before and after feeding, were treated 
like those from the labeled samples. Surplus 
water was then removed from all vials with 
a micropipctte, and the vials containing 
algae were placed in a desiccator at 3.6-kg 
vacuum for 24 hr at room temperature. The 
vials containing Duphnia received 2 ml each 
of NCS reagent (a quaternary aminc hy- 
droxidc which dissolves all the soft tissues 
and renders the hard carapace transparent), 
after which they were capped and held for 
60C for 24 hr. A solution containing 4 g 
PPO + 0.5 g POPOP per liter of toluene 
was then added to fill each vial. Vials were 
stored in darkness until they were counted 
in a liquid scintillation counter at room 
temperature, with quench correction by the 
channels-ratio method (Wang and Willis 
1965 ) . Counting efficiency averaged 65%. 
The tabulated figures are means of three 
lo-min recounts, separated by at least 1 hr 
to allow for any self-excitation or other 
effects that might change with time 

Difference between means was tcstcd by 
the “Student’s” t test (Steel and Torric 1960). 
Corrected counts of the D. pulex that hacl 
been given only labeled food were used as 
a measure of ingestion, while counts for 
those that had been flushed in mllabclcd 
food were used as a mcasurc of assimilation. 
Thcrc was a variation of from 0.5-62% in 
the amount of radioactivity taken up by 
the different algal species during the hour 
before feeding began. To correct for this, 
A. fulcntus was taken as the standard, and 
the counts for the other experiments were 
adjusted up or down by whatcvcr pcrccnt 
deviation existed between the uptake of 
the standard and ,expcrimental food sus- 
pensions. The uptake by A. falcatus was 
cquivalcnt to 5,116 dpm/50 ml; that by A. 
nidulans, for example, was equivalent to 
3,584 dpm/50 ml, and thus all counts in- 
volving A. nidulans were multiplied by 
1.427. Variation in the counts of the algae 
at the end of the feeding period was con- 
sidcrably less than when uncorrcctcd. 
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FIG. 1. Estimated percent of gut filled in 1 hr bv Daphnia mdex fed unissecific food swpcnsions 
(concn K = 25). Average of 3 fre.e and 3 mountecl 
extension of bar. 

individuals. ’ Standard deviation indicated-by thin 

The radioactivity of samples of unlabeled 
algae and media without algae was cithcr 
zero or insignificant in every case. 

Life-table experiments 

.Beginning with a newborn cohort, a life 
table states the number of deaths, the sur- 
vivors remaining, the ratme of mortality, and 
the expectation of further lift for each age 
interval, symbolized by d,, I,, qm, and e,, 
respectively, whcrc x represents age (Dee- 
vey 1947). The lift tables constructed in 
this study include survivorship ( Z$), agc- 
specific reproduction ( m, ) , net reproduc- 
tion rate or rate of population increase per 
generation (R. = S Z,m,), intrinsic rate of 
natural increase ( r ), and median age of 
death. Thcsc parameters arc often used as 
indicts of zooplankton po,pulation condi- 
tions (Anderson ct al. 1937; Edmondson 
1957; IIall 1964). 

Da,ta were obtained from cohorts of 15 
newborn Daphnia ( <24-hr-old), each indi- 

vidual raised in a scparatc glass as dcscribcd 
above. Glasses containing one cohort were 
kept together on a tray in a constant-tem- 
perature chamber at 2OC, again under Whr 
light and 6-hr dark. To keep yo,ung indi- 
viduals from becoming caught in the surface 
film, the tray bottoms were lined with black 
matte paper, and the trays were illuminated 
by dim overhead light; the Daphnia avoided 
the surface most of the time, without col- 
lecting on the bottom of the glass. Every 
second day the animals were transferred to 
fresh medium in a clean glass. Any ncw- 
born were removed after being counted 
with a hand lens with the glass immersed 
in a dark-bottomed water bath to minimize 
reflections; this mothod proved much faster 
than counts using a microscope or a pipcttc, 
and as accurate. Thcrc was no evidcncc 
that more than one brood was produced 
between changes, confirming the findings 
of Frank et al. (1957) that the gestation 
time of D. p&x in this tcmpcrature range 
was not less than 48 hr. 
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Ankistrodesmus falcatus 

Anacystis nidulans 

Synechococcus elongata 

Merismopedia sp, 

Synechococcus cedrorum 

Anabaena flos-aquae 

Synechocystis sp, 

Gloeocapsa alpicola 

Chlorella vulgaris 

FIG. 2. Ingestion (solid bar) and assimilation (broken bar) of “C-labclecl blue-green and green algae 
at concn K = 25 by Daphnia pulex fed for Z hr, expressed as disintegrations per rninutc. Each bar rep- 
rcscnts the mean of 5 groups of 5 individuals each. 
bar. 

Standard deviation indicated by thin cxtcnsion of 

The parameters listed above wcrc cal- 
culated using the methods of Deevey (1947) 
and Birch ( 1948). Some life tables were 
terminated before all individuals had died, 
but the contribution of those remaining to 
the vital statistics would have been minimal 
( Hall 1964). 0 ccasionally, broods were re- 
tained in separate glasses and held through 
several molts for observation of any second- 
generation cffccts that might not bc cx- 

pectod from the lift table of the original 
cohort; none was observed. 

RESULTS 

Ankistrodcsmus falcatus (green alga) 

Under observation, both mounted and 
fret D. pulex filled their guts with A. ful- 

catus in less than 1 hr (Fig. 1). The esti- 
mated filtering rate was 2.2 x 10” cells/hi, 

TADLE 1. Ingestion and assimilation uf ““C-labeled a&e by groups of five Daphnia pulex, expressed 
as disintegrations per minute. All food counts adjusted to 5,116 dpm/SO ml at start of feeding. 

Food level K = 25 

Adjusted dpm of 

Pood material 

50 ml of t test between 
labeled food food assimilated 

at end of 
food ingested ingestion and 

assimilation 
l-hr feeding (mean and su of 5 groups) count means 

Ankistrodesmrts falcatus 
( green alga ) 

Anacystis nidulans 

Synechococcus elongata 

Merismopedia sp. 

Synechococcus cedrorum 

Anabaena flos-aquae 

Synechocystis sp. 

Gloeocapsa alpicoln 

Chlorella vulgar6 
( green alga) 

none 9,4Q2 504 ix 57 358-1- 36 4.3486" 

l..427 7,089 32.2~161 51-17 8.1182* 

1.005 6,567 612 4 41k 8 4.04911 

0.979 10,840 12Qk 22 110 2 23 1.1910 

2.608 9,519 262-153 213 + 70 1.1210 

1.381 22,568 1502 43 213 +46 -2.0427 

1.232 9,720 239-c 31 186-t-30 2.5156-t 

O.BG8 9,369 309 k28 2182 13 5.9421" 

1.139 9,620 2622 81 303 f 28 -0.8819 

4’ Significant at 99% confidence level. 
+ Significant at 95% confidence level. 
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( Fig. 2, Tables 1 and 2). The radiotracer 
experiments also showed rapid ingestion. 
The assimilation was only 71%, probably 
because feeding on this alga was very rapid, 
and food material was passed through the 
gut before there was time for it to bc fully 
digcstcd. The lift table of a cohort fed on 
A. falcatus showed high survival and repro- 
duction ( Table 3, Figs. 3 and 4)) agreeing 
with the reports of Hall ( 1964) and Frank 
ct al. ( 1957), considering differences in 
spccics and techniques. Survival was ncvcr 
as good on any other food as on A. fnlcutus. 

TABLE 2. Estimated filtering rate (EFR) and per- 
centages of assimilation I(A) of green and blue-green 
algae by Daphnia pulex in “C tracer experiments 
at concentration K = 25. (Counts for available, 

ingested, and assimilated ‘“C are in Table 1) 

Alga 

EFRt 
Mean 1°C (100 cells 
available hr-1 indi- A : 

( dpm ) * i vidual-1) (% 

Chlorella vulgaris (green alga) 

Ingestion of C. vulgaris by D. pulex was 
neither as high nor as consistent as of A. 
falcutus (probably because it scttlcd out of 
suspension rapidly and was variable in its 
acccptancc by Daphnia), so it was not used 
in the life-table cxpcrimcnts. Although C. 
vul~&s was ingcstcd less than Ankistro- 
desmus, assimilation was 100% (Fig. 2, 
Tables 1 and 2). This further supports the 
idea that the difference in assimilation vs. 
ingestion of A. falcatus was due to the 
animals’ inability to digest the large quan- 

Ankistrodesmus falcatus 
( green ) 7,304 

Chlorella vulgaris 

( green > 7,368 

Anac ys tis nidulans 6,102 

Synechococcus elongata 5,841 

Merismopedia sp. 7,978 

Synechococcus cedrorum 7,317 

Anabaena flos-aquae 13,843 

S ynechoc ystis sp. 7,418 

Gloeocapsa alpicola 7,242 

2.20 71.0 

1.11 100s 

1.65 15.8 

0.33 67.2 

0.51 85.3 

1.12 81.3 

0.34 1000 

1.01 77.8 

1.33 70.6 

* Available 14C = % [dpm of 50 ml algae at start of fccd- 
ing + clpm of 50 ml algae at end of feeding ( 1 hr )I. 

t Estimated filtering rate = [( 156.25 X 1On) (dpm of 5 
Daphnin)] [5 (available 1°C dpm)]-1. ( 100 ml at “K = 25” 
= 156.25 x 106 cells.) 

$ Percent assimilation = (dpm 1% assimilated) ( dpm W 
ingested)-1 X 100. 

9 Calculated pcrcentagc is greater than 100 but is taken 
as 100 since differences were not statistically significant. 

TABLE 3. Daphnia p111cx life-table data for experimental and control foods 

Species ( food ) 

Ankistrodesmus falcatus 

( green alga ) 

Anacystis nidulans 

Synechococcus elongata 

Me&mopedia sp. 

Synechococcus 1 cedroram 

Anabaena flos-aquae 

Synechocystis sp. 

Gloeocapsa alpicola 

Yeast 

No food (sterile water) 

Foo(clKIT1 

25 
1 

25 
1 

25 
1 

25 
1 

25 
1 

25 

1 

25 
1 

25 
1 

10 

- 

Age of death (days) 
Net reproduction ___ ~- 

rate (I&J) Median Hangc 

2,906.5 66 3%>83 
306.9 >83 2->83 

2.1 6.5 2-46 
39.9 30.5 4-40 

0.9 11.5 2-60 
0.1 9 2-42 

0 2-15 
0 ;.5 2-15 

225.4 
>Z 

4->73 
181.9 8->73 

82.4 >32 18->32 
34.1 >32 2->32 

0 17 
0 34 E,, 

0 4 2-8 
0 14.5 @->77 

1,289.2 52.5, 2-85 

1.6 21.3 4-23 

Rate of 
natural 
increase 

(r) 

0.74 
0.37 

0.09 
0.26 

<O.Ol 
-g 0.01 

0 
0 

0.43 
0.29 

0.21 
0.16 

0 
0 

0 
0 

0.57 

0.04 
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FIG 4. Age-specific reproductive rate (m,) of Dapnia +zx fed various food suspensions which sup- 

ported rcprocluction. 

tit& of algae ingested bcforc they were 
forced out of the gut. The lower rate (1.11 

that minute Chlorophyceac wcrc eaten more 

x 10” cells/hr) at which C. vdgaris was 
readily by Daphnia than was Ankistrodes- 
mus. 

ingested (Fig. 1) probably allowed time for 
complete digestion and assimilation of the 
algae, Mean assimilation values for C. vul- 

Chlamydomonas sp. (green algu) 

garis (and A. flos-aquae) from the radio- 
Although Chlamydomonas sp, was readily 

tracer experiments were actually higher acccptcd by D. pulex under observation 

than the mean values for ingestion, but the (Fig. 1 ), it does not remain uniformly dis- 

differences were not statistically significant tributcd in a suspension and was not used in 

( Table 1). Taub and Dollar ( 1968) found radiotracer or life-table experiments. Daph- 

that D. pulex did not have normal longevity nia filled their guts with Chlamydomonas 
or reproduction when fed the closely rc- SP. in ICSS than 1 hr. Taub and Dollar 

latcd C. pyrenoidosa, but their dcfiniition of ( 1968) found Chlamydomonas reinhardi 
normal was rather obscure. My results did inadequate Eor normal reproduction and 
not support the finding of Smith (1937) long&ity in D. pulex. Frank at al. (1957) 

t 
FIG. 3. Survivorship of Daphnia p&x (groups of 15 individuals) fod various food suspensions at two 

concentrations. Heavy solid linc--experimental food, K = 
= 1 concn; dashed line-sterile water only; solid line 

25 concn; barred lineexperimental food, K 

line-A. fdcutus, K = 1 concn. 
-Ankistroclesmus falcatus, K = 25 concn; dotted 
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fed D. pulex on Chlumydomonns moewusi 
and found survivorship and reproduction 
values considerably lower than those I 
found for D. pulex fed on A. fa7catus. 
Schindlcr ( 1968) reported that assimilation 
rates of Chlamydomonus and Chlorella f,cd 
to D. magna were not significantly differ- 
ent. 

Fleischmann’s yeast 

Yeast was used to provide a nonalgal 
comparison food, and was more or less 
intermediate in results between blue-greens 
and green algae. Although D. pulex fed on 
yeast suspensions, they sccmcd unable to do 
so efficiently; guts were only about two- 
thirds filled after 1 hr ( Fig. 1). Fedorov 
and Sorokin ( 1967) found that yeasts wcrc 
assimilated better than algae by Daphnia 
longispina. I did no radiotraoer cxpcriment 
with yeast, so I cannot confirm this for D. 
pulex. The life-table experiment (Figs. 3II 
and 4, Table 3) suggests that yeast is not 
as good a food as A. fulcutus but is better 
than any of the blue-green algae tested. 
Rcprodudion was high and quite regular 
(I&, = I289.2, r = 0.57). Yeast suspensions 
could only bc used at density K = 10, since 
K = 25 caused oxygen depletion in the 
water. 

Sterile water 

Radiotracer experiments run with sterile 
water only (no algae) with and without 
14C added showed that the D. pulex had no 
radioactive contamination and that ncithcr 
the Daphnia nor the Millipore filters picked 
up detectable radiation from solution, The 
life-table experiment with sterile water 
(Figs. 3 and 4, Table 3) showed higher 
longevity than expected (21.3 days median, 
23 days maximum) but still very poor sur- 
vivorship and reproduction (r = 0.04). Only 
two newborn w,crc produced, both in one 
clutch. The energy for this production and 
longevity may have come from impcrfcctly 
clcancd glassware or other cxpcrimcntal 
error. 

Anacystis nidulans 

Anacystis nidulans was ingested only 
rarely by D. pulex under observation (Fig. 

1). The filtering rate was 1.65 X 10” cells/ 
hr, but assimilation was only 15.8% (Fig. 2, 
Tables 1 and 2). The life table ( Figs. 3A 
and 4, Table 3) of D. putex fed A. nidulans 
showed poor survival and reproduction ( R0 
= 2.1 and 39.9, r = 0.09 and 0.26 at high 
and low food levels respectively). Survival 
and reproduction at the high food level 
were lower than on the low food lcvcl, 
indicating a possible inhibitory effect. 

Synechococcus clongata 

Daphnia pulex seldom ingested S. elon- 
gatn. The cstimatcd filtering rate was 0.33 
X 10” cclls/hr ( Fig. 1). In the radiotracer 
experiments (Fig. 2, Tables 1 and 2) S. 
elongata showed only 67% assimilation; in 
this case both ingestion and assimilation 
were very low, suggesting some mechanism 
in the Daphnia for sensing and rejecting 
this alga. The life table for D. pulex Eed S. 
elongata (Figs. 3B and 4, Table 3) showed 
a rapid decline in survivorship followed by 
extended longevity in a few individuals. 
This pattern was also noticed with some 
other blue-green algae and could be due 
to some sort of acclimatization process. 
Reproduction ( R0 = 0.9, r = &O.Ol on high 
food and 0.1, < 0.01 on low) and median 
longevity ( 11.5 and 9 days) wcrc both very 
low. 

Merismopedia sp. 

Daphnia was not seen ingesting signifi- 
cant numbers of Merismopedia sp. (Fig. 1). 
The estimated filtering rate was 0.51 X 10” 
cclls/hr. The radiotracer experiment, how- 
ever, indicated some ingestion and nearly 
complete ( 85.3% ) assimilation of ingested 
material (Fig. 2, Tables 1 and 2). Lifc- 
table data for Daphnia fed Merismopediu 
showed low survivorship (lower than the 
control group in sterile water) and no re- 
production at either food level (Fig. 3C, 
Table 3). Taken together, these facts sug- 
gest that the particular strain used may 
have had toxic properties not previously 
rcportcd for LMerismopedin. 

Synechococcus ccdrorum 

I did not observe D. pulex ingest S. cedro- 
rum. The animals did acquire a green tinge 
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in the gut, indicating that some material 
from the cell was ingested (Fig. 1 ), and in 
the radiotraccr experiments (Fig. 2, Tables 
1 and 2), ingestion and assimilation were 
both quite high, Estimated filtering rate 
was 1.12 X 10” cells/hr, with 81.3% assimila- 
tion, Also, the life-table expcrimcnt sholwed 
the highest survivorship (median longevity 
58 days, max >73, on high and low food) 
and reproduction ( R. = 225.4 ,and 181.9, r = 
0.43 and 0.29) of any of the blue-greens 
(Figs, 3D and 4, Table 3). This is in sharp 
contrast to the congcncric S. elongata dis- 
cussed above, but cvcn different strains of 
the same algal species may vary greatly in 
nutritional value (Provasoli et al. 1959). 
Gassncr ( 1962) found significant differ- 
ences in pigment bctwccn S. eZo,ngntn and 
S. cedrorum, which may bc related to the 
nutritional diffcrcnccs found here. 

Anabaena flos-aquae 

Daphnia pulex was not seen taking in A. 
flos-aquae, but their guts acquired a slight 
green tinge, indicating some ingestion (Fig. 
1). Estimated filtering rate was only 0.34 
x 10” cells/hr, but assimilation was 100% 
( Fig. 2, Tables 1 and 2). Daphnia may 
break up the short filaments of this alga in 
the filtering process, rendering it less ob- 
vious in the gut. Life-table cxpcriments 
with A. flos-aquae had to be terminated 
bcforc completion, but thcrc was high sur- 
vival and some reproduction in the first 32 
days (Figs. 3E and 4). R,, values of 82.4 
and 34.1 were calculated for the high and 
low food lcvcls based on the data for 32 
d ays. Values for r (0.21 and 0.16) wcrc not 
affected by the early termination (Table 3). 
Although A. flos-ayuue has been report&l 

as toxic (Gorham 1965)) the strain I tcstcd 
was evidently not so to D. pu7ex. Schindler 
( 1968) reported that D. magna assimilated 
Anabaena at a much lower rate than Chlam- 
ydomonas or ChZoreZZa, and Sorokin ( 1968) 
stated that solw spccics of Anabaena were 

not consumed at all by zooplankton. 

Syncchocystis sp. 

Like the last two species, Synechocystis 
sp. appcarcd to bc ingested only slightly by 

D. pulex ( ‘Fig. 1) but was ingested and 
assimilated in radiotraccr expcrimcnts (Fig. 
2, Tables 1 and 2). Estimated filtering rate 
was 1.01 x lo6 cclls/hr and assimilation 
was 77.8%. S,urvivorship at the high food 
level was very low, but at the low fomod lcvcl 

it was somewhat better. No reproduction 
occurred at either level ( Fig. 3F, Table 3). 
These facts suggest that although Synecho- 
cystis may be ingested by D. pulex, it has 
little nutritional value and may bc toxic in 
high concentrations. 

Glococapsa alpicola 

Only one of the six D. pulex obslervcd 
actually ingested G. alpicolu ( Fig. 1) , but 
all six acquired some color in the gut. The 
ingestion and assimilation of radioactive G. 
nlpicola were both substantial, estimated 
filtering rate 1.33 x 10” cclls/hr, with 70.6% 
assimilation (Fig. 2, Tables 1 and 2). De- 
spite this high utilization, G. dpicola cvi- 
dcntly had littlc nutritional value, as shown 
by the life-table cxpcrimcnt (Fig. 3G). 
Survival of D. pulex on the high level of 
G. alpicola was the poorest of any of the 
cxpcrimcnts and was low at the low food 
level ( Table 3). No reproduction whatcvcr 
occurred. The low survival in comparison 
to controls in stcrilc water may indicate a 
toxic or inhibiting cff cct, 

DISCUSSION 

It is well established that Daphnia can to 
some extent sclcct the material that they 
filter from the water (see Burns 1969) and 
that they can utilize a variety of foods if 
ncccssary. Brooks and Dodson (1965) 
pointed out that large Cladocera such as 
Daphnia can collect particles in the l-15 p 
size range which includes a heterogcncous 
mixture of algae, bacteria, and organic 
detritus. The relative proportions of the 
components may change, but the mixture 
constitutes a relatively coastant and adc- 
quatc source of food. 

My study implies that if the foo’d mixture 
becomes dominated by blue-green algae, 
the Cladocera may survive only at a very 
low level of abundance. The genera com- 
monly forming blooms in nature, including 
Anabaena and Anacystis, arc normally quite 
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large, except when fragments or small 
groups of cClls break away from the main 
thallus. The turbulent culture conditions 
that I used to keep large thalli from forming 
may represent conditions in nature only at 
certain times. The other species of blue- 
green algae that I used occur in the plank- 
ton as single cells or small groups of cells. 
The Daphnia were able to filter all of the 
tested foods from the medium without 
mechanical interfcrcnce, and all foods were 
ingested to at lcast a slight degree, implying 
that rejection was based on some other 
factor. The most rejected species were all 
blue-greens. Their toxic extracellular prod- 
ucts ( Fogg 1962; Lefevrc 1964) may ac- 
count for such rejection if they can be 
sensed by D. pulex. 

In many of my experiments, survival of 
D. pulex fed on blue-greens was lower at 
the high (K = 25) food level than at the 
low (K = 1) level, suggesting inhibitory 
effects of the food rather than poor nutri- 
tional value. The data for A. falcatus arc 
anomalous in this respect, with better sur- 
vival at the high food level up to 50 days 
but considerably lower survival after that; 
this may be related to the far greater re- 
productive output of the high food group 
(R. = 2,906.5; r = 0.74 vs. R. = 306.9, r = 
0.37). There is some disagreement as to 
the nutritional value of blue-green algae 
( e.g., see Schwimmer and Schwimmer 1955 
vs. Bowman et al. 1962); probably, as in the 
case of green algae, protein levels vary 
dcpcnding on ,environmental conditions 
(Spochr and Milner 1949; Taub and Dollar 
1965). According to Blazka ( 1966)) Daph- 
nia hyalina does not use proteins for metab- 
olism in laboratory culture at surplus food 
levels and only in limited amounts in the 
field: nonprotein substrates arc preferred 
and proteins are emergency food.- If bluc- 
greens arc in general highly proteinaceous 
and if his findings hold for D. puZex, the 
low growth and reproduction in my expcri- 
ments might bc expected. 

Copepods, rotifers, and some Cladocera 
may utilize blue-green algae to a greater 
degree than the D. puZex used here. Blazka 
( 1966) reported successful growth and rc- 
production of D. pulicaria fc’eding on a 

bloom of blue-green algae; it is possible 
that bacteria present were an important 
factor. In my experimental procedures, I 
attempted to minimize interfcrencc by bac- 
teria as a source of supplemental food; at 
least control and experimental foods should 
have had similar bacterial contamination. 
Antibiotics were not used, since Provasoli 
ct al. ( 1959) and others have found that 
such treatments arc inhibitory to Duphnia. 
My procedures may thus have exposed the 
poor food value of the b,lue-green algae 
more than observations in nature. 

Most workers who have used radioactive 
food to study Daphniu and other Crustacca 
have used dry counting methods (Sorokin 
1968; Riglcr 1971). This usually creates 
problems due to self-absorption of radiation 
by the animals. The liquid scintillation 
method offers several advantages over 
counting on planchets. Bell and Ward 
( 1968) used liquid scintillation to dctcr- 
mine self-absorption by D. pulex. Self- 
absorption in liquid scintillation counting 
may be reduced to ncgligiblc levels through 
the use of a tissue solubilizer, such as NCS, 
which dissolves the soft tissues of the ani- 
mal; the hard carapace becomes transparent 
and is saturated with scintillation solution. 
Ward et al. ( 1970), also using D. pulex, 
showed that such a procedure sharply rc- 
duces self-absorption of light and beta 
radiation and eliminates the need for cor- 
rection factors. The carapaces do settle to 

the bottom of the vial, but settling did not 
result in a loss of counting efficiency (Bell 
and Ward 1968). 

My experiments were kept short to mini- 
mize any loss of assimilated l‘C by rcspira- 
tion or excretion. Schindlcr (1968) rcportcd 
that D. magna filled their guts with radio- 
active food- (in lower concentrations than 
those I used) in less than 1 hr but did not 
respire radioactive carbmon dioxide until 
more than 16 hr after beginning t’o ingest 
the food. Monakov and Sorokin (1961) 
obtained a loss rate of only 14-16% per day 
for 14C from D. pdex. Schindler (1968) 
also found that D. magna cleared their guts 
of radioactive food in from 30-60 min after 
transfer to nonradioactive food. My D. 
puZex were kept in radioactive food for 1 hr 
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and allowed 2 hr to clear their guts in non- 
radioactive food. This should have prc- 
vented errors due to incomplete filling of 
guts with nonradioactive food, excretion, 
and respiration, 
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