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COMPETITION AND THE RELATIVE ABUN DANCES
OF TWO CLADOCERANS'

J. DAVID ALLAN
Department of Zoology, University of Maryland, College Purk, Md. 20742

Abstract. Two cladocerans, Daphnia parvula and Holopedium ¢ibberum, were studied to

determine (a) whether the species were competi
was predictable from competitive relationships
and interspecific competition using 14C-labelled

ng and (b) whether the observed coexistence
alone. Experimental manipulations of intra-
algae, bacteria, and detritus revealed clear

competitive effects only with algae. Some resource partitioning was demonstrated. A model
was proposed specifying Holopedium to be the poorer competitor for mutually shared re-
sources, but also to be less reliant on those mutual resources, owing to its larger niche.

This model predicts coexistence and a higher relative abundance for Holopedium. How-
ever, the dynamics of field populations did not correspond to this prediction. Daphnia was
rare and declining throughout the study whereas Holopedium exhibited a pronounced burst of
growth. Analysis of birth and death processes revealed that Holopedium was relatively free
from mortality throughout most of the study, while Daphnia suffered death rates of 20% per
day or higher. This differential mortality explains the discrepancy between the competition
model and observed densities. Finally, field studies indicated that mortality of Daphnia owing
to predation by Chaoborus larvae is more than twice that of Holopedium. Tt is concluded that
Daphnia and Holopedium could coexist in a purely competitive system; however, because of
selective predation, their observed abundances correspond little to their competitive status.

INTRODUCTION

Evidence exists that competition occurs in natural
populations (Connell 1961, Wilbur 1971) and that
competition may determine species distributions
(Beauchamp and Ullyot 1932, Connell 1961, Ter-
borgh 1970). A further subject for inquiry is the
role competition plays in determining relative abun-
dances in nature.

My primary focus is the importance of competi-
tion between two species of Cladocera: Daphnia
parvula Fordyce and Holopedium gibberum Zaddach.
As predation plays a well-documented role in the
zooplankton (Brooks and Dodson 1965). I also in-
vestigated predator selectivity. In order of complex-
ity. the specific questions are (1) Do the two pop-
ulations in fact compete? (2) Is their coexistence
explainable in terms of different use of resources?
That is, can it be experimentaily demonstrated that
each inhibits its own resource acquisition more than
that of its competitor? (3) Can we identify the crit-
ical food resource (algae, bacteria, or detritus) in
the dynamics of competition-coexistence? (4) What
predictions regarding the relative abundances of the
two species can be made from the analysis of com-
petitive interactions? That is, what priorities may be
assigned to competition and predation?

The study has threec approaches. First, | performed
field experiments varying the level of intraspecific
and interspecific competition for (. Jabeled food.
Second, an analysis of population dynamics com-
pared field abundances to those predicted by the
competition model. and provided estimates of the

! Received September 21, 1971; accepted October 27,
1972.

relative contribution of birth and death processes to
changes in population density. Third, I conducted
field experiments with perch and Chaoborus to de-
termine their contribution to zooplankton mortality.
These estimated death rates were compared with ob-
served death rates. In synthesizing this information
| am attempting to define the role that competitive
interactions play in determining the relative abun-
dances of Daphnia parvula and Holopedium gib-
berum under field conditions. :

COMPETITION

Hummingbird Lake is a small bog lake in southern
Gogebic County in the western portion of Michigan’s
Upper Peninsula. The approximate size is 200 m by
75 m with a maximum depth of 5.5 m. It is located
on a tract of land owned by the University of Notre
Dame and has remained relatively undisturbed for
at least two decades. During the spring and summer
Hummingbird Lake has large populations of zoo-
plankton and phantom midge larvae (Chaoborus
spp.). The predominant cladocerans were Bosmina
Jongirostris and Daphnia parvula during the summer
of 1969, and D. parvula and Holopedium gibberum
during 1970 (Fig. 1). Copepods (Cyclops sp.) and
yellow perch (Perca flavescens) were present in both
years.

For a competing pair of species to achieve stable
coexistence. each species must limit its own further
increasc more than it limits or is limited by the other.
Experiments were conducted varying the levels of
intraspecific and interspecific competition and mea-
suring the relative uptake of labeled food. Then if the
food uptake of each species is reduced more by
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Fic. 1. Zooplankton of Hummingbird Lake drawn to
scale. (A) Holopedium gibberum: average adult — .8 to
1.0 mm carapace length; (B) Daphnia parvula: average
adult = .8 to 1.0 mm carapace length; (C) Bosmina
longirostris: average adult — .35 to .45 mm carapace
length; (D) Chaoborus nyblaei: average head length of
Il and IV instar larvae = 1.50 mm; (E) Chaoborus
punctipennis: average head length of III and IV instar
larvae = 0.90 mm. Note the enlarged gelatinous cara-
pace in Holopedium, which prompted Hutchinson (1967)
to remark it resembles “tapioca in a tow net.”

changes in its own density than by changes in its
competitor’s density, I conclude that they may co-
exist on the basis of their competitive relationships
alone.

Uptake of 4C-labeled algae, bacteria, or detritus
was chosen as an index of competition. A series of
replicates of homogenized lake water were labeled
and different zooplankton densities were added to
each. Only one compartment—algae, bacteria, or
detritus—was labeled in a given experiment. Where
uptake of labeled food per individual decreases as
density increases, this is attributed to competitive
resource depletion.

This approach has the limitation that several
sources of variability are concealed within the mea-
sure. For uptake of labeled food to be precisely re-
lated to amount of algae, bacteria, or detritus as-
similated, we must know the specific activity of each
food type (e.g., each algal species), separate inges-
tion from assimilation, and choose a sufficiently short
time span to minimize the effects of division of the
food cells and cycling of the tracer. On the other
hand, although these constraints are conceptually re-
solvable they present immense practical problems and
demand sufficient time and labor to render a field
competition study impractical. Further, the vari-
ability of natural systems will, in my opinion, con-
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siderably outweigh many sources of variation inherent
in the tracer technique itself. Thus I have chosen to
use relative uptake of radioactivity, recognizing it
to be a crude correlate of food assimilation. The
problem of variability is attacked by extensive repli-
cation. The value gained is that manipulations may
be performed on natural systems, thus carrying the
question of competition in zooplankton into field ex-
perimentation.

Experimental design

All experiments were carried out in cylindrical
1-litre bottles (9 c¢m X 20 cm) of lake water first
strained through 220 u silk bolting cloth to remove
zooplankters, Each bottle was inoculated with a
l-uc/ml radiocarbon solution by means of 1-ml-
constant pipette. In order to label the food sources,
two 1#C-labeled compounds were used. Following
Sorokin (1968), the algal compartment (plus auto-
trophic bacteria) was labeled with #C in a sodium
bicarbonate carrier, and the bacteria compartment
was labeled by the addition of .D-glucose 1*C. Each
was diluted to a I-uc/ml solution using .025 N so-
dium bicarbonate and distilled water respectively.

The detrital compartment was more difficult to
label since, as non-living particulate organic matter,
detritus cannot incorporate a radioactive element to
serve as tracer. Instead, a sample of lake water was
allowed to incubate for several days in 1*C-bicar-
bonate, and the sample was autoclaved for 1 hour
to break up living particulate matter. This produces
a detritus that is considered to be a rough mimic of
the natural compartment (Sorokin 1968).

In all cases it is assumed that the tracer did not
mix significantly between compartments (from algae
to bacteria or detritus, for example) during the
course of the experiment. As radiocarbon is incor-
porated into the carbon chains it is quite stable
(Sorokin 1968), and Saunders (1969) determined
reasonable values for assimilation using similar tech-
niques in an 8-hour period. The outcome with bac-
teria indicated that mixing may have been a prob-
lem, but it is doubtful that any significant leakage
took place in the algae and detritus experiments.

Immediately after labeling, the bottles were sealed
and suspended 0.2 m below the surface for approx-
imately 2 hours while the necessary treatments of
Daphnia and Holopedium were prepared. Individuals
were collected by tow net and were roughly sorted
into species by passing the collection through a series
of sieves. The zooplankters were placed in petri
dishes and individuals of each species were counted\
out by means of dissecting microscope and a pipette.
In all cases I attempted to include a uniform distri-
bution from small to large size classes.

While the inoculated lake water was incubating I
prepared two replicates of the eight species-density
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combinations necessary. Low density was set at 50
individuals per 1-litre bottle; high density at 150.
Then the experimental systems were briefly removed
from suspension, the zooplankton treatments added.
and the bottles resuspended. After an 8-hour feeding
period each replicate was passed through 220 wu
netting and 10 zooplankters representing a uniform
size distribution were placed on a membrane filter
glued to a 2-inch steel planchet. Direct counting of
10 dried animals for 10 minutes with a Nuclear Chi-
cago gas flow counter provided an estimate of radio-
activity.

Statistics

Two designs were employed in the 1970 experi-
ments with Holopedium and Daphnia. The first
(“Design 17) is a three-way analysis of variance.
The species main effect compares the mean responses
of Daphnia and Holopedium. The density main effect
compares the mean response of both species at low
intraspecific density and high intraspecific density.
The mixing main effect compares the mean response
of the two species ‘alone to the mean response to-
gether (intraspecific vs. interspecific competition).
Interaction terms are designated as species-by-den-
sity, species-by-mixing and density-by-mixing. The
treatments are 50 D, 150 D, 50 H, 150 H, 50 D +
50 H, 150 D + 150 H. The second (“Design II") is
also a three-way analysis of variance, with the same
species main effect. Other main effects compare the
mean response of both species under low and high
Daphnia density and the mean response of both spe-
cies under low and high Holopedium density. Inter-
action terms are designated as species-by-density of
Holopedium, species-by-density of Daphnia and den-
sity of Holopedium-by-density of Daphnia. The
treatments are 50 D + SO H, 50 D + 150 H, 150 D
+ 50 H, 150 D + 150 H. Note that the designs par-
tially overlap.
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Pilot experiments during 1969 indicated that con-
siderable replication would be necessary to overcome
variance in the system, and that replicates may have
shown similar behavior duc to some similarity with
which they were handled. Therefore, each experi-
ment was conducted with two replicates per cell and
an attempt was made to randomize the effects of
handling and physical positioning. Furthermore, each
experiment was repeated three times over successive
days to provide additional replication. The difference
between days was treated as a block effect. The main
effect of blocks was partitioned out, but all interaction
terms involving blocks became part of the pooled
error term. The three main effects are fixed; only
blocks are considered random. Under both designs
the main effects of density and mixing have alterna-
tive hypotheses predicting a decrease in the uptake
of labeled food under increasing competition. Ac-
cordingly, the null hypothesis was tested against a
one-tailed alternative. For all interaction terms the
null hypothesis was tested against a two-tailed al-
ternative.

Results

Algue.—Under Design 1 all main effects are sig-
nificant and there are strong differcnces among
blocks (Table 1). The density effect (P <.01) rep-
resents decreased uptake of labeled food under high
intraspecific competition. The mixing effect (P <.05)
represents decreased uptake owing to interspecific
competition. As knowledge of the specific activity of
the food is necessary to evaluate any differences in
food uptake between the two species, and as the focus
here is change in uptake with change in density, no
further attention will be paid to the between-species
main effect. Finally, none of the interaction terms
are significant.

Under Design 1I (Table 2) highly significant ef-
fects appeared. due to differences among blocks,

TasLE 1. Analysis of variance under Design I: Competition between Daphnia and Holopedium

uC-labeled algae
(high density)*

u4C-labeled algae
(low density)®

H4C-labeled detritus
(high density)?

14C-labeled bacteria
(high density)°

Source DF MS F DF MS F DF MS F DF MS F
Blocks 2 464. 8.0x** 1 3699, 58.5%** 1 2700, 12 5%** 2 57.7 17.1%**
Species 1 608. 10.4** i 50.0 .8 1 9517, 44 1%** 1 68.0 20.2%**
Density 1 399, 6.9*%* 1 143, 2.3 1 181. .8 1 3.2 .9
Mixing 1 162. 2.8% i 9.7 2 1 367. 1.7 1 4.7 1.4
Species-by-density 1 70.4 1.2 1 .6 .01 1 544. 2.5 1 .3 .08
Species-by-mixing 1 4.4 .07 I 106. 1.7 1 211. 1.0 1 3 .09
Density-by-mixing 1 88.1 1.5 1 233. 3.7+ 1 96.6 4 1 4.1 1.2
Species-by-density-

by-mixing 1 210 4 1 20.1 3 1 67.4 .3 1 41N
Errore 38 58.3 39 63.2 22 216. 37 3.4
*xx = 001 o= * = .05 + = .10

aDensities were 50 per litre versus 150 per litre.
bDensities were 15 per litre versus 45 per litre.

cDensities were 50 per litre versus 150 per litre.
dDensities were SO per litre versus 150 per litre.
<All interaction terms involving blocks are pooled into the error term.

Experiment conducted July 5, 7, and 9, 1970.
Experiment conducted July 21 and 22, 1970.

Experiment conducted July 23, 24, and 26, 1970.

Experiment conducted August 2, 3, and 4, 1970.

Missing data prevented use of Block 3.



Late Spring 1973

THE RELATIVE ABUNDANCES OF CLADOCERANS

487

TABLE 2. Analysis of variance under Design II: Competition between Daphnia and Holopedium

14C-labeled algae
(high density)

uC-labeled algae
(low density)®

14C-labeled detritus
(high density)d

14C-labeled bacteria
(high density)°

Source DF MS F DF MS F DF MS F DF MS F
Blocks 2 443 13.2%** 1 2401. 40.6%** 2 314. 1.1 2 41.3  10.8%**
Species 1 417. 12, 4% % 1 23.8 .4 1 29977, 102.5%** 1 45.6 11.9%**
Density of

Holopedium 1 82.9 2.6 1 84.8 1.4 1 343. 1.2 1 .7 .2
Density of Daphnia 1 410. 12, 2%** I 245. 4.2% 1 1536. 5.3* 1 9.3 2.4%
Species-by-density

of Holopedium I 81.2 2.6 1 7.7 A 1 1038. 3.6% 1 1.1 .3
Species-by-density

of Daphnia 15.7 .5 1 2.7 .05 1 .2 .01 1 .05 .01
Holopedium density- | 2.6 .08 1 155, 2.6 1 611. 2.1 1 .06 .02

by-Daphnia density
Species-by-Holopedium

density-by-Daphnia

density 4.7 1 1 30.3 5 1 1105. 3.8+ 1 .7 .2
Errore 38 33.5 39 59.2 36 292. 37 3.9

= <001 = < .01 * = < .05 + =< .10

aDensities were 50 per litre versus 150 per litre. Experiment conducted July 5, 7, and 9, 1970.

bDensities were 15 per litre versus 45 per litre. Experiment conducted July 21 and 22, 1970.

<Densities were 50 per litre versus 150 per litre. Experiment conducted July 23, 24, and 26, 1970.

dDensities were 50 per litre versus 150 per litre. Experiment conducted August 2, 3, and 4, 1970.

eAll interaction terms involving blocks are pooled into the error term.
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F16. 2. Reduction in uptake of 14C-labeled algae as an
index of competition. Main effects of variance analysis
are species, intraspecific density, and interspecific mixing.
None of the interaction terms are statistically significant,
but graphical comparison of slopes allows inferences to
be made about trends.

between species, and with increasing densities of
Daphnia (P < .025). Again, none of the interaction
terms are significant.

The experimental results are graphed (Fig. 2 and
3) as an aid in interpreting results and generating
hypotheses for future experimentation. The density-
by-mixing result (Fig. 2) indicates that the effect of
interspecific competition is more intense at higher
levels of intraspecific density. Second, the result of
increased Holopedium density is to inhibit the uptake
of labeled food by Holopedium but not by Daphnia
(species-by-Holopedium density: Fig. 3). This indi-

index of competition. Main effects of variance analysis
are species, Daphnia density, and Holopedium density.

cates some resource partitioning so that Holopedium
may deplete algal populations unimportant to
Daphnia.

A second set of experiments with labeled algae was
conducted several weeks later and designed to ask
whether the above results would occur with lower
density manipulations. Therefore, densities of 15 and
45 per litre rather than 50 and 150 were selected.
The results revealed high variability and fewer sig-
nificant differences than with the higher density ma-
nipulations reported above. Under Design I (Table
1) only the block (among days) effect was signif-
icant, and under the interspecific design (Table 2)
both blocks and the main effect of Daphnia density
(P < .025) were significant. Evidently. fairly high
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densities are needed to reveal competitive interac-
tions. As the Daphnia effect is still detectable at
lower density levels | conclude it plays a strong role
in the competitive relationships. The time difference
of 2 weeks between the two sets of algal experiments
did not appear to change the outcome.

Bacteria—Under Design 1 (Table 1) strong dif-
ferences emerged between blocks and between spe-
cies for uptake of labeled bacteria. No other effects
were significant. Under Design 11 (Table 2) the sig-
nificant results arc between species. and the Daphnia
main effect (P < .025).

The graphed results (Fig. 4 and 5) bear out the
inhibiting effect on both species of increased Daphnia
density. Other results, however, arc rather erratic.
The tendency towards a species-by-Holopedium in-
teraction (Fig. 5) is due to Duphnia’s increased up-
take of tracer at higher densitics of Holopedium,
contradicting expectations of a competitive reduc-
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tion. In the absence of any information on the ac-
tivity of different bacteria species or possibie mixing
among compartments it is difficult to pursue these
data further.

Detritus.—Under both designs (Tables 1 and 2)
the only significant differences are blocks and spe-
cies. Graphical examination (Fig. 6 and 7) suggests
a strong similarity between the detritus and the algac
results. Only the Daphnia density effect is at all pro-
nounced (P < .10), but the resemblance between
algal and detrital results suggests that the same inter-
pretation of main effects and interaction terms will
hold for both. That is, Daphnia exerts a strong effect
on both species; increasing densities of Holopediim
affect primarily conspecifics; and the effect of mixing
is more pronounced at higher dgnsities. Taken to-
gether, these results specify certain characteristics of

niche overlap. \

BIRTHS AND DEATHS IN NATURAI POPULATIONS

Changes in the densitics of species populations
may be combined with fecundity information de-
rived from the highly visible eggs of brooding micro-
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crustaceans to allow evaluation of the birth and death
components of population change. Techniques intro-
duced by Edmondson (1960) and Hall (1964) pro-
vide reasonable estimates of the population parameters
b, instantaneous birth rate and d, instantaneous death
rate. These may be coupled with predictions of rel-
ative abundances based on the competition experi-
ments so that, where observed abundances of Daph-
nia and Holopedium differ from expectations, we may
cxamine changes in births and deaths as a clue to
causal factors.

Methods

Population densities of the dominant zooplankters
were estimated throughout the summer study periods
of 1969 and 1970. Four equidistant sampling stations
were established in a transect across Hummingbird
Lake. The stations at cither side were located in the
littoral zone approximately 3 m from the bog mat
where the water was 1.5 m deep. The two central
stations were located one-third of the distance across
the lake at points where the depth was approximately
5 m. Two samples were collected at each station at
0.5 m depth with a 1-litre kemmerer bottle. An ad-
ditional two samples were collected at the central
stations from a depth of 2.5 m. Weckly population
estimates were made by pooling all 12 samples, and
separate estimates could also be made of the littoral
zone (side stations), open water (central stations,
0.5 m). and deep open water (central stations, 2.5 m)
to gain some insight into spatial distributions. All
collections were made at midday to minimize the
effects of vertical migration patterns on weekly sam-
ple variance. Samples were filtered onto a disc of
20 p Nytex netting and counted under a dissecting
microscope. Population estimates of Holopedium gib-
berum, Daphnia parvula. D. catawba, Bosmina lon-
girostris, and Cyclops sp. were made from May 31
to August 11, 1969, and from June 18 to August 13,
1970. Most of the data presented in this paper are
from the 1970 study.

To estimate birth and deuath rates I obtained mea-
sures of egg production in Daphnia and Holopediim.
The lengths of all individuals were measured and the
number of eggs in the brood pouch recorded. Ephip-
pial cggs were rccorded separately. The number of
adults was calculated as all individuals larger than
the smallest size of first reproduction. which proved
to be constant throughout the study period. Mean
brood size per adult is simply total cggs divided by
the number of adults in the sample.

Anualysis

The calculations of rates of increase. modified
from Edmondson (1960) and Hall (1964). require
the following information over a time series: total
population size, number of adults, mean brood size.
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and cgg developmental rates. The first three are esti-
mated for the populations of Hummingbird Lake.
and the data for egg devclopment rates are taken
from Hall's (1964) temperature-dependent measures
on D. galeata mendotae and my own temperature
data. Other estimates of development rates for D. g.
mendotae (Jacobs 1961). D. magna (Anderson and
Jenkens 1942, Green 1956, Obreskove and Fraser
1940). for Cerioduphnia reticudata (Hall et al. 1970)
and for Bosmina longirostris (Kerfoot, personal com-
munication) are sufficiently similar to allow confi-
dence in the applicability of these data to Holope-
ditom and Daphnia. In subsequent calculations it will
be necessary to assume that cggs are produced and
hatched continuously, and that the population age
distribution approximates the stable form.

We first derive an estimate of per capita rate of
changes in density as follows:

per capita rate of change = dN/Ndt in units [/t

(H
d(log. N)
and dN/Ndt = ———— (2)
dt
Elog,,N,,M*[og‘,N, (3)

At

where N, .y, = numbers at time ¢ + At
N, = numbers at time ¢

This is the average derivative between the two points
in time chosen for its calculation and. plotted at the
midpoint, represents the rate of change at that in-
stant in time.

An estimate of birth rate may be derived (from
Hall 1964) as

_ Na - E-1/D _
birth rate = ——————— in units /¢ (4)
N,
where N, = number of adults
E = average brood size per adult

I/D = fraction of egg development per day
(D = mean time required for ecgg
development)

N, = total population size

since the use of 1/D assumes a uniform egg age dis-
tribution, whereas a growing population has a skewed
cgg age distribution, a correction is necessary. Ed-
mondson (1968) offers an estimator F that is the
corrected fraction of egg development per day.

¢ e rt -1

=

e L

Thus equation (4) becomes (Allan 1971)

N .
birth rate¢ — ——— CF (6)



