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Abstract
Zooplankton body size shows a strong association with temperature, competition, and predation. Global

warming affects all three drivers of body size and is thus expected to lead to substantial changes in zooplankton
community composition and body size distributions. To disentangle the isolated and joint effect of temperature,
competition, and fish predation on species biomass and community composition in zooplankton, we monitored
population biomasses of three Daphniidae species that differ in body size (Daphnia magna, Daphnia pulex, and
Ceriodaphnia reticulata) for 20 days, manipulating competition (monoculture, pairwise trials, and three-species com-
munities), temperature (20�C, 24�C, and 28�C) and presence or absence of fish predation. In the absence of preda-
tion, D. magna dominated in all competition experiments, even at high temperatures. D. magna went extinct,
however, in the predation treatments at 24�C and 28�C. D. pulex outcompeted C. reticulata and was negatively
affected by predation and high temperature. C. reticulata did not reduce biomass at high temperatures and was nega-
tively affected by all competition trials, but was positively affected by predation. Our results indicate that the two
larger-bodied species are more negatively affected by the combination of temperature and predation than the
smallest species. While higher temperatures reduced the biomass of the larger-bodied species, it did not fundamen-
tally change their ability to dominate over the smallest species in competition. The combined effect of warming and
predation changed community composition more fundamentally, resulting in the dominance of small-bodied spe-
cies. This can have important ecosystem-wide impacts, such as the transition to turbid, algae-dominated systems.

Ongoing climate warming has by now affected all levels of
biological organization (Parmesan 2006; Scheffers et al. 2016).
While aquatic ecosystems and their biota have been intensively
studied in the context of climate change, it has remained a
challenge to accurately predict and verify the effects of global
warming on freshwater communities and ecosystems services

(Rosset et al. 2010; Jeppesen et al. 2014). A key reason for this is
the complexity of processes that interact in determining the
outcome of such a fundamental change as climate warming
(Urban et al. 2016). This complexity is not only related to how
individuals and populations can respond to environmental
change via phenotypic plasticity and evolutionary trait change
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(Van Doorslaer et al. 2009; Brans et al. 2017; De Meester
et al. 2018) or migration (Norberg et al. 2012) but also strongly
depends on species interactions and how these influence the
performance of focal species (Urban et al. 2016).

Warming effects at the level of an organism alter metabolic
rates and thus influence growth, reproduction, respiration, and
feeding rates (Lear et al. 2020; Bomfim et al. 2022). Experimen-
tal and biogeographic studies have shown that warming influ-
ences the body size of organisms (Forster et al. 2012; Havens
et al. 2014), where smaller body sizes are expected at high
temperatures (Moore et al. 1996; Daufresne et al. 2009). The
temperature size rule predicts that ectotherms mature at smaller
body sizes with increasing temperature in response to greater
metabolic demands (Atkinson 1994; Verberk et al. 2021). In
addition, oxygen becomes more limiting in aquatic systems at
higher temperatures, which can also select for smaller body
sizes, as this allows more efficient transport of oxygen to all
effector organs (Atkinson et al. 2001; Verberk et al. 2021). Spe-
cies can also, however, adapt to warming through physiological
and biochemical changes independent of body size changes,
such as increased production of hemoglobin and heat shock
proteins (Gerke et al. 2011; Zeis et al. 2013).

The metabolic changes driven by global warming are also
expected to intensify some ecological relationships in aquatic
ecosystems, such as competition (Moore et al. 1996) and preda-
tion (Thakur et al. 2018). Herbivorous cladocerans, for example,
and especially members of the Daphniidae family, share similar
ecological niches and compete strongly for food resources
(Hu and Tessier 1995; Adamczuk 2010). In general, large-bodied
Daphniidae species suppress small-bodied species because they
attain higher ingestion rates as a result of a wider prey size spec-
trum, generalist diet, and higher energy efficiency (Gliwicz 1980;
Jiang et al. 2014). In a warmer environment, where organisms
have higher consumption rates linked to higher metabolic
demands (Forster et al. 2011) and food quality may be insuffi-
cient (Visser et al. 2016), large-bodied cladocerans might be bet-
ter competitors as they are more efficient filter feeders (Gliwicz
1980). Yet, they might be suppressed by small-bodied cladoc-
erans, as high temperature favors small ectotherms (Moore
et al. 1996). Likewise, the increase in reproduction rates and
organism densities at high temperatures (Kooijman 2010) can
lead to increased competition (Forster et al. 2011). The outcome
of competition under climate warming will be determined by
the degree to which the different species have a low food thresh-
old through an optimal resource allocation in reproduction and
survival at high temperatures (Glazier and Calow 1992).

Besides competition, predation is also influenced by tempera-
ture, with the potential to alter the structure of the zooplankton
community via body size. Warming leads to higher predation
pressure by fish on zooplankton due to higher metabolic
demands and increased consumption rates of fish (Meerhoff
et al. 2007). Visual predation by fish is biased towards large-bodied
species and is since long recognized as one of the key structuring
processes in zooplankton communities (Brooks andDodson 1965;

Lampert and Sommer 2011). The prediction that both tempera-
ture and fish predation should shift the size distribution of zoo-
plankton to smaller species and individuals is supported by
experimental studies (Hart and Bychek 2011; He et al. 2018) and
the observation that in lowland tropics the zooplankton is domi-
nated by small species (Iglesias et al. 2011; Ersoy et al. 2017).

Warming, competition, and predation interact to determine
the structure of zooplankton communities and their body size dis-
tribution.However, the direct and indirect effects of increasedmet-
abolic demands lead to conflicting predictions on whether body
sizes should increase or decrease under competition and predation
in response to climatewarming. Predationbyfishhas a direct effect
on the shift of zooplankton body size distribution to smaller indi-
viduals but also reduces competition by selectively feeding on
large-bodied zooplankton, and this reduction in competition may
also affect zooplankton body size distributions (Chase et al. 2002;
Iglesias et al. 2011). Temperature can favor small-bodied species
(Atkinson 1994; Verberk et al. 2021), but indirectly can also
increase both competition and predation (Moore et al. 1996).
Whereas large-bodied cladocerans are better competitors, they can
be more affected by temperature (Verberk et al. 2021). These
responses to climate warming are, thus, expected to result in pro-
found shifts in the size structure of populations and communities,
and the structure of foodwebs (Thébault and Loreau 2003).

To disentangle the effects of warming, fish predation, and
competition on zooplankton, we carried out a microcosm experi-
ment testing for the isolated and joint effect of these three fac-
tors on population biomass and species composition using three
cladocerans of the Daphniidae family that differ in body size:
the large-bodied D. magna (Straus, 1820), the medium-sized
D. pulex (Leydig, 1860), and the smaller-bodied C. reticulata
(Jurine, 1820). We assessed whether and to what extent the
direct effect of temperature alone can alter the relative domi-
nance of large- vs. small-bodied cladocerans in competitive con-
texts, or whether fish predation pressure is needed to enforce
such a change. We expected that (1) warming would negatively
affect the population biomass of all species in monoculture, but
with stronger effects on the larger-bodied species compared to
smaller species, (2) warming would also reduce species-specific
biomass in competition trials and would alter the relative domi-
nance of large- vs. small-bodied cladocerans toward the domi-
nance of small-bodied cladocerans, (3) predation would have a
strong negative impact on biomass, again affecting larger-bodied
species more than smaller-bodied, and the effect would be inten-
sified at high temperatures, finally, (4) predation pressure on
large-bodied species would favor small-bodied species in compe-
tition trials, changing community composition toward the dom-
inance of small-bodied species.

Materials and methods
Study organisms and culture conditions

D. magna, D. pulex, and C. reticulata were sampled from ponds
in the region of Leuven and Ghent, Belgium over several years
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(for information confirming the clear differences in body size
among the three species, see Data S1). Individual females col-
lected from the field, were isolated and cultivated as clonal line-
ages. From all clonal lineages present in our stock collection, we
randomly chose 10 clones per species and cultured them in
mixed populations for � three months under standardized con-
ditions in one-liter glass jars filled with dechlorinated (24h aged)
tap water and kept under a 14 : 10h L : D photoperiod (Fig. 1).
Twenty multiclonal cultures per species were kept at each of the
three experimental temperatures (20�C, 24�C, and 28�C). We
chose these specific temperatures as the first two reflect the aver-
age summer temperature in Belgium in rural (20�C) and urban
ponds (24�C) (Brans et al. 2018), whereas 28�C was chosen based
on a + 4�C climate forecast (IPCC 2014). Half of the culture
medium was renewed twice a week. All cultures were fed with a
1 : 1 (biomass) mixture of two different batch-cultured algae spe-
cies, Chlorella vulgaris (Beyerinck) and Acutodesmus obliquus
(Turpin-Kützing) at a total concentration of 1 mg C�1 L�1. We
set up a length-weight regression to estimate individual bio-
masses and set up a life table experiment for each species at the
three experimental temperatures. A more in-depth description of
the methods used in length–weight regression and life table as
well as the resulting values are given in the Data S1.

We chose Pumpkinseed sunfish, Lepomis gibbosus
(Linnaeus 1758) with body size varying between 8 and 10 cm
as the predator because they occur in Belgian ponds (as an
exotic but locally abundant species) and are very stress-
resistant and able to cope with our experimental temperatures
(Power and Todd 1976). The fish were maintained in aquaria
with air pump, kept at the three experimental temperatures
(20�C, 24�C, and 28�C), and fed with Chironomidae larvae.
Throughout our study, we followed the protocol stipulated
and approved by the Ethical Commission from the
Katholieke Universiteit Leuven under registration P006/2019
(LA1210204).

Microcosm experiment
We carried out an indoor microcosm experiment in which

we included monocultures of each species as well as competi-
tion trials with all three pairwise combinations of two species
and the three species combination (Fig. 1). We carried out the
competition experiment at three experimental temperatures
(20�C, 24�C, and 28�C) and both in the absence and presence
of fish predation, except for the monocultures, which were
only studied in the absence of fish predation. All experimental
units were performed in triplicate leading to the following
design: [3 monocultures + (4 competition combinations (three
pairwise, one full combination) � 2 fish treatments (presence/
absence))] � 3 temperatures (20�C, 24�C, and 28�C) � 3
replicates = 99 experimental units (Fig. 1).

Each microcosm consisted of a 6 liter aquarium filled with
5 liter of dechlorinated tap water. All microcosms were placed in
a temperature-controlled water bath (20�C, 24�C and
28�C � 1�C) at 14 : 10h L : D photoperiod and contained

artificial plants (three plastic Elodea canadensis mimics of 20 cm
high) providing refuge from predation. Half of the experimental
medium (dechlorinated tap water) was renewed twice a week.
Food was replenished to 1 mg C�1 L�1 of a 1 : 1 mixture of C.
vulgaris and A. obliquus every two days. The experiment started
by inoculating adults randomly chosen from bottles with 10 dif-
ferent clones per species kept at the experimental temperature
(i.e., preconditioned to that temperature). The number of indi-
viduals of each species in each aquarium was standardized to
equal biomass, taking into account the differences in biomass of
adult females of each species (D. magna = 28.6 μg DW ind�1; D.
pulex = 8.1 μg DW ind�1, and C. reticulata = 3.2 μg DW ind�1;
see Data S1). In each aquarium, we inoculated a total number of
individuals that corresponds to the biomass of 10 adult D. magna
(i.e., 286 μg DW). The resulting number of individuals of each
species inoculated in the aquaria is given in Fig. 1 and Table S2.

The competition experiment ran for 20 days. The predation
treatment involved a repeated and timed exposure to an
actively hunting fish. We carefully put one fish (randomly
selected out of a group of 15 fish that were kept in a 50 liter
aquarium at the corresponding temperature, i.e., 20�C, 24�C,
or 28�C, total number of fish = 45) for exactly 10 min (mea-
sured with a chronometer) in each microcosm of the preda-
tion treatment on day 10, 15, and 20. Pilot experiments had
established that a substantial proportion of the cladocerans
were eaten during these 10 min time-periods.

All communities and populations were completely
harvested at the end of the experiment (day 20; water
volume = 5 liter). Samples were fixed with sugar formalde-
hyde (4%). All samples were fully counted and categorized
into size classes (juveniles, adults, adults with eggs). Densities
(individuals L�1) were transformed into biomass (μg DW L�1)
by multiplying the number of individuals of each size class
by the average estimated dry weight per individual of that
size class.

Statistical analyses
To test our hypotheses, we performed different ANOVAs

using species-specific biomass as a response variable. Because
our experimental design did not contain all full factorial treat-
ment combinations (i.e., monocultures treatments were not
tested for fish predation), we split up the analysis into two
parts: one testing the interaction between temperature and
competition in the absence of fish and a second one testing
the three-way interaction between temperature, competition
and fish presence for all competition trials. In all analyses out-
lined below model assumptions were checked and were met
unless stated otherwise. We visually checked for deviations in
model residuals normality using qqplots and histograms (Zuur
et al. 2010). Significant main or interaction effects were
followed by Tukey post hoc comparisons to assess which treat-
ments significantly differ from each other (“emmeans” R pack-
age; Lenth et al. 2019).
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Effects of warming and competition on species-specific
biomass

To test our first hypothesis on the effect of warming on
species-specific biomasses, we applied a two-way type II
ANOVA (package “car”; [Fox et al. 2019]) on the data of the
three species cultured in monoculture testing for the effects of
species, temperature, and their interaction on population

biomass. To test our second hypothesis on the effects of
warming, competition, and their interaction on each species,
we applied three separate two-way type II ANOVAs (one for
each species), comparing the biomass of monocultures of a
given species to the species-specific biomass of the same spe-
cies in the different competition trials at three temperatures to
assess to what extent the presence of other species influences

Fig. 1. Schematic overview showing the process from the animals in stock culture to the actual experiment with monocultures as well as two- and
three-species communities crossed with temperature (three levels) and predation (presence/absence of fish). The number of individuals (ind.) of each spe-
cies put in each aquarium at the start of the experiment was adjusted to the differences in body mass so that all units were started with the same total
biomass. All treatment combinations were run in triplicate.
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species-specific biomasses and whether this is temperature
dependent.

Effects of warming, predation, and competition on species-
specific biomass

To test our third hypothesis that predation has a stronger
negative impact on biomass of larger than of smaller species
and that this effect is stronger at higher than at low lower
temperatures, we performed separate analyses for each species.
For two species (D. pulex and C. reticulata) a three-way ANOVA
was carried out to test for the effect of temperature, competi-
tion (three levels; no monocultures), and the presence of fish
on the species-specific biomass. We square root transformed
the biomass data to comply with model assumptions. The data
of D. magna contained several zeros in the predation treat-
ments; therefore, we ran a GLM (generalized linear model)
applying the quasi-Poisson distribution and “log” link func-
tion using the “zeroinfl” function from the “pscl” package
(Zeileis et al. 2008; Jackman 2020).

To test the hypothesis that predation pressure changes
community composition towards the dominance of small-
bodied species, we used PERMANOVA (Permutational
ANOVA; package “vegan” (Oksanen et al. 2019) testing for dif-
ferences in community composition among treatment combi-
nations. We carried out three PERMANOVA analyses that
excluded data on the monocultures. The first PERMANOVA
tested for the effects of factorial combinations of temperature,
competition, and predation on all community data. Two addi-
tional analyses tested for the effects of temperature and com-
petition on the subsets of data in the absence and presence of
fish predation separately. We visualized community composi-
tion at the end of the experiment in all competition trials
using a ternary plot using species-specific biomass as input
data (Hamilton and Ferry 2018).

All analyses were performed in R version 4.0.2 and RStudio
version 1.3.1093 (R Core Team 2020); R packages “ggplot2”
(Wickham et al. 2019) and “ggtern” (Hamilton and Ferry 2018)
were used for graphs.

Results
Effects of warming on species biomass

The population biomass in monocultures differed signifi-
cantly between species and experimental temperatures
(p = 0.04 and 0.004, respectively; Table 1). These two factors
did not interact, showing that the species responded similarly
to warming. The highest biomass values in monoculture when
factoring in all species together were observed at 20�C, while
24�C and 28�C did not differ (Fig. 2; post hoc comparisons are
shown in Table S3). Irrespective of the thermal regime, the
biomass in the D. magna monocultures differed significantly
from that of C. reticulata monocultures; the biomass of
D. pulex monocultures did not differ from that of the other
two species (Fig. 2; Table S3).

Effects of warming and competition on species biomasses
The biomass of D. magna was, in the absence of preda-

tion, impacted by the interaction between competition and
warming (p = 0.030; Table 2, Fig. 3a). Analyzing the isolated
effect of warming, post hoc tests showed that D. magna
reduced biomass from 20�C to both 24 and 28�C (p = 0.04
and p = 0.001; Table S4). In the post hoc tests for the iso-
lated effect of competition, D. magna biomass was signifi-
cantly reduced from the obtained value in monoculture
when competing with D. pulex and in the three-species com-
munities (p = 0.035 and p < 0.001; Fig. 3a and Table S4).
When analyzing the interaction between warming and com-
petition, the reduction in D. magna in the three-species
community compared to in monoculture was significant at
20�C but not at the other two temperatures (p = 0.004;
Table S4). There is, only at 20�C, also a significant difference
between the biomass of D. magna when grown together
with C. reticulata and the biomass of D. magna in the three-
species communities (p = 0.003, Table S4). Another interac-
tion between competition and temperature is revealed by
the fact that the biomass of D. magna is reduced when
grown together with C. reticulata at 28 but not at 20�C
(p = 0.006, Table S4).

D. pulex biomass was negatively influenced by temperature
and competition but not by their interaction (p < 0.001 for

Table 1. Output of ANOVA testing whether biomass in mono-
cultures differs among species (D. magna, D. pulex, and C. reti-
culata), temperature, and their interaction. Df = degrees of
freedom. Significant p-values (<0.05) are indicated in bold.

Df F-value p-value

Species 2 3.911 0.038

Temperature 2 7.469 0.004

S : T 4 1.413 0.269

Residuals 18 – –

Fig. 2. Mean biomass � 1 standard deviation in monoculture for
D. magna, D. pulex, and C. reticulata at the three experimental
temperatures.
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both; Table 2). Across all community contexts, D. pulex had a
lower biomass at both 24 and 28�C than at 20�C (p = 0.003
and p < 0.001, respectively; Fig. 3a and Table S4). D. pulex bio-
mass did not differ between monoculture and in competition
with C. reticulata at all three temperatures (Fig. 3a and
Table S4), but was significantly reduced in competition with
D. magna and in the three-species communities at all three
temperatures (all pairwise comparisons p < 0.001; Table S4).

C. reticulata biomass was not affected by temperature but
was significantly affected by competition (p < 0.001; Table 2).
The biomass of this species was significantly higher in mono-
cultures than in all multi-species communities (all pairwise
comparisons p < 0.001; Table S4).

Effect of temperature, competition, and predation on
species-specific biomass

The effect of 10 min of fish predation on a weekly interval
was strong and highly significant (Fig. 3b and Table 3). Fish
predation had a strong negative effect on D. magna biomass
and reduced all populations of this species to very low num-
bers, removing it from most aquaria (p < 0.001, Table 3 and
Fig. 4). There was also a significant interaction effect between
temperature and competition, independent of predation treat-
ment (all p < 0.001, Table 3): D. magna had significantly
reduced biomass at high temperatures (24�C and 28�C) in
combination with D. pulex and in the three species combina-
tion compared to 20�C in combination with C. reticulata
(p < 0.001, Table 3 and Fig. 3b).

In general, the D. pulex populations were also strongly
influenced by temperature, competition, fish predation (all
p < 0.001; Fig. 4 and Table 3), and by the interaction of preda-
tion and competition (p = 0.010; Fig. 3b and Table 3). Fish
predation decreased D. pulex biomass in all competition trials
(all p < 0.002; Table S5). In the presence of predation, D. pulex

biomass did not differ between competition trials, whereas in
the absence of fish, the biomass of D. pulex in combination
with D. magna and in the three-species community was signif-
icantly lower than in the competition trial with C. reticulata
(both p < 0.001; Table S5; Fig. 4).

Generally, the biomass of C. reticulata was higher in the
presence of fish (p = 0.012; Table 3 and Fig. 4), and higher
when placed together with D. magna in comparison when
under competition with D. pulex (p = 0.04) and in the three-
species community (p < 0.001; Table 3 and Fig. 4). Results of
post hoc tests are shown in the Table S5.

Effect of temperature, competition, and predation on
community composition

The community composition in the aquaria with two- and
three-species communities was significantly altered by fish
predation (p = 0.001), temperature (p = 0.005), and competi-
tion (p = 0.001, Table 4). Predation also interacted with com-
petition and temperature to determine community
composition (Table 4). In absence of predation, community
composition was significantly affected by competition, tem-
perature, and their interaction (p = 0.002, Table 4). In the
presence of fish, only competition significantly affected com-
munity composition (p = 0.001). The ternary plot shows that
fish predation led to the exclusion of D. magna (i.e., 0 values
for D. magna in the DmxCr, DmxDp, and DmxDpxCr treat-
ments). Predation shifted the three-species community more
toward the dominance of C. reticulata in the 24�C and 28�C
temperature treatments, and toward the dominance of
D. pulex in the 20�C treatment (Fig. 5). In the absence of pre-
dation, C. reticulata was largely excluded in all competition tri-
als. In treatments where D. magna and D. pulex coexisted
(i.e., DmxDp and DmxDpxCr), D. magna dominance was
stronger at higher than at lower temperatures.

Discussion
As expected, warming negatively impacted the biomass of

all three studied zooplankton species in monoculture, and this
translated also into lower biomasses of all species in the
warming treatments in two- or three-species communities.
The large- and medium-sized Daphnia species were more nega-
tively affected by warming than the smaller Ceriodaphnia spe-
cies. However, diverging from our expectations, warming
alone did not alter the relative dominance of large- vs. small-
bodied cladocerans in competition trials. Predation had a
strong negative impact on the biomass of larger-bodied Daph-
nia but not on the biomass of the smaller-bodied Ceriodaphnia.
In line with our expectations, predation by fish did favor the
relative biomass of small-bodied Ceriodaphnia in the competi-
tion trials, and this effect was enhanced at higher tempera-
tures. The observed responses to warming, competition, and
predation patterns are suggestive of a strong body size-
mediated effect of these drivers, but with some important

Table 2. Output of ANOVA on species biomasses with tempera-
tures (20�C, 24�C, and 28�C) and competition (mono, pairwise
1, pairwise 2, and triple) as dependent variables. Df = degrees of
freedom. Significant p-values (< 0.05) are indicated in bold.

Df F-value p-value

D. magna Temperature 2 9.813 <0.001

Competition 3 9.114 <0.001

T : C 6 2.862 0.030
Residuals 24 – –

D. pulex Temperature 2 15.46 <0.001

Competition 3 13.87 <0.001
T : C 6 0.488 0.810

Residuals 24

C. reticulata Temperature 2 1.974 0.161

Competition 3 147.8 <0.001

T : C 6 1.042 0.423

Residuals 24 – –
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deviations that are linked to the higher heat tolerance of the
large-bodied D. magna compared to the medium-sized D.
pulex. In the following paragraphs, we discuss these results in
more detail and put them in context.

Effect of warming
Sustaining higher metabolic demands at higher tempera-

tures both in terms of food and oxygen has proven to be
more challenging in larger compared to smaller animals,
especially in aquatic ectotherms (Goulden et al. 1982;
Atkinson 1994). Increased temperatures are thus expected to
cause higher stress levels and metabolic losses in larger spe-
cies than in smaller ones and to reduce individual biomass
production (Kooijman 2010). This latter prediction was only
partially confirmed by our results. We did observe that the

population biomass of the smallest of the three species
tested, C. reticulata, was less impacted by warming than that
of the larger-bodied Daphnia species. Yet, among the two
Daphnia species, D. pulex suffered stronger reductions in bio-
mass when cultured at 28�C instead of 20�C than D. magna.
While studies on the effects of body-size variation within
Daphnia species showed that smaller animals have a higher
heat tolerance (Geerts et al. 2015; Brans et al. 2017), ther-
mal tolerance is not only dependent on body size, but also
depends on physiological characteristics such as general
stress defenses (e.g., heat-shock proteins) and hemoglobin
content (Gerke et al. 2011; Zeis 2020). Indeed, using a dif-
ferent set of clones, Vanvelk et al. (2021) observed that D.
magna has a higher heat tolerance (CTmax and growth)
than other Daphnia species (D. pulicaria and D. galeata),

Fig. 3. Mean species-specific biomass � 1 standard deviation for D. magna, D. pulex, and C. reticulata at the three experimental temperatures. (a) Bio-
mass in the absence of predation, comparing values from monoculture, two pairwise competition trials, and the three-species community. (b) Compari-
son of the biomass under competition in the absence (empty symbols) and in the presence of predation (filled symbols). Dm: D. magna, Dp: D. pulex,
and Cr: C. reticulata.
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which is in line with our observation that D. magna per-
formed better at high temperatures than D. pulex. Several
studies showed that D. magna can increase its heat tolerance
both via phenotypic plasticity and adaptive evolutionary
changes in morphology and stress physiology (Van Door-
slaer et al. 2009; Geerts et al. 2015; Brans et al. 2017;
Vanvelk et al. 2021).

Warming and competition
Large-bodied zooplankton species generally have a compet-

itive dominance over smaller ones. This is because large-
bodied species can feed on broader particle size ranges
(DeMott 1989), are more energy-efficient (Gliwicz 1980), more
starvation resistant (Tessier et al. 1983), and can sometimes
directly compete with smaller-bodied species through interfer-
ence competition (Gliwicz 1980; Goulden et al. 1982; Ye
et al. 2013). Our results are largely in line with an expected
asymmetric competitive effect among differently-sized
Daphniidae species. Ceriodaphnia is strongly suppressed by
both Daphnia species in any combination of two- or three-
species communities. The two Daphnia species do suppress
each other’s population biomasses, but D. magna has a stron-
ger impact on D. pulex than D. pulex on D. magna. We
observed, however, an interaction with temperature that is
linked to the different sensitivity to warming of the three spe-
cies. The resulting pattern is that in the absence of fish, D.
magna dominates in all community contexts in which it was
inoculated and that the dominance of D. magna in competi-
tion with D. pulex is slightly stronger at higher compared to
lower temperatures (Fig. 3a). This reflects again that D. pulex is
more negatively affected by warming than D. magna despite
being smaller-bodied.

Warming and predation
There is a vast amount of evidence for the pervasive influ-

ence of fish predation on zooplankton densities and body size
distribution (Brooks and Dodson 1965; Lampert and Som-
mer 2011). Fish are visual predators and can impact the size
distribution of zooplankton by preferentially removing large-
bodied prey species that are visually more conspicuous,
shifting the age distribution to younger animals, inducing a
reduction in body size through phenotypic plasticity, and
driving evolution by selection against larger-bodied genotypes
(Iglesias et al. 2011; Šorf et al. 2015; Santangelo et al. 2018). In
our experiment, predation resulted in a profound shift in spe-
cies composition of the cladoceran communities towards the
dominance of the small-bodied species. The large-bodied
D. magna was driven to near-extinction, while the small-
bodied Ceriodaphnia was positively affected in terms of bio-
mass by the fish presence. The latter was likely due to compet-
itive release from D. magna.

Our results are relevant with respect to the global distribu-
tion of Daphniidae species. It is well-documented that large
Daphnia species are rare in lowland tropics where the water

bodies are strongly dominated by small zooplankton species
(Sarma et al. 2005; Havens et al. 2014). In subtropical, tem-
perate, and arctic regions, however, Daphnia are widespread
(Smirnov et al. 1995; Sarma et al. 2005; Meerhoff
et al. 2007). This has been attributed to the fact that large-
bodied ectothermic species are at a disadvantage at higher

Table 3. Output of GLM for biomasses of D. magna and ANO-
VAs for biomasses of D. pulex and C. reticulata testing for the
effect of temperature (20�C, 24�C, and 28�C), competition (all
pairwise and the three-species communities), and predation (fish
or no fish) Df = degrees of freedom. Significant p-values (< 0.05)
are indicated in bold. The intercept in the GLM model for
pairwise comparison is 20�C, DmxCr, and the presence of fish
predation.

Estimate z-value p-value

D.

magna

Intercept 7.39 520.04 <0.001

Temperature

(24�C)
�0.48 �20.99 <0.001

Temperature

(28�C)
�0.79 �30.93 <0.001

Competition

(DmxDp)

�0.21 �9.84 <0.001

Competition

(DmxDpxCr)

�0.83 �32.23 <0.001

Predation (no fish) �2.75 �54.17 <0.001

T (24�C) : C
(DmxDp)

0.14 4.24 <0.001

T (28�C) : C
(DmxDp)

0.27 7.51 <0.001

T (24�C) : C
(DmxDpxCr)

0.49 12.89 <0.001

T (28�C) : C
(DmxDpxCr)

1.01 26.25 <0.001

Df F-value p-value

D. pulex Temperature 2 18.93 <0.001

Competition 2 12.41 <0.001
Predation 1 98.64 <0.001

T : C 4 0.492 0.742

T : P 2 1.369 0.267

C : P 2 5.219 0.010

T : C : P 4 0.806 0.529

Residuals 36 – –

C.

reticulata

Temperature 2 0.442 0.646

Competition 2 5.635 0.007

Predation 1 7.038 0.012
T : C 4 0.250 0.908

T : P 2 1.342 0.274

C : P 2 0.060 0.942

T : C : P 4 1.070 0.383

Residuals 36 – –
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temperatures because of their higher metabolic demands
(Lear et al. 2020) as well as to the sustained high levels of
size-selective predation by fish in tropical lowland waters
(Iglesias et al. 2017; He et al. 2018). Our results confirm that
both have an impact, but that fish predation is likely the key
factor shifting cladoceran body size distribution to the domi-
nance of very small individuals (Meerhoff et al. 2007;
Iglesias et al. 2017).

Implications
Predicting responses to global change requires mechanistic

insights in physiological responses and species interactions,
among others (Urban et al. 2016). In the present study, we
documented the link between warming and two ecological
interactions in simplified cladoceran communities. Warming
and competition did not move community composition
away from a strong dominance by large-bodied Daphnia.

Fig. 4. Main effects for model testing differences in species-specific biomass across temperature (left), competition trial (middle), and predation treat-
ment (right). The mean species-specific biomasses � 1 standard deviation are shown for D. magna (upper), D. pulex (middle), and C. reticulata (lower).
Empty symbols represent the absence of predation and filled symbols the presence of predation.
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Only under fish predation did community composition shift
completely to the dominance of the small-bodied
Ceriodaphnia, and this effect was enhanced by warming. Most
of our observations are in line with expectations derived
from differences in the average body size of the studied

species. Others deviated from these predictions, such as the
stronger suppression of D. pulex than D. magna biomass at
higher temperatures.

The strong shift to dominance of small-bodied zooplank-
ton upon warming in the presence of fish can have impor-
tant implications for ecosystem structure and functioning. It
may induce changes in food web structure and lead to less
efficient energy transfer and nutrient cycling (Barnett
et al. 2007; O’Connor et al. 2009). Large-bodied Daphnia spe-
cies such as D. magna and D. pulex are keystone species that
are very efficient in grazing on unicellular algae, and thus
can contribute to the prevention of (toxic) algae blooms
(Lampert and Sommer 2011; Chislock et al. 2013; Gianuca
et al. 2016). Their replacement by smaller-bodied taxa will
likely reduce top-down control of algae and may contribute
to a more frequent occurrence of algal blooms, especially
since warming also stimulates algal growth and dominance
by cyanobacteria (Kosten et al. 2012), ultimately leading to
turbid, algae-dominated systems. This also points to an
observation that in our study, we quantified the interactive
effects of warming, competition, and predation in a setting
characterized by good-quality food. Given that warming is
expected to enhance the relative and absolute abundance of
cyanobacteria and other inedible or less-quality food (Kosten
et al. 2012; Visser et al. 2016), it will be important in future

Table 4. Results of the permutational ANOVA (PERMANOVA) on the community composition at the end of the microcosm experiment
testing for the effect of temperature and competition. Df = degrees of freedom and SS = the sum of the squares. Significant p-values
(< 0.05) are indicated in bold, and marginally significant values (< 0.1) are underlined.

Df SS R2 F-value p-value

PERMANOVA 1

Temperature 2 0.435 0.024 3.092 0.005

Competition 3 5.903 0.326 27.979 0.001
Predation 1 5.418 0.299 77.04 0.001

T : C 6 0.305 0.0168 0.723 0.790

T : P 2 0.423 0.023 3.004 0.007
C : P 3 1.719 0.095 8.151 0.001

T : C : P 6 0.539 0.023 1.279 0.209

Residuals 48 3.376 0.186 – –

Total 71 18.119 1.000 – –

PERMANOVA 2: no fish

Temperature 2 0.360 0.024 8.863 0.001
Competition 6 13.484 0.885 110.641 0.001

T : C 12 0.544 0.036 2.231 0.002

Residuals 42 0.853 0.056 – –

Total 62 15.24 1.000 – –

PERMANOVA 3: Fish

Temperature 2 0.517 0.067 2.187 0.052

Competition 3 3.832 0.500 10.814 0.001

T : C 6 0.514 0.067 0.725 0.763

Residuals 24 2.835 0.368 – –

Total 35 7.698 1.000 – –

Fig. 5. Ternary plot visualizing the resulting community composition (%
of biomasses) under the different treatments of temperature, predation,
and competition trials. Dm: D. magna; Dp: D. pulex; Cr: C. reticulata.
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work to also explore how low-quality food would impact the
observed community shifts upon warming, competition, and
predation. Colony-forming and toxic cyanobacteria can
increase the mortality of large-bodied cladocerans (Moustaka-
Gouni and Sommer 2020), which could potentially reduce
the dominance of large-bodied Daphnia in the zooplankton a
community under higher temperatures even in the absence
of fish predation.

Data availability statement
The data that support the findings of this study are available

from the corresponding author, F.F.B., upon reasonable request.
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