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Abstract: Species interactions are often suggested as an important factor when assessing the effects of chemicals on higher levels of
biological organization. Nevertheless, the contribution of intraspeciﬁc and interspeciﬁc interactions to chemical effects on populations is
often overlooked. In the present study, Daphnia magna populations were initiated with different levels of intraspeciﬁc competition,
interspeciﬁc competition, and predation and exposed to pyrene pulses. Generalized linear models were used to test which of these factors
signiﬁcantly explained population size and structure at different time points. Pyrene had a negative effect on total population densities,
with effects being more pronounced on smaller D. magna individuals. Among all species interactions tested, predation had the largest
negative effect on population densities. Predation and high initial intraspeciﬁc competition were shown to interact antagonistically with
pyrene exposure. This was attributed to differences in population structure before pyrene exposure and pyrene-induced reductions in
predation pressure by Chaoborus sp. larvae. The present study provides empirical evidence that species interactions within and between
populations can alter the response of aquatic populations to chemical exposure. Therefore, such interactions are important factors to be
considered in ecological risk assessments. Environ Toxicol Chem 2015;34:1751–1759. # 2015 SETAC
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prometryn for ciliates was more than 2 orders of magnitude
lower in microcosms compared with a single-species toxicity
test because of the sensitivity of their food source to prometryn
[9]. Also, elimination of grazers by the fungicide carbendazim
allowed certain phytoplankton species to increase in abundance
[10], and exposure to insecticides resulted in the development of
antipredator structures in daphnids, potentially reducing the
effect of predation [4]. Accurately assessing species interactions
is thus essential to perform ecologically realistic chemical risk
assessments [11].
Competition and predation are regarded as the most
important species interactions when considering indirect effects
of chemicals [8]. Competition can occur between individuals of
different species (interspeciﬁc competition) but also within 1
population of the same species (intraspeciﬁc competition).
Although several studies exist on the combined effects of
interspeciﬁc competition and chemicals [12,13], studies on how
intraspeciﬁc competition affects the response of populations to
chemical exposure are rather underrepresented in the ecotoxicological literature.
The objective of the present study was to investigate how
initial differences in species interactions inﬂuence the response
of aquatic invertebrate populations to chemical stress. To this
end, Daphnia magna populations were initiated with different
levels of intraspeciﬁc and interspeciﬁc competition and
predation. After 7 d and 15 d, pyrene was added as a chemical
stressor. Population size and structure of D. magna were
evaluated using generalized linear models. Higher effects of
pyrene were expected in populations that are experiencing

INTRODUCTION

Current procedures for the ecological risk assessment of
chemicals are generally based on the extrapolation of individuallevel responses to the whole ecosystem and often fail to integrate
a sufﬁcient level of ecological realism [1,2]. In ecosystems,
individuals exposed to a chemical are rarely isolated but interact
with individuals of the same or of another species. Despite being
one of the key characteristics of ecosystems, interactions within
and between species are rarely included in current prospective
ecological risk assessments, especially for nonpesticidal
chemicals [3]. However, species interactions can alter the direct
effects of a chemical on a sensitive species, such as increased
mortality after pesticide addition because of decreased predator
avoidance behavior [4]. Alternatively, by interacting with
sensitive species, tolerant species also can be affected, leading
to indirect effects of chemical stress, such as starvation of the
consumer species when the prey species is affected [5,6] or
reduced competition with the affected species [6]. The indirect
effects of a chemical are often overlooked but can be as large as
or even larger than the direct effects of the chemical [7].
Interactions with other species can either increase or decrease the
susceptibility of populations and communities to a chemical
[7,8]. For example, the no-observed-effect concentration of
All Supplemental Data may be found in the online version of this article.
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increased competition or predation pressure compared with a
control population.
MATERIALS AND METHODS

Experimental design

Daphnia magna populations were exposed to 6 levels of
species interactions (i.e., species interaction control, low and
high intraspeciﬁc competition, low and high interspeciﬁc
competition, and predation) and to 5 different pyrene exposure
proﬁles (i.e., control, solvent control, and low, medium, and
high exposure; see Table 1). The experiment was performed in
triplicate (n ¼ 3). Two additional replicates were added for the
species interaction control treatment without pyrene exposure
(n ¼ 5). The experiment was carried out in 94 glass vessels
(1.5 L) ﬁlled with 0.5 L of freshwater RT medium [14]. The test
vessels were randomly distributed within a water bath placed in
a temperature-controlled room (20.8  1 8C) and exposed to low
artiﬁcial light conditions (1000–1500 lux). The experiment
lasted for 29 d, with an adaptation period of 7 d (day 7 until day
0). Pyrene was added twice, on day 0 and day 8. After the second
pyrene addition, population densities were monitored for
another 14 d until day 22. The D. magna organisms used in
the experiment were obtained from the laboratory culture of the
department of Aquatic Ecology and Water Quality Management
from Wageningen University (The Netherlands). Scenedesmus
obliquus was used as a food source for the D. magna cultures
before the experiment and throughout the course of the
experiment. Test vessels were fed 6 times per week with S.
obliquus (1 mg carbon L–1 d–1). The rotifer Brachionus
calyciﬂorus, which also feeds on S. obliquus, is expected to
compete with D. magna for food and was used to simulate
interspeciﬁc competition. Brachionus calyciﬂorus cysts were
obtained from MicroBioTest (Mariakerke, Belgium), and a
stock culture was set up in RT medium at 20 8C. Chaoborus sp.
larvae, which were added to simulate predation, were collected
from unpolluted mesocosms at Sinderhoeve research station
(Renkum, The Netherlands).
Identical D. magna population structures were introduced in
all test vessels. They were composed of 20% adults, 40%
juveniles, and 40% neonates. The classiﬁcation of D. magna
organisms within these 3 groups was based on size and was
performed by ﬁltering the culture medium through sieves with
different mesh sizes (i.e., adults > 800 mm; juveniles between
800 mm and 500 mm; and neonates < 500 mm) [15]. The neonate
classiﬁcation typically corresponded with individuals younger
than 48 h. By using populations composed of different life stages,

Table 1. Overview of the different species interactions testeda

Treatment
Control
Intraspecific
Intraspecific
Interspecific
Interspecific
Predation
a

competition:
competition:
competition:
competition:

low
high
low
high

No. of
Daphnia
magna

No. of
Brachionus
calyciflorus

No. of
Chaoborus
sp. larvae

10
20
40
10
10
10

0
0
0
333
999
0

0
0
0
0
0
1

The columns indicate how many individuals of each species were added to
the test vessels for the different species interaction treatments. Each of these
treatments was exposed to 5 different pyrene exposure proﬁles: no pyrene;
solvent control; and low, medium, and high pyrene exposure.

we wanted to simulate realistic population structures and study
the sensitivity of different life stages and its implications for
D. magna population dynamics. To study the effect of
intraspeciﬁc competition on D. magna populations, initial
densities of 10 (species interaction control), 20 (low intraspeciﬁc
competition), and 40 (high intraspeciﬁc competition) D. magna
individuals per test vessel were used. To study how interspeciﬁc
competition affected the D. magna population, B. calyciﬂorus
was added to the test vessels at the start of the experiment in
densities of approximately 333 rotifers per vessel–1 (low
interspeciﬁc competition) and 999 rotifers per vessel–1 (high
interspeciﬁc competition). Predation was imposed by the
addition of 1 Chaoborus sp. larva per test vessel. Chaoborus
sp. larvae were added 3 d after the addition of daphnids to the test
vessels to allow the daphnids to acclimatize. When a Chaoborus
sp. larva died during the experiment, it was replaced to assure
continuous predation pressure.
Pyrene is a polycyclic aromatic hydrocarbon consisting of 4
benzene rings. Pyrene was chosen as model compound for this
experiment because of its nonspeciﬁc, narcotic mode of action
[16]. Phototoxicity of pyrene has been reported [17], and
experiments were therefore performed under low light conditions
(1000–1500 lux). Acetonitrile was used as solvent for pyrene and,
therefore, a solvent control was included in the experimental
design (38 mg L–1 and 75 mg L–1 added for the ﬁrst and second
additions, respectively). A stock solution of 0.75 g L–1 pyrene
was prepared in acetonitrile and stirred intensively before
addition to the test vessels. Pyrene was applied twice to the test
vessels. The ﬁrst dosing was applied 7 d after the start of the
experiment (day 0) at a nominal concentration of 7.5 mg L–1,
20 mg L–1, and 55 mg L–1 for the low, medium, and high pyrene
exposure proﬁle, respectively. Pyrene concentrations were
chosen between the 10% and 50% effective concentration
(EC10 and EC50, respectively) values for immobilization. An
EC50immobilization value of 68 mg L–1 (44–106 mg L–1) was
estimated based on a 48-h toxicity test with D. magna [18] (See
Supplemental Data, Figure S1 for the concentration–response
curve). Using a similar protocol, no mortality effects were
observed for B. calyciﬂorus and the Chaoborus sp. larvae at
pyrene concentrations up to 150 mg L–1. Because the ﬁrst pyrene
addition had no observable effects on population densities,
pyrene was added a second time at higher concentrations.
The second application was performed 15 d after the start of
the experiment (day 8) with a nominal pyrene concentration of
15 mg L–1, 40 mg L–1, and 110 mg L–1, corresponding to the low,
medium, and high pyrene exposure proﬁles, respectively.
Biological monitoring

Daphnia magna and B. calyciﬂorus abundances in the test
vessels were monitored on day-4, day 0, day 2, day 4, day 7, day
10, day 15, and day 22 after the start of the experiment. Daphnia
magna were counted and divided into the size classes adult,
juvenile, and neonate by ﬁltering the test medium over sieves
with mesh sizes of 800 mm, 500 mm, and 200 mm, respectively.
Brachionus calyciﬂorus abundances in the test medium of the
interspeciﬁc treatments were monitored by taking two 6-mL
subsamples per test vessel and counting swimming rotifers by
using an inverted microscope (magniﬁcation 10).
Chemical analyses

Samples for pyrene analysis were taken after the ﬁrst pyrene
application, before the second pyrene application and 2 d, 4 d,
and 12 d after the second pyrene application. Pyrene samples
were stored in the dark at –20 8C in glass tubes. The chemical
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analysis was performed with gas chromatography–mass
spectrometry (Trace GC 2000 series; Thermoquest, DSQ,
Finnigan/Thermoquest). An apolar Zebron ZB 5-ms column
(Phenomenex) was used for the analysis, and extraction and
elution were performed by solid-phase extraction according to
the manufacturer’s instructions (Waters and Phenomenex). An
internal standard (ﬂuoranthene-d10) at a concentration of 10 mg
L–1 to 50 mg L–1 (depending on expected pyrene concentration)
was used to control and correct for extraction losses. The
method’s recovery was always greater than 75%. Immediately
before injection of the sample, a recovery standard was also
applied to control for the injection itself.
Fate model analysis

The recently developed dynamic water–sediment organism
model EcoDyna [19] was used to predict the temporal fate of
pyrene during the experiments. The model was calibrated using
the nominal water volume (500 mL) of the experiment, and the
water–sediment interaction was minimized to simulate negligible exchange, given the lack of a sediment phase in the vessels
used. To calculate potential algal uptake, a daily contribution of
1 mg carbon L–1 was assumed, and organism biomass was
calculated by using length–weight relationships [20,21].
Physical–chemical properties for pyrene were obtained from
literature [22].
Statistical analyses

All analyses were performed using the statistical software
package R (Ver 3.1.1 [23]). For each sampling time, generalized
linear models were constructed. Total, adult, juvenile, and
neonate D. magna abundances were considered as response
variables, allowing for the examination of population structure.
The effect of intraspeciﬁc competition (control, low, high),
interspeciﬁc competition (control, low, high), and predation
(nonpredation and predation) was assessed by constructing a
generalized linear model with the respective species interaction,
pyrene exposure (control, low, medium, high), and their
interaction as predictor variables.
The generalized linear models were initially constructed
assuming a Poisson distribution [24], but this led to unsatisfactory model validation. We therefore opted to perform
generalized linear model analyses with a normal distribution
on the log10-transformed D. magna abundance data. The
solvent control treatment was not included in the generalized
linear model analysis, because preliminary tests showed no
signiﬁcant differences between the control and the solvent
control treatments. Backwards model selection was used,
dropping predictor variables based on the Akaike’s Information
Criterion, hypothesis testing, and model validation analysis
[24]. As model validation analysis, we investigated whether
patterns in the data were present using predicted versus
observed plots, investigated whether patterns in the residuals
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were present using predictor versus residuals plots, and tested
the normality of the residuals using quantile-quantile plots [24].
RESULTS

Pyrene concentrations

Measured pyrene concentrations in water were lower than
expected from the nominal values (Table 2). Nevertheless, a
clear difference was seen between the 3 pyrene exposure
proﬁles at any given point in time. The EcoDyna model was
used to simulate pyrene concentration variations in water. The
model was run to ﬁt actual water concentrations and the
importance of the main ﬂuxes dominating the change in
concentration with time after the spikes. As a result of the ﬁtting
procedure, a chemical half-life in water of 30 h was necessary to
reproduce the observed concentrations (no distinction could be
made between biotic and abiotic processes), whereas volatilization accounted for approximately 20% of losses. Simulations
conﬁrmed that pyrene uptake in algae and animal biomass was
negligible.
Statistical analyses

We included only the results for the total D. magna
abundance in the present study; results for the size classes are
included in the Supplemental Data. Independent of the
explanatory variables, a clear trend in the model intercept
value could be observed. An increase in the intercept was seen
until day 7; afterwards, the intercept slowly decreased (Tables
3–5). The intercept is the value estimated by the generalized
linear models without any effect of the predictor variables
(pyrene and species interactions) and thus reﬂects the
population dynamics of D. magna without stress. The initial
increase and then the decline of the intercept indicated that the
population was growing until the carrying capacity was reached
(Figure 1).
Effects of pyrene

The estimated direct effects of pyrene were almost identical
between the different treatments of species interactions (Tables
3–5). We therefore only refer to Table 3 in this section of the
present study. The ﬁrst pyrene addition did not signiﬁcantly
affect D. magna population densities (Figure 1 and Table 3).
However, the highest pyrene exposure did reduce total
population densities 7 d after the second pyrene addition (day
15). The description and discussion of the experiment results
therefore focus on the observed effects after the second pyrene
addition. Effects of the medium and low pyrene exposure
proﬁles on total D. magna abundance were absent or negligible
(<0.13; Table 3). The variance of the total population densities
explained by pyrene exposure at day 15 was greater than 45%
(Supplemental Data Tables 1–3). Fourteen days after the second
pyrene addition, D. magna populations were recovering (day

Table 2. Measured pyrene concentrations for the 3 pyrene exposure proﬁlesa
Exposure
Low pyrene (mg/L)
Medium pyrene (mg/L)
High pyrene (mg/L)

Day 0

Day 7

Day 8

Day 10

Day 14

Day 22

5.2  0.8 (7.5)
13  2.2 (20)
38.6  11.9 (55)

0.2  0.1
0.6  0.3
2.3  0.5

10.6  1.4 (15)
22.9  4 (40)
62.8  26.6 (110)

3.9  1
12.8  2.1
44.5  16.9

0.6  0.2
3.2  0.5
13  2.5

0.3  0.2
0.3  0.2
1.5  1.3

a
Measured pyrene concentrations are shown with standard deviations. Nominal concentrations are shown in parentheses when pyrene was added (day 0 and
day 8).
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Figure 1. Total Daphnia magna abundances over time for 4 pyrene exposure proﬁles: control, low, medium, and high pyrene exposure. Data shown are the
D. magna population densities with no additional species interactions. Average values with standard deviations (error bars) are depicted. Dashed lines indicate
the ﬁrst and the second pyrene applications.

Table 3. Generalized linear model estimates of pyrene exposure and intraspeciﬁc competition for log10-transformed total Daphnia magna abundance after
backwards model selectiona

(Intercept)
Low pyrene
Medium pyrene
High pyrene
Low intraspecific
High intraspecific
Low pyrene  low intraspecific
Medium pyrene  high intraspecific
High pyrene  high intraspecific

Day –4

Day 0

Day 2

Day 4

Day 7

Day 10

Day 15

Day 22

1.03
/
/
/
0.26
0.50
/
/
/

1.18
/
0.19
/
0.22
0.39
/
/
/

1.64
/
/
/
/
0.12
/
/
/

1.91
/
/
/
–0.12
–0.11
/
0.18
/

2.13
–0.12
–0.09
/
–0.17
–0.11
0.17
/
/

2.03
/
/
–0.07
–0.09
–0.13
/
/
/

1.97
/
/
–0.56
/
/
/
/
0.30

1.88
0.10
/
/
–0.07
–0.11
/
/
/

a

For each time point, the signiﬁcant estimates of explanatory variables and their interactions are shown. Positive and negative values indicate a higher or lower
abundance than the control treatment, respectively. Nonsigniﬁcant predictor variables are not shown (if never signiﬁcant) or are indicated with a “/.”

22): no differences in total population densities were observed
between pyrene exposure proﬁles. However, at that time, the
abundances of neonates were higher in the high pyrene exposure
proﬁle compared with the control treatment (Figure 2;
Supplemental Data, Table S6). Also, the negative effect of
high pyrene exposure on the abundances of adults persisted on
day 22, although this effect was smaller compared with day 15
(Supplemental Data, Table S4). Although the total population
densities had recovered, differences in population structure thus
were observed between pyrene treatments (Figures 1 and 2).
Effect of competition and predation

During the ﬁrst 9 d of the experiment, the populations with a
high initial population density of 40 individuals (and therefore a
higher degree of intraspeciﬁc competition) remained more
abundant, but this effect decreased with time (Figure 3 and
Table 3). For the populations with an initial population density
of 20 individuals, this effect only persisted during the ﬁrst 7 d.
The variance explained by intraspeciﬁc competition also
decreased from 71% to 22% over this period (Supplemental
Data, Table S1). A high initial density resulted in lower future
population densities (starting from day 4), although this effect

was limited (Table 3). The population with the lowest initial
density (10 Daphnia per test vessel) reached the highest total D.
magna abundance (135 individuals). The initial positive effect
of a high initial density persisted longer for adult D. magna
(until day 10; Supplemental Data Table 4) compared with the
other size classes (day 2 and day 4 for juveniles and neonates,
respectively; Supplemental Data, Tables S5 and S6). High
initial densities resulted in a higher and more constant
abundance of adults in the second half of the experiment
compared with low initial densities (Figure 2).
Brachionus calyciﬂorus population densities decreased
sharply after 1 wk, and B. calyciﬂorus completely disappeared
by day 10 (Supplemental Data, Figure S14). Although B.
calyciﬂorus disappeared, signiﬁcant but limited differences
were observed between population densities of D. magna of the
different interspeciﬁc competition treatments starting from day
4 until day 15 (Figure 4 and Table 4). At the end of the
experimental period, differences in population density were no
longer observed between the different degrees of interspeciﬁc
competition. Abundances of adult D. magna were never
negatively affected by interspeciﬁc competition during the
whole experiment (Supplemental Data Table 7), whereas
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Figure 2. Average population structure of Daphnia magna just before and after the second pyrene application (day 8) for different treatments. Data shown are the
average abundances of adults (dark gray), juveniles (medium gray), and neonates (light gray) of the speciﬁc treatments. The “” and “þ” symbols indicate a
signiﬁcant negative and positive effects, respectively, of that treatment or combination of treatments on total population density, compared with the control
treatment (“no pyrene”). High pyrene ¼ high pyrene exposure; intra ¼ high intraspeciﬁc competition treatment; inter ¼ high interspeciﬁc competition treatment.

abundances of juvenile and neonate individuals were (Supplemental Data, Tables S8 and S9). The effect of interspeciﬁc
competition on the abundance of neonates was only signiﬁcant
up to day 10, because almost no neonates were observed in
either of the pyrene exposure treatments the following sample
days.

Of all species interactions studied, predation had the largest
negative effect on population densities (Figure 2, Figure 5, and
Table 5). Predation had a continuous negative effect on total D.
magna abundance. The explained variance was always higher
than 42%, except on day 15, when most variance was explained
by pyrene exposure (Table 5). Because Chaoborus sp. larvae

Figure 3. Total Daphnia magna abundance over time for 4 pyrene exposure proﬁles: control, low, medium, and high pyrene exposure. Data shown are the D.
magna population densities for the treatment with no additional species interactions (circles), low intraspeciﬁc competition (crosses), and high intraspeciﬁc
competition (black squares). Average values with standard deviations (error bars) are depicted. Dashed lines indicate the ﬁrst and the second pyrene applications.
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Figure 4. Total Daphnia magna abundance over time for 4 pyrene exposure proﬁles: control, low, medium, and high pyrene exposure. Data shown are the D. magna
population densities for the treatment with no additional species interactions (circles), low interspeciﬁc competition (crosses), and high interspeciﬁc competition
(black squares). Average values with standard deviations (error bars) are depicted. Dashed lines indicate the ﬁrst and the second pyrene applications.

Table 4. Generalized linear model estimates of pyrene exposure and interspeciﬁc competition for log10-transformed total Daphnia magna abundance after
backwards model selectiona

(Intercept)
Low pyrene
Medium pyrene
High pyrene
Low interspecific
High interspecific
Low pyrene  high interspecific

Day –4

Day 0

Day 2

Day 4

Day 7

Day 10

Day 15

Day 22

1.06
/
/
/
/
/
/

1.20
/
0.17
/
0.13
/
/

1.70
/
/
/
/
/
/

1.90
/
/
/
/
–0.16
/

2.13
–0.12
/
/
–0.15
–0.24
0.17

2.02
/
/
–0.09
–0.12
–0.12
/

1.97
/
/
–0.63
–0.11
–0.13
/

1.88
/
/
/
/
/
–0.18

a

For each time point, the signiﬁcant estimates of explanatory variables and their interactions are shown. Positive and negative values indicate a higher or lower
abundance than the control treatment, respectively. Nonsigniﬁcant predictor variables are not shown (if never signiﬁcant) or are indicated with a “/.”

Figure 5. Total Daphnia magna abundance over time for 4 pyrene exposure proﬁles: control, low, medium, and high pyrene exposure. Data shown are the
D. magna population densities for the treatment without (circles) and with predation (crosses). Average values with standard deviations (error bars) are depicted.
Dashed lines indicate the ﬁrst and the second pyrene applications.
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Table 5. Generalized linear model estimates of pyrene exposure and predation for log10-transformed total Daphnia magna abundance after backwards
model selectiona

(Intercept)
High pyrene
Predation
High pyrene  predation

Day –4

Day 0

Day 2

Day 4

Day 7

Day 10

Day 15

Day 22

1.07
/
/
/

1.27
/
/
/

1.69
/
–0.32
/

1.90
/
–0.40
/

2.08
/
–0.38
/

2.01
/
–0.28
/

1.97
–0.56
–0.25
0.37

1.88
/
–0.22
/

a

For each time point, the signiﬁcant estimates of explanatory variables and their interactions are shown. Positive and negative values indicate a higher or lower
abundance than the control treatment, respectively. Nonsigniﬁcant predictor variables are not shown (if never signiﬁcant) or are indicated with a “/.”

were added 3 d after the start of the experiment, predation was
not signiﬁcant at day 4. A negative effect of predation was ﬁrst
observed for adults (at day 0), but the largest effects were
observed for the abundances of neonates and juveniles (Figure 2;
Supplemental Data, Tables S10–S12).
Combined effects of pyrene and species interactions

Signiﬁcant interactions between pyrene and predation or
between pyrene and competition were rare and most of the time
changed inconsistently with increasing pyrene exposure (Tables
3–5). However, on day 15, the interaction between high pyrene
exposure and predation and between high pyrene exposure and
intraspeciﬁc competition positively affected the total D. magna
abundance. These positive interactions indicated that the
negative effect of high pyrene exposure was less pronounced
when the population was already exposed to predation or had
experienced high intraspeciﬁc competition at the start of the
experiment, suggesting antagonism between each of these 2
types of species interaction and chemical toxicity. The variance
of the total abundance explained by these 2 interactions on day
15 was 8.4% and 16.8%, respectively (Supplemental Data,
Tables S1 and S3).
DISCUSSION

Pyrene toxicity

In the present study, short-term effects of pyrene were
limited, and the highest effects occurred 7 d after the second
pyrene addition (Tables 3–5). Why the ﬁrst pyrene addition had
no observable effects on population densities is unclear. The
highest concentration measured after the ﬁrst pyrene addition
(71 mg/L) was similar to the EC50immobilization (68 mg/L),
determined in the toxicity test performed on neonate D. magna
(<500 mm) from the same clone. However, even neonate D.
magna—often considered the most sensitive individuals [25]—
were not affected by the ﬁrst pyrene addition (Supplemental
Data Figure 10 and Supplemental Data Table 6). The results of
the pyrene toxicity test thus did not seem applicable to the
present experiment.
Whether the negative effects of pyrene on the abundances of
adults after the second pyrene addition resulted from direct
mortality or from a combination of direct mortality and reduced
survival or growth of smaller life classes is unclear. Reduced
survival and growth of earlier life stages will reduce the number
of juveniles that reach the adult stage [26]. The negative effect
of pyrene was largest on abundances of juveniles (Supplemental
Data, Tables S4–S6). Adult D. magna were the only size class
still affected by pyrene at the end of the experiment
(Supplemental Data, Table S4). Probably, the negative effect
of pyrene on the abundances of adults was thus at least partly
attributable to effects on earlier life stages. Neonates were
almost absent after the second pyrene addition, even in the

control treatment (Supplemental Data, Figure S10), which
explains the absence of signiﬁcant pyrene effects for neonates.
A low abundance of small individuals is not uncommon in
similar experiments with Daphnia [15] and can be attributed to
the strong competition, which reduces the energy available for
reproduction.
Interestingly, abundances of neonates were signiﬁcantly
higher on day 22 in the high pyrene exposure proﬁle compared
with the control treatment (Figure 2 and Supplemental Data
Table 6). As a result, total population densities were not
signiﬁcantly different between the different pyrene treatments at
the end of the experiment (Table 3), leading to the conclusion
that total population density was recovered. However, the ﬁnal
D. magna populations in the high pyrene exposure proﬁle,
consisting mainly of neonates, were probably more susceptible
to new chemical stress events compared with those in the other
pyrene treatments. This illustrates that population structure
needs to be accounted for when assessing a population’s
response to and recovery from (chemical) stress [13].
Species interactions

Of all species interactions studied, predation had the largest
effect on total D. magna abundance. Effects were visible 6 d
after the addition of Chaoborus sp. larvae (starting from day 2),
and the highest effects were observed for the abundances of
juveniles and neonates (Figure 2; Supplemental Data,
Tables S10–S12). This indicated a feeding preference:
Chaoborus sp. larvae preferred to prey on smaller juvenile
and neonate D. magna rather than on adult D. magna. Sizeselective feeding by Chaoborus sp. larvae has been observed
before [27]. Surprisingly, however, a signiﬁcant negative effect
of predation was ﬁrst observed for adults (on day 0) and not for
juveniles or neonates. Abundances of juveniles and neonates
were very low (juveniles) or zero (neonates) until day 0, so
probably the Chaoborus larvae were forced to feed on the larger
D. magna adults. At later time points, neonates and juveniles
were more abundant, and Chaoborus larvae fed on these size
classes, leading to a reduced or absent effect of predation on
adults. These data show that feeding preferences depend on the
ecological context shaped by the prey’s population structure.
Assessing the effects of interspeciﬁc competition for the full
duration of the experiment is difﬁcult, because B. calyciﬂorus
were reduced to low densities (<10%) after day 7 and
completely disappeared after day 10 (Supplemental Data Figure
14). The effects of interspeciﬁc competition on total population
densities were therefore limited (Table 3). Posterior tests
performed with the same conditions showed that even in the
highest pyrene concentration, B. calyciﬂorus was able to survive
for at least 24 d (Supplemental Data Figure 15). The rotifers
were thus outcompeted by D. magna, as previously observed in
interaction experiments between B. calyciﬂorus and D. pulex
without chemical stress [28]. Gilbert [28] observed limited to no
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effects of the competition with B. calyciﬂorus on population
densities of D. pulex, similar to the results of the present study.
Continuous competition pressure from B. calyciﬂorus, however, could lead to different results, and future efforts should focus
on experimental designs promoting prolonged coexistence
between these 2 zooplankton taxa.
Both intraspeciﬁc and interspeciﬁc competition seemed to
result in effects on reproductive output. Negative effects of
different initial densities on the abundances of neonates and
juveniles were observed starting from day 2, whereas these were
absent for adults (Supplemental Data, Tables S4–S6). Similarly,
negative effects of interspeciﬁc competition were observed for
juveniles and neonates from day 4 onward, whereas adults were
not affected (Supplemental Data, Tables S7–S9). High initial
competition thus mainly affected early life stages at later time
points, suggesting competition-induced effects on D. magna
reproduction over direct competition effects. According to the
dynamic energy budget theory, the competition with B.
calyciﬂorus or other D. magna individuals could reduce the
amount of energy that could be allocated to reproduction,
resulting in fewer offspring [29]. However, direct competition,
through starvation, probably also contributed to the results.
Young D. magna life stages are more prone to starvation
compared with adults [15]. Under high competition conditions,
less food is available per capita, possibly leading to starvation of
smaller individuals and contributing to the lower proportion of
young life stages in the population.
Reduced effect of pyrene when combined with predation and
competition

On day 15, when the pyrene effect was largest, predation and
intraspeciﬁc competition reduced the negative effect of pyrene
on population densities (Figure 2). Contrary to the antagonism
observed in the present study, species interactions often lead to
greater effects of chemical stress. For example, the combination
of predation by Notonecta maculata and exposure to nonylphenol led to loss of resilience in Daphnia magna populations,
whereas individual stressors failed to affect population densities
[30]. Synergistic effects of competition and chemical stress
have been reported for D. magna [13] and other Daphnia
species [31]. Next to synergistic effects, antagonistic effects
have been reported as well. For example, exposure to predator
kairomones led to antagonistic interactions with carbaryl
exposure on reproduction of Daphnia magna [32]. This was
attributed to larger-sized and thus more tolerant offspring when
predation cues were present. Two mechanisms are proposed to
explain the antagonism we observed in the present study:
differences in population structure and pyrene-induced alterations in species interactions. First, the structure of the
populations exposed to predation or to high intraspeciﬁc
competition differed from that of the populations experiencing
low intraspeciﬁc competition and populations not exposed to
predation. On day 7, immediately before the second pyrene
addition, a large negative effect of intraspeciﬁc competition and
predation on the abundances of juveniles and neonates was
observed although the abundances of adults were less affected
(Figure 2; Supplemental Data, Tables S4–S6, S10–S12).
Differences in sensitivity for different D. magna size classes
have been shown before, for example, for 4 metals [33] or
carbaryl [32]. We argue that because of the lower proportion of
small and thus more sensitive life stages in populations with
predation or high (initial) intraspeciﬁc competition, pyrene
effects were smaller. Second, the feeding rate of Chaoborus sp.
larvae was possibly inhibited by pyrene exposure, leading to
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reduced predation losses. Indeed, the estimated effect of
predation (Table 5) was lower on day 15. The effect of pyrene
on the feeding rates of Chaoborus sp. larvae was not tested in the
present study, but chemicals have been shown to alter feeding
behavior of ﬁsh [34] and invertebrates [35].
Contrary to a similar study with D. magna populations
exposed to fenvalerate [26], we observed no prolonged
dominance of smaller organisms after chemical stress in the
treatment with predation. After high pyrene exposure, the
proportion of small individuals was higher in the populations
not exposed to predation (Figure 2). These contradicting results
can be explained by how predation was applied in the 2 studies.
Liess and Foit [26] simulated predation by removing individuals
nonselective on size, but Chaoborus sp. larvae preferred to prey
on smaller individuals, leading to lower abundances of neonates
in the predation treatments at the end of the experiment. This
highlights the complexity of assessing how ecological interactions alter the response of a population to chemical stress and
the need for ecologically realistic tools [36,37].
The present study is an example of how species interactions
can lead to a priori unpredictable effects of chemicals. Predation
and intraspeciﬁc competition were shown to interact antagonistically with pyrene when the effect of pyrene was most
pronounced. The present study also highlights the need to
consider the effects of a chemical not only on population density
but also on population structure when assessing the risk of
chemicals for populations and communities. These types of
studies, in combination with approaches such as mechanistic
ecological models [1,38,39], could be used to integrate species
interactions at the same time assessing the long-term ecological
risk of a chemical. In addition, such models could help to infer
what processes contribute most to the patterns observed in
experimental studies.
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