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Even though microplastics are intensively studied, the focus of the research is mainly on relatively short
term effects at high doses. Therefore there is a need to shift the focus toward more realistic, longer-term
endpoints. Studies with a range of chemicals have shown that the response of populations often differs
from studies in which a single organism is exposed in an individual container (as often described within
standard ecotox screening assays). Here we investigate the impact of primary microplastics (1—5 pum in
size) on a population of Daphnia magna. We first allowed a stable population of D. magna to develop over
29d, after which the populations were exposed to microplastics for three weeks (concentrations ranging
from 102 to 10° particles mL~! and a control). We found a significant impact of microplastics on the total
population of D. magna, with a reduction in the amount of adult daphnids. Importantly, when expressed
as total biomass, exposure to 10° microplastics mL~! resulted in a 21% reduction in total biomass
compared to control. These results indicate that exposure to microplastics can result in significant
adverse effects on the population of D. magna, including a reduction in the number of individuals as well
as total biomass. Given the importance of D. magna in freshwater food webs, both as a grazer as well as a
food source, this can potentially impact the functioning of the ecosystem.
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1. Introduction

There is considerable knowledge and agreement on the wide-
spread distribution of microplastics (plastic particles <5 mm) in the
environment, as well as their potential to be taken up by organisms
(Auta et al., 2017; Eerkes-Medrano et al., 2015; Van Cauwenberghe
et al., 2015). A recent detailed review concluded that ecological
risks of microplastics are currently rare, however, if emissions
continue (scenario: business as usual) risks may become wide-
spread (SAPEA, 2019).

Over the last years the impact of microplastics on freshwater
organisms has received increased attention, which is of great
importance as it was understudied until recently (Dris et al., 2015;
Horton et al., 2017). In most studies, the laboratory tests that assess
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potential adverse effects differ considerably in their outcome. For
example, several studies on D. magna report adverse effects,
including increased mortality (Aljaibachi and Callaghan, 2018;
Jaikumar et al., 2018; Jemec et al., 2016), immobilization (Rehse
et al, 2016), reduced feeding rates (Rist et al., 2017), growth
(Martins and Guilhermino, 2018) and reduced reproductive ca-
pacity (Martins and Guilhermino, 2018; Ogonowski et al., 2016). In
contrast, other studies on D. magna found limited or no impacts on
the endpoints listed above, for example on mortality (Kokalj et al.,
2018; Ogonowski et al., 2016) and reproduction (Aljaibachi and
Callaghan, 2018; Imhof et al., 2017). The discrepancy between
these studies calls for scientists to further investigate the potential
adverse effects of microplastics to D. magna. Most of the laboratory
studies provide ad libitum high quality food to D. magna, with some
exceptions in which different food levels were included in the
study. Aljaibachi and Callaghan (2018) demonstrated limited to no
effects of microplastics, and related this to the selective avoidance
of microplastics when there is abundant food. Jemec et al. (2016)
only found increased mortality when daphnids were not fed with
algae before the experiment, and no impact if they were fed. Finally,
Ogonowski et al. (2016) demonstrated decreased individual growth


mailto:t.bosker@luc.leidenuniv.nl
mailto:gabriel.olthof@gmail.com
mailto:gabriel.olthof@gmail.com
mailto:vijver@cml.leidenuniv.nlvijver
mailto:janbaa@ceh.ac.uk
mailto:s.h.barmentlo@cml.leidenuniv.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2019.04.067&domain=pdf
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2019.04.067
https://doi.org/10.1016/j.envpol.2019.04.067
https://doi.org/10.1016/j.envpol.2019.04.067

670 T. Bosker et al. / Environmental Pollution 250 (2019) 669—675

at low algal concentrations, but not at high algal concentrations.
Such effects of food quantity or quality on reduced toxicity have
been demonstrated several times before for pesticides (Alexander
et al., 2013; Barmentlo et al., 2018; leromina et al., 2014).

The limitation of food is a common environmental aspect of
bottom-up driven food webs (Hunter and Price, 1992), which can
thus limit the maximum population size. The findings that micro-
plastics can potentially reduce feeding rates (Rist et al., 2017),
reproduction (Martins and Guilhermino, 2018; Ogonowski et al.,
2016) and that this effect may differ with different food levels
(Aljaibachi and Callaghan, 2018; Jemec et al.,, 2016; Ogonowski
et al.,, 2016) give clear indications that higher organizational
levels of D. magna could be affected as well. However, the potential
impacts on higher organizational levels are heavily understudied as
current studies focus mostly on the effects on the organismal or
sub-organismal level (Browne et al., 2015; Rochman et al., 2016).

To study the potential effects of microplastics on higher orga-
nizational levels, we aimed to investigate the impact of micro-
plastics on the size and structure of populations of D. magna.
Daphnia magna was selected as they are relatively simple mainte-
nance and have high reproduction rates (OECD, 2012), thus they
allow for easy testing of population dynamics (van Leeuwen et al.,
1987). Moreover they have an important role in the ecosystem, as
grazer and as prey, and, being abundant (Forro et al., 2008). In the
current study we held bottom-up driven populations of D. magna at
food-induced carrying capacity and subsequently exposed the
populations to microplastics to study effects on population size and
structure. As this is a new study design, we first determined how
long it takes for the populations to reach carrying capacity using
different food levels, the population size at carrying capacity, and
whether the populations were stable for the OECD recommended
test duration of 21d (OECD, 2012). These outcomes were subse-
quently used to investigate the impact of microplastics to pop-
ulations of D. magna and the total biomass of these populations.

2. Materials and methods
2.1. Test species and culture conditions

Daphnia magna are small filter feeding freshwater crustaceans
that have a cyclic parthogenetic reproduction, leading to pop-
ulations usually dominated by female individuals (Forro et al.,
2008). The population composition is dependent on stress factors
like density or short day length (Eads et al., 2008). These stressors
can lead to the production of males or winter eggs (ephippia) to
repopulate when conditions are better (Hobaek and Larsson, 1990).

The daphnids were obtained from the longstanding culture
maintained by Leiden University which is kept under similar con-
ditions as recommended by the OECD guidelines 211 (OECD, 2012).
Stock populations are held in 10-L aquaria containing 4 L of Elendt
M4 medium (OECD, 2012). Cultures are kept at 22 +1°C, a 16-8 h
day-night cycle and a pH between 6 and 8, and fed a diet of the
algae Pseudokirchneriella subcapitata (10* cells/organism/day).
Testing of the cultures every 4 months using the reference toxicant
K,CrO7, showed that the sensitivity of the daphnids is well within
the limits set by the guideline (OECD, 2004).

2.2. Microplastics

Fluoro-Max™ green fluorescent polystyrene beads with a
diameter of 1-5um (mean 4.1 + 1.0 um) and density of 1.3 g/cc
were purchased from Cospheric LLC (Goleta, CA, USA). These
microplastics were brought in suspension in Elendt M4 medium,
producing a stock solutions of 10® particles/mL. This solution was
vortexed for 10 s to homogenize the suspension. Subsequently, for

each newly prepared solution, the concentration of particles was
determined by use of a hemacytometer (the average of three
separate counts was used). A dilution series in Elendt M4 medium
was prepared for each treatment level. Each suspension was vor-
texed for 10s before any further use to avoid precipitation of
plastics.

2.3. Experiment 1: Establishing carrying capacity

In a first experiment we determined i) how long it takes for
D. magna to reach carrying capacity at different food levels, ii) the
total amount of individuals in a population at carrying capacity, and
iii) whether the population was maintained at carrying capacity for
21 d. We followed OECD guidelines for testing of chemicals where
possible during the experiment (OECD, 2012). Prior to the experi-
ment, neonates (<24 h old) were collected and kept for 10 d. They
were reared at 22 + 1 °C, 16-8 h day-night cycle and fed tri-weekly
with the algae Pseudokirchneriella subcapitata (10* cells/organism/
day). At the start of the experiment (day 0), 10 daphnids were
placed in 250 mL glass beakers containing 200 mL Elendt M4 me-
dium. These daphnids were fed one of four different levels of algae
concentrations, each with four replicates; 0.5, 1.0, 15 or
2.0 x 10° cells mL~! day~. The beakers were randomly placed in a
climate chamber and kept at 16:8 h light-dark cycle, 22 + 1 °Cand a
pH between 7.6 and 8.9. Aeration was provided to all beakers using
silicone tubing and glass capillary pipettes to minimize any effects
of the different concentrations of algae on the amount of available
oxygen and the pH of the medium.

Three times each week (Mon, Wed and Fri) the daphnids were
collected from the beakers; they were separated from the medium
by carefully pouring the contents of a beaker through a fine meshed
sieve and moved to a Petri-dish with a small amount of medium for
measurements. The Petri-dish with daphnids was placed on a LED-
panel (60 x 60cm 4000K, 3780Lm; Brightfit, Leiden, the
Netherlands) and photographed (Nikon D3300, 50 mm fixed focal
length, shutter speed 1/320, f10, ISO 100; Nikon Company, Tokyo,
Japan). The number of daphnia per beaker were then counted from
the resulting images (for example, see supplement Fig. S1) using
Photoshop (Adobe, Inc. CC, 2017).

2.4. Experiment 2: Microplastic exposure

Based on the outcomes of the carrying capacity test, we
designed an experiment to test the chronic toxicity of primary
microplastics on a population of daphnids at carrying capacity.
Similarly as described above, 10-d old daphnids were placed in 250-
mL beakers containing 200 mL of M4 medium (10 daphnids/beaker
for a total of 24 beakers). We selected 1.0 x 10° cells mL™' d~! as the
optimal food level for use in the microplastic exposure for three
main reasons. First, the total number of daphnids at steady state
had limited variation across beakers and the population remained
relatively stable (see results section 3.1 and Fig. 1). Second, for
pragmatic reasons the population was of a limited size and could
thus be counted and measured frequently during the experiment,
while any larger population size was not practically feasible. Third,
given that the population could further expand exponentially with
increased food levels (Fig. S2) we assumed limited density related
stress. Other conditions were kept equal to Experiment 1.

In the pre-exposure phase, populations were allowed to develop
for 30 d. At Day 30, the exposure of the populations to microplastic
was started, which lasted 21 d (comparable with OECD 211). The
D. magna populations were exposed to control, 102, 103, 10* or 10°
particles mL™! (4 replicates per treatment). The selected micro-
plastic concentrations resulted in a ration of microplastic to algal
cells ranging between 1:1000 to 1:1. Every day precipitated
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Fig. 1. Average population size of D. magna (+SE, n = 4) fed daily with different concentrations of P. subcapitata (cells/mL). Note that error bars are smaller than the data points in

some cases.

microplastics were resuspended by careful pipetting at the bottom
of every beaker. In addition, the constant aeration during the
experiment resulted in movement of the water, also decreasing the
amount of precipitating plastics.

Using the same procedure as described above, the populations
of daphnids in each beaker were removed, photographed, placed in
a new beaker with clean medium, and fed three times a week
(Mon-Wed-Fri). During the exposure period, microplastics were
added directly following after the daphnids were fed. The pictures
were used in Photoshop to count the number of daphnids in each
beaker. In addition, the size of the daphnids was determined using
Photoshop. Daphnids were divided in three different size classes;
adult (>2.0 mm), juvenile (1.4—2.0 mm) and neonate (0.7—1.4 mm)
according to Liess et al. (2006). At the final day of the experiment,
40 adult D. magna (10/beaker) per treatment were randomly
selected and measured from the top of their head (excluding
antennae), to the base of their apical spine as described in Coors
and De Meester (2008).

2.5. Statistical analyses

To investigate if the population size was not impacted by density
stress the actual final population sizes were compared with pop-
ulation sizes that were linearly extrapolated from the lowest food
level. These expected population sizes were compared with the
observed population sizes with a Chi-square test.

In order to investigate the possible effect of increasing concen-
trations of microplastics over time on the daphnids, we performed
linear mixed models (function Ime, package nlme) with replicate as
the random variable to account for the repeated measures design.
These models were used to test for possible effects of time and
microplastic concentration on the total population size, total
biomass and the number of adults, juveniles, neonates and ephip-
pia. Total biomass was estimated by multiplying the abundance of
each life stage (neonate, juvenile, adult) with their median size
class (1.05, 1.70 and 3.12 mm respectively). Neonate and juveniles
median size class were derived from the size classes as indicated by
Liess et al. (2006) and adult size class from the mean body length of
the controls in the final population.

A possible effect of the microplastics on body length was
determined using similar linear models as described above, but the
daphnids were nested in the respective beaker they were reared in

(function Ime, package nlme). We tested for homogeneity of vari-
ances using Levene's and for normality of the model and random
variable residuals using QQ-plots. The data for the number of
Ephippia was square root transformed to fit these assumptions. All
statistical analyses were performed using R (version 3.5.0).

3. Results
3.1. Experiment 1: Carrying capacity test

The different food regimes resulted in different stable pop-
ulations (Fig. 1). For all four food levels, population sized increased
for approximately 20d after the start of the experiment. The
maximum population peaked at ~100 (0.5 x 10° cells mL~' d~ 1),
~250 (1.0 x 10° cells mL~! d~1), ~350 (x 10°cells mL~! d~') and
~450 (2.0 x 10° cells mL~! d~') individuals per beaker. After the
initial growth, the populations leveled to a steady population of ~80
and ~120 individuals per beaker, for 0.5 x 10° cells mL~' d~! and
1.0 x 10° cells mL~! d~! respectively (Fig. 1). The population for the
two higher food levels were more variable over time, with ~220 and
~430 individuals per beaker, for 1.5 x 10°cells mL~! d~! and
2.0 x 10° cells mL~! d~! respectively (Fig. 1).

We found that the linearly extrapolated predicted population
sizes differed significantly from the observed population sizes at
different food levels (Chi-squared=12.693, df=2, p-
value = 0.0018; Fig. S2). In addition, the exponential relationship
(R?> =0.993) showed a better fit compared to the linear relationship
(dotted line; R®>=0.938), which indicates limited to no density
related stress on the populations (Fig. S2).

3.2. Experiment 2: Microplastic exposure

Exposure to increasing concentrations of microplastics inter-
acting with time significantly decreased the total population size
(F=4.93, p=0.028; Fig. 2A), as well as the total biomass (F =9.90,
p = 0.002; Fig. 2B). The total population size decreased, dependent
on time, with a maximum of 26% at the highest exposure level
relative to control (Fig. 2A). These changes were most pronounced
for the total number of adults, which showed a dose dependent
decrease after 21 d of exposure, with 38.5 + 2.6 adult per beaker in
the highest exposure and 54.3 + 7.3 adults per beaker in the control
(F118 =5.26, p =0.034; Fig. S3A). There were no clear patterns of
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Fig. 2. Average population size of D. magna (+SE, n = 4) over time (in days) exposed to Fluoro-Max™ green fluorescent polystyrene beads (particles/mL, mean @ = 4.1 + 1.0 um) asa
function of A) total number of individuals and B) total biomass (mean body size per life stage * abundance). Continuous exposure started at t = 30. Data below 55 daphnids and a
biomass of 100 are not shown for clarification purposes. Data on population dynamics of different size classes (neonate, juvenile, adult) are shown in Fig. S3. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

effect for the juveniles and neonates (Figs. S3B and C).

Total biomass dependent on time, was reduced up to 21% in the
highest concentration relative to the control (Fig. 2B). For all other
treatments a reduction in biomass was also observed, but much less
pronounced, with a 3%, 11%, and 9% difference, when exposed to
102,10 and 10* particles mL™, respectively. This difference in total
biomass can be attributed to an absolute decrease in adult daphnid
abundance (Fig. 3A; Fig. S2A). The adult biomass after 21d of
exposure decreased from 169 + 20 unit per beaker in control, to
120 + 7 in the highest exposure (Fig. 3A), a decrease of 29%. In the
other treatments adult biomass also decreased, with a 8%, 10%, and
20% decrease when exposed to 10% 10° and 10* particles mL~,
respectively. Importantly, the relative contribution of either the
adult, juvenile or neonate biomass as percentage of the total pop-
ulation biomass showed no significant changes among different
exposure regimes (p > 0.05 for all comparisons, Fig. 3B). In fact, the
adult daphnids contributed most to the total biomass in all different
treatments (on average 63—70%) compared to juveniles or
neonates.

There was no significant effect of the different treatment levels
on the average length of adults after 21 d of exposure (Table 1). In

addition, the total number of ephippia during the exposure period
did not significantly differ among concentrations (p > 0.05 for both
comparisons, Table 1).

4. Discussion

To date, the vast majority of studies investigating the impact of
microplastics use short-term experiments, while there is much less
understanding on the chronic effect of microplastics on organisms
(SAPEA, 2019). In addition, in most of these studies impacts are
assessed at the organismal or sub-organismal level, while there has
been less focus on more ecological relevant levels of biological or-
ganization, such as populations or assemblages of organisms
(Browne et al., 2015; Rochman et al., 2016). In the current study, we
focused on this knowledge gap by exposing a population of
D. magna at food-induced carrying capacity to microplastics. We
observed significant impacts of microplastics on the total number
of individuals in the population, as well as the biomass while the
population structure remained unaffected. We acknowledge that
the exposure concentrations used in our study (10°—10° particles
mL~!) are relatively high. However, the exact concentrations of
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Fig. 3. Average D. magna population structure (+SE, n = 4) per life stage (adult, ju-
venile, neonate) after 21 days of exposure to Fluoro-Max™ green fluorescent poly-
styrene beads (particles/mL, mean @ = 4.1 + 1.0 um) as function of A) total biomass
(mean body size per life stage * abundance) and B) relative contribution (percentage)
to the total biomass.

Table 1
The average (+SE) body length of D. magna and number of produced ephippia after
21 days of exposure.

Concentration (particles mL™")s Body length (mm) Number of ephippia

0 3.12 (+0.04) 3.00 (+0.71)
100 2.98 (+0.05) 3.50 (+1.48)
1000 2.96 (+0.05) 5.00 (+2.69)
10,000 2.89 (+0.04) 2.75 (+0.65)
100,000 2.99 (+0.05) 450 (+1.79)

microplastics in the environment are not known, for example due
to difficulties in identifying and quantifying (very small) plastics
particles (SAPEA, 2019). Therefore, the environmental levels of
microplastics reported in the literature are likely an underestima-
tion of the actual environmental concentration, especially for par-
ticles in the size ranges which were used in the current study

(SAPEA, 2019). And, as highlighted in the introduction, the level of
microplastics in the environment will likely further increase if we
continue our current level of plastic production (Huvet et al., 2016;
SAPEA, 2019).

After 21 d of exposure the total biomass per beaker was reduced
in all treatments, and by 21% at the highest exposure concentration
compared to control. We suggest two possible explanations for this
reduction in biomass. First, the accumulation of microplastics in the
gut might reduce the uptake efficiency of the food, or reduce
assimilation of food. After uptake microplastics can from aggre-
gates in the gut of organisms, and as a result can cause an blockage
in the gut which could reduce food uptake (Ogonowski et al., 2016).
For example, exposure of the copepod Centropages typicus to a
combination of algae and microplastics showed a significant
reduction in algal feeding compared to control conditions (Cole
et al, 2013). A study by Rist et al. (2017) found a significant
reduction in feeding rate, with a reduction of up to 21%. In addition,
microplastics can cause intestinal alterations in organisms, as
observed for the sea bass Dicentrarchus labrax (Peda et al., 2016).
Both examples reduce the total energy intake, which in turn reduce
the energy budget available for growth and reproduction
(Kooijman, 2001).

A second explanation of the reduction in biomass could be
changes in the energy translocation to cope with elimination of the
microplastics. For example, previous research has shown that
exposure to cadmium results in molecular responses, especially in
relation to growth and development, which the authors linked to
an impact on somatic growth and development, and even popu-
lation growth rate (Connon et al., 2008). In another study effects on
maintenance were linked to effects on different levels of organi-
zation for Caenorhabditis elegans (Wren et al., 2011). A study on six
model toxicants showed an impact of these toxicants on the cellular
energy allocation, with lipid reserves being the most sensitive
endpoint studied (De Coen and Janssen, 2003). Furthermore, these
impacts were correlated with chronic (21d) impacts on growth,
survival, and reproduction (De Coen and Janssen, 2003).

Previous studies conducted in our laboratory used the same
type of microplastic to study acute and chronic toxicity to D. magna,
however following standardized OECD protocols (Jaikumar et al.,
2018; Jaikumar et al., under review), allowing for a direct com-
parison among studies. Limited acute effects were observed after
96 h exposure to the same microplastics, even at concentrations up
to 107 particles mL~% In contrast, chronic toxicity after 21d of
exposure using the standardized OECD protocol showed significant
adverse effects of microplastics on the size of first brood (10° par-
ticles mL™1), the size of the first three broods (10? particles mL™1)
and the cumulative number of neonates (10 particles mL™1).
Therefore, we expect that the reduction in total number of in-
dividuals, as well as the reduction in biomass observed in the
current study to be a result of a reduction in reproductive perfor-
mance, and not increased mortality. While total biomass decreased
with increasing concentrations of microplastics, the population
structure was unaffected throughout exposure period as the rela-
tive distribution of adults, juveniles and neonates was never sta-
tistically different from the control. This shows that the total
population decline is likely not a behavioral response by the
daphnids to, for example, produce less offspring per capita. Again,
this indicates that the effect is more likely hampered reproduction
(Jaikumar et al., under review). Assuming food was completely
consumed (but we did not measure this, and Rist et al. (2017)
showed impaired feeding), this shows that there was probably
energy relocation to cope with toxic stress, thus less energy avail-
able for reproductive output. In line with the principles of the
Dynamic Energy Budget theory as outlined by Kooijman (2001).

Ultimately, the observed reduction in population size and
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biomass can have knock-on effects within bottom-up controlled
freshwater ecosystems, potentially resulting in a trophic cascade
(Brett and Goldman, 1996; Jeppesen et al., 2011). Zooplankton play
an important role in phytoplankton control, especially increasing
transparency in freshwater lakes (Lampert et al., 1986). A reduction
in zooplankton biomass can thus result in an increase in phyto-
plankton, thereby decreasing lake transparency (Jeppesen et al.,
2011). In addition, zooplankton are an important food source in
freshwater systems (Forro et al., 2008) for predators, and therefore
changes in crustacean populations may alter the system at
ecosystem level.

5. Conclusions

To conclude, this research addresses a key knowledge gap, as
little is known about the ecological impacts of microplastics at
higher level of biological organization (e.g. population level and
assemblages) (Browne et al.,, 2015; Rochman et al., 2016). Most
research to date has focused on (sub)organismal effects, with very
limited linkages to ecological responses, such as changes in popu-
lation status (e.g. biomass, population composition, and population
size) (Browne et al.,, 2015; Rochman et al.,, 2016). We observed
significant adverse impacts of microplastics on both the total
number of individuals and total biomass of a population of
D. magna, as well as a significant reduction in the total amount of
adult daphnids. Thus, microplastics can indeed affect the higher
biological organization of bottom-up driven populations of
D. magna. The stability of D. magna populations under natural
conditions is important for the functioning of the freshwater
ecosystem, as they are important grazers of phytoplankton, as well
as a key food source for predators.

Acknowledgements

We thank Roel Heutink and Gerda Lamers (Leiden University)
for their assistance during the project. We thank atatlie Mango,
Yasmin Stip and Eveline van Woensel for their help in developing
the novel experimental setup. Sincere thanks to Gayathri Jaikumar
for advice, suggestions and help in the lab. M.G.V. was funded by
NWO VIDI 864.13.010.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.envpol.2019.04.067.

References

Alexander, A.C., Luis, AT, Culp, J.M.,, Baird, DJ., Cessna, AJ., 2013. Can nutrients
mask community responses to insecticide mixtures? Ecotoxicology 22,
1085-1100.

Aljaibachi, R., Callaghan, A., 2018. Impact of polystyrene microplastics on Daphnia
magna mortality and reproduction in relation to food availability. Peer ]. 6,
e4601.

Auta, H.S., Emenike, C.U., Fauziah, S.H., 2017. Distribution and importance of
microplastics in the marine environment: a review of the sources, fate, effects,
and potential solutions. Environ. Int. 102, 165—176.

Barmentlo, S.H., Parmentier, E.M., de Snoo, G.R., Vijver, M.G., 2018. Thiacloprid-
induced toxicity influenced by nutrients: evidence from in situ bioassays in
experimental ditches. Environ. Toxicol. Chem. 37, 1907—1915.

Brett, M.T.,, Goldman, C.R., 1996. A meta-analysis of the freshwater trophic cascade.
Proc. Natl. Acad. Sci. Unit. States Am. 93, 7723—7726.

Browne, M.A., Underwood, A.J., Chapman, M.G., Williams, R., Thompson, R.C., van
Franeker, J.A., 2015. Linking effects of anthropogenic debris to ecological im-
pacts. Proc. Biol. Sci. 282, 10.

Cole, M., Lindeque, P, Fileman, E. Halsband, C, Goodhead, R., Moger, ]J.,
Galloway, T.S., 2013. Microplastic ingestion by zooplankton. Environ. Sci.
Technol. 47, 6646—6655.

Connon, R., Hooper, H.L, Sibly, RM., Lim, E-L, Heckmann, L-H., Moore, D.].,
Watanabe, H., Soetaert, A., Cook, K., Maund, S.J., Hutchinson, T.H., Moggs, ].,

Coen, W.D., Iguchi, T., Callaghan, A., 2008. Linking molecular and population
stress responses in Daphnia magna exposed to cadmium. Environ. Sci. Technol.
42,2181-2188.

Coors, A., De Meester, L., 2008. Synergistic, antagonistic and additive effects of
multiple stressors: predation threat, parasitism and pesticide exposure in
Daphnia magna. ]. Appl. Ecol. 45, 1820—1828.

De Coen, W.M,, Janssen, C.R.,, 2003. The missing biomarker link: relationships be-
tween effects on the cellular energy allocation biomarker of toxicant-stressed
Daphnia magna and corresponding population characteristics. Environ. Tox-
icol. Chem. 22, 1632—-1641.

Dris, R., Imhof, H., Sanchez, W., Gasperi, ]., Galgani, F, Tassin, B., Laforsch, C., 2015.
Beyond the ocean: contamination of freshwater ecosystems with (micro-)
plastic particles. Environ. Chem. 12, 539—-550.

Eads, B.D., Andrews, J., Colbourne, J.K., 2008. Ecological genomics in Daphnia: stress
responses and environmental sex determination. Heredity 100, 184—190.

Eerkes-Medrano, D., Thompson, R.C., Aldridge, D.C., 2015. Microplastics in fresh-
water systems: a review of the emerging threats, identification of knowledge
gaps and prioritisation of research needs. Water Res. 75, 63—82.

Forro, L., Korovchinsky, N.M., Kotov, A.A., Petrusek, A., 2008. Global diversity of
cladocerans (Cladocera; Crustacea) in freshwater. In: Balian, E.V., Lévéque, C.,
Segers, H., Martens, K. (Eds.), Freshwater Animal Diversity Assessment. Springer
Netherlands, Dordrecht, pp. 177—184.

Hobaek, A., Larsson, P, 1990. Sex determination in Daphnia magna. Ecology 71,
2255—2268.

Horton, A.A., Walton, A., Spurgeon, D.J., Lahive, E., Svendsen, C., 2017. Microplastics
in freshwater and terrestrial environments: evaluating the current under-
standing to identify the knowledge gaps and future research priorities. Sci. Total
Environ. 586, 127—141.

Hunter, M.D., Price, PW., 1992. Playing chutes and ladders: heterogeneity and the
relative roles of bottom-up and top-down forces in natural communities.
Ecology 73, 724—732.

Huvet, A., Paul-Pont, [, Fabioux, C., Lambert, C., Suquet, M., Thomas, Y., Robbens, J.,
Soudant, P, Sussarellu, R., 2016. Reply to Lenz et al.: quantifying the smallest
microplastics is the challenge for a comprehensive view of their environmental
impacts. Proc. Natl. Acad. Sci. Unit. States Am. 113, E4123—E4124.

leromina, O., Peijnenburg, W,J., de Snoo, G., Muller, ]J., Knepper, T.P,, Vijver, M.G.,
2014. Impact of imidacloprid on Daphnia magna under different food quality
regimes. Environ. Toxicol. Chem. 33, 621-631.

Imhof, H.K., Rusek, J., Thiel, M., Wolinska, J., Laforsch, C., 2017. Do microplastic
particles affect Daphnia magna at the morphological, life history and molecular
level? PLoS One 12 e0187590.

Jaikumar, G., Baas, J., Brun, N.R., Vijver, M.G., Bosker, T., 2018. Acute sensitivity of
three Cladoceran species to different types of microplastics in combination with
thermal stress. Environ. Pollut. 239, 733—740.

Jemec, A., Horvat, P, Kunej, U., Bele, M., Krzan, A., 2016. Uptake and effects of
microplastic textile fibers on freshwater crustacean Daphnia magna. Environ.
Pollut. 219, 201-209.

Jeppesen, E., Noges, P, Davidson, T.A., Haberman, ]J., Noges, T, Blank, K,
Lauridsen, T.L. Sendergaard, M. Sayer, C. Laugaste, R., Johansson, L.S.,
Bjerring, R., Amsinck, S.L., 2011. Zooplankton as indicators in lakes: a scientific-
based plea for including zooplankton in the ecological quality assessment of
lakes according to the European Water Framework Directive (WFD). Hydro-
biologia 676, 279.

Kokalj, AJ., Kunej, U., Skalar, T., 2018. Screening study of four environmentally
relevant microplastic pollutants: uptake and effects on Daphnia magna and
Artemia franciscana. Chemosphere 208, 522—529.

Kooijman, S.A., 2001. Quantitative aspects of metabolic organization: a discussion of
concepts. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 356, 331—349.

Lampert, W., Fleckner, W., Rai, H., Taylor, B.E., 1986. Phytoplankton control by
grazing zooplankton: a study on the spring clear-water phasel. Limnol. Oce-
anogr. 31, 478—490.

Liess, M., Pieters, B.J., Duquesne, S., 2006. Long-term signal of population distur-
bance after pulse exposure to an insecticide: rapid recovery of abundance,
persistent alteration of structure. Environ. Toxicol. Chem. 25, 1326—1331.

Martins, A., Guilhermino, L., 2018. Transgenerational effects and recovery of
microplastics exposure in model populations of the freshwater cladoceran
Daphnia magna Straus. Sci. Total Environ. 631-632, 421—428.

OECD, 2004. Test No. 202: Daphnia Sp. Acute Immobilisation Test, Oecd Guidelines
for the Testing of Chemicals, Section 2. OECD Publishing.

OECD, 2012. Test No. 211: Daphnia Magna Reproduction Test, Oecd Guidelines for
the Testing of Chemicals, Section 2. OECD Publishing.

Ogonowski, M., Schiir, C., Jarsén, A., Gorokhova, E., 2016. The effects of natural and
anthropogenic microparticles on individual fitness in Daphnia magna. PLoS One
11 e0155063.

Peda, C., Caccamo, L., Fossi, M.C,, Gai, F,, Andaloro, F.,, Genovese, L., Perdichizzi, A.,
Romeo, T., Maricchiolo, G., 2016. Intestinal alterations in European sea bass
Dicentrarchus labrax (Linnaeus, 1758) exposed to microplastics: preliminary
results. Environ. Pollut. 212, 251-256.

Rehse, S., Kloas, W., Zarfl, C., 2016. Short-term exposure with high concentrations of
pristine microplastic particles leads to immobilisation of Daphnia magna.
Chemosphere 153, 91-99.

Rist, S., Baun, A., Hartmann, N.B., 2017. Ingestion of micro- and nanoplastics in
Daphnia magna — quantification of body burdens and assessment of feeding
rates and reproduction. Environ. Pollut. 228, 398—407.

Rochman, CM., Browne, M.A, Underwood, AJ., van Franeker, JA,


https://doi.org/10.1016/j.envpol.2019.04.067
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref1
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref1
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref1
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref1
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref2
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref2
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref2
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref3
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref3
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref3
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref3
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref4
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref4
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref4
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref4
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref5
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref5
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref5
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref6
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref6
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref6
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref7
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref7
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref7
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref7
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref8
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref8
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref8
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref8
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref8
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref8
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref9
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref9
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref9
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref9
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref10
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref10
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref10
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref10
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref10
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref11
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref11
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref11
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref11
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref12
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref12
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref12
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref13
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref13
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref13
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref13
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref14
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref14
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref14
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref14
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref14
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref14
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref14
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref14
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref15
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref15
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref15
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref16
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref16
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref16
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref16
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref16
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref17
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref17
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref17
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref17
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref18
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref18
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref18
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref18
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref18
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref19
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref19
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref19
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref19
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref20
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref20
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref20
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref21
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref21
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref21
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref21
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref22
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref22
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref22
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref22
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref22
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref23
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref23
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref23
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref23
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref23
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref23
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref23
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref23
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref23
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref24
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref24
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref24
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref24
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref25
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref25
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref25
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref26
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref26
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref26
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref26
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref27
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref27
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref27
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref27
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref28
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref28
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref28
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref28
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref28
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref29
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref29
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref30
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref30
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref31
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref31
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref31
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref31
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref32
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref32
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref32
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref32
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref32
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref32
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref33
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref33
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref33
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref33
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref34
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref34
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref34
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref34
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref34
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref35

T. Bosker et al. / Environmental Pollution 250 (2019) 669—675 675
Thompson, Richard C., Amaral-Zettler, L.A., 2016. The ecological impacts of

Environ. Res. 111, 5-17.
marine debris: unraveling the demonstrated evidence from what is perceived. van Leeuwen, CJ., Niebeek, G., Rijkeboer, M., 1987. Effects of chemical stress on the
Ecology 97, 302—312.

population dynamics of Daphnia magna: a comparison of two test procedures.
SAPEA, 2019. A scientific perspective on microplastics in nature and society. In:

Ecotoxicol. Environ. Saf. 14, 1-11.
Academies, S.A.f.P.b.E. (Ed.), Science Advice for Policy by European Academies, Wren, J.E, Kille, P, Spurgeon, DJ., Swain, S., Sturzenbaum, S.R., Jager, T., 2011.
Berlin, Germany. Application of physiologically based modelling and transcriptomics to probe
Van Cauwenberghe, L., Devriese, L., Galgani, F, Robbens, ]J., Janssen, C.R., 2015.

the systems toxicology of aldicarb for Caenorhabditis elegans (Maupas 1900).
Microplastics in sediments: a review of techniques, occurrence and effects. Mar. Ecotoxicology 20, 397—408.


http://refhub.elsevier.com/S0269-7491(19)30419-1/sref35
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref35
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref35
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref35
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref36
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref36
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref36
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref37
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref37
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref37
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref37
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref38
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref38
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref38
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref38
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref39
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref39
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref39
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref39
http://refhub.elsevier.com/S0269-7491(19)30419-1/sref39

	Significant decline of Daphnia magna population biomass due to microplastic exposure
	1. Introduction
	2. Materials and methods
	2.1. Test species and culture conditions
	2.2. Microplastics
	2.3. Experiment 1: Establishing carrying capacity
	2.4. Experiment 2: Microplastic exposure
	2.5. Statistical analyses

	3. Results
	3.1. Experiment 1: Carrying capacity test
	3.2. Experiment 2: Microplastic exposure

	4. Discussion
	5. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


