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ABSTRACT: To assess the potential risks of contemporary levels of
plastic pollution in freshwater ecosystems, a large-scale experiment was
conducted over 10 weeks in a boreal lake at the IISD-Experimental Lakes
Area (Ontario, Canada). Fragments of common polymers (polyethylene,
polystyrene, and polyethylene terephthalate), each with distinct colors and
buoyancies, were added as a single pulse to seven in-lake mesocosms in
equal contributions in a range of environmentally relevant nominal
concentrations (6−29,240 particles/L). Two additional mesocosms with
no added microplastics were used as controls. Zooplankton ingested low
levels of microplastics (mean of 0.06 particles/individual ± SD 0.07) and
generally their total abundance and community composition were not
negatively impacted. Temporary changes were however observed; total
zooplankton abundance and abundance of calanoid copepods were
temporarily stimulated by increasing nominal microplastic concentrations,
and modest, short-term reductions in egg production of the cyclopoid copepod Tropocyclops extensus and abundance of copepod
nauplii occurred. Collectively, these results suggest that microplastics could have complex impacts on zooplankton communities,
stimulating some species while negatively impacting others.
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■ INTRODUCTION
Zooplankton are an important link between primary producers
and higher trophic level organisms and play an essential role in
nutrient cycling and ecosystem structure and functioning.
Microplastics (plastic particles <5 mm in size) are bioavailable
to a wide range of organisms including zooplankton but their
impacts are poorly understood, especially in freshwater
systems.1−4 Due to fragmentation and resistance to complete
degradation, microplastic concentrations are increasing in the
environment5,6 and have been detected in surface waters across
the world.5 Concentrations found in natural water bodies are
variable, with reported concentrations as high as 76,000
particles/L detected in a coastal lagoon.7 Zooplankton have
been found to ingest microplastics in the laboratory8−10 and in
the natural environment,11−13 but ecotoxicological risks in situ
remain uncertain.14−16 In some laboratory studies, exposure to
high concentrations of microplastics results in decreased
zooplankton growth, reproduction, and mortality.17−20 Alter-
natively, when microplastics are covered with biofilm, they can
have a positive effect on the growth of zooplankton, possibly
by providing an additional nutrition source.21−23

Our current understanding of how microplastics may impact
zooplankton is largely based on laboratory studies, most of
which have used high unrealistic concentrations of only one
type of polymer.1 Few studies have examined community level
effects of microplastics on zooplankton and minimal to no
impacts were observed.24−27 In natural environments,
zooplankton are exposed to a complex mixture of microplastics
that vary in composition, size, morphology, and chemical
additives.28 Indirect effects mediated through the food web
may also be important.29−31 Even if microplastics are not
acutely toxic to zooplankton, they may influence their
community structure by altering pathways of energy flow,
behavior, and predation.32
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The goal of this study was to investigate the direction and
magnitude of microplastic effects on zooplankton communities
across a range of environmentally relevant microplastic
concentrations (6 to 29,240 particles/L). The study was
undertaken using large (10 m diameter) mesocosms within a
natural boreal lake. Zooplankton were monitored for 10 weeks
(68 days) to examine potential effects on community dynamics
including the following:

1. Ingestion of microplastics by different zooplankton taxa;
2. Effects of microplastics on total zooplankton abundance
and abundance of different taxonomic groups;

3. Effects of microplastics on zooplankton reproduction;
and

4. Effects of microplastics on species composition and
community diversity.

While we hypothesized that most species of zooplankton
would ingest microplastics, we expected cladocerans (which
are nondiscriminate feeders33,34) to ingest and accumulate
higher levels of microplastics than copepods. We also
hypothesized that zooplankton would primarily ingest
positively and neutrally buoyant polymers, compared to
dense polymers that would be less available in the water
column due to higher sedimentation rates. We hypothesized
that reductions in reproductive outputs and subtle changes in
community composition and diversity by the end of the
experiment due to species-specific responses from ingesting
microplastics17−20 would result in an overall decrease in total
zooplankton abundance. The scale of this experiment is the
largest in-lake mesocosm study on microplastics to date and
aims to improve our understanding of the environmentally
relevant risks microplastics pose for freshwater zooplankton
communities.

■ MATERIALS AND METHODS
Experimental Design. The study was conducted in a

small, oligotrophic boreal lake (Lake 378) at the International
Institute for Sustainable Development Experimental Lakes
Area (IISD-ELA) located in northwestern Ontario, Canada
(49°40′N, 93°44′W). The zooplankton data were collected as
part of a larger experiment to assess the fate and effects of
microplastics in freshwater systems and the experimental
design is described in detail in Rochman et al. (2024).35 In
May 2021, nine 10 m diameter by 2 m deep closed-bottomed
nonpermeable mesocosms were deployed in Lake 378 and
filled with ∼150,000 L of lake water, which included the
natural microbial, phytoplankton and zooplankton commun-
ities, using a fire hose connected to a trash pump. To offset
potential zooplankton mortality caused by pumping, we
augmented zooplankton communities 2 weeks prior to the
addition of microplastics and then allowed the mesocosms to
equilibrate. Zooplankton collected from 15 10 m vertical hauls
from Lake 378 using a 0.5 m diameter net with a 150 μm mesh
were added to each mesocosm. Prior to the addition of
microplastics, each mesocosm was also stocked with 25 young
of the year yellow perch (Perca flavescens), a common
omnivorous fish species found in Lake 378. Although efforts
were made to augment zooplankton, abundances were lower in
mesocosms than in the surrounding lake, so fish diets were
supplemented with additions of frozen Mysis, a freshwater
shrimp, every 3 days to reduce predation pressure on the
zooplankton community. Background levels of microplastics in

Lake 378 are very low (0.2 particles/L in surface waters)
consisting mostly of polyester and acrylic fibers.36

On June 2nd, 2021 (day 0), an equal mixture (by count) of
three types of widely abundant plastic polymers (polyethylene,
PE; polystyrene, PS; and polyethylene terephthalate, PET)
were added to the water surface of seven mesocosms as a single
pulse. A regression approach was used because it is more
statistically powerful than ANOVA designs with low numbers
of replicates and it allows for the detection of nonlinear
responses.37,38 Experimental treatments were randomly as-
signed and included two controls with no added microplastics
and seven treatments where microplastics were added to
generate nominal initial concentrations of 6, 24, 100, 414,
1710, 7071, and 29,240 particles/L that followed an
approximate logarithmic scale. The lower end of the range
encompasses concentrations reported in freshwater ecosystems
and values relevant to risk39,40 and the highest concentrations
are more typical of those reported in wastewater effluent and
coastal lagoons.7,41

The PE was positively buoyant (0.93 g/cm3) and ranged in
size from 37 to 1086 μm (average: ∼209 μm). The PS was
neutrally buoyant (1 g/cm3) and ranged in size from 48 to
1408 μm (average: ∼197 μm). The PET was negatively
buoyant (1.4 g/cm3) and ranged in size from 52 to 1408 μm
(average: ∼232 μm). Size distributions of particles for each
polymer are shown in Figure S1. Each polymer contained its
own suite of chemical additives (Table S1). See Rochman et al.
(2024)35 for more information about the plastics as well as
how we determined a mass-to-count ratio to achieve our
nominal concentrations.
We did not expect all microplastics to remain suspended in

the water column throughout the experiment and their fate is
described in Rochman et al. (2024).35 In effect, the initial
nominal concentrations can be viewed as loading amounts.
Microplastic concentrations measured from the water column
of 3 mesocosms were much lower than the nominal treatment
concentrations and were, in general, 2 orders of magnitude
lower than would be expected if the microplastics remained
fully mixed in the water column throughout the experiment.
Average concentrations across time and depth were 246
(±202) particles/L for the 29,240 particles/L treatment, 13
(±8) particles/L for the 414 particles/L treatment, and 12
(±14) particles/L for the 6 particles/L treatment. The PE and
PS particles were the most abundant polymers in the water
column while PET sank rapidly, as expected. Most micro-
plastics either were on the bottom (PET) or water surface
(PE) based on visual observation, and only about 1% of
microplastics added were in the water column.35 Although
observed concentrations in the water column were generally far
below nominal concentrations, concentrations in the meso-
cosm receiving the highest treatment were still relatively high
compared to natural systems5,39,42 and concentrations relevant
to risk management.40

Water Quality, Chemistry, Phytoplankton, and Fish.
Water chemistry parameters including dissolved and partic-
ulate nutrients were collected 1 week prior to microplastic
additions on May 24th (day −9) and on 2 occasions afterward
on June 14th (day 12) and August 9th (day 68), and water
quality parameters, including temperature, conductivity,
dissolved oxygen, turbidity and photosynthetically active
radiation (PAR) were monitored weekly (see Rochman et
al., 2024 for more details on how these parameters were
measured).35 Phytoplankton samples from unfiltered meso-
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cosm water were preserved in Lugol’s solution and enumerated
using methods described in Findlay and Kling (2003)43 to
estimate biomass. Yellow perch abundances were recorded at
the end of the experiment when fish were retrieved using a
large seine net. Final yellow perch densities were highly
variable, but not related to microplastic treatment, with the
largest variation in final densities observed between the two
controls (Table S2).

Zooplankton Sample Collection. Zooplankton samples
were collected from all mesocosms prior to microplastic
additions on June 1st (day −1) and then at weekly intervals for
10 weeks (68 days) using a Wisconsin plankton net with a 0.25
m diameter opening and 53 μm mesh, attached to a long pole
to access the center of the mesocosms. Mesocosms were
sampled in ascending order to limit cross-contamination (i.e.,
controls were sampled first, followed by increasing treatment
concentrations). Two 1.5 m vertical net hauls were collected
from opposite sides of each mesocosm and then combined to
provide a representative sample of the zooplankton community
for each mesocosm (total sample volume of 147 L). Samples
were preserved in 5% sugar-formalin44 after narcotization in
methanol.45 The plankton net was rinsed with lake water
between mesocosms and thoroughly washed and dried
between sampling periods.
Zooplankton were identified and counted to the lowest

possible taxonomic level using light microscopy.46−48 Copepod
nauplii and stage CI to CIII copepodites were not identified to
species. Eggs attached to copepod females or contained within
the brood pouch of cladocerans were directly counted during
species identification to determine the reproductive rates of
abundant zooplankton taxa.49 Loose copepod eggs were
apportioned to copepod females based on the relative
abundance of adult females in each sample. Diversity was
calculated using the inverse Simpson index (D2), which is a
measure of the effective number of species.

Microplastic Ingestion. Ingestion of microplastics by
common zooplankton taxa was assessed by picking animals
from random subsamples collected for zooplankton taxonomy
on day 68 of the experiment. Subsamples were suspended in
tap water and individuals were picked with fine metal tweezers
under a microscope and placed into clean glass vials.
Zooplankton were visually inspected for microplastics attached
to the carapace and appendages, and only visually “clean”
zooplankton were used (i.e., our objective was to measure
microplastics only inside the organisms). Nauplii and stage
CI−III copepodites were not included due to their small size.
Only abundant species were picked, including Diaptomus
minutus, Diaphanosoma birgei, Tropocyclops extensus, Eubosmina
sp., and Mesocyclops edax. Where possible, pooled samples
including up to 100 individuals of each species were picked
from one control (0 particles/L), and the lowest (6 particles/
L), medium (414 particles/L), and highest concentration
(29,240 particles/L) treatments. The number of individuals
picked of each species was recorded to determine the number
of microplastic particles ingested per individual zooplankton
for each taxon.
Zooplankton were rinsed into clean polypropylene cups and

were digested using 40 mL of 30% H2O2 (hydrogen peroxide)
solution for 24 h in a temperature-controlled (45 °C) oven.50
Two laboratory blanks were run following the same methods
and no procedural contamination was detected. After
digestion, microplastics were sorted into size fractions using
metal sieves (>212, 106−212, and 53−106 μm). For each size
fraction, samples were examined under a microscope, and each
particle was picked, photographed, and measured, as well as
analyzed using Raman Spectroscopy to confirm polymer
type.51 Only the three distinct polymers added to mesocosms
were quantified (PE, PS, and PET). For more detailed
information on extraction, counting, spectroscopy and quality
assurance methods see Rochman et al. (2024).35

Figure 1. Microplastic ingestion (particles per individual) for common zooplankton taxa on day 68 of the experiment for polyethylene (PE),
polystyrene (PS), and polyethylene terephthalate (PET) in the control (0 particles/L), 6, 414, and 29,240 particles/L nominal microplastic
treatments.
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Statistical Analysis. Statistical analyses and data visual-
ization were conducted in R version 4.1.352 using the packages
vegan (version 2.6−4)53 and ggplot2 (3.4.0).54 Zooplankton
abundance, diversity, and reproduction (eggs per female and
nauplii per copepod female) were linearly regressed against
nominal microplastic treatment concentration for individual
time points on the assumption that exposure was correlated
with nominal concentrations. Even if microplastics did not
remain in the water column, zooplankton were exposed for
some time to the microplastics added at the experiment’s
initiation. Microplastic treatment concentrations were log10
transformed after the addition of a small constant (+ 0.001) to
deal with zero values. Quantile-quantile plots and scatterplots
were used to assess normality and homoscedasticity. Where
necessary, dependent variables were log10 transformed to meet
model assumptions and improve model fit. A critical alpha
level of 0.05 was used to determine significance.
Principal response curves (PRC) were used to determine

zooplankton community responses to microplastics.55 PRCs
are a method of constrained ordination in which Redundancy
Analysis (RDA) is used to determine treatment differences in a
community over time, contrasted against a control treatment.55

The outputs include the canonical coefficients (Cdt), which
represent the magnitude and direction of the effect on the
community relative to the control at a given time, and the
taxon weights (bk), which represent the affinity of each taxon
with the overall community response.55 Cdt values closer to 1
or −1 indicate a strong response while values closer to zero
indicate a weak or no response. When Cdt and bk share the
same sign, that taxon is more abundant in the treatment than
the control and when Cdt and bk have different signs, that taxon
is less abundant in the treatment than the control.56 Data were
log10 transformed abundances (numbers/L) of different
zooplankton taxonomic groups. A permutation test (999
permutations) was used to determine whether treatments
significantly differed from controls over time. The PRC
analysis was conducted using the prc() function from the
vegan package in R.

■ RESULTS AND DISCUSSION
Microplastic Ingestion by Zooplankton. In zooplank-

ton collected at the end of the experiment (day 68), we
observed mean amounts of microplastics per individual of 0.01
(±0.01) across taxa for the 6 particles/L treatment, 0.07
(±0.08) for the 414 particles/L treatment, and 0.06 ± (0.07)
for the 29,240 particles/L treatment (Figure 1). This is within
the range of what has been detected in natural systems.11−13

The highest occurrence of ingested microplastics was 0.2
particles/individual, observed in cladocerans Diaphanosoma
birgei in the 414 particles/L treatment and Eubosmina sp. in the
29,240 particles/L treatment. Aside from one PET particle
detected in Eubosmina sp. from the control treatment,
zooplankton exclusively ingested PS and PE particles. The
PET particles were negatively buoyant and typically detected at
very low concentrations in the water column, so this polymer
was largely unavailable to grazing zooplankton, as expected.
Presumably, microplastics detected in zooplankton from the
control mesocosm for D. minutus, D. birgei, and Eubosmina sp.
were introduced via cross-contamination or transport from
treated mesocosms by wind and waves.35 It is likely that the
low numbers of ingested microplastics found in zooplankton
were due to low exposure, avoidance, and rapid egestion of
microplastics, particularly given that sampling for microplastic

ingestion occurred only at the end of the experiment when
realized microplastic concentrations in the water column were
lowest.35 The data indicate that zooplankton ingested
microplastics but there was no evidence of food dilution as
reported in some laboratory studies where high concentrations
were used.9,17 Microplastic ingestion was likely higher earlier
on in the experiment soon after microplastics were added.
Though cladocerans appeared to ingest more microplastics

on average across treatments (0.06 particles/L ± SD 0.07)
than copepods (0.02 particles/L ± SD 0.04), differences in the
mean ingestion between taxonomic groups were not statisti-
cally significant (Welch Two Sample t test; t = 1.42, p = 0.19).
Copepods are generally considered to be more discriminate
feeders than cladocerans.34,57 For example, Klasios and Tseng
(2023)13 found lower ingestion of microplastics by freshwater
calanoids versus cladocerans, and some marine calanoids have
been shown to avoid ingesting microplastics.33 Large-bodied
cladocerans such as Daphnia were found to ingest more
microplastics than smaller-bodied zooplankton species in a
similar mesocosm experiment.24 Large-bodied zooplankton
were generally not found in our mesocosms likely due to fish
predation, which could be another reason why ingestion of
microplastics was low.
The size of ingested microplastics ranged from 18 to 261 μm

(mean of 67.8 μm ± SD 50.8) for width and 29 to 1014 μm
(mean of 145 μm ± SD 171) for length across zooplankton
taxa and treatment (Table 1). Large microplastic particles have

been previously observed to be ingested by Daphniids (1430
μm long fibers58) but it is likely that most ingested particles
would fall below 100 μm due to the upper size limit for
ingestion of some small-bodied species.59−61 Fibrous micro-
plastics can also be twisted and folded into smaller shapes,
making them more readily ingestible.12 Since the average size
of our microplastics (∼200 μm) was greater than what is
readily ingested by most zooplankton, this can help explain the
low uptake of microplastics by zooplankton in this study.
Additionally, our methods for analyzing the smallest size
microplastic fraction (<53 μm) are still under development, so
the full size range of ingested particles may be greater than that
reported here.

Zooplankton Abundance & Community Response.
There was a significant positive relationship between total
zooplankton abundance (excluding nauplii) and nominal
microplastic treatment concentration on day 33 (R2 = 0.6, p
= 0.014; Figure 2). Abundances of total cladocerans or
cyclopoid copepods had no significant relationships with
microplastics on any study day (p > 0.05; Figures S2 and S3),
but a significant positive relationship was observed between
nominal microplastic treatment and calanoid copepods on days
19 (R2 = 0.49, p = 0.04) and 33 (R2 = 0.7, p = 0.005; Figure 3).

Table 1. Mean Width and Length of Ingested Microplastics
for Common Zooplankton Taxa Across Treatments on Day
68 of the Mesocosm Experiment

species
mean (±SD) width of
ingested MPs (μm)

mean (±SD) length of
ingested MPs (μm)

Diaphanosoma birgei 53 (±29) 122 (±148)
Diaptomus minutus 136 (±89) 345 (±301)
Eubosmina sp. 58 (±34) 85 (±34)
Mesocyclops edax 73 (±51) 169 (±185)
Tropocyclops extensus 57 (±19) 120 (±76)
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Regressions with calanoids and nominal microplastic treatment
on other days were not statistically significant, however,
calanoid copepod abundance generally followed a positive
trend with nominal microplastic concentration throughout the
experiment. The calanoid copepods in this study were almost
exclusively Diaptomus minutus (see Figure S4 for species
abundances).

Positive relationships between microplastics and calanoid
copepod abundance may have arisen because of biofilm growth
on the added microplastics. Amariei et al. (2022)21 found that
microplastics containing a biofilm coating had a positive effect
on zooplankton, while pristine microplastics had negative
effects. Initial biofilm formation begins within hours of
microplastic addition62 but can take weeks to accumulate a

Figure 2. Total zooplankton abundance, excluding nauplii, versus nominal microplastic treatment for seven time points during the experiment.
Significant regressions are indicated by black lines and light gray lines indicate a nonsignificant regression. 95% confidence intervals are indicated by
shaded regions.

Figure 3. Calanoid copepod abundance (number per L) versus nominal microplastic treatment (particles per L) for seven time points during the
mesocosm experiment. Significant regressions are indicated by black lines and shaded 95% confidence intervals, while light gray lines indicate a
nonsignificant regression.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c05327
Environ. Sci. Technol. 2024, 58, 19419−19428

19423

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05327/suppl_file/es4c05327_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05327?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05327?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05327?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05327?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05327?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05327?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05327?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05327?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c05327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


substantial coating,21 which may explain why no positive
effects were observed until day 33. Zooplankton may also
selectively ingest aged microplastics with biofilm develop-
ment.23,34 After day 33 and beyond, there was no longer a
positive relationship between microplastic treatment concen-
tration and calanoid copepod abundance, suggesting that this
may be only a temporary response. Alternatively, given the
multiple comparisons involved in our study, it is possible that

the significance of positive relationships with microplastics we
observed for total zooplankton and calanoids simply occurred
by chance.
The PRC for abundance-based zooplankton community

composition was not significantly related to nominal micro-
plastic concentration over time (p = 0.97; Figure 4).
Additionally, the Cdt values were very low (−0.2 < Cdt < +
0.2) further indicating that microplastics did not influence

Figure 4. Principal response curve (PRC) for abundance-based zooplankton community composition. The community response (Cdt) for each
microplastic treatment is displayed on the left and taxa weights (bk) on the right. The solid black horizontal line represents the mean of the control
treatments, and the dashed vertical line represents the day of microplastic addition (day 0).

Figure 5. Eggs per female for the cyclopoid copepod Tropocyclops extensus regressed against nominal microplastic treatment concentration for
various days of the study. Significant regressions are indicated by black lines and light gray lines indicate a nonsignificant regression. 95% confidence
intervals are indicated by shaded regions.
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community structure (Cdt values closer to 1 or −1 indicate a
strong community response while values closer to 0 indicate
little to no effect on a community). Overall, CI to CIII
calanoid copepods and D. minutus had relatively large positive
taxa weights (bk) indicating that they were more abundant with
microplastics while Eubosmina sp. had the most negative bk
indicating lower abundance with microplastics. Similarly, there
were no statistically significant relationships between zoo-
plankton diversity and nominal microplastic treatment
concentration throughout the study (p > 0.05; Figure S5).
These results mirror those of similar but smaller-scale
mesocosm studies, which also found no effect of microplastics
on zooplankton species composition.24−26

Zooplankton Reproduction. We were only able to
evaluate zooplankton reproduction (i.e., the number of eggs
per female) for three zooplankton taxa (Eubosmina sp.,
Diaptomus minutus, and Tropocyclops extensus) because no
other taxa had sufficient egg counts. There were no significant
relationships between the number of eggs per female and
nominal microplastic concentration for Eubosmina sp. or D.
minutus, on any study day (p > 0.05; Figures S6 and S7).
Linear regressions between eggs per female and microplastic
treatment for T. extensus were also nonsignificant, except on
day 19, when a negative relationship was observed (R2 = 0.51,
p = 0.031; Figure 5). As discussed above, it is possible this
result was a false positive resulting from the large number of
statistical tests. While strong negative effects on egg production
were not generally observed, the hatching success of eggs was
not evaluated. Cole et al. (2015)17 found that microplastics did
not affect egg production but negatively affected the hatching
success of marine calanoid copepods. Similarly, Lee et al.
(2013)19 suggested that microplastics may inhibit the
fertilization of copepod eggs. Therefore, future work should
consider the hatching success within similar experiments to
explore the potential effects more fully on zooplankton
reproduction from microplastic exposure.
The abundance of copepod nauplii initially increased after

microplastic additions for controls and all treatments, followed
by a sharp decline, and then nauplii abundances remained low
for the remainder of the experiment (Figure S8). Linear
regression analysis indicated a statistically significant negative
relationship on day 54 between nauplii per copepod female
and microplastic treatment concentration (R2 = 0.5, p = 0.034;
Figure S9). This pattern may reflect the reduction in T.
extensus eggs on day 19. On other dates, the relationship
between microplastic concentration and nauplii per female
copepod was consistently negative, but not statistically
significant due to high variation among controls and
treatments. While the impacts to zooplankton reproduction
in our experiment were minimal, our results suggest that
further study of microplastic impacts on zooplankton
reproduction is warranted.

Confounding Variables. Water quality and chemistry
parameters varied with time but not consistently with nominal
microplastic concentrations, except for light penetration
(PAR), which was positively correlated with microplastic
concentration at multiple time points,35 and chlorophyll-a,
which was negatively correlated with microplastic concen-
tration on day 12 (Figure S10). The phytoplankton
community was initially dominated by chrysophytes, followed
by an increase of diatoms in all treatments on day 35 (Figure
S11). There was no statistically significant impact of

microplastics on phytoplankton biomass or community
composition (Figures S12 and S13).
Final yellow perch densities were not correlated with

nominal microplastic concentrations (Figure S14). Phyto-
plankton biomass was strongly negatively correlated with final
perch densities (r = −0.9, p = 0.002), however zooplankton
abundance was not correlated with perch densities or with
phytoplankton biomass (Figure S14). The lack of a significant
relationship between perch and zooplankton abundance
suggests that the negative relationship between perch and
phytoplankton did not result from a trophic cascade. Rather, it
is more likely that the decomposition of dead fish or
unconsumed Mysis contributed to nutrients (i.e., “bottom-
up” effects) that enhanced phytoplankton growth, which could
explain why there was higher phytoplankton biomass in
mesocosms with fewer fish. Because fish were sampled only at
the end of the experiment, the timing of fish mortalities is
unknown, and relationships between fish and zooplankton or
phytoplankton on other dates cannot be assessed.

■ LIMITATIONS & FUTURE DIRECTIONS
The mesocosms used in this study contained natural
zooplankton communities and were more realistic than
laboratory studies; however, they still differ from natural
ecosystems. While our mesocosms allowed for indirect food
web interactions in the plankton community, they were closed-
bottomed and lacked a natural benthic habitat. Since most
microplastics are expected to sink, benthic invertebrates may
be disproportionately exposed to higher concentrations, and
may be at risk of adverse effects.63,64 Additionally, the
mesocosms themselves were constructed of plastic and the
proximity of the walls likely altered the planktonic
communities by encouraging epiphytic species. While the
study duration was long compared to most laboratory studies,
it was not long enough to allow for many long-term indirect
effects such as changes to fish populations and seasonal effects.
Microplastics did not mix homogeneously and settled

quickly from the water column since they were only added
as a single pulse. Water column concentrations were much
lower than expectations based on complete mixing but the
highest treatments were still well within the upper range of
microplastic concentrations observed in natural water
bodies.5,42 Because microplastic concentrations were assessed
in only a subset of mesocosms, our conclusions are based on
the assumption that actual concentrations of microplastics
were correlated with nominal concentrations. This study only
examined 3 types of polymers (PE, PS, and PET) with a
restricted size range (37−1408 μm) of fragments. Other types
of polymers (e.g., PVC), morphologies (e.g., fibers) and sizes
(e.g., <1 μm) may prove to be more harmful for plankton
communities and deserve further attention. Finally, the study
lake (Lake 378) is a small oligotrophic lake located in the
boreal shield. Other lakes or water bodies with different
environmental conditions such as eutrophic lakes or turbid
rivers may respond differently to microplastic additions.
Our results are among the first to bridge the gap between

laboratory studies and real-world conditions using an
experimental approach. Our findings are consistent with
those of other mesocosm studies to date examining the effects
of microplastics on plankton communities.24−27 All of these
previous studies were conducted in much smaller mesocosms
and used a more limited range of exposures than ours. Our
results confirm the speculations of Marchant et al. (2023)25
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and Klasios et al. (2024)26 that rapid settling of added
microplastics may be an important mechanism limiting
exposure for zooplankton communities. More field-based
experiments using complete food webs and realistic micro-
plastic exposure conditions are needed to better understand
the potential impacts of microplastics on natural aquatic
communities.
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