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Abstract: Steadily increasing inputs of microplastics pose a growing threat to aquatic fauna, but
laboratory studies potentially lack realism to properly investigate its effects on populations and
ecosystems. Our study investigates the trophic and ontogenetic transfer of microplastics in a near-
natural exposure scenario. The controlled outdoor freshwater mesocosms were exposed to polyamide
(PA) 5-50 pm in size in concentrations of 15 and 150 mg L~ and a control without microplastic
addition. To verify the uptake of particles via the food chain, larvae and imagines of the midges
Chaoborus crystallinus and C. obscuripes were examined, which feed on zooplankton during their larval
stage. Larvae were captured after 117 days and imagines were caught in emergence traps that were
emptied weekly. To detect the microparticles within the organisms, 200 larvae and 100 imagines per
application were macerated and treated with fluorescent dye before investigation under a fluorescent
microscope. We could detect up to 12 PA particles per individual larvae, while nearly no plastic was
found in the imagines. This shows that, while Chaoborus sp. takes up microplastics via predation,
most of the pollutant is egested through regurgitation and remains in the water, where it can further
accumulate and potentially harm other organisms.
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1. Introduction

Microplastic pollution is a potential threat to our waters and has attracted increased
public and scientific attention in recent years [1,2]. Since most plastic contamination
originates from land-based sources, such as sewage, industry, or roads [3], freshwater
ecosystems are exposed to high plastic intakes annually [4]. Thus, an understanding and
monitoring of its effects on freshwater biota is crucial. A realistic estimation of microplastic
loads and sizes in the environment is a difficult task and depends on sampling and detection
methods as well as the comparability of the reported units [5,6]. However, it is evident
that high amounts of plastic debris enter our freshwater ecosystems [4] and while rivers
carry 2.4 million tons of plastic into the oceans annually [7], a large fraction remains in
rivers and lakes, where it potentially harms aquatic biota. Although the most common
polymer types reported in freshwaters are polyethylene (PE), polypropylene (PP) and
polyethylene terephthalate (PET), polyamide (PA) has been frequently detected in aquatic
ecosystems and biota but received disproportionally low attention in previous studies [8].
PA is the basis of nylon and is widely used for clothing and various domestic and industrial
purposes [9].

Ingestion of microplastic particles has already been documented for several inverte-
brate taxa and occurs within different feeding groups and life stages [1,10-12]. Organisms
that feed by filtering water or sediment may be particularly affected by microplastics
because they ingest the plastic particles unselected [13], and various negative effects, e.g.,
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on larval growth and emergence, have been observed [14,15]. A trophic transfer of mi-
croplastics via predation has been demonstrated, e.g., from larvae of Culex pipiens to larvae
of Chaoborus flavicans [16], while no effects on predation behavior or oviposition could be
observed. However, with the focus lying on single-species laboratory studies and marine
biota, little is known about the indirect effects of plastic pollution on higher trophic levels
in freshwater invertebrates [17,18]. Microplastics likely not only move through the food
chain but can also be transferred ontogenetically within an individual from larva to imago.
This has already been observed in Culex pipiens [19] and Chironomus riparius [20], raising
concerns about the effect of aquatic plastic pollution on terrestrial food chains.

The fate and effects of microplastics in aquatic organisms and ecosystems are very
complex and research to date has been limited primarily to laboratory studies. In such
experiments, exposure time, food choices, and many other parameters often do not corre-
spond to a real-world scenario in the environment, making it difficult to draw conclusions
about the possible effects of microplastics on a population level [21,22]. Mesocosms are a
more realistic completion to single-species exposure experiments in the laboratory. As an
artificial ecosystem model, mesocosms harbor an extensive biocenosis and thus represent
typical trophic levels with stable populations. Higher tier studies aim to refine the data on
the exposure of a stressor to the environment. With increasing realism, the possibility to
standardize decreases [23]. Nevertheless, the physicochemical and biological parameters in
the systems are known at the beginning and can be used for the interpretation of the re-
sults [24]. Aquatic mesocosms are used to obtain highly ecologically relevant data that can
help to validate theoretical models [25]. Direct and indirect effects of stressors across many
generations of entire biocenoses can be monitored in these higher tier experiments [26].
Thus far, only very few studies on the effects of microplastic pollution have been conducted
in outdoor mesocosms [27,28].

The present study is the first to investigate the trophic and ontogenetic transfer of
microplastics in a near-natural mesocosm experiment. We hereby focus on the phantom
midge Chaoborus sp. (Diptera, Chaoboridae) as the model organism. Phantom midges
develop in four pelagic larval stages that prey on zooplankton in small lakes and ponds
before they pupate and emerge after 12 months [29-31]. We hypothesized that (1) Chaoborus
sp. ingest microplastics via predation on zooplankton, (2) such ingested particles can be
transferred into the adult life stage and thus, into terrestrial ecosystems, and (3) the amount
of ingested particles depends on microplastic concentrations in the environment.

2. Materials and Methods
2.1. Preparation of the Test System

The specimens used in this study derive from a mesocosm experiment, which was
conducted in an outdoor enclosure pond system located at the test facility of MESO-
COSM GmbH at the Research-Centre Neu-Ulrichstein (FNU) in Homberg (Ohm), Germany
(50°45'06.1" N 9°02'02.8"" E). The large pond with a capacity of ~60 m® was set up in 2018 to
allow the establishment of a near-to-nature biocenosis. Both sediment and water originated
from a natural pond located at the facility. Chara globularis was planted in the pond to
provide oxygen, food, and habitat for the freshly formed organism communities. Five
weeks before the start of the actual experiment, stainless steel enclosures were pressed into
the clay layer of the pond to form separated but comparable enclosure mesocosm systems.
Each replicate system consisted of a 10 cm clay and sediment layer and approximately
1 m? water (Figure 1). Macrophyte flora (e.g., Chara globularis, Myriophyllum spicatum) in all
mesocosms was harmonized thereafter [32].
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Figure 1. Schematic cross section through one of 11 mesocosm enclosures with eclectors (A) and
macroinvertebrate traps (B) filled with macrophytes, leaves and habitat-forming structures.

2.2. Microplastic Application

Spheric polyamide microparticles (Nylon 6, PA 6, & 5-50 um, mean 15-20 pum, Sub-
stance No.: PG-29-2020, Batch No.: 300858589, CAS: 25038-54-4) were acquired from
Goodfellow Cambridge Limited (Huntingdon PE29 6 WR England). Particle sizes were cho-
sen to be ingestible for planktonic and benthic filter feeders [33,34]. For application, the test
substance was suspended in 1 L sieved (63 um) pond water for 30 min to avoid aggregation
and distributed in the mesocosms via a separating funnel. The funnel was rinsed three
times with 500 mL sieved pond water to ensure the total transfer of the test substance. This
process was performed four times over a span of ten days, applying one-quarter of the total
mass of microplastic particles each time. Based on their density (1.13 g cm~3), the particles
sunk in the water column. The nominal concentrations of 15 mg L~! and 150 mg L~! in
each of the three respective replicates were achieved with the fourth application, while
five enclosures served as untreated controls. Considering these nominal concentrations
in the water and the total area of sediment in each replicate mesocosm, amounts of 16.6 g
and 166 g PA per m? sediment were applied, respectively. The lower concentration was
hereby chosen as environmentally relevant [28], while the higher concentration served as
the extreme scenario. The application process started in May 2020.

2.3. Macroinvertebrate Sampling

Emerging insects were sampled weekly from May to August 2020, while individuals
sampled in late June and early July were used in this study. The emergence traps were
stainless steel structures with a conical fabric tent leading the individuals into an eclector
head box (Figure 1) filled with tap water and the surfactant Tween (VWR Chemicals) to
prevent escaping of the adult insects. All organisms that emerged in a 7-day period were
pooled and fixed in ethanol (70%) for further analysis.

To catch the larvae, the mesocosm systems were netted three times in east-west
direction (aperture: 27 x 27 cm, mesh size: 450 um, estimated water volume sampled:
155 L) in September 2020. The organisms were fixed in ethanol (70%) for further analysis.
The mesocosms contained larvae of Chaoborus crystallinus and C. obscuripes. Due to their
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similarity in habitus and behavior, both species were used for further analysis and are
henceforth referred to as Chaoborus sp.

2.4. Detection of Microplastics in Chaoborus sp.

For the detection of PA particles, the fluorescent dye Nile Red (Carl Roth) was chosen,
which can be used to selectively stain polymers [35,36]. The polymer-specific fluorescence
facilitates the differentiation between microplastic particles and organic as well as inorganic
substances. It is a faster and more cost-effective method compared to chemical analysis and
can be used for the recovery of applied microplastic. It further visualizes the location of
ingested particles within the organism, which is a great advantage towards most analytical
methods.

In order to identify the PA particles more reliably, the organisms were macerated
prior to staining [37]. Maceration of the thorax and abdomen is useful for examining
intestinal contents, as it makes it easier to detect microplastic particles. The test organisms
were macerated with a 13% KOH solution for 48 h until the thorax and abdomen were
transparent. They were then washed with distilled water for ten minutes and fixed with an
ethanol series (70-95%) [38].

For staining, Nile Red powder (Carl Roth GmbH) was dissolved in acetone at a
concentration of 1 mg L~! [39] and the fixed animals were stained in it for 2 h.

Chaoborus specimens treated with Nile Red were examined for the presence of PA
particles using a Leica DM5500 B fluorescence microscope (excitation filter: BP450/490,
dichromatic mirror: DM510, suppression filter: LP515). The number of particles found
was documented for each larva and diameters of 120 particles were individually measured
using the software Image]. A total of 200 larvae were analyzed per concentration, including
the control. Additionally, 100 adult specimens were investigated the same way from the
highest concentration and the control, respectively. For statistical analysis, the number of
particles per larva was compared with the Kruskal—Wallis test, followed by Dunn’s post
hoc test with Bonferroni’s correction, using the software “R” with the additional package
“PMCMR”.

3. Results

Particles were detected in nearly half of the larvae from mesocosm enclosures with
150 mg L~! PA and in almost 10% of individuals collected from 15 mg L~! PA. In the
control, four individuals contained plastic particles (Table 1).

Table 1. Detection of polyamide (PA) microparticles in larvae and imagines of Chaoborus sp. after
exposure in freshwater mesocosms.

Larvae Imagines
Treatment (mg L~! PA) 150 15 0 150 0
Sample size per treatment 200 200 200 100 100
Individuals with PA 92 19 4 1 0
N total particles 245 35 7 2 0

Where PA was found, a median of two particles per larva was detected at both
150 mg L~! and 15 mg L~! (Figure 2). Significant differences were found among all treat-
ments (p = < 0.05, Kruskal —Wallis test with Dunn’s post hoc test).

The vast majority of these particles were found in the crop (Figure 3a—c), which was
partially distended by the preparation, and only three particles were observed in the
intestines of larvae previously exposed to the highest PA concentration. In addition to PA
particles, the carapaces of daphnids, ostracods, and possibly other planktonic organisms
were visible within the crop. In the control larval samples, in total seven particles in four
individuals were identified as plastic within 200 larvae.
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Figure 2. Number of PA particles in Chaoborus larvae when PA was detected after exposure to
150 mg L=t (n=92), 15 mg L~ (n = 19) and in the control (n = 4). Brackets indicate significant
differences (Kruskal —Wallis test with Dunn’s post hoc test performed with complete datasets; n = 200
per treatment. ** =p < 0.01; * = p < 0.05).
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Figure 3. Habitus of Chaoborus larva with enhanced image of empty crop (a). Fluorescence micro-
scopic images of PA particles (blue) in the crops of Chaoborus sp. larvae with zooplankton shells
after exposure to 150 mg L~! PA (b,c) and PA particles in the intestine of Chaoborus sp. imago after
exposure to 150 mg L~! PA (d). Colors are inverted (asterisk shows original image).
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Among the imagines, only one individual was found with two PA particles in its
intestine and head, respectively (Figure 3d). No PA was found in adult specimens from the
control.

The largest diameter of the particles within the larvae had a median of 24.5 um (min.
8.7 um; max. 48.9 um).

4. Discussion

Most studies on microplastic uptake and effects in freshwater organisms take place
under small-scale controlled laboratory conditions [16,40,41] which, although accurate
through standardization and replicability, cannot reflect complex environmental situa-
tions [21,42]. The samples studied in this work are from a large mesocosm facility, where
experiments can be conducted under near-natural field conditions. The advantage of
mesocosms over laboratory experiments is that a realistic exposure scenario of pollutants
can be created and interactions between trophic levels can be enabled and observed [43].
Despite identical preparation of the mesocosms, strong variance can occur within one
experiment [44], which leads to the fact that standardized evaluation methods are indis-
pensable. We detected a total of 7 plastic particles in 200 larvae from the control enclosures.
Particle contaminations in an outdoor system can never be completely excluded and optical
analysis of microplastics in biota can lead to misidentifications of organic particles for
microplastics; hence, such methods are mostly recommended for the recovery of applied
particles [45,46], as performed in this study. However, our data and additional statistical
analyses show significant differences between the three treatments and indicate an uptake
of PA particles by Chaoborus sp. via predation, especially in the highest concentration.

It is likely that microplastics that enter a natural environment do not remain stationary
but instead are transported between environmental compartments [47]. In mesocosm:s,
there is an opportunity to get a better picture of the actual fate of microplastics within a
community and to study its effects on ecosystems and populations [43]. The PA particles
used in this study have a density of 1.13 g cm ~! and therefore sink onto the sediment
after application [48]. In the environment, this eventually happens with the vast majority
of microplastics, since environmental processes such as biofouling or aggregation lead
to the deposition of the particles into the sediment [49,50], especially in areas with low
flow velocities [51,52]. However, the detection of PA particles in larvae of Chaoborus sp.
indicate that even such high-density particles are available to planktonic filter feeders and
consequently to pelagic predators. As hypothesized, the uptake of PA particles increased
in treatments with higher plastic concentrations.

A comparison to plastic loads in the field is difficult, due to variation in sampling
and reported units [53,54]. Although the highest microplastic concentrations used in this
study (150 mg L~!) were most likely one or two magnitudes higher than in natural envi-
ronments [55], the burden of particles was lower than in many laboratory experiments [56].
Using an outdoor model ecosystem allows realistic exposure scenarios and investigation
of multiple generations and all life phases, including food consumption, development,
and reproduction. Other than in well-mixed beakers in the laboratory, organisms are able
to avoid the steadily sinking microplastics but are also exposed to the transmission of
particles through the food chain. The planktivorous Chaoborus larvae likely took up filter
feeding and grazing organisms (daphnids and ostracods), which are unselective feeders.
They filter the suspended particles and graze biofilms, which are in direct contact with
sunken particles [57]. Under the microscope, the carapaces of these organisms were clearly
visible in the crops of Chaoborus larvae, and a large proportion of the particles appeared to
have remained within the prey at the time of sampling (Figure 3b). Our findings offer an
important verification of various laboratory studies that observed uptake of microplastics
by zooplankton [33,34] and could in conclusion confirm a transferability of its effects into
natural scenarios.

Chaoborus sp. actively hunt zooplankton and ingest their prey whole. The initial
digestion then takes place in the crop, which is large and muscular (Figure 3a). The entry
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into the esophagus, however, is blocked by lamellae and only allows entry for liquid
components [58]. Solid components, such as the carapaces of the prey, are regurgitated.
Here, we could demonstrate that although Chaoborus sp. is able to take up significant
amounts of PA particles, these pollutants likely only remain within their bodies for a
short time, as almost all particles were found in the crop, rather than the intestines. This
might also restrict the toxic potential of the particles for this particular organism and their
transfer to even higher trophic levels. Unpublished data on population dynamics in the
mesocosms shows no effect of PA exposure on the two Chaoborus species [59]. Thus, these
predators do not act as sinks for microplastics, and excreted particles remain in the aquatic
ecosystem where they continue to have potentially harmful effects on other organisms.
Daphnids have been found to be vulnerable to the effects of microplastic pollution [60] and
a constant reintroduction of the pollutant could enhance negative effects. An analogous
phenomenon was observed concerning parasitic spores that infected daphnids. When
infected individuals were eaten by Chaoborus flavicans, the pathogen was not removed from
the ecosystem through ingestion but reintroduced through regurgitation, thus reinfecting
new daphnids [61]. However, when microplastic is continuously ingested, Chaoborus sp.
might still serve as a vector for microplastics into higher trophic levels, since they serve as
prey to e.g., fish and dragonflies themselves [31,62].

In addition to the trophic transfer of microplastics through the food chain, ontogenetic
transfer of particles was also examined. After examination of 100 imagines of Chaoborus sp.,
we detected PA particles in two specimens that were exposed to 150 mg L~ as larvae and
sampled right after emergence. Such ontogenetic transfer was observed in other dipteran
species, which has raised concern about affecting terrestrial food chains [19,20]. In both
studies, only a fraction of the number of particles detected in the larvae could be found
in the adult individuals, as was the case in the present study. Interestingly, the pupae
of Culex pipiens still contained more polystyrene than adult mosquitos, indicating a loss
of microplastic particles during or after emergence [19]. While a transfer of microplas-
tic pollution from the water into terrestrial ecosystems is evidently possible, it may be
more relevant for certain taxa of emerging insects than others. The mechanisms behind
the ontogenetic transfer of microplastics are not yet sufficiently understood and further
research is necessary to assess the potential impacts of microplastic pollution vectored by
aquatic insects. However, the present data indicate towards a reintroduction of ingested
microplastic particles into the water before and /or during emergence.

Our findings underline the complexity of the interactions between microplastic pol-
lution and aquatic biota. Additional studies on the fate and effects of microplastics on
freshwater ecosystems in mesocosms are needed to better assess the complex effects of
these substances. Especially long-term effects of microplastics on population level are
scarce and realistic exposure scenarios are needed to verify and support the findings from
the laboratory.
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