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A B S T R A C T   

For two months, communities in 5.8 m3 outdoor marine mesocosms were exposed to 700 μm sphere-shaped 
polystyrene (PS) beads in dosages between 0.08 and 80 g/m2. Barnacle (Semibalanus balanoides) densities 
were reduced at dosages of 0.8 g/m2 onwards without following a standard dose response curve. Lugworms and 
fish (Solea solea) ingested PS-beads without accumulating them. Lugworms (Arenicola marina) ingested the beads 
nonselective with the sediment without negative effects. The fish seemed to ingest the plastics only occasionally 
and at the final sampling day even in the highest dosed mesocosms (>30 beads/cm2) only 20% contained plastic. 
The condition index of the fish was slightly reduced in mesocosms with dosages of 0.8 g/m2 onwards. No dif
ference in condition was found between fish with and without ingested plastic across mesocosms, illustrating the 
difficulty to relate plastic ingestion with condition from field data. The fish also ingested mollusks with shells 
exceeding the size of the PS-beads. Bivalves rejected the PS-beads as pseudofeces, without obvious impact on 
their condition. Mussel’s (Mytilus edulis) pseudofeces present an effective matrix to monitor microplastic presence 
in the water column. Species richness and diversity of the pelagic and benthic community were not affected 
although, a trend was found that the lower microplastic dosages had a positive effect on the total abundance of 
benthic invertebrates. In general, the observed effects at even the highest exposure concentrations were that 
subtle that they will be obscured by natural variation in the field. This underlines the importance of experiments 
under semi-field conditions for meaningful assessment of the ecological impact of microplastics. This study was 
performed with the real life, non-toxic, sphere-shaped polystyrene beads as were lost during an actual spill near 
the Dutch Wadden sea in January 2019. We recommend future mesocosm studies with other types of micro
plastics, including microfibers, weathered microplastics from sea, and smaller sized particles down to 
nanoplastics.   

1. Introduction 

Microplastics (<5 mm) are nowadays widely spread in aquatic and 
terrestrial ecosystems over the globe, which raised the concern that 
exposure to microplastic poses a potential risk to the health of wildlife, 
humans, and the environment. Consequently, research on the accumu
lation and effects of microplastics has boomed during the last decade 
(Petersen and Hubbart, 2021). Despite this effort, significant uncertainty 
and discrepancies about microplastics’ biological effects still exist. For 
example, in a systematic literature review, Bucci and co-authors found 
that the number of laboratory exposure studies with microplastics 
published in peer-reviewed journals that reported effects (n = 199) is 

almost equal to the number of studies not showing effects (n = 222) 
(Bucci et al., 2020). This discrepancy was particularly evident for effects 
on sub-organism level (macromolecular interactions and cells), on or
ganism level researching the lethal concentration and growth impact, 
and ecological relevant effects on population size. In addition, most of 
the effects detected in laboratory studies are caused by very high 
exposure concentrations that are not capturing levels found in the 
environment (Bucci et al., 2020; Burns and Boxall, 2018; de Sa et al., 
2018). Therefore, additional experimental work considering environ
mentally realistic exposure scenarios concerning exposure concentra
tions, types of microplastics and environmental conditions is warranted 
(Bucci et al., 2020; Burns and Boxall, 2018; de Sa et al., 2018; Green, 
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2016; Sendra et al., 2021). 
The majority of the laboratory exposure studies with microplastic to 

date consist of single species experiments with a relatively short expo
sure time (de Ruijter et al., 2020). With some exceptions, these experi
ments use virgin microplastics that have not been given time to grow a 
biofilm, potentially affecting ingestion. During exposure, the test or
ganisms are fed with artificial food (e.g., fish flakes) or cultivated 
plankton, often offered as a batch. We understand that such studies did 
not intend to assess natural ingestion rates of microplastics but were 
focused on the impact of microplastics after ingestion. However as stated 
by Burns et al. (Burns and Boxall, 2018): ‘just because an effect is seen in 
the laboratory does not mean that the effect will occur in the real 
environment.’ Other authors worry that the lack of clear evidence for 
ecological effects in nature is due to relatively poor-quality effects 
studies (de Ruijter et al., 2020). Hence there is an urgent need for more 
complex chronic exposure studies that better simulate the real-world 
exposure scenarios in which the test organisms can show their natural 
behavior and complex community interactions can be integrated. To 
address this knowledge gap, the current study applied experimental 
ecosystems (or mesocosms) to test the ecological impact of microplastics 
under semi-field conditions for the test community while allowing 
controlled exposure conditions and replication of treatments and con
trols which are impossible in a real field situation. Since more than two 
decades freshwater mesocosms that hold a multi-trophic ecosystem are 
an established tool in the risk assessment of agricultural chemicals, 
where they are used to bridge the gap between the results obtained in 
standardized toxicity tests and the more complex field situation 
(Campbell et al., 1999; De Jong et al., 2008). In parallel, also marine 
mesocosms have been developed that are nowadays being applied for a 
wide range of research, considering among other topics: oil spills (Lott 
et al., 2020; Quade et al., 2022), heavy metals (foekema_et_al_2021; 
Foekema et al., 2021a; Sharma et al., 2021), climate change (Hall and 
Lewandowska, 2022; Moreno et al., 2022; Zhou et al., 2022) and 
nanoparticles (Dauda et al., 2020), or to study the degradation of plas
tics in the marine environment (Quade et al., 2022). Several papers have 
also been published on the ecological impact of microplastics in meso
cosms, both in freshwater (Michler-Kozma et al., 2022; Redondo-
Hasselerharm et al., 2018; Yilcin et al., 2022) and in the marine 
environment (e.g. (Green, 2016; Green et al., 2016; Setala et al., 2016). 
In none of these studies fish were included. This is often the case in 
mesocosm studies as fish’s feeding hampers the determination of the 
impact of the treatment on the invertebrate community (Giddings et al., 
2002). To avoid this drawback but still collect data on fish, we added 
fish in a parallel series of mesocosms that were given the same treat
ments as the mesocosms we used for determining the impact on the 
invertebrate community. As far as we are aware this paper describes for 
the first time, among other topics, the impact of microplastics on fish 
under semi-field (feeding)conditions. 

The goal of the research presented in this paper was to determine 
how a marine invertebrate community and fish cope under (close to) 
natural conditions with a dosage series of polystyrene (PS) sphere- 
shaped beads administered as a single pulse. The outcome was used to 
assess the potential environmental impact of the 11,250 kg of poly
styrene microbeads with a diameter of approximately 700 μm that were 
lost by the container carrier MSC Zoe during a storm in January 2019. 
The incident occurred along a transect (53◦26.2′N:4◦44.6′E to 
53◦47.2′N:6◦28.0′E; www.kustwacht.nl/nl/msczoe) just north of the 
Dutch part of the Wadden Sea, a nature conservation area that covers the 
northern coast of the Netherlands until the South Western coasts of 
Denmark. 

2. Materials and methods 

2.1. General mesocosm set-up 

The mesocosms used for this study were set up in identical polyester 

tanks with a diameter of about 2 m, a depth of about 2 m, and a total 
volume of 5.9 m3, positioned outdoors at the test facility of Wageningen 
Marine Research in Den Helder, the Netherlands (52◦57′02′′N: 
4◦46′33′′E). Each mesocosm was provided with a 15 cm thick layer of 
fine sea sand (approximately 754 kg or 471 L) and filled to a water depth 
of approximately 180 cm (approximately 5338 L) with freshly collected 
Wadden Sea water (52◦58′24′′N; 04◦47′57′′E) with a natural plankton 
community. An air stone was positioned in the center of each mesocosm 
at 40 cm above the sediment floor to ensure continuous mixing of the 
water column and facilitate gas exchange. Each mesocosm was inocu
lated with meiofauna by adding 2 homogenated liter surface silt from a 
tidal flat in the Wadden Sea (52◦56′06′′N; 04◦59′56′′E), that had been 
sieved through a 5 mm sieve to remove larger organisms. In addition, 
each mesocosm received 20 cockles (Cerastoderma edule; 14.5 ± 1.49 
mm, 0.27 ± 0.09 g flesh weight -without shell-), 20 lugworms (Arenicola 
marina; 3.5 ± 0.8 g), 50 periwinkles (Littorina littorea; 15.3 ± 0.89 mm, 
1.49 ± 0.26 g total weight -with shell-), and 20 mussels (Mytilus edulis; 
29.8 ± 2.5 mm, 0.73 ± 0.18 g flesh weight). The mussels were packed in 
an open basket that was suspended at half water depth; all other species 
were added without enclosures. All organisms mentioned above were 
collected from tidal flats in the Southwestern part of the Wadden Sea 
near the area where also the surface silt was collected (52◦56′06′′N; 
04◦59′56′′E). Based on water currents it could be excluded that this area 
was affected by the incident with the container carrier. Thirty meso
cosms were installed as described above. 

During the acclimatization period of five weeks, all 30 mesocosms 
were connected by tubing, and water was circulated. This acclimatiza
tion period is essential to ensure a parallel development of the ecosys
tems after the mesocosms are disconnected. Duration and conditions of 
this acclimatization period depend on the mesocosm set-up and season. 
From years of experience (e.g., Foekema et al., 2015; Foekema et al., 
2021a,b; Klok et al., 2014; Wei et al., 2019) we learned that 4–5 weeks is 
sufficient for these types of mesocosms. At the end of the acclimatization 
period, the water circulation was stopped, making each mesocosm an 
independent system and the microplastics were administered as 
described in detail below (section 2.2). Three weeks later, 15 of the 
mesocosms received each 20 juvenile soles (Solea solea, 14.8 ± 2.2 mm, 
0.039 ± 0.019 g) achieved from a commercial hatchery; these meso
cosms will now be referred to as ‘fish mesocosms’. It was not possible to 
introduce the fish at an earlier moment in a size/developmental stage 
that we know is convenient for a mesocosm study (Foekema et al., un
published data). It was decided to prepare these specific ‘fish meso
cosms’ since the feeding behavior of fish substantially affects the 
invertebrate community. Therefore, it is recommended not to include 
free living fish in a mesocosm when the invertebrate community is being 
studied (Giddings et al., 2002). The ‘fish mesocosms’ have only been 
used to investigate the effects on fish. All other data presented in this 
paper were collected from the mesocosms without fish. 

The final sampling of the invertebrate mesocosms took place eight 
weeks after the administration of the microplastics, the fish mesocosms 
were terminated the week thereafter. The exposure duration of the fish 
was thus 6 weeks, while the invertebrate communities in all mesocosms 
were exposed to the microplastics for 8 weeks. From our experience we 
know that the variation between replicate mesocosms is relatively low 
during the first 8 weeks after a sufficient acclimatization period, and 
then gradually increases with time. Longer test durations therefore 
reduce the statistical power of the study. 

During the final sampling event, sediment core samples and surviv
ing biota were collected and processed as described below. The species 
selected for this study are representatives of the invertebrates in the 
Dutch Wadden Sea, and the flatfish that use the area as nursery ground 
(Reise et al., 2010; Rijnsdorp et al., 1992). They further represent 
different species traits that might affect their ability to cope with the 
microplastics. For example, the lugworm is a non-selective sediment 
feeding worm; mussels and cockles are both suspension feeders, but 
cockles live in soft sediment while mussels colonize hard substrate that 

E.M. Foekema et al.                                                                                                                                                                                                                            

http://www.kustwacht.nl/nl/msczoe


Environmental Pollution 315 (2022) 120429

3

can be present at other positions in the water column. Sole feeds actively 
on benthic invertebrates (for other general features of these species see 
for instance www.marinebio.org). 

2.2. Microplastics and dosages 

The study was performed with industrial polystyrene (PS) sphere- 
shaped beads with a diameter of 701 ± 112 μm (10%–90% percentile: 
539–836 μm) obtained from CARAT GmbH in Germany (product code 
V2020-0065). Chemical analyses revealed that the beads did not contain 
flame retardants, plasticizers, or potentially toxic organic chemical ad
ditives or contaminants. A description of the analytical procedures and 
results can be found in Supporting info, Fig. S1. These beads were similar 
in composition, shape, and appearance to the beads that were lost by the 
container carrier MSC Zoe in January 2019. This type of PS-beads forms 
the base material to produce extruded polystyrene foam. Heating the 
beads to about 100 ◦C transforms them into a 3–4 mm white ball of 
polystyrene foam with very high buoyancy. This feature was handy 
when recovering the beads from sediment samples in this study, as 
described in the materials and methods section. 

The basis for the dosage series was a theoretic scenario that all 
11,250 kg of PS-beads that were lost at sea by the container carrier, 
became distributed homogeneously in 10% of the surface area of the 
Dutch Wadden Sea. In this situation, 0.08 g, or 326 PS-beads would be 
present per m2. In the three following treatments, the dosages per 
mesocosm were each time increased by a factor of 10 resulting in a 
dosage series of 0; 0.08; 0.8; 8.0, and 80 g PS-beads per m2. Each 
treatment was triplicated (n = 3). The highest dosage corresponded with 
more than 300,000 beads per m2. If all PS-beads in this treatment level 
would either remain suspended in the water column or settle on/in the 
sediment, the maximum concentrations in these compartments would be 
196 beads or 47 mg/L, 1358 beads or 333 mg/kg, respectively (Table 1). 
These are hypothetical numbers that can only be reached in one 
compartment when no beads remain in the other compartment. 

From their review, Burns & Boxall (2018) conclude that the 
maximum concentrations of reported microplastics in marine field 
samples were 17 particles per liter of water (South Korean coast; Song 
et al., 2015), and 42,560 particles per m3 of sediment (Northern coast of 
Taiwan; Kunz et al., 2016). The latter would refer to 27 particles per kg 
for the sediment (specific weight 1.6 kg/L) used in the mesocosms. These 
maximum field concentrations were thus exceeded in our mesocosm 
study’s second-highest treatment (8 g/m2). 

2.3. Sampling, sample processing, and data treatment 

Every week, temperature, salinity, pH, dissolved oxygen concentra
tion, and turbidity of the water in the mesocosms were determined at 
half water depth using hand-hold electrodes (Mettler Toledo for pH, 
Hach-Lange HQ40D for oxygen, Hach-Lange HQ30D for salinity and 
temperature). Water samples representative for the whole water column 

were taken employing a water core sampler at four positions (2.5L per 
position) in the mesocosm for the determination of zooplankton den
sities (microscope analyses), the chlorophyll-a concentration (BBE 
Moldaenke algae analyzer), and concentrations of dissolved inorganic 
nutrients (HACH DR900 colorimeter, with methods 8155-ammonium, 
8039-nitrate, and 8048-phosphate). 

Every week the baskets holding the mussels were shaken underwater 
to wash out the accumulated feces and pseudo feces. This material was 
collected on Day 7 and Day 28 by washing the basket in a bucket. It was 
then concentrated in a 50 μm-plankton net in a pre-weighted glass 
beaker and dried for 24h at 60 ◦C. After dry weight was determined, 
demineralized water was added, and the beaker was placed in a 
household microwave oven until the water had boiled for at least 2 min. 
By then the PS-beads had transformed into white floating beads with a 
diameter around 2–3 mm, that could easily be collected and counted. 

At the termination of the study, the entire mesocosm was sampled. 
First, the mesocosm water was pumped out over a 1 mm sieve, and all 
organisms remaining on the sieve were collected. Subsequently, 4 
sediment cores (40 mm diameter 15 cm depth) were collected and 
divided into three depth fractions: 0–1 cm, 1–5 cm, and 5–15 cm. These 
fractions were pooled per mesocosm and stored refrigerated at approx
imately 4 ◦C for determination of the number of PS-beads later. The 
sediment samples were then transferred to a glass beaker, and demin
eralized water was added. The beaker was placed in a household mi
crowave oven until the water had boiled for at least 2 min and the PS- 
beads had transformed into white floating beads with a diameter 
around 2–3 mm, that could easily be counted. The results were 
expressed as the number of beads per gram of wet sediment. 

Finally, all sediment was removed from the mesocosm and washed 
over a 1 mm sieve, collecting all organisms remaining on the sieve. Fish 
were immediately transferred to seawater with an overdose of the 
aquatic anesthetic AQUI-S (active ingredient Isoeugenol), where they 
were quickly stunned and then died before they were stored at − 18 ◦C. 
The introduced mussels, cockles, and periwinkles were collected from 
the sieve and stored at − 18 ◦C directly after sampling. The lugworms 
were transferred to aquaria with clean seawater without sediment to 
allow them to empty their intestine overnight. The remaining benthic 
material on the sieve, consisting of debris and smaller invertebrates, 
including juveniles of the introduced bivalves and worms, was collected 
and stored in 4% buffered formaldehyde. 

The next day the tissue-dried body wet weight of the individual 
lugworms was determined, and the worms were stored at − 18 ◦C until 
further processing. Next, the defecated sediment was collected from the 
aquaria and examined for PS-beads following the procedure described 
above for the sediment core samples. 

After thawing, the in- and outside of the shell of the mussels, cockles, 
and periwinkles was rinsed with clean seawater to remove any PS-beads 
from the outside of the body. Then shell length was measured with a 
digital caliper, and the whole organism’s wet weight was determined. 
Subsequently, the flesh was removed, and the weight of the empty shell 
was determined. The difference between whole organism weight and 
shell weight was used to calculate the flesh weight. Finally, the soft 
tissue of the bivalves and the worms was placed under a small layer of 
clean seawater and searched under a stereomicroscope (magnification to 
8x) for PS-beads that had entered the intestine or any other tissue. 

After being thawed, each fish was tissue dried and weighted, and the 
total body length was determined on a mm scale. Individual length (L) 
and weight (W) measurements were used to determine the condition 
index (K) according to the Fulton formula: K = 100 x W/Lb (See for 
details Text S1 in Supporting info). The fish was then placed in a small 
layer of clean seawater and examined for abnormalities in growth or 
development, or indications of poor health status under a stereomicro
scope. Subsequently, the whole intestine was removed from the body 
and checked for the presence of PS-beads. 

For the characterization of the benthic community first the larger 
specimens with relative low abundance were collected from the whole 

Table 1 
Dosage of PS-beads added to the mesocosms per m2 and theoretical maximum 
concentrations in water and sediment when all PS-beads would concentrate 
solely in that single compartment. Each mesocosm has a 3.14 m2 surface area 
and contains about 5338 L water and 754 kg (471 L) sediment. The average 
weight of an individual PS-bead was 0.24 mg. The first column shows the codes 
used to identify treatments in this paper.  

Code Dosage Water column (max) Sediment (max) 

g/m2 n/m2 mg/L n/L mg/kg n/kg 

0 g/m2 0.0 0 0 0.0 0 0 
0.1 g/m2 0.08 326 0.05 0.2 0.3 1.4 
0.8 g/m2 0.8 3259 0.47 1.9 3.3 14 
8 g/m2 8.0 32,590 4.7 19 33 136 
80 g/m2 80.0 325,900 47 196 333 1358  
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sample of benthic material. After this representative sub-samples were 
searched for organisms under a stereomicroscope until sufficient sub
samples were searched to collect more than 200 individual organisms. 
Collected individuals were identified to species level where possible and 
counted. Numbers were then corrected for the relative volume of the 
sub-samples that were investigated and divided by the surface of the 
mesocosms (3.14 m2) to be expressed as numbers per m2. 

2.4. Statistical analyses 

All statistical analyses were performed with build-in options of the 
GraphPad PRISM v9.4.0 software package. Each of the three mesocosms 
per treatment formed an independent replicate. First, it was tested if the 
data sets conformed to a gaussian distribution using the Shapiro-Wilk 
test. Time series collected by weekly measurements (e.g., plankton 
densities) were tested for statistical significance of the treatments by 
means of a two-way ANOVA. To test for significant treatment effects in 
data sets that were collected during the final sampling event a one-way 
ANOVA was applied. When a significant (p < 0.05) treatment effect was 
detected Dunnett’s multiple comparisons test was applied as post-test to 
test the differences between controls (0 g/m2) and individual 
treatments. 

An exception to these general rules was made during the analyses of 
the benthic community (see section 3.3.5); to investigate the validity of 
a trend in abundance that was not detected by the one-way ANOVA, the 
significance of the difference between controls and individual treat
ments were tested with a two-tailed T-test. 

The data sets that distinguished individual fish with and without 
ingested plastics regardless the mesocosm, did not pass the Shapiro-Wilk 
normality test. Differences between these groups in body weight, length 
and condition were therefore tested with the non-parametric two-tailed 
Mann-Whitney test. 

Finally, Pearson r correlation tests and the linear regression option 
(intercept forced through zero) were applied to test the relations 1) 
between the number of PS-beads added per mesocosm and the numbers 
recovered in sediment samples, and 2) between the concentration of PS- 
beads in the sediment and in the lugworm’s feces. 

2.5. Ethical statement 

The use and care of the fish in this experiment complied with 
Directive 2010/63/EU and was approved by the Dutch “Central Com
mittee Animal experiments”. 

3. Results and discussion 

3.1. Water characteristics 

When the PS-beads were added to the mesocosms (May 13th, 2020), 
the water temperature was around 13 ◦C. The maximum of 22 ◦C was 
measured 42 days later and the temperature than declined to around 
20 ◦C at the end of the study (July 7th). The average water temperature 
during the study was 18.6 ± 2.5 ◦C. The average value for salinity was 
28.8 ± 1.2, for pH 8.45 ± 0.16, for dissolved oxygen 98.9 ± 2.3% 
saturation, and for chlorophyll-a 7.4 ± 4.1 μg/L. These values can be 
considered normal for the Dutch Wadden Sea in the season the experi
ment was performed (https://waterinfo.rws.nl). Average concentrations 
of inorganic nitrogen were 1.09 ± 0.14 mg N/L for all mesocosms during 
the study. Over 95% of the inorganic nitrogen was present as nitrate. 
Orthophosphate was detected in average concentrations of 0.12 ± 0.10 
mg P/L. None of these values were affected by the treatments. 

3.2. Exposure conditions 

Throughout the study, PS-beads were observed suspended in the 
water column. With time more of these beads became visually covered 

with biofilm (Fig. S2 in Supporting info). Concentrations of PS-beads in 
the water column were not monitored since it would have required large 
sample volumes to collect reliable data. 

The number of PS-beads in the sediment cores at the end of the study 
indicated that about 85% of the added beads were present on or in the 
sediment (Correlation Pearson r tests p=<0.0001; Linear regression 
p=<0.0001, Slope = 0.85 ± 0.02, R2 = 0.9904; Fig. S3 in Supporting 
info), suggesting that about 15% remained in suspension in the water 
column. In sediment cores collected from the highest dosed mesocosms 
28 ± 2.4 PS-beads per cm2 were present. Due to bioturbation, roughly 
about 30% of the PS-beads in the sediment ended up deeper than 1 cm 
and about 10% deeper than 5 cm at the end of the study (Fig. S4 in 
Supporting info). 

3.3. Biological and ecological endpoints 

3.3.1. Plankton community 
Chlorophyll-a concentrations in the water column of the mesocosms 

ranged between 1.2 and 20.7 μg/L in all mesocosms during the study 
(Fig. S5 in Supporting info). The fluorescence analyses assigned 60% of 
the overall chlorophyll concentration to green algae and 35% to di
atoms. Differences between treatments and controls were never statis
tically significant (two-way ANOVA total chlorophyll: F(4, 10) = 2.134; 
p = 0.1509). The zooplankton community (Fig. S6 in Supporting info) 
was initially dominated by copepods and their larvae, with numbers 
steadily increasing during the study to more than 50 individuals per liter 
in most mesocosms. After day 28, pelagic polychaete larvae emerged, 
resulting in more than 100 individuals per liter in some mesocosms by 
the end of the study. For none of these zooplankton groups, nor for total 
zooplankton abundance, statistically significant differences between 
treatments were found (two-way ANOVA, Copepods F(4, 10) = 1.480; p 
= 0.2795; Polychaete larvae F(4, 10) = 0.7901; p = 0.5575; Total 
abundance F(4, 10) = 0.7043; p = 0.6068). 

3.3.2. Barnacles 
No adult barnacles were introduced into the mesocosms, but larvae 

present in the natural seawater settled on the (approximately 10 m2) 
mesocosm walls, resulting in 10–17 living barnacles (Semibalanus bal
anoides) per m2 in the controls and similar numbers in the 0.08 g/m2 

mesocosms (Fig. 1). The effect of treatment was significant (ANOVA F(4, 
10) = 5.627; p = 0.0123), and the number of barnacles per m2 was 
significantly lower in the 0.8 and 80 g/m2 treatments than in the con
trols (Dunnett’s multiple comparisons test DF = 10; p = 0.0075, and p =
0.0200 respectively). The densities in the intermediate treatment, 8 g/ 
m2, did not significantly differ from the controls (Dunnett’s multiple 
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Fig. 1. Average density of living barnacles (Semibalanus balanoides) on the 
mesocosms walls at the end of the study. ‘*’ indicate significant (p < 0.05) 
differences from the controls (0 g/m2). 
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comparisons test DF = 10; p = 0.1541). Effects of microplastics on 
barnacles have been reported before, but these were only observed for 
barnacle larvae exposed to particles with a diameter less than 19 μm (Yu 
and Chan, 2020b) (Yu and Chan, 2020a), substantially smaller than the 
0.7 mm beads used in our study. Other researchers reported a negative 
impact of (not characterized) polystyrene leachates on settlement of 
barnacle larvae at an exposure concentration equivalent to 0.004 m2 

fresh polystyrene surface per liter of water (Li et al., 2016). In our 
highest dosed mesocosms, assuming an average surface per PS-bead of 
2.02 mm2, the total polyethylene surface was 100 times lower, around 
0.0004 m2/L, and 10,000 x lower in the 0.8 g/m2 treatment where the 
effects on barnacles were first observed. This, in combination with the 
fact that the impact between the 0.8 and 80 g/m2 treatments seems not 
dose related, makes it unlikely that in our experiment the barnacle 
densities were reduced by toxicity of leachates. It remains therefore 
unclear what caused the reduced barnacle densities. 

3.3.3. Lugworms 
Survival rate (81 ± 11%) and body weight increase (10 ± 7.7%) of 

the introduced adult lugworms showed no relation with the treatments 
at the end of the study (ANOVA, Survival F(4, 10) = 1.727; p = 0.2201; 
Body weight F(4, 10) = 1.102; p = 0.4072; Fig. S7 in Supporting info). In 
the sediment that the lugworms egested during the night after being 
sampled, PS-beads were found in treatment-related numbers with a 
maximum of 35 beads per worm at the highest dosage level (Fig. S8 in 
Supporting info). When dissecting the lugworms, no remaining beads 
were found, indicating that the PS-beads did not accumulate internally, 
which is in line with earlier observations (Besseling et al., 2013). The 
numbers of PS-beads in the egested sediment were in the same order of 
magnitude as the numbers in the sediment core samples from the same 
mesocosms (Linear regression p = 0.0022; slope = 2.1 with 95% CI: 0.9 
to 3.3; Fig. 2). This confirms that the lugworm is a non-selective sedi
ment feeder. The two times higher number of beads in the lugworm feces 
(egested sediment) relative to the ingested (mesocosm) sediment is 
probably related to the digested organic matter during gut passage, 
although differences in water content between the sediment samples 
cannot be excluded. 

Since lugworms were the only inhabitants of the mesocosm that 
could dig more profound than a few centimeters, it is obvious that it was 
their activity that transferred about 10% of the PS-beads to sediment 
layers below 5 cm (Fig. S4 in Supporting info). In addition, the lugworms 

also had a substantial contribution in bringing about 25% of the beads 
between 1 and 5 cm depth in the sediment, together with other mac
roinvertebrates, e.g., the cockles. Our data confirm observations by 
other researchers about the role of lugworms (Gebhardt and Forster, 
2018) and other benthic macroinvertebrates (Nakki et al., 2017) in 
working microplastics to deeper sediment layers. 

In contrast to other researchers that reported reduced feeding ac
tivity (Besseling et al., 2013; Green et al., 2016), and loss of body weight 
(Besseling et al., 2013) in lugworms due to microplastics, we did not find 
indications for reduced fitness in our mesocosms. The most likely 
explanation is that the effects in the other studies were only significant 
at the highest exposure levels that ranged from 2% (Green et al., 2016) 
to 7.4% (Besseling et al., 2013), thus at least 50 times higher than our 
maximum treatment that corresponds to maximum 0.03% (Table 1). 
Achieving similar concentrations of PS-beads in our mesocosms would 
have required dosages between 4 and 14.8 kg of PS-beads per m2. It is 
evident that at such concentrations the sediment structure is affected, 
and the available food (organic matter) is substantially diluted with 
plastics. Hence, it is not surprisingly that such a high dosage will affect 
the benthic community. 

3.3.4. Bivalves 
The bivalve species deliberately introduced at the start of the study 

performed well in all mesocosms. At the end of the study, the average 
survival rate of the introduced cockles per mesocosm was 93 ± 7.0% and 
not related to treatment (ANOVA, F(4, 10) = 1.879; p = 0.2779; Fig. S9 
in Supporting info). Shell length increased from 14.4 mm at the intro
duction to 22.5 ± 0.5 mm, and flesh weight from 0.27 g to 1.06 ± 0.08 
g. Both shell length and flesh weight at the end of the study were not 
significantly related to the treatments (ANOVA, F(4, 10) = 1.958; p =
0.1772, and F(4, 10) = 0.4919; p = 0.7422 respectively). Survival of the 
other bivalve, the mussel, was 95 ± 5.2%, and did not relate to treat
ments (ANOVA, F(4, 10) = 0.4474; p = 0.7723; Fig. S10 in Supporting 
info). Like the cockles, the mussels showed substantial growth in all 
mesocosms. Shell length increased from 29.7 mm to 36.56 ± 0.63 mm 
and showed no relation with treatment (ANOVA F(4, 10) = 0.7497; p =
0.7504; Fig. S10 in Supporting info). Mussel flesh weight increased on 
average from 0.73 g to 1.67 ± 0.12 g in all mesocosms. Differences 
between treatments were not significant (ANOVA F(4, 10) = 2.699; p =
0.0925; Fig. S10 in Supporting info). 

No PS-beads (or other microplastics) were found inside the bivalve’s 
bodies. This is not remarkable since the size of the PS-beads exceeded 
about 20 times the maximum size of the seston particles that form the 
primary food source of these bivalves (Strohmeier et al., 2012Stroh
meier et al., 2012). These large particles are thus not ingested but 
rejected in pseudo feces. Feces and pseudo feces together -from here 
referred to as (pseudo)feces-accumulated in the baskets that held the 
mussels. Given the open structure of the baskets it is unlikely that all 
produced (pseudo)feces was retained, but nonetheless the accumulated 
amounts and the number of PS-beads therein showed a clear relation 
with the treatments. The total amount of (pseudo)feces recovered from 
the mussel baskets was higher on day 7 than on day 28 and was on both 
days affected by the treatments (ANOVA, F(4, 10) = 5.709; p = 0.0117, 
and F(4, 10) = 3.662; p = 0.0436 respectively; Fig. S11 in Supporting 
info). Most material was present in the baskets from the 80 g/m2 mes
ocosms on both days, and on day 7 the amount of (pseudo)feces in the 
80 g/m2 mesocosms was significantly higher than in the controls 
(Dunnett’s multiple comparison test, p = 0.0120). The number of PS- 
beads that were present in the (pseudo)feces showed a clear relation 
with the treatment on both days (ANOVA Day 7: F(4, 10) = 50.69; p <
0.0001, and Day 28: F(4, 10) = 23.43; p < 0.0001; Fig. 3). The number 
of beads per gram (pseudo)feces was similar on day 7 and day 28, with 
around 1 bead per gram at the lowest tested dosage and over 1000 beads 
per gram at the highest treatment level. It was not possible in this study 
to separate feces from pseudofeces, but since the PS-beads were too large 
to be ingested by the bivalves, feces will not have contributed to the 
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number of beads. This result suggests bivalve’s pseudofeces as a po
tential tool to effectively monitor the presence of microplastics in the 
water column. 

3.3.5. Benthic community 
The invertebrate community present in the sediment at the end of the 

study consisted of 18–23 species per mesocosm, and this number was not 
related to treatments (ANOVA, F(4, 10) = 0.5000; p = 0.3416; Fig. S13 
supplementary data). The most abundant taxa were Capitellidae, Spio
nida (e.g., Pygospio elegans), Corophium volutator, Peringia ulvae, and ju
veniles of Ensis sp. and Mytilus edulis (Table S1 in Supporting info). 
Biodiversity was comparable between mesocosms without an effect of 
the treatments (ANOVA, Diversity F(4, 10) = 0.2398; P = 0.9094; 
Evenness F(4, 10) = 0.1398; p = 0.9635; Fig. S13 supplementary data). 
ANOVA also did not indicate an effect of treatment on total abundance 
(F(4,10) = 2.149; p = 0.1389), although an upward trend can be seen 
between the controls and the 0.8 g/m2 treatment (Fig. 4). This trend is 
driven by the Annelida, especially Captellida and Spionida (Fig. S14 
supplementary data), and the mollusks with main contributors Peringia 

ulvae and juvenile cockles (Cerastoderma edule, Fig. S15 supplementary 
data). When tested with the two-tailed T-test, total benthic invertebrate 
density is significantly (t = 6.193; df = 4; p = 0.0035) higher in the 0.8 
g/m2 mesocosms than in the controls, which is also the case for specif
ically annelids (t = 3.347; df = 4; p = 0.0286), and mollusks (t = 3.016; 
df = 4; p = 0.0393). Even though ANOVA and related multicomparison 
post-tests did not indicate impact of treatment on the benthic commu
nity, the results of the T-tests suggest that the benthic community 
experienced some advantages of the treatments up to 0.8 g/m2. Possibly 
the pelagic larvae of the benthic species experienced less predation from 
the reduced numbers of barnacles in the 0.8 g/m2 and higher treatments. 
However, total zooplankton abundance does not indicate reduced pre
dation pressure at treatment levels above 0.8 g/m2 (Fig. S6 supple
mentary data). Another or additional explanation could be that the 
presence of suspended PS-beads facilitated biological production in the 
water column, as biofilm on the beads. After reaching a certain biomass 
this biofilm may have promoted settlement of the particle, or detached 
from the bead and sunk to the sediment floor itself. That microplastics 
have the potential to increase the production or organic matter in the 
water column and as such can modify the dynamics of organic matter in 
marine systems has been shown in dedicated experiments (Boldrini 
et al., 2021; Galgani et al., 2019). In our mesocosms, development and 
fate of organic matter were not monitored in detail, but the response of 
the benthic community could be an indication that PS-bead dosages up 
to 0.8 g/m2 resulted in an increasing flux of organic matter to the 
sediment floor. At the higher PS-bead concentrations the stimulation of 
the benthic community seems to disappear which could indicate that 
nutrient availability restricted the development of enough biomass on 
all these PS-beads. Dedicated additional research is required to test this 
hypothesis. Overall, even at the highest treatment level, the PS-beads 
did not induce adverse negative effects on the benthic community in 
the mesocosms. 

3.3.6. Fish 
The average survival of the introduced fish (Solea solea) per meso

cosm was 96 ± 6.7% and not affected by the treatments (ANOVA, F(4, 
10) = 0.5156; p = 0.7263; Fig. S12 in Supporting info). In all meso
cosms, the fish showed substantial growth resulting in an increased 
length from 14.8 mm at the introduction, to 39.8 ± 2.1 mm during the 
final sampling, and a bodyweight increase from 0.04 g to 0.47 ± 0.08 g. 
Length and bodyweight were not statistically significantly affected by 
the treatments (ANOVA, Length F(4, 10) = 1.298; p = 0.3348; Body 
weight F(4, 10) = 1.180; p = 0.3768; Fig. S12 in Supporting info). 
Although, all fish appeared in good condition during the final sampling, 
without visual signs of being impacted by the treatment, the calculated 
condition index (K = 0.15 ± 0.01 for all mesocosms) was treatment- 
related (ANOVA, F(4, 10) = 3.972; p = 0.0350) with 13–15% lower 
condition indexes in the treatments 0.8 g/m2 and above, than in the 
controls. These differences were statistically significant (Dunnett’s 
multiple comparison test with p = 0.0478, 0.0237 and 0.0279 respec
tively; Fig. 5). As far as we are aware, this is the first time that the impact 
of microplastics on the condition of fish has been detected under semi- 
natural realistic exposure conditions. 

During the final sampling, fish with ingested PS-beads were present 
in mesocosms with 0.8, 8.0, and 80 g/m2 (Table S2 supplementary data). 
Other unnatural materials than the PS-beads were not found in any fish. 
At the highest exposure concentration, only 20% of the fish contained 
one or more PS-beads. This indicates a low ingestion frequency as the 
sediment core samples showed that fish in these mesocosms encountered 
28 PS-beads per cm2. Apparently, the sole did not mistake PS-beads for 
food, but ingestion must have happened by coincidence during foraging. 

Visual inspection of the intestines also showed that ingested PS- 
beads did not accumulate inside the body as they were found in all 
parts of the digestive tract and were surrounded by natural food items. 
Among these natural food items were shells of juvenile cockles (Cera
stoderma edule) or mud snails (Peringia ulvae) in sizes that sometimes 
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exceeded 4 times the diameter of the PS-beads (Fig. S16 supplementary 
data), showing that these fish can cope with large non-digestible items. 
This could make sole, and probably most of the benthic feeding fish less 
vulnerable to the impact of ingested microplastics than pelagic fish that 
feed on more easily digestible zooplankton, per the observation that 
omnivore sea urchins are less sensitive to microplastic ingestion than 
herbivores (Suckling, 2021). 

The presence of relatively large sized non-digestible items like 
microplastics and shell fragments in the intestine is likely to extend the 
passage time through the digestive tract and prolong the feeling of 
satisfaction after a meal, with reduced food intake consequently. This 
could explain the sole’s slightly lower average condition index from the 
higher treatment levels where accidental ingestion must have happened 
more regularly. The natural diet of sole reflects prey availability and 
mainly comprises crustaceans, polychaetes, and mollusks (Molinero and 
Flos, 1992). Polychaetes are easily digestible, while processing a 
mollusk with a shell will take more time. Therefore, it seems logical that 
the impact of an occasionally ingested plastic bead will be more sub
stantial if the diet of the fish consists solely of polychaetes. However, in 
the field situation, the diet of non-specialized fish will always be diverse. 
The use of easily digestible food in a laboratory test could however result 
in an overestimation of the impact of ingested microplastics compared to 
the field situation. As far as we know negative impact of ingested 
microplastics in fish has never been established in the field (de Vries 
et al., 2020; Foekema et al., 2013). Effects have been shown in labora
tory tests, where in addition to what has already been said about food 
quality also questions can be raised about the realism of the exposure 
conditions. In such tests, the microplastics are often incorporated in food 
pellets (e.g. (Ahrendt et al., 2020) or fed together with the food (e.g. 
(Naidoo and Glassom, 2019). Both situations could result in unrealistic 
ingestion rates either because the food pellets contain much higher 
plastic concentrations than natural prey, or because microplastics are 
ingested during the feeding frenzy that occurs when a group of fish is fed 
once or twice a day, and makes the fish less critical in food selection. In 
future studies, it is advisable to consider the food choice as a potential 
effect-modifying factor when assessing the impact of plastic ingestion 
under artificial (laboratory) conditions. The impact of accidental intake 
of plastic particles might be less for fish with a diverse diet that naturally 
already contains more indigestible items. 

Although the condition index of fish from the higher treatments was 
significantly lower than the controls, no statistically significant differ
ences in weight (non-parametric two-tailed Mann-Whitney test, U =
1478; p = 0.3041), length (U = 1294; p = 0.0949), or condition index 
(U = 1300; p = 0.1001) were found between all fish without plastics (n 

= 277) and all fish with plastic ingested (n = 13). This shows that the 
presence of ingested beads in the fish during the sampling only formed a 
snapshot, since the beads did not accumulate in individual fish. It ex
plains why it is not possible in field situations to relate plastic ingestion 
with fish’s condition on an individual basis (de Vries et al., 2020; Foe
kema et al., 2013). Therefore, for a good assessment of the impact of 
microplastics on fish studies in experimental ecosystems (mesocosms) 
might be essential. 

Our data shows that in a natural situation at least sole is capable to 
minimize intake of microplastics even at the extremely high exposure 
levels in our highest treatment. This might be true also for other marine 
fish species, since the occurrence of ingested microplastic particles in 
fish is low (Kuhn et al., 2020). Ingested micro-fibers are often reported in 
high numbers, but unless such studies have been performed with 
extreme high-quality control these data should be considered with great 
care (Foekema et al., 2013; Kuhn et al., 2020). 

4. Conclusions and recommendations 

In this mesocosm study, the lowest dosage that induced effects was 
0.8 g/m2 (3259 beads per m2) and included statistically significant 
changes in sole’s condition index, reduced barnacle densities and an 
increased total abundance in the benthic community. All these effects 
were that subtle that they most likely would be obscured by natural 
variation in a field situation. The study was performed to assess the 
impact of an actual PS-beads spill near the Dutch Wadden sea. The 
11,250 kg of beads that were lost during that spill could result in a 
contamination of 0.8 g/m2 (3259 beads per m2) over an area of 
maximum 15 km2 in absence of water currents. During an extended 
monitoring program following the spill no such hotspot was discovered, 
and only less than 10 beads per m2 were detected in Wadden sea sedi
ment. It was therefore concluded that the ecological impact of the spill 
could not be detectable, which was confirmed by field observations 
(Foekema et al., 2021a,b). 

The results show that except for the barnacles, all organisms were 
able to cope with even the highest tested concentrations of the 700 μm 
PS-microbeads (325,900 beads per m2, 196 beads/L) without experi
encing substantial negative impact on survival, growth and condition. 
As indicated in section 2.2, this test concentration was more than 10 
times higher than what has been reported as the global maximum values 
from field monitoring in the marine environment (Burns & Boxall, 
2018). Of course the continuous exposure to stably high concentrations 
of microplastics as occurred in the mesocosms is not likely to occur in the 
natural marine environment due to continuous water mixing. From that 
perspective the mesocosms can be regarded a worst-case situation. It can 
be argued that exposure in the field, albeit to low concentrations, can 
last longer than 8 weeks. A longer test duration would not necessarily 
have led to more pronounced effects in our study, since most of the 
smaller invertebrates in the mesocosm already completed one or more 
live cycles during the study. For the fish it is likely that the impact of 
ingested particles becomes less with increasing body size/intestine 
diameter. Therefore it is not to be expected that a longer exposure would 
result in more pronounced effects. 

Overall, the present research underlines that studies under semi-field 
conditions with realistic exposure scenarios are essential for meaningful 
risk assessment of microplastics in the marine environment taking both 
direct and indirect effects, like affected organic matter fluxes, into ac
count. Of course the outcome cannot simply be translated to the greatly 
variable other types, compositions, sizes and shapes of microplastics. 
Therefore, we recommend future mesocosm studies with other types of 
microplastics, weathered microplastics from sea, and smaller sized 
particles down to nanoplastics. 
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