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MP capacity as carriers of organic pollutants to Baltic invertebrates and fish, with
particular focus on developing principles for setting GES

This deliverable is a contribution to task 3.2 (WP3). Exposure, accumulation of organic pollutants and effects
on the physiological and nutritional status in invertebrates.

Summary

The focus of Deliverable 3.3 is on the transfer of organic pollutants to and from microplastic (MP) when in
contact with biota. This report is based mainly on our recently published experimental and field studies, as
well as and general considerations on the role of MP as a vector for organic contaminants, with particular
focus on the Baltic Sea environment. For the latter, we used relevant literature and data presented in
Deliverable 2.2 (MICROPOLL) [1].

Our objectives were:

e To evaluate the potential of MP as carriers of Hydrophobic Organic Contaminants (HOC) to Baltic Sea
invertebrates and fish; and

e To assess whether this pathway can exacerbate HOC effects on biota in the Baltic Sea.

To address these objectives, we conducted experimental and field studies, which resulted in two
publications that provided both proof-of-principle and empirical support for the thermodynamic modelling
of contaminant transfer to and from plastic litter in the pelagic environment:

e Gerdes Z, Ogonowski M, Nybom |, Ek C, Adolfsson-Erici M, Barth A, Gorokhova E (2019) Microplastic-
mediated transport of PCBs? A depuration study with Daphnia magna. PLoS ONE 14(2): e0205378.
https://doi.org/10.1371/journal.pone.0205378

Main findings: In zooplankton with a high body burden of PCBs, depuration of CB209 was
enhanced 8-fold in the presence of less contaminated MP. However, the capacity of MP and
algal cells to remove total PCB from the animal was largely similar. Given the great differences
in the relative abundance of algae and MP in situ, this implies that as an environmental
compartment, algae are more important in HOC transport.

e Ogonowski M, Wenman V, Barth A, Hamacher-Barth E, Danielsson S, Gorokhova E (2019) Microplastic
Intake, Its Biotic Drivers, and Hydrophobic Organic Contaminant Levels in the Baltic Herring. Front.
Environ. Sci. 7:134. https://doi.org/ 10.3389/fenvs.2019.00134

Main findings: No correlation was found between MP and HOC concentrations in the Baltic
herring from Bothnian Bay in the north to Bornholm in the south, suggesting no apparent
impact of MP on HOC transfer and bioaccumulation in the secondary consumers of the pelagic
food webs in the Baltic Sea.

BONUS MICROPOLL project has received funding from BONUS (Art 185), funded jointly by the EU and
VINNOVA (The Swedish Governmental Agency for Innovation Systems).
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1 Background

1.1 MP as carriers of HOC to biota

Following the discovery of microplastic (MP) as an emerging environmental contaminant, the putative role of
MP as carriers of pollutants to organisms via the so-called “Trojan horse” effect [2] has gained much attention,
both public and within the research community. There are many reports in recent years concerning loads of
organic pollutant adsorbed onto microplastics. The literature survey reveals substances that have received
much attention including polyaromatic hydrocarbons (e.g. fluoranthene, phenanthrene, etc.) and persistent
organic pollutants such as polychlorinated biphenyls (PCBs), the insecticide DDT and its degradation product
p,p’-DDE, as well as hexachlorocyclohexane isomers (HCHs) [3].

There are two types of pollutant transfer from plastic to organisms. One is the transfer of chemicals added to
the polymers and polymer-based materials during their production, e.g., various chemical additives affecting
the polymer properties. Some of them can leach out of the polymer matrix because they are not covalently
bound. The second type of transfer is via absorbance of pollutants from the environment and their subsequent
release once inside a living organism or in the immediate surroundings. The hypothesis that MP sorb HOC
when in contact with water or sediment and then transfer them to biota following ingestion initially took a firm
hold on the views and research efforts evaluating MP impacts.

1.2 Some theoretical considerations

In the environment, chemicals are associated with different compartments (e.g., water, mineral solids and
biological materials, live or dead, containing carbohydrates, proteins and lipids) depending on the

physicochemical properties of these chemicals as well as the environmental compartments. The amount of a —

chemical in a specific compartment depends on its relative concentration in the other compartments. Passive
transfer of chemicals between the compartments follow laws of thermodynamics, and so-called chemical
equilibrium is reached when the overall transfer approaches zero. At chemical equilibrium, partitioning of a
chemical between, e.g., plastic and lipid tissues of an organism is defined by the equilibrium partitioning
coefficient (K) between the two phases:

Chiastic/ Clipid = Kp-1,

where Cplasic and Cyipid are the respective HOC concentrations in the plastic material and the organisms lipids.
Note that HOC concentrations in biota are typically normalised their non-polar elements, i.e. lipids or organic
carbon. Since many fossil-based polymers structurally resemble lipids and are similarly non-polar, Kp.
approaches 1. In multimedia unequilibrated system, the relationship between the chemical concentrations
and their equilibrium partitioning coefficient is essential for predicting the direction of HOC transport. The
chemicals in question diffuse in the direction where the concentration ratio approaches K. For organisms
ingesting microplastic, this means that when Cejastic/Cipia < 1, the chemical will move from the organism’ lipids
into the plastic.

In general, plastic is an excellent sorbent of HOCs and will accumulate high amounts of such substances from
the environment [4-7]. Also, MP is especially efficient at taking up HOCs because of their large surface to
volume ratio [8]. Mato et al. (2001) evaluated sorption of HOC on pristine MP deployed in marine
environments. Based on the observed HOC concentrations in MP, which were 5-6 orders of magnitude higher
than those in the surrounding water, they suggested that MP could transfer the pollutants to organisms and
called for further studies [6].

BONUS MICROPOLL project has received funding from BONUS (Art 185), funded jointly by the EU and
VINNOVA (The Swedish Governmental Agency for Innovation Systems).



&

i,
= :wgé:’
mica () POLL Stockholm
\ University

- BONUS

SCIENCE FOR A BETTER FUTURE OF THE BALTIC SEA REGION

Several experimental studies have demonstrated proof-of-principle for HOC transfer from MP to biota [9—
13]. However, for the interpretation of these findings, it is crucial to acknowledge the experimental
settings. In general, these studies were designed as follows:

e Step 1: non-contaminated test organisms are exposed to contaminated MP;

e Step 2:the animal’ body burden is measured after the exposure, and HOC uptake from MP is analysed
[9,11-14].

Unsurprisingly, all such studies show that the transfer is possible. However, such experimental design is
not environmentally relevant, and, thus, the transfer observed in the laboratory conditions does not imply
that MP will affect body burden and bioaccumulation in situ. The distinction between the principal
possibility, and environmental probability, of transfer to occur is highly important from a hazard
assessment perspective.

In the environment, there are multiple uptake routes for HOCs to animals, plants and microorganisms. It is
also highly probable that in environmentally realistic conditions, all compartments (e.g., MP, organism and
environmental media, such as water or sediment) carry some amounts of the contaminants in question.
This background contamination implies that physically adjacent compartments are already in equilibrium
or approaching it, thus, contrasting the transfer scenario employed in the experimental studies.

An environmentally relevant study on MP bioaccumulation effects must, therefore, consider the existing
equilibrium and contributions from all relevant compartments when microplastic is introduced in the
system (Fig. 1). Also, one should keep in mind when designing such experiments that due to the long
residence time of plastic in the environment, water- or sediment-born MP are likely to be in equilibrium
with this media when they come in contact with consumers, such as invertebrates and fish [15].
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Figure 1. A conceptual diagram showing main transfer pathways for HOC involving an organism (e.g., fish)
and its immediate environment. The arrows indicate the expected direction of the chemical transfer, which
can be bi-directional (dashed lines), depending on the concentration ratio between the compartments
relative their K. Ingested food is assimilated in the gut and excreted as faeces. Unlike the food that is
digested as it moves along the gut, MP remain unaltered during the gut passage.

BONUS MICROPOLL project has received funding from BONUS (Art 185), funded jointly by the EU and
VINNOVA (The Swedish Governmental Agency for Innovation Systems).
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HOC uptake from food differs from its uptake via microplastic. In food, HOCs are associated with organic
matter, particularly lipids. When food is digested during the gut passage, the amount of lipids decreases
and, as a result, HOC concentration in this compartment increases [16], which favours the HOC uptake in
the gut (so-called gastrointestinal magnification). By contrast, microplastic remains relatively intact during
the gut passage, and HOC transfer between the MP and the gut wall is directly regulated by the initial
concentrations in the plastic and the animal. Therefore, to evaluate the relative contributions of HOCs
originating from different sources (e.g., MP, water and food) in aquatic consumers, it is not sufficient to
compare their initial contaminant loads. Actually, to derive the relative contribution of MP to the
bioaccumulation of HOCs, one must account for the partitioning between the compartments, food
assimilation and physiological effects that might be excerted by MP and contaminants [17], which usually
requires a modelling approach.

Put simply: thermodynamic models use the equilibrium partition coefficients between all different
compartments to calculate transfer, contribution and rate of HOC exchange. Such modelling studies
conducted to date suggest that the MP contribution to HOC bioaccumulation is negligible in comparison to
the dietary intake [18,19]. At first, conclusions by experimental and modelling studies appeared to
contradict each other; however, experimental studies designed to validate the model-based predictions
are few [17]. Koelmans and co-workers abridged this discrepancy in a common framework, which states
that transfer from MP to organisms will occur if the levels of HOCs are higher in the polymer phase than in
the organism and Cpiastic/ Clipigs > Kp-L [15]. Thermodynamically, this relationship implies that the opposite
transport, from organism to polymer, is also possible. However, for this process, experimental validation
has been lacking [20]; this is what motivated us to conduct the study described in the section 2.

1.3 HOC and MP pollution in the Baltic Sea

The contaminant load in the Baltic Sea biota is assessed by the Swedish National Monitoring Program for —

Contaminants in Marine Biota (SNMPC). This program conducts yearly measurements of pollutants, such
as the legacy persistent organic pollutants, POPs (e.g. PCBs, dioxins and polybrominated diphenyl ethers),
in fish and mussels along the Swedish coastline. Although levels of these contaminants significantly
decreased over the last decades, the concentrations in the Baltic Sea remain relatively high compared to
the North Sea, and further decreases are slow [21].

Data on MP abundance in the surface and water column are starting to accumulate, but so far they are
limited to the Baltic Proper and the Gulf of Finland. Due to differences in sampling, particle size selection,
and analytical methods, the variation between the reported concentrations is considerable (Fig. 2). In
addition, there is no standard agreed way of reporting MP abundances. The data are typically reported as
the number of particles per area or volume, but not the mass-based concentrations, which complicates the
use of these data for creating a relevant MP exposure scenario in either experimental studies or models.

To estimate probabilities for the contaminant transfer from the MP to biota, we can combine MP
abundance data with HOC concentrations measured in biota by SNMPC and in MP deployed for six weeks
at three coastal sites, along the southern Baltic Proper (Deliverable 2.2 [1]). Contaminant groups analysed
by both SNMPC and the deployed MP were PCBs, dioxins and PBDEs (polybrominated diphenyl ethers).
Since no traces of the chemicals from these groups were found in the deployed MPs, whereas their
concentrations were measurable in the fish and mussels analyzed within SNMC, the increased
bioaccumulation in the Baltic Sea biota due to MP ingestion seems unlikely; this conclusion was supported
by our experimental and field studies.

BONUS MICROPOLL project has received funding from BONUS (Art 185), funded jointly by the EU and
VINNOVA (The Swedish Governmental Agency for Innovation Systems).
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Figure 2. MP abundance in the Baltic Sea reported by five different studies [22—26]. For each study, we
extracted the average concentration (blue bars, items m3) and indicated the surveyed area (black ovals).

2  Experimental study on PCB transfer

Depending on the relative concentrations of contaminants in MP/tissue and the equilibrium partition
coefficient, MP may act as both a source and a sink of organic contaminants (see section 1.1 for the
theoretical rationale). The uptake of HOCs from plastic into biota is well documented, but the experimental
evidence of the reverse process is scarce [15]. We designed an experiment to investigate the depuration
capacity of pristine MP on the body burden of contaminated zooplankton. In parallel, the effects of MP
exposure on the animal fitness-related parameters were evaluated to assess interactions between the
contaminant and MP exposures in the presence of food, i.e. a realistic setting from the ecological
perspective.

The accumulation-depuration experiment was carried out using Daphnia magna, a filter-feeding
cladoceran, as a model zooplankton organism. First, during the accumulation phase, animals were fed HOC-
loaded food (Fig. 3). The compounds used for the loading were polychlorinated biphenyl congeners (PCB
18, 40, 128, and 209); this range reflected PCB’ range of hydrophobicity. Then, during the depuration phase,
the animals were moved to a clean media with or without MP exposure (Fig. 3). We exposed the animals
to relatively high levels of plastic to increase the chance of measurable effects (7 x 10° particles mL?). As a
result, the mass of MP relative to the total suspended solids (food and MP) was 77%, which is much higher
than in ambient seston worldwide.

BONUS MICROPOLL project has received funding from BONUS (Art 185), funded jointly by the EU and
VINNOVA (The Swedish Governmental Agency for Innovation Systems).
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Figure 3. Experimental outline of the accumulation-depuration experiment. Animals accumulated PCBs for
48 hours and were then depurated during the next 96 hours.

At the end of the accumulation phase, the animals reached a contaminant level of 31.0 + 3.6 pg total PCBs
g (mean % SD), which declined ~10-fold post depuration. Only for PCB209, the elimination rate was 8-fold
higher for the MP-exposed daphnids compared to those exposed to food only, suggesting an enhanced
depuration induced by MP. Notably, the concentrations of both MP and PCBs, that produced this significant
effect, were far greater than those typically observed in the pelagic waters (Table 1). No biologically
significant effects were induced by the pristine MP, whereas exposure to both MP and PCB increased
fecundity, in line with the expected effects of a relieved PCB burden in the biological tissues due to their
migration to the polymers. 5

Table 1. Summary of the relevant data from our studies as well as the sorption experiments reported in
Deliverable 2.2 (MICROPOLL) [1]. In addition, examples of particulate carbon (POC) concentration and Baltic
Sea contaminant levels are presented.

. Particle concentration in
PCB concentration,
Source Compartment P water
ug total PCBs g 1 - a1
pg mL particles mL
Experiment Zooplankton, Daphnia 3.1 x 10%, by dry weight
[27] MP 0 3.4 x10* 7.0 x 10°
Algae/POC 0, by organic carbon 5.1x 103 7.0x10°
Water 0
Fish, Clupea harengus 1.7 x 101 [28], by lipid
Field data 3x10%-10?
MP 0f1] Fig.2
2
Algae/POC 17x107023), by 15 2 15130
organic carbon
Water 1.0 x 10%[31]

BONUS MICROPOLL project has received funding from BONUS (Art 185), funded jointly by the EU and
VINNOVA (The Swedish Governmental Agency for Innovation Systems).
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These results agree with the predicted role of MP in HOC transport. However, predicting environmental effects
from laboratory results is always challenging, particularly when taking into account correlations between the
levels of plastic additives, contaminants, plastic abundance and tissue concentrations in animals sampled in
various environments [32,33].

3  Field study on MP body burden and HOC concentrations in fish

Comparative field studies on the levels of MP burden and contaminant concentrations are still rare. Exploring
correlations between MP ingestion and HOC concentration in situ could provide insights into whether MP
contributes to HOC bioaccumulation in complex environmental settings. We evaluated the relationship
between the occurrence of MP in the gastrointestinal tract of herring (Clupea harengus), collected in the Baltic
Sea and the HOC concentration in the same fish. Gastrointestinal tracts of herring were provided by SNMPC
and consisted of samples collected along the entire West Coast of the Baltic Sea, from Bothnian Bay in the
north to Bornholm in the south. Herring is a zooplanktivore, and the size of crustacean zooplankton overlaps
with MP size range found in the herring (1-5 mm) [28]. Therefore, we consider this species representative for
the secondary consumers in the pelagic food web of the Baltic Sea.

MP ingestion was examined in 130 individuals (both males and females, approximately 50:50) and related to
the HOC concentrations measured in the muscle tissue of the same fish. In summary, 22% of the examined
herring were found to contain 3.9 MP ind ! + 4.4 (mean * SD). When considering all examined individuals (i.e.,
also those with zero MP occurrence), which would represent the average MP burden in the population, the
value was 0.9 MP ind. Importantly, there was no correlation between the MP occurrence in the gut and HOC
concentrations in the herring muscle tissue for any of the HOC group (Fig. 4). Additional comparative analyses
of HOC concentrations and MP burden in gastrointestinal tract of Baltic Sea cod (Gadus morhua) and herring
are underway (WP3). Preliminary results indicate no effect on the fish’ fitness (B. Urban-Malinga 2019,
personal communication, October 2019). In line with the current view and the experimental findings described
in section 2, the lack of such correlations suggest that there is no direct effect of MP on HOC transfer and
bioaccumulation in the secondary consumers of the Baltic Sea.
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Figure 4. Factor scores (axes) and loadings (arrows) of contaminants (HBCD, HCB and the sum of PCBs,
BDEs, and DDs) and weight-specific MP burden in the Baltic herring. The data included in this analysis were
weighted MP burden and HOC concentrations in herring muscle tissue determined in (1) individual fish
specimens, and (2) pooled fish samples (10 ind. per sample); see publication by Ogonowski and co-workers
(2019) for details.

BONUS MICROPOLL project has received funding from BONUS (Art 185), funded jointly by the EU and
VINNOVA (The Swedish Governmental Agency for Innovation Systems).
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4 Implications for effect assessment in the Baltic Sea

The capacity of MP as vector of HOC for consumers is a function of MP availability and the HOC concentration
inthese MP compared to the concentrations in other ingested particles. In the Baltic Sea, reported abundances
of MP vary between 3 and 10* MP m (Fig. 2); moreover, MP was found to carry low levels of pollutants [1].
Our field and experimental studies, together with other published reports [1,27,28], suggest that under these
exposure conditions, no measurable facilitation of HOC transport from the environment to biota can be
expected. However, the levels of HOC (e.g., total PCBs) in MP reported in the Deliverable 2.2 [1] were
unexpectedly low, considering that these contaminants occur in the water phase (Table 1). One explanation is
that the experimental MP had not equilibrated during the six week deployment period meaning that the values
reported may underestimate the actual HOC levels in MP from the Baltic Sea. However, sorption of HOCs to
MP have been observed at shorter time frames [5] calling for more analytical work to measure environmental
contaminants in both field-collected and experimentally exposed MP in diferent basins of this system.

If we follow a precautionary principle and consider HOC levels reported for MP collected from beaches around
the world as plausible for the Baltic Sea environment, MP may contain up to 2.3 pg total PCBs g3 plastic [34,35].
This concentration of total PCBs in MP is higher compared to herring and suggests that passive diffusion from
MP, into the organism, is thermodynamically possible. Still, the possibility of hazardous impact by
contaminated MP is questionable. First, the release rate of HOC from ingested plastic in the gastrointestinal
tract would be too slow considering the gut passage time (hours, [36]) to contribute to the uptake. After all,
no sorption was observed in MP after six weeks in the Baltic Sea. Second, the food bolus far exceeds the
amount of ingested MP as we observed in the field study, which means that zooplankton prey would be
responsible for the bulk HOC uptake via ingestion. Third, although the food may contain lower HOC levels
compared to the organism, the food assimilation and gastrointestinal magnification potentiate the uptake. For
MP, there is no expected assimilation or gastrointestinal magnification and, therefore, the probability of HOC
uptake is lower. Nevertheless, more controlled experiments are necessary to establish the conditions and
concentrations that would be of concern for the risk assessment of microplastic as vector of organic
contaminants to biota.

The abundance of particulate matter in the water column is also important to consider in the risk assessment
of MP as HOC vectors because any suspended solids can sorb HOC. In the estuaries, such as the Baltic Sea, the
riverine inflow brings large amounts of mineral and organic particulates, with typical levels of particulate
organic matter (POM) ranging 0.05 to 1.4 mg C L™ [30], which is orders of magnitude higher than the reported
MP quantities (Table 1; Fig. 2). Moreover, the indigenous plankton, including bacterioplankton, phytoplankton
and zooplankton contribute even higher POM concentrations, while posessing a high sorption capacity for
HOC. Therefore, even though MP can accumulate high amounts of HOC, their vector capacity in natural pelagic
systems is likely to be negligible compared to other sources and pathways. More studies are needed to
evaluate HOC transport mediated by MP in environmental settings.

Another area of concern with respect to MP-mediated HOC transfer is the fact that high concentrations of
suspended solids in the water column promote aggregation and sedimentation of MP, which further decreases
their role in the HOC transport in the pelagic system. In theory, the MP capacity as a HOC vector would be
most apparent in an extremely oligotrophic system with low concentrations of both mineral and organic
suspended solids, high HOC levels in the water, and very high MP load. The Baltic Sea pelagia is different from
such a system; therefore, the vector capacity of MP for HOC transport in this system is expected to be
negligible compared to other routes.

BONUS MICROPOLL project has received funding from BONUS (Art 185), funded jointly by the EU and
VINNOVA (The Swedish Governmental Agency for Innovation Systems).
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5 Relevance for MSFD and GES targets

The EU Marine Strategy Framework Directive (MSFD, 2008/56/EC) establishes a framework where within 2020
— EU Member States shall take action to achieve, or maintain, good environmental status (GES) of their marine
waters. GES is based on 11 qualitative descriptors, as listed in Annex | of the MSFD. Marine litter, including
microplastic, is addressed by Descriptor 10, which states that for GES to be achieved Properties and quantities
of marine litter do not cause harm to the coastal and marine environment.

As a part of Descriptor 10/MSFD, properties and quantities of microplastic should be determined for each
system in question, and GES targets are needed to facilitate the environmental assessment with regard to
marine litter. To this end, it is important to identify the hazardous potential of specific microplastic properties
and consider them when setting the GES targets. Potentially, such properties may include a capacity of
microplastic to act as a contaminant vector. Microplastic quantities can be monitored both in habitats (water
or sediment) and its inhabitants, e.g. selective or filter-feeding consumers that are acting as active or passive
MP collectors, respectively.

In the marine environment, including the Baltic Sea, MP is ingested by fish [28] and other animals, such as
mussels and crustaceans (Deliverable 3.2; [37]). Animal guts could, therefore, provide an accurate indication
of MP levels in the marine environment and have, as such, been named as possible indicators for MP pollution
under Descriptor 10/MSFD [38-40]. In our field studies, we have identified both fish [28] and invertebrates
(Deliverable 3.2; [37]) that can be used as such indicators for MP pollution in the Baltic Sea. Moreover, for
herring, we have evaluated biotic factors, such as age, stomach fullness and reproductive status that can be
used to standardize specimen selection for MP monitoring. Setting the GES targets has not been attempted
yet, although, the discussion on what species/functional groups would be the most efficient indicators is on-
going in the research community. Once the indicator species are selected, it will be necessary to establish a
baseline to gauge whether or not trends in plastic are increasing or decreasing, leading to possible

management actions.

Our findings support the view based on the thermodynamic modelling [18,19,41,42] that the MP-mediated
transfer of HOC from water to pelagic animals can be considered negligible. Therefore, there is no empirical
evidence that GES values should account for MP posing additional risk of increased bioaccumulation in biota.
Thus, based on current knowledge, the future development of GES targets can be solely based on the baseline
determined for the indicators once they are established and the data for various time and spatial scales
become available.

6 Conclusions

e MP may act as carriers of HOC to and from biota as evidenced by laboratory experiments. However, our
results do not support the idea that this transfer occurs in field conditions and under environmentally
relevant levels of MP and HOC in marine systems, including the Baltic Sea.

e The reported in situ MP abundances (absolute and relative to other suspended solids in the pelagia) and
HOC levels observed in the field experiments (Deliverable 2.2, MICROPOLL) are at the levels that make it
unlikely for MP to act as a significant vector for HOC transport from water to biota in the Baltic Sea.

e Toward the implementation of MSFD in the Baltic Sea, we have identified possible indicator species and
established biotic factors that can be used to standardize selection of specimens should herring be used
for MP monitoring and development of GES targets in the water column.

e The observed lack of the realized capacity for MP to transport HOC implies that future development of
GES targets for plastic litter (Descriptor 10/MSFD) can be solely based on the baselines determined for the
indicators once they are established and the data for various time and spatial scales become available.

BONUS MICROPOLL project has received funding from BONUS (Art 185), funded jointly by the EU and
VINNOVA (The Swedish Governmental Agency for Innovation Systems).



) BONUS

SCIENCE FOR A BETTER FUTURE OF THE BALTIC SEA REGION

< Sefect
mica () POLL Stockholm
\ University

7 References

1. Nguyen MA, Scales B. Deliverable 2.2. The role of microplastic as vector for contaminants.
2019. Available: https://www.io-
warnemuende.de/tl_files/project/micropoll/Deliverables/call2015-122 D2.2_0.1.pdf

2. Cole M, Lindeque P, Halsband C, Galloway TS. Microplastics as contaminants in the marine
environment: A review. Marine Pollution Bulletin. 2011;62: 2588-2597.
doi:10.1016/j.marpolbul.2011.09.025

3. Verla AW, Enyoh CE, Verla EN, Nwarnorh KO. Microplastic—toxic chemical interaction: a
review study on quantified levels, mechanism and implication. SN Appl Sci. 2019;1: 1400.
doi:10.1007/s42452-019-1352-0

4.  Carpenter EJ, Anderson SJ, Harvey GR, Miklas HP, Peck BB. Polystyrene Spherules in Coastal
Waters. Science. 1972;178: 749-750. doi:10.1126/science.178.4062.749

5. Rochman CM, Hoh E, Hentschel BT, Kaye S. Long-Term Field Measurement of Sorption of
Organic Contaminants to Five Types of Plastic Pellets: Implications for Plastic Marine Debris.
Environ Sci Technol. 2013;47: 1646-1654. doi:10.1021/es303700s

6. Mato Y, Isobe T, Takada H, Kanehiro H, Ohtake C, Kaminuma T. Plastic Resin Pellets as a
Transport Medium for Toxic Chemicals in the Marine Environment. Environ Sci Technol.
2001;35: 318-324. d0i:10.1021/es0010498

7. Lee H, Shim WJ, Kwon J-H. Sorption capacity of plastic debris for hydrophobic organic —

chemicals. Science of The Total Environment. 2014;470-471: 1545-1552.
doi:10.1016/j.scitotenv.2013.08.023

8.  Velzeboer I, Kwadijk CJAF, Koelmans AA. Strong Sorption of PCBs to Nanoplastics,
Microplastics, Carbon Nanotubes, and Fullerenes. Environ Sci Technol. 2014;48: 4869—4876.
doi:10.1021/es405721v

9. Chua EM, Shimeta J, Nugegoda D, Morrison PD, Clarke BO. Assimilation of Polybrominated
Diphenyl Ethers from Microplastics by the Marine Amphipod, Allorchestes Compressa.
Environ Sci Technol. 2014;48: 8127-8134. doi:10.1021/es405717z

10. Teuten EL, Saquing JM, Knappe DRU, Barlaz MA, Jonsson S, Bjorn A, et al. Transport and
release of chemicals from plastics to the environment and to wildlife. Phil Trans R Soc B.
2009;364: 2027-2045. doi:10.1098/rsth.2008.0284

11. Browne MA, Niven SJ, Galloway TS, Rowland SJ, Thompson RC. Microplastic Moves
Pollutants and Additives to Worms, Reducing Functions Linked to Health and Biodiversity.
Current Biology. 2013;23: 2388-2392. d0i:10.1016/j.cub.2013.10.012

12. Avio CG, Gorbi S, Milan M, Benedetti M, Fattorini D, d’Errico G, et al. Pollutants
bioavailability and toxicological risk from microplastics to marine mussels. Environmental
Pollution. 2015;198: 211-222. doi:10.1016/j.envpol.2014.12.021

BONUS MICROPOLL project has received funding from BONUS (Art 185), funded jointly by the EU and
VINNOVA (The Swedish Governmental Agency for Innovation Systems).



SCIEN

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

) BONUS

CE FOR A BETTER FUTURE OF THE BALTIC SEA REGION

< Sefect
mica () POLL Stockholm
\ University

Rochman CM, Hoh E, Kurobe T, Teh SJ. Ingested plastic transfers hazardous chemicals to fish
and induces hepatic stress. Sci Rep. 2013;3: 3263. doi:10.1038/srep03263

Wardrop P, Shimeta J, Nugegoda D, Morrison PD, Miranda A, Tang M, et al. Chemical
Pollutants Sorbed to Ingested Microbeads from Personal Care Products Accumulate in Fish.
Environ Sci Technol. 2016;50: 4037-4044. doi:10.1021/acs.est.5b06280

Koelmans AA, Bakir A, Burton GA, Janssen CR. Microplastic as a Vector for Chemicals in the
Aguatic Environment: Critical Review and Model-Supported Reinterpretation of Empirical
Studies. Environ Sci Technol. 2016;50: 3315-3326. doi:10.1021/acs.est.5b06069

Gobas FAPC, Muir DCG, Mackay D. Dynamics of dietary bioaccumulation and faecal
elimination of hydrophobic organic chemicals in fish. Chemosphere. 1988;17: 943-962.
doi:10.1016/0045-6535(88)90066-5

Besseling E, Foekema EM, van den Heuvel-Greve MJ, Koelmans AA. The Effect of
Microplastic on the Uptake of Chemicals by the Lugworm Arenicola marina (L.) under
Environmentally Relevant Exposure Conditions. Environ Sci Technol. 2017;51: 8795-8804.
doi:10.1021/acs.est.7b02286

Bakir A, O’Connor 1A, Rowland SJ, Hendriks AJ, Thompson RC. Relative importance of
microplastics as a pathway for the transfer of hydrophobic organic chemicals to marine life.
Environmental Pollution. 2016;219: 56-65. doi:10.1016/j.envpol.2016.09.046

Koelmans AA, Besseling E, Wegner A, Foekema EM. Plastic as a Carrier of POPs to Aquatic

Organisms: A Model Analysis. Environ Sci Technol. 2013;47: 7812—-7820. —

d0i:10.1021/es401169n

Rummel CD, Adolfsson-Erici M, Jahnke A, MacLeod M. No measurable “cleaning” of
polychlorinated biphenyls from Rainbow Trout in a 9 week depuration study with dietary
exposure to 40% polyethylene microspheres. Environ Sci: Processes Impacts. 2016;18: 788—
795. d0i:10.1039/C6EM00234J

Wiberg K, McLachlan M, Jonsson P, Johansson N. Sources, transport, reservoirs and fate of
dioxins, PCBs and HCB in the Baltic Sea environment. Stockholm: Swedish Environmental
Protection Agency; 2009. Available:
http://www.naturvardsverket.se/Documents/publikationer/978-91-620-5912-5.pdf

Gorokhova E. Screening for microplastic particles in plankton samples: How to integrate
marine litter assessment into existing monitoring programs? Marine Pollution Bulletin.
2015;99: 271-275. doi:10.1016/j.marpolbul.2015.07.056

Gewert B, Ogonowski M, Barth A, MacLeod M. Abundance and composition of near surface
microplastics and plastic debris in the Stockholm Archipelago, Baltic Sea. Marine Pollution
Bulletin. 2017;120: 292-302. doi:10.1016/j.marpolbul.2017.04.062

Bagaev A, Khatmullina L, Chubarenko I. Anthropogenic microlitter in the Baltic Sea water
column. Marine Pollution Bulletin. 2018;129: 918-923. doi:10.1016/j.marpolbul.2017.10.049

BONUS MICROPOLL project has received funding from BONUS (Art 185), funded jointly by the EU and
VINNOVA (The Swedish Governmental Agency for Innovation Systems).



) BONUS

SCIENCE FOR A BETTER FUTURE OF THE BALTIC SEA REGION

< Sefect
mica () POLL Stockholm
\ University

25. Zobkov MB, Esiukova EE, Zyubin AY, Samusev IG. Microplastic content variation in water
column: The observations employing a novel sampling tool in stratified Baltic Sea. Marine
pollution bulletin. 2019;138: 193-205.

26. Setéld O, Magnusson K, Lehtiniemi M, Norén F. Distribution and abundance of surface water
microlitter in the Baltic Sea: A comparison of two sampling methods. Marine Pollution
Bulletin. 2016;110: 177-183. doi:10.1016/j.marpolbul.2016.06.065

27. Gerdes Z, Ogonowski M, Nybom I, Ek C, Adolfsson-Erici M, Barth A, et al. Microplastic-
mediated transport of PCBs? A depuration study with Daphnia magna. PLOS ONE. 2019;14:
€0205378. doi:10.1371/journal.pone.0205378

28. Ogonowski M, Wenman V, Barth A, Hamacher-Barth E, Danielsson S, Gorokhova E.
Microplastic intake, its biotic drivers, and hydrophobic organic contaminant levels in the Baltic
herring. Front Environ Sci. 2019;7. doi:10.3389/fenvs.2019.00134

29. Bruhn R, McLachlan MS. Seasonal variation of polychlorinated biphenyl concentrations in the
southern part of the Baltic Sea. Marine Pollution Bulletin. 2002;44: 156-163.
d0i:10.1016/S0025-326X(01)00198-9

30. Maciejewska A, Pempkowiak J. DOC and POC in the water column of the southern Baltic. Part
I. Evaluation of factors influencing sources, distribution and concentration dynamics of organic
matter. Oceanologia. 2014;56: 523-548. doi:10.5697/0c¢.55-3.523

31. Sobek A, Gustafsson O, Hajdu S, Larsson U. Particle—Water Partitioning of PCBs in the Photic
Zone: A 25-Month Study in the Open Baltic Sea. Environ Sci Technol. 2004;38: 1375-1382. —
doi:10.1021/es034447u

32. Rochman CM, Lewison RL, Eriksen M, Allen H, Cook A-M, Teh SJ. Polybrominated diphenyl
ethers (PBDES) in fish tissue may be an indicator of plastic contamination in marine habitats.
Science of The Total Environment. 2014;476-477: 622—-633.
doi:10.1016/j.scitotenv.2014.01.058

33. Ryan PG, Connell AD, Gardner BD. Plastic ingestion and PCBs in seabirds: Is there a
relationship? Marine Pollution Bulletin. 1988;19: 174-176. doi:10.1016/0025-326X(88)90674-
1

34. Rios LM, Moore C, Jones PR. Persistent organic pollutants carried by synthetic polymers in the
ocean environment. Marine Pollution Bulletin. 2007;54: 1230-1237.
doi:10.1016/j.marpolbul.2007.03.022

35. Endo S, Takizawa R, Okuda K, Takada H, Chiba K, Kanehiro H, et al. Concentration of
polychlorinated biphenyls (PCBs) in beached resin pellets: Variability among individual
particles and regional differences. Marine Pollution Bulletin. 2005;50: 1103-1114.
doi:10.1016/j.marpolbul.2005.04.030

36. Van der Lingen CD. Gastric evacuation, feeding periodicity and daily ration of sardine
Sardinops sagax in the southern Benguela upwelling ecosystem. African Journal of Marine
Science. 1998;109.

BONUS MICROPOLL project has received funding from BONUS (Art 185), funded jointly by the EU and
VINNOVA (The Swedish Governmental Agency for Innovation Systems).



SCIENCE FOR A BETTER FUTURE OF THE BALTIC SEA REGION

37.

38.

39.

40.

41.

42.

Stockholm
University

BONUS

Gorokhova E, Jonko-Sobus K, Ogonowski M, Gutovskaya K, von Friesen LW, Chancel A.
Deliverable 3.2. Estimates of ingestion frequency of MP by copepods and mysids at varying
food levels. 2019 Apr.

Li J, Lusher AL, Rotchell JM, Deudero S, Turra A, Brate ILN, et al. Using mussel as a global
bioindicator of coastal microplastic pollution. Environmental Pollution. 2019;244: 522-533.
doi:10.1016/j.envpol.2018.10.032

Su L, Cai H, Kolandhasamy P, Wu C, Rochman CM, Shi H. Using the Asian clam as an
indicator of microplastic pollution in freshwater ecosystems. Environmental Pollution.
2018;234: 347-355. d0i:10.1016/j.envpol.2017.11.075

Wesch C, Bredimus K, Paulus M, Klein R. Towards the suitable monitoring of ingestion of
microplastics by marine biota: A review. Environmental Pollution. 2016;218: 1200-1208.
doi:10.1016/j.envpol.2016.08.076

Gouin T, Roche N, Lohmann R, Hodges G. A Thermodynamic Approach for Assessing the
Environmental Exposure of Chemicals Absorbed to Microplastic. Environ Sci Technol.
2011;45: 1466-1472. doi:10.1021/es1032025

Herzke D, Anker-Nilssen T, Ngst TH, Gotsch A, Christensen-Dalsgaard S, Langset M, et al.
Negligible Impact of Ingested Microplastics on Tissue Concentrations of Persistent Organic
Pollutants in Northern Fulmars off Coastal Norway. Environ Sci Technol. 2016;50: 1924-1933.
doi:10.1021/acs.est.5b04663

BONUS MICROPOLL project has received funding from BONUS (Art 185), funded jointly by the EU and
VINNOVA (The Swedish Governmental Agency for Innovation Systems).



