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Abstract
The global distribution and anticipated increase of environmental microplastic (MP) pollution are concerning. However,
while the impacts of macroplastic litter on wildlife are apparent, we know relatively little about the MP hazard potential.
Moreover, the current ecotoxicological methodology is inadequate for solid waste particles and MP hazard assessment
because it fails to distinguish particle and chemical effects. This thesis improves our understanding of the particle effects
of MP relative to other microparticles.

First, a comparative analysis of effect studies on MP and mineral particulates across different biological organisation
levels revealed high similarities in responses between these materials (Paper I). At the suborganismal levels, the similarity
in the effect concentrations suggests shared particle effect mechanisms. At the higher levels, however, MP induced more
severe impacts, possibly due to chemical leaching. Moreover, the highly variable MP effect concentrations motivated
exploring the role of polymer properties and ageing status on MP effects; these aspects were addressed in Papers II-III.

In Paper II, the possibility of MP acting as a vector of contaminants was evaluated, showing enhanced transport of
highly hydrophobic organic contaminants (HOC) at very high HOC and MP concentrations. However, observing it at
environmentally relevant contaminant levels would be unlikely.

Paper III compared behavioural and physiological responses in benthic amphipods to MP exposure using different
polymers (polystyrene and polyethylene terephthalate) and clay as a non-plastic reference particle. The amphipods avoided
sediments with high concentrations of the added material regardless of the material type, including aged and virgin MP
and clay.

Solid waste, including MP, co-occur with various suspended solids in aquatic environments; therefore, the natural solids
can serve as reference material when evaluating the MP particle effect. In Paper IV, a novel method for testing MP effects
in mixtures with reference particles was proposed. In the exposure experiment with daphnids, the method was used to
derive hazard thresholds for the MP contribution to suspended matter conditional on the total suspended solid concentration
in the water.

Together, these studies add to our understanding of MP-biota interactions and suggest that similarly sized MP and natural
particulates share similar particle effects. However, MP might have a higher potential as vectors of chemical contaminants,
which needs to be further evaluated in environmentally relevant settings.
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 I 

Abstract 

The global distribution and anticipated increase of environmental microplastic 
(MP) pollution are concerning. However, while the impacts of macroplastic 
litter on wildlife are apparent, we know relatively little about the MP hazard 
potential. Moreover, the current ecotoxicological methodology is inadequate 
for solid waste particles and MP hazard assessment because it fails to distin-
guish particle and chemical effects. This thesis improves our understanding of 
the particle effects of MP relative to other microparticles. 

First, a comparative analysis of effect studies on MP and mineral particu-
lates across different biological organisation levels revealed high similarities 
in responses between these materials (Paper I). At the suborganismal levels, 
the similarity in the effect concentrations suggests shared particle effect mech-
anisms. At the higher levels, however, MP induced more severe impacts, pos-
sibly due to chemical leaching. Moreover, the highly variable MP effect con-
centrations motivated exploring the role of polymer properties and ageing sta-
tus on MP effects; these aspects were addressed in Papers II-III. 

In Paper II, the possibility of MP acting as a vector of contaminants was 
evaluated, showing enhanced transport of highly hydrophobic organic con-
taminants (HOC) at very high HOC and MP concentrations. However, observ-
ing it at environmentally relevant contaminant levels would be unlikely.  

Paper III compared behavioural and physiological responses in benthic 
amphipods to MP exposure using different polymers (polystyrene and poly-
ethylene terephthalate) and clay as a non-plastic reference particle. The am-
phipods avoided sediments with high concentrations of the added material re-
gardless of the material type, including aged and virgin MP and clay.  

Solid waste, including MP, co-occur with various suspended solids in 
aquatic environments; therefore, the natural solids can serve as reference ma-
terial when evaluating the MP particle effect. In Paper IV, a novel method for 
testing MP effects in mixtures with reference particles was proposed. In the 
exposure experiment with daphnids, the method was used to derive hazard 
thresholds for the MP contribution to suspended matter conditional on the total 
suspended solid concentration in the water.  

Together, these studies add to our understanding of MP-biota interactions 
and suggest that similarly sized MP and natural particulates share similar par-
ticle effects. However, MP might have a higher potential as vectors of chem-
ical contaminants, which needs to be further evaluated in environmentally rel-
evant settings.  



II 

Sammanfattning 

Den ökande mängden plast i hav och vatten, och plastens negativa påverkan 
på djur, är synliga och välkända miljöproblem. I spåren av den stigande plast-
konsumtionen ökar också förekomsten av mikroplast (MP) som idag nått en 
världsomfattande spridning. Denna trend är högst oroväckande eftersom kun-
skapen kring riskerna med MP i miljön är begränsad. Dessutom saknar vi stan-
dardiserade ekotoxikologiska metoder som kan utvärdera faran med MP uti-
från dess verkan både som partikel och bärare av kemikalier. Denna avhand-
ling syftar till att öka kunskapen om farorna med MP i akvatiska miljöer ge-
nom att testa effekterna i en miljörelevant kontext samt föreslå metoder för 
dess farobedömning – exempelvis, genom att spegla effekter av MP mot andra 
naturligt förekommande partikeltyper.  

Genom att jämföra effektstudier för MP och mineralpartiklar, över nivåer 
av biologisk organisation, såg vi att responsen var liknande för båda material 
(Papper I). Effektkoncentrationerna var helt överlappande vid de lägre nivå-
erna, alltså vid påverkan på organ och celler. Detta tyder på gemensamma 
mekanismer. Däremot, skiljde sig materialen åt på de högre nivåerna där MP 
var mer skadligt än mineralpartiklar. Detta kan indikera en påverkan från plas-
tens urlakade kemikalier. Dessutom var effektkoncentrationer av MP mycket 
varierande vilket motiverade en undersökning av hur olika plaster och åld-
ringen av dessa påverkar toxicitet. Dessa aspekter behandlades och överväg-
des i Papper II och III.  

I Papper II utvärderades potentialen av MP att överföra kemikalier mellan 
djur och miljö. Vi fann att MP kan öka transporten av mycket hydrofoba or-
ganiska miljöföroreningar, givet väldigt specifika experimentella förhållanden 
som är osannolika att återfinna i miljön. 

I Papper III jämfördes effekter av olika partikelmaterial på bottenlevande 
märlkräftors beteende och fysiologi. Partikelbehandlingarna inkluderade, för-
utom mineralpartiklar, två plaster (polystyren och polyetentereftalat) i nypro-
ducerad samt åldrad form. Märlorna visade beteendeförändringar i relation till 
koncentrationen av testmaterial i sedimentet men det fanns inga mätbara skill-
nader mellan några av materialtyperna (inklusive plast jämfört mot mineral-
partiklar).  

En miljörelevant farobedömning av MP behöver beakta att partiklar av 
plast och andra material förekommer samtidigt i akvatiska miljöer, och att 
dessa kan ha liknande effekter. Därför föreslogs i Papper IV en ny metod för 
att bedöma effekten av MP i blandningar med mineralpartiklar.  



 III 

Tillsammans bidrar dessa studier till en ökad förståelse för interaktionerna 
mellan MP och organismer, där partikeleffekter föreslås vara lika mellan MP 
och naturligt förekommande partiklar inom samma storleksintervall. Däremot 
är kemiska effekter relaterade till urlakning specifika för MP och huruvida 
dessa kan förekomma under miljörelevanta premisser kräver fortsatt forsk-
ning. 
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Introduction 

Plastic litter and microplastic 
The invention of plastic materials in the 20th century has aided industrial and 
societal developments, and plastics are essential in many sectors. However, 
the downside of this development is poor waste management that, combined 
with the high durability of these materials and increasing production, has re-
sulted in a vast pollution problem. Yearly discharge to oceans ranges from 4.8 
to 12.7 million tonnes (Jambeck et al., 2015), and the mismanaged waste is 
expected to increase following global development and increasing plastic pro-
duction (Lebreton & Andrady, 2019). 

Plastics are composite materials consisting primarily of a carbon polymer 
backbone and non-covalently bound additives that provide specific properties. 
Plastic materials are resistant to degradation, but UV light, heat, and abrasion 
accelerate the leaching of the additives and fragmentation, producing increas-
ingly smaller pieces. Plastic particles < 5 mm are conventionally defined as 
microplastic (MP), a diverse group of materials with varying properties, e.g., 
chemical composition, sizes and shapes. What is worrisome about MP is that 
it has spread to all corners of the world, and it is found practically everywhere, 
from arctic sea ice (Kanhai et al., 2020) to the atmosphere (Allen et al., 2019) 
and deep-sea sediments (Van Cauwenberghe et al., 2013).  

Microplastic is everywhere, but does it pose a risk? 
Despite the rapid accumulation of effect studies driven by the recognition of 
MP global occurrence, our knowledge about their environmental effects is 
limited. The commonly hypothesised adverse effects of MP on wildlife are 
based on its (1) persistence, (2) ubiquitous ingestion by various animals, and 
(3) capacity to act as a vector for the chemicals added during production or 
sorbed from the environment. Thus, MP impacts can occur via particle or 
chemical effects.  
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Particle effects 
The particle mode of action is related to the MP particle behaviour upon direct 
contact with an organism, such as clogging feeding appendages and the gut, 
food dilution, translocation to body tissues, and irritation of the epithelium. 
These effects are partly size-dependent, such as translocation, but can also be 
associated with particle characteristics, e.g., specific shapes or material prop-
erties. For example, microplastic fibres induce higher mortality in water fleas 
than similarly-sized irregular fragments (Ziajahromi et al., 2017). Also, frag-
ments may have a longer gut residence time than spherical MP (Ogonowski et 
al., 2016), potentially impacting energy intake and chemical transfer. 

Furthermore, exposure to particles can alter animal feeding behaviour 
(McMahon & Rigler, 1965), with downstream food intake and assimilation 
effects. Also, the animals feeding non-selectively would experience food di-
lution effects when exposed to particle mixtures with high MP proportion rel-
ative to the food (Besseling et al., 2013). Besides shape and size, the physico-
chemical properties of MP, such as surface hydrophobicity and surface charge, 
are potential drivers of the particle effects (Lambert et al., 2017). For example, 
a positive surface charge increases particle capture rate by zooplankton (Ger-
ritsen & Porter, 1982), and amine-functionalised positively charged polysty-
rene particles appear more harmful than the unfunctionalized particles (Ber-
gami et al., 2016; Luan et al., 2019). 

MP as a vector for chemicals  
Many plastic materials are excellent sorbents of hydrophobic organic contam-
inants (HOC) (Lee et al., 2014; Mato et al., 2001; Rochman, Hoh, Hentschel, 
et al., 2013). As absorption rate increases with surface-to-volume ratio, MP 
has higher sorption efficiency than macroplastics (Velzeboer et al., 2014), i.e., 
the larger fragments. Therefore, MP will accumulate higher levels of HOCs 
in a shorter time compared to macroplastic litter. The chemical impacts of MP 
are due to the release of toxic additives and modified transfer of chemical pol-
lutants between the environment and biota. With limited scientific recogni-
tion, MP carrying HOCs was reported already during the 70s (Carpenter et al., 
1972). Later, Mato and co-workers deployed MP in Tokyo Bay and found that 
HOC levels in the plastic were up to six orders of magnitude higher than in 
the water. They suggested that ingestion of these plastics could become a new 
uptake route for consumers (Mato et al., 2001). This concept of microplastic 
acting as a “Trojan horse” that delivers pollutants to biota gained a foothold 
in the early phase of the MP research. What was first presented as a hypothesis 
(Cole et al., 2011; Gregory, 1996) was quickly adopted as a theory, commu-
nicated to the research community and the general public.  
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In the environment, the extent to which a chemical associate with different 
compartments (e.g., water, mineral, and biological solids) depend on the phys-
icochemical properties of the chemical and the environmental compartments. 
Moreover, chemical concentration in a specific compartment depends on its 
relative concentration in the other compartments, and transfer between them 
follows the thermodynamic laws. At thermodynamic equilibrium, the relative 
amount of the chemical in each compartment can be described by an equilib-
rium partitioning coefficient (K). For example, the concentration of HOC in a 
suspended drop of oil (lipids) has the relationship: Clipid/Cwater = KLW, where 
Clipid and Cwater are the respective HOC concentrations in the lipid droplet and 
the surrounding water. 

In the same way, we can describe the distribution of chemicals in plastic 
relative to that in biota. The main transport direction between plastic and biota 
is predicted using the deviation from the specific K-value. In the non-equili-
brated state, the chemicals move towards the compartment where their con-
centration ratio approaches the K-value. HOC concentrations in biota can be 
normalised to their non-polar elements, i.e., lipids or organic carbon. As pol-
ymers resemble lipids, KPlastic-Lipids is likely to approximate 1. Therefore, gen-
erally speaking, plastic may affect the HOC levels in an organism if 
CPlastic/CLipid ≠ 1. 

Today, there is a general acceptance within the scientific community that 
the contaminant uptake via MP is of low probability (Koelmans et al., 2021). 
In addition, the environmentally relevant MP and contaminant exposure sce-
nario includes several exposure routes and organisms carrying pollutants. 
Moreover, the similarity between plastic and lipids implies that they accumu-
late similar levels of contaminants when exposed to the same environmental 
concentrations. Modelling studies based on the thermodynamic relationships 
between plastic, HOC, and biota (Bakir et al., 2016; Koelmans, 2015; Ko-
elmans et al., 2013) have helped set the course for this acceptance, while ex-
perimental studies are providing proof of concept (Besseling et al., 2017). In 
particular, HOC transfer from MP to biota is well demonstrated using experi-
mental settings with CPlastic/CLipid >> 1 (Avio et al., 2015; Browne et al., 2013; 
Chua et al., 2014; Rochman, Hoh, Kurobe, et al., 2013; Wardrop et al., 2016). 
However, this does not imply that MP will affect body burden and bioaccu-
mulation in situ. This distinction between the principal possibility and envi-
ronmental probability of transfer is fundamental from a hazard assessment 
perspective.  
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Environmentally relevant experimental designs  
The difficulties in addressing exposure complexity, the diversity of plastic 
materials, and maintaining stable exposure levels hamper the MP hazard as-
sessment. Today, this field has an unsettled methodology (Connors et al., 
2017; de Sá et al., 2018) with the following shortcomings (1) treating MP as 
soluble chemicals in the exposure; (2) not considering how ageing impacts 
particle properties, chemical composition and their effects on the responses; 
(3) not accounting for leaching effects; and (4) confusing MP specific effects 
with particle effects occurring across different types of solids. 

Most aquatic ecotoxicological MP tests use planktonic animals as test or-
ganisms (de Ruijter et al., 2020) and standard test designs for soluble chemi-
cals, where exposure levels are maintained via, e.g., short test duration, regular 
water renewals, or passive dosing. Adapting established methods for testing 
particulates in suspension requires continuous mixing to maintain particles in 
suspension and ensure a stable exposure.  

When designing effect studies, researchers predominantly use virgin plas-
tic, i.e., new plastic material in the same state relative to its production, even 
though most environmental MP is generated by ageing and fragmentation of 
large plastic items. Plastic ageing implies diversification of the physical prop-
erties (Choi et al., 2021; Qiao et al., 2019) and surface chemistry (Booth et al., 
2016; Lambert et al., 2017) compared to the original materials. For example, 
photodegradation can promote carboxylation that increases surface wettability 
(Hüffer et al., 2018; Müller et al., 2018; X. Wang et al., 2020). Furthermore, 
MP produced from fragmentation persisted in the environment for a long time, 
which has allowed the leaching of its additives. Longer environmental resi-
dence times imply that additive residues are approaching equilibrium with the 
surrounding environment (Koelmans et al., 2016; Seidensticker et al., 2019). 
As a consequence, the leachate impacts by virgin plastic material may have 
limited environmental relevance.  

Separating particle and chemical effects and assessing ecotoxicological re-
sponses from an ecologically and environmentally relevant perspective re-
mains one of the most significant challenges in the field of MP ecotoxicology. 
The particle effects (de Ruijter et al., 2020), which are commonly related to 
physical damage and food dilution reducing nutritional uptake, are also typical 
for exposures to other solids such as naturally occurring mineral particles 
(Newcombe & Macdonald, 1991). Furthermore, these natural particles can 
reach hazardous levels during resuspension events by dredging or heavy rain-
falls (O’Connor et al., 1976). In this context, the assessment of MP impacts 
requires that their effects are benchmarked against other particle types. 
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Therefore, to answer whether MP poses a risk in the environment, we need 
to develop experimental designs that identify environmentally relevant effects 
that help understand particle and chemical effects and whether there is a po-
tential for these to occur in situ. Finally, we need to evaluate to which extent 
particle-induced responses occur across material types and what material 
properties are relevant to consider.  
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Aims and objectives 

The overarching aims of this thesis were to improve understanding of hazards 
related to the occurrence of MP in aquatic environments (Paper I-IV), to eval-
uate their impacts with a specific focus on the effect mechanisms (Paper II-
III), and to suggest new testing strategies (Paper IV). The specific objectives 
were:  

1. To estimate microparticle effect concentrations for organisms at the 
lower part of the food web; this was done by 

a. meta-analysis of published data, with a focus on comparing 
thresholds for MP and mineral particles (Paper I); 

b. laboratory studies with crustaceans to compare responses to 
plastic vs. non-plastic particle exposures (Papers III-IV). 

2. To increase the environmental relevance of MP effect studies by 

a. introducing obligatory use of reference materials in the ef-
fect studies (Papers III-IV); 

b. evaluating the importance of artificial ageing for the test 
polymers (Paper III). 

3. To assess MP as modulators of HOC levels in consumers (Paper II). 

4. To improve the methodology of the effect studies by; 

a. developing an ecologically relevant experimental design for 
suspended MP that accounts for background levels of other 
particulates in hazard threshold calculations (Paper IV); 

b. exploring behavioural and physiological responses as non-
standard endpoints in MP effect assessment using benthic 
invertebrates exposed to MP-contaminated sediment (Paper 
III). 
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Methods 

The MP exposure impacts were evaluated using a battery of methods (Table 1), 
including meta-analysis (Paper I) and experimental studies (Papers II-IV) with 
cladocerans and amphipods as pelagic and benthic test organisms, respec-
tively. The responses included physiological (e.g., mortality, body size, and 
fecundity), metabolic (respiratory capacity), elemental composition (percent-
age of carbon and nitrogen, %C and %N, respectively), and behavioural 
(avoidance, feeding, substrate acceptance) endpoints. All responses were 
compared between the treatments with and without MP. In addition, they were 
also compared to responses induced by microparticles of other materials (ref-
erence particles) to delineate the effects of MP from those caused by particle 
solids in general. In Papers III-IV, kaolin clay was used as the reference par-
ticle. The test materials were a proprietary polymer by Cospheric (FMG-1.3), 
polyethylene terephthalate (PET) and polystyrene (PS); PET and PS were used 
in aged (by artificial UV exposure) or virgin form (Table 2). 
Table 1. Summary of the study approaches, the test organisms, the type of micropar-
ticles or chemical stressors, and the effect metrics. 

Paper 
Test  
organism 

Microparticle/ 
Chemical stressor   Effect indicator 

I, Critical review >37 species MP and mineral mate-
rials 

LOEC 

II, Experiment D. magna FMG-1.3 and PCBs Animal size 

   Fecundity    
PCB depuration rate    
%C & %N 

III, Experiment C. volutator Aged and Virgin MP 
(PET and PS), Kaolin 
clay 

Behaviours 

   
ETS activity 

IV, Experiment D. magna Virgin PET, Kaolin 
clay 

Mortality 
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Test organisms 
Daphnia magna 
The freshwater cladoceran Daphnia magna is an established model organism 
in aquatic ecology and ecotoxicology. The daphnids are non-selective filter-
feeders that capture particles as small as bacteria (Burns, 1968; Gophen & 
Geller, 1984) and as large as ~80 µm (Burns, 1968). Daphnids adjust their 
filtering rates to the particle concentration in the water to maximise the food 
intake (McMahon & Rigler, 1965) 

Corophium volutator 
The benthic amphipod C. volutator is a key species in mudflats of the northern 
hemisphere and a commonly used test organism in sediment bioassays 
(Fenchel et al., 1975). These amphipods are deposit- and marine infauna filter-
feeders, consuming pelagic or epibenthic diatoms and other algae and bacte-
rial biofilms associated with the sediment particles (Fenchel et al., 1975; Niel-
sen & Kofoed, 1982). It typically ingests clay and silt-sized particles (< 63 
µm) and is sensitive to sediment quality and food conditions. 

Microparticles and associated stressors 

Particle size distribution 
The particle size determines possible interactions with test organisms. Using 
a laser particle counter (Spectrex, model PC-2000, Redwood City, USA), par-
ticle size distribution (PSD, 3-100 µm range) was determined for test material 
suspensions after adding a small amount of surfactant to counteract aggrega-
tion. The instrument uses the near-angle light scattering principle to detect 
particle count and size data. 

Test materials 
The choice of polymers for test MP (Table 2) was based on their high produc-
tion volumes, occurrence in the environment, and size similarity to food par-
ticles. Test and reference microparticles were in the ingestible size range of 
the respective test organisms. Kaolin clay was used as the reference material 
because of its ubiquitous occurrence in the suspended solids, natural sedi-
ments and use in ecotoxicological assays (OECD, 2010, p. 233). 
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Table 2. Descriptions of the test and reference materials used in this thesis.  

Paper Test and reference 
materials 

Manufacturer Shape Particle size, 
µm (mean±SD) 

II Proprietary polymer 
FMG-1.3 

Cospheric LLC Spheric 4±1 

III PETAged Goodfellow GmbH  Irregular 51.1±1.6 
 PETVirgin   47.5±1.6 
 PSAged   75.2±1.4 
 PSVirgin   65.1±1.6 

IV PETVirgin Goodfellow GmbH  Irregular < 40  

III-IV Kaolin  Sigma-Aldrich Irregular  7.6±1.7 

PCBs 
Polychlorinated biphenyls (PCBs) are HOCs with slow degradation rates. De-
spite the ban of their production and use, they persist in the environment, 
where they sorb to organic or lipid-like matrices, including plastics. PCBs are 
bioaccumulative and toxic in mammals, whereas crustaceans, such as daph-
nids, are less sensitive. A suite of PCB congeners (PCB 18, 40, 128, and 209) 
was used to represent plastic-associated HOCs (Paper II). Extraction and 
quantification were done in homogenised daphnid samples with hexane. Con-
centrated sulphuric acid was used for lipid clean-up. PCB quantification was 
done on a GC/MS, and the congener mass was normalised to the number of 
individuals in the sample and their dry mass. 

Effect indicators 
Mortality 
The Daphnia sp. Acute Immobilisation Test (OECD, 2004) is one of the most 
common standard tests in ecotoxicology. Immobilisation represents mortality 
assessed after 24/48 h of exposure to a test contaminant at a specific concen-
tration. In Paper IV, we modified this test by (1) extending the exposure period 
to 96 h, which allowed the use of lower and more environmentally relevant 
particle concentrations; and (2) conducting the exposures on a plankton wheel 
that continuously mixes the media and maintains stable particle concentration 
in suspension. These modifications were necessary to apply the testing proce-
dure to MP or any other solid waste microparticles. 
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LOEC 
In the meta-analysis, to compare particle (MP or mineral) effects between 
studies with varying endpoints and exposure settings, the responses observed 
across the different levels of the biological organisation were extracted and 
presented as the lowest observed effect concentration, LOEC. The LOEC val-
ues were defined as the lowest test concentration, inducing a significant re-
sponse relative to a particle-free control. Particle count-based concentrations 
were converted to mass concentrations using the materials density and the re-
ported particle size. 

Somatic and reproductive growth 
Animal size and fecundity often decrease due to food limitation or chemical 
exposure, indicating altered somatic and reproductive growth. In turn, growth 
and body size drive the chemical uptake and elimination, animal metabolism 
and ontogenetic variations in metabolic and enzymatic activities. Size is also 
related to various life-history parameters, including fecundity and animal be-
haviour.  

In daphnids, measured body length was converted to dry mass to reflect 
somatic growth (Paper II). For fecundity analysis, we counted the number of 
eggs using image analysis of the immobilised individuals. As a proxy of body 
size in C. volutator, we used individual protein content determined with the 
bicinchoninic acid method (Smith et al., 1985). The protein values, represent-
ing metabolically active biomass of the test animals, were used to evaluate 
changes in respiration capacity in the amphipods exposed to various test par-
ticles (Paper III). 

Elemental composition 
The elemental composition, e.g., the percentage of carbon (%C) and nitrogen 
(%N), the primary biogenic elements, was used to indicate the contribution of 
proteinaceous (high %N) and fatty (high %C) tissues in the organism. Like 
body size, the elemental composition can be affected by external stressors, 
which was examined when evaluating D. magna response to PCB and MP 
exposures (Paper II). 

PCB depuration 
Depuration is the elimination of contaminants in live organisms. Primarily, 
chemical contaminants are eliminated via metabolic excretion. However, with 
highly hydrophobic or metabolically stable chemicals, growth dilution con-
tributes substantially to the variation in internal contaminant concentrations. 
In Paper II, the depuration rate of PCB congeners was studied in D. magna 
exposed to MP to estimate their impact on elimination rates. The growth dilu-
tion was accounted for using the change in daphnid body mass during the ex-
posure.  



 11 

Behaviours 
Behavioural responses have been used as early stress indicators in ecotoxicol-
ogy. These endpoints are sensitive and often provide insights into the toxicity 
mechanisms. In Paper III, using video recordings, we quantified behaviours 
in C. volutator related to exposure avoidance and feeding and how these 
changed in the presence of MP or reference test materials in the sediment. 

ETS activity 
The electron transport system (ETS) located in the inner membrane of the mi-
tochondria fuels cellular respiration. In the spectrophotometric ETS assay, we 
measured the maximal respiration capacity in homogenised whole-body sam-
ples by replacing oxygen with a redox dye as the terminal electron acceptor 
and providing substrate ad libitum (Paper III). The dye conversion rate is pro-
portional to the potential oxygen consumption, thus providing a proxy for the 
metabolic activity of the test animals.  
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Results and discussion 

Similar responses to MP and other suspended solids  
The data synthesis for the effect assessments of MP and mineral particles was 
based on 28 studies reporting the effect concentrations that induced a signifi-
cant deviation from a particle-free control, referred to as the LOEC (Paper I). 
Exposure to MP or natural microparticles induced common responses across 
the different levels of biological organisation in various organisms (Paper I) 
and our test species (Papers III & IV). This similarity is important for the haz-
ard assessment because MP comprise only a small fraction of the particulates 
in situ. In aquatic environments, the non-edible particles in the microplastic 
size range, such as minerals (clay, sand) and organics (cellulose, lignin, chitin, 
amber), are ubiquitous and commonly reaching concentrations in the range of 
g L-1 (Prestigiacomo et al., 2007; J.-J. Wang et al., 2013). These concentrations 
exceed, by far, any reported MP levels in the water (Dibke et al., 2021; 
Pabortsava & Lampitt, 2020). Furthermore, the environmental concentrations 
of suspended solids in freshwater and estuarine systems approach mineral par-
ticle effect concentrations (Paper I, Chapman, Hayward, and Faithful 2017; 
Bilotta and Brazier 2008). In contrast, the reported MP load in the water and 
sediments is orders of magnitude lower than their effect concentrations (Bucci 
et al., 2020; Lenz et al., 2016; Phuong et al., 2016).  

While this comparison of MP and mineral particle effects across studies 
can be helpful, it is challenging because of different exposure conditions (Pa-
per I). Reports for low mineral particle test concentrations (<10 mg L-1) are 
missing in our dataset (Figure 1) because these are the background levels in 
fresh and estuarine waters. The absence of effect data for these background 
concentrations can explain – at least partly – the difference in the MP and 
mineral particle LOEC values (Paper I).  
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Figure 1. Graphical summary of LOEC estimates reported for MP and mineral par-
ticle exposures, including various polymers or minerals, in experimental studies with 
a diversity of species and endpoints at different levels of biological organisation. The 
solid vertical line denotes an environmental guidance value of acceptable levels of 
suspended solids in stormwater at 100 mg L-1 (Multi-Sector General Permit for Storm-
water Discharges Associated with Industrial Activity, 2015). 

Suborganismal endpoints: No differences in LOEC 
between exposures to MP and minerals  
At the lower levels of biological organisation, e.g., the endpoints for molecu-
lar- and cellular-level effects, there were no significant differences in LOEC 
values between various MP and mineral microparticles (Figure 1), suggesting 
similar cellular mechanisms behind the observed responses. For example, at 
similar LOEC values, mineral particle studies reported changes in oxidative 
status and cell membrane integrity (Michel et al., 2014). At the same time, MP 
exposures induced stress-response gene expression and enzyme activities 
(Jeong et al., 2016; Paul-Pont et al., 2016) alongside oxidative stress and re-
duced membrane stability (Jeong et al., 2016; von Moos et al., 2012). Trans-
location of MP across cell membranes would increase its adverse effects at the 
suborganismal levels, but the current evidence for this to occur is limited. 
Also, passive translocation is only expected in the lower nanometer range 
(Zhu et al., 2013), whereas larger particles may pass via phagocytosis. 
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Triebskorn et al. (2019) reviewed MP translocation and reported high varia-
bility and limitations in methods to detect smaller particles within tissues. 

The similarity across plastic and mineral materials upon exposure to the 
relatively high concentrations suggests that any suspended solids may induce 
suborganismal responses. Moreover, the nature of the responses appears typi-
cal for cascading effects initiated by direct particle-biota interactions. For ex-
ample, physical damage (Jabeen et al., 2018) or altered behaviour (Paper III) 
and feeding (Welden & Cowie, 2016) may result in downstream effects on 
survival, metabolism, and growth (Besseling et al., 2013; Sussarellu et al., 
2016; Wright et al., 2013). Often, the selection of the biomarkers is poorly 
justified, and the fact that biomarker and gene expression responses can also 
be related to the variations in the caloric intake and growth (Furuhagen et al., 
2014) rather than direct toxicity of MP per se is ignored, which makes the 
interpretation of these responses challenging.  

Individual- and population-level endpoints: Lower 
LOEC for MP than for minerals 
In contrast to the suborganismal endpoints, average LOECs across the reports 
employing feeding, mortality, and reproductive responses were lower for MP 
than for the mineral-particle exposures (Figure 1). However, these effect con-
centrations were highly variable, particularly at the individual level, where the 
range was spanning several orders of magnitude and overlapping between the 
particle types.  

To understand the reasons behind the higher MP toxicity, the sources of 
this variability need to be understood. Some may relate to unaccounted varia-
tions in the exposure. For example, avoidance of sediments with high levels 
of added materials can lead to overestimated exposure concentrations, espe-
cially in heterogenous test environments (Paper III). Furthermore, in static ex-
posure systems, maintaining stable particle concentration in the water is not 
feasible because of sedimentation, which results in a variable particle intake 
by filter-feeding test organisms. At the organismal level, the MP effects are 
often related to the ingestion of non-palatable material and thus decreased ca-
loric intake (Galloway, Cole, and Lewis 2017, Paper I) or increased metabolic 
costs for collecting and passing the non-caloric particles through the gut. 
Therefore, to reduce the impact of particle sedimentation rates, in Paper IV, 
we applied a slow and continuous rotation on a plankton wheel for keeping 
particles in suspension. 

On the other hand, the data variability for MP might also indicate a publi-
cation bias towards reporting adverse effects. Unfortunately, our data did not 
allow evaluating the publication bias statistically. However, a similar meta-
analysis of nano- and microplastic effects on algal growth inhibition detected 
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a significant publication bias (Reichelt & Gorokhova, 2020). This bias means 
that studies reporting inhibitory effects are more likely to be published, even 
when sample sizes are small and the outcome unreliable.  

MP as vectors for HOC: statistically significant but 
environmentally irrelevant 
In Paper II, with PCB-contaminated daphnids fed high levels of MP, the most 
hydrophobic congener was depurated faster than in treatments with only algal 
food. The higher elimination rate under MP exposure also coincided with in-
creased fecundity suggesting alleviated contamination impacts. Therefore, 
MP can modulate HOC levels in biota (Paper II; Bartonitz et al. 2020; Xia et 
al. 2020; Wang et al. 2020). However, this modulation is unlikely to occur in 
situ because the required thermodynamic conditions are improbable. The 
transfer of pollutants between the MPs and biota under specific experimental 
conditions have been neatly outlined in a critical review on MP acting as vec-
tors of contaminant transfer in aquatic environments (Koelmans et al., 2016). 
Because even though MP efficiently sorbs contaminants, especially HOCs, so 
do the other compartments that contain organic carbon and lipids, i.e., biota. 
The HOC transfer between the organisms and MP is possible when there is a 
concentration gradient between these compartments, i.e., conditions easily 
created in experiments but rare in the environment.  

Methodological improvements for MP effect studies  
The lack of standard test procedures ensuring stable exposure concentrations 
and accounting for ageing status and size distribution of the test polymers are 
frequently implicated as the primary sources of variability of the MP effects 
(Connors, Dyer, and Belanger 2017, Paper I). We used the test materials with 
low additive content, low leachate toxicity, and similar PSD; moreover, stable 
exposure concentrations were maintained in the test systems. To improve the 
MP hazard assessment methodology, individual-level responses were assayed 
using explorative and well-established endpoints in the experiments with MP 
in sediment (Paper III: behaviour and metabolic capacity in Corophium) and 
water (Paper IV: mortality in Daphnia).  

To separate the particle effects (present across various materials) from 
those induced by the MP (or other solid waste microparticles), a reference 
material(s) must be included as an additional treatment, which has also been 
recommended by recent reviews (Bour et al., 2021; Connors et al., 2017). We 
used kaolin as reference material to (1) control for the sediment manipulation 
accompanied by adding non-caloric particulates in the lower size range (Paper 
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III) and (2) prepare mixtures of suspended solids with a varying MP contribu-
tion mimicking the exposure in situ (Paper IV). Moreover, ecologically rele-
vant test suspensions should consist of mixtures with MP and the solids that 
are ubiquitously present in the ambient water and sediment (Paper IV). 

Ecologically and environmentally relevant exposures  
Changes in feeding (Ogonowski et al., 2016; Rist et al., 2016) and food selec-
tion (Coppock et al., 2019) are common responses to MP exposure, with 
downstream impacts on metabolism, energy reserves, and somatic and repro-
ductive growth, and further, on the community structure and functioning. Be-
cause feeding behaviour can respond to particle concentration or food pres-
ence (McMahon & Rigler, 1965) we adjusted algal food concentrations to in-
cipient limiting levels (Paper II) or included reference particle treatments (Pa-
pers III-IV), to avoid inducing changes in feeding behaviour and control for 
the occurrence of particle effects across material types.  

 
Figure 2. Non-metric multidimensional scaling (NMDS) plots in 2D space on the 
bootstrapped behavioural responses of the amphipod C. volutator to A) 10% of par-
ticulates added to natural sediment (PS, PET and Kaolin) and B) The amount of any 
material added to the substrate (0, 1 and 10%). The percentage of the added material 
is expressed on a dry mass basis (Paper III). 

Some studies suggest that physicochemical modifications of aged polymers 
render ecotoxicological assays with virgin materials irrelevant (Jahnke et al., 
2017; Lambert et al., 2017) because, in situ, all secondary MP is heavily aged 
from UV exposure, abrasion, and biodegradation. Even so, we found no dif-
ferences in the responses to aged and virgin plastics (PS and PET, Paper III). 
Moreover, the test animals did not perceive any MP differently from the nat-
urally occurring particles (Figure 2A). They responded only to the amount of 
the particulates added to the natural sediment (Figure 2B). If there was no 
kaolin treatment, the exposure effect could erroneously be ascribed to MP ex-
posure. Also, all exposures induced excessive moving activity, which resulted 
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in increased ETS levels (respiration capacity), as would be expected from the 
bioenergetic perspective. No MP-specific impacts on the animal’s metabolic 
capacity were observed. 

Novel method for MP effect assessment in suspension 
From the risk assessment perspective, the dose-response data are central to 
determine hazard potential. However, with low acute toxicity pollutants, e.g., 
MP and other solids, the standard methods, including the Daphnia sp. Acute 
Immobilisation Test requires unrealistic test concentrations to produce a reli-
able LC50 value. The exposure scenario should represent realistic hazards. 
However, at the extreme particle concentrations used in some published MP 
effect studies (Figure 1), animals are shrouded in material and even hindered 
from moving, which is ecologically meaningless. By extending the duration 
of the exposure, we can lower the test concentrations and obtain a measurable 
response. Therefore, in Paper IV, we adapted the 48-h acute test to particle 
exposures by extending it to 96-h without affecting the control mortality. 

 
Figure 3. The conceptual MP ratio test outlined in three steps (panels 1-3). Step 1: 
Conduct dose-response effect assessments, e.g., the Daphnia sp. Acute Immobilisation 
test, across mixtures with an increasing proportion of MP to reference particles. Step 
2: Data analysis to acquire effect concentrations, e.g., EC10, of mixtures. Step 3: 
Model the relationship between each mixtures effect concentration to its microplastic 
content to 1) set tolerable levels of the reference particles and 2) produce effect con-
centrations identifying the MP specific impact within the general particle effects. 

Particle exposures generate behavioural adaptations, such as avoidance 
(Paper III) and altered feeding. Because MP are just a fraction of suspended 
solids in the water column or sediment, their effects should be evaluated in 
mixtures with other solids. In Paper IV, we introduced a novel test method, 
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the MP ratio test, which generates dose-response data for mixtures with in-
creasing MP proportions (Figure 3, Step 1). Thus, we can vary the MP load in 
the system while keeping the suspended solid concentration constant. This 
ecologically and environmentally relevant exposure scenario allows analysis 
of the particle effects (suspended solid concentration), with an MP proportion 
in this suspension, reflecting the real-life exposure scenario. The mixtures ef-
fect concentrations (Figure 3, Step 2) can be expressed as two threshold values 
(Figure 3, Step 3) describing (1) tolerable level of total solids (represented by 
the sum of MP and reference particles) and (2) safe contribution of MP (%MP) 
conditional on the tolerable concentration of suspended solids.  

Using a 96-h D. magna Acute Immobilisation assay with exposures of ka-
olin as reference material and PET as MP, we found no effects at the sus-
pended solid concentrations of up to 32 mg L-1. The mixture became more 
hazardous when the PET proportion exceeded 2.4%. These values of total sus-
pended solids are not unusual, although, the amount of MP is around three 
orders of magnitude higher than the reported levels in aquatic environments 
(Dibke et al., 2021). 

Selecting appropriate reference material(s) 
The reference materials should be similar to the MP in physical appearance, 
e.g., size and shape. However, the material choice is not straightforward be-
cause naturally occurring particles also differ in their impacts on test organ-
isms, although kaolin appear less harmful compared other common minerals. 
For example, in a 7-day mortality assay with D. magna, montmorillonite and 
kaolin resulted in LC50-values of 5.17 and 74.51 mg L-1, respectively (Rob-
inson et al., 2009). In Paper IV, using similar conditions as Robinson but with 
a shorter exposure duration (96-h), we produced a 5-fold higher LC50-value 
for kaolin, highlighting the importance of exposure duration by suspended sol-
ids on their impact. 

On the other hand, reference particles do not have to be of natural origin 
when their primary role is to benchmark an MP exposure-response, which has 
also been proposed elsewhere (Connors et al., 2017). Then, it can be advanta-
geous to establish MP with well-characterised properties and size ranges and 
without any toxic additives as the benchmark MP.   
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Conclusions 

In aquatic environments, MP is only a minor fraction of the other solids, which 
must be considered in the hazard assessment of these emerging contaminants. 
The findings and approaches of this thesis are applicable not only for effect 
studies on plastic microparticles but solid waste at large. As the most signifi-
cant outcome of this thesis, I consider: 

- new knowledge on MP impacts relative to other solids present in aquatic 
environments, e.g., inorganic particles, as well as the potential of MP to influ-
ence contaminant dynamics in biota;  

- methodological advancements in microparticle ecotoxicology, testing of en-
vironmentally relevant MP, and applying behavioural and physiological end-
points to understand microparticle effect mechanisms.  

The main conclusions are: 

1. Exposure to plastic and mineral microparticles can induce similar re-
sponses at similar effect concentrations at the suborganismal levels. 
In contrast, reported MP effect concentrations at the higher levels of 
biological organisation are lower than for mineral particles (Paper I). 
These differences can, at least in part, be related to the higher varia-
bility within the reported MP effect concentrations due to the ad hoc 
test methods, poorly characterised test materials and uneven distri-
bution in the test systems, and complexity of animal behaviours al-
tering the exposure levels. Even though the median MP effect con-
centration was five times lower than for minerals (10 compared to 
50 mg L-1), the concentration is several-fold higher than the reported 
environmental levels of MP. By contrast, mineral microparticles ex-
ert measurable effects at environmentally relevant concentrations 
(Paper I). Therefore, particle effects observed in the field are more 
likely to be induced by natural suspended matter. 

2. To understand variability in the cross-study comparisons and iden-
tify animal strategies to mitigate microparticle exposure, analysis of 
behavioural responses (to identify avoidance behaviours) in combi-
nation with metabolic endpoints (to identify physiological penalties) 
is recommended (Paper III).  
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3. To mitigate uncertainties with particle aggregation and behaviour 
during the exposure, we need to consider the polymer modifications 
during ageing (Paper III) and particle availability to the test organ-
isms by using devices keeping particles in suspension (Paper IV). 
The impact of ageing on benthic animals appears limited (Paper III); 
however, the proper integration of physicochemical changes during 
MP ageing and biofilm formation in the effect assessment requires 
further investigation.  

4. Concerning chemical transfer, various mineral and organic particu-
lates, including MP, can have similar capacities to influence HOC 
levels in biota. MP could affect the body burden of a highly hydro-
phobic contaminant under a thermodynamically favourable scenario 
(Paper II). However, MP is not likely to be a significant modulator 
of HOC levels in situ, considering their minor contribution relative 
to other suspended solids in aquatic environments. 

5. Different types of solids may act as nutritionally inert particles and 
contaminant vectors. Therefore, it is essential to include reference 
materials (mineral particles or benchmarked microplastics) in MP 
hazard assessment to disentangle the effects of any particles from 
those originating from plastics. The performance of mineral clay mi-
croparticles (Papers I, III, and IV) and their ubiquitous spread in 
aquatic environments suggest that this material is an adequate nutri-
tionally inert reference for MP effect studies.  

6. Based on the meta-analysis output and effect studies with reference 
materials, we propose a novel test method to estimate ecologically 
relevant effect concentrations for MP (or any other solid waste mate-
rial) as a fraction of the total solids in the system. According to this 
method, MP effect levels should be defined relative to the total sol-
ids present in the water column or the sediment (Paper IV).  

The expected increase of MP in the environment and their omnipresence sug-
gests they are emerging contaminants with yet unknown environmental im-
pacts. To provide an adequate risk assessment, we need to understand the pe-
culiarities of biota-particle interactions involving MP in the environmental 
context, i.e., considering the loads, composition, and effect mechanisms.  
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