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Microplastics in freshwater ecosystems:
effects and drivers

Abstract

Microplastics (MPs) are recognised as a pervasive contaminant of freshwater
environments and their key resource processing chains. However, the impacts of
MPs on freshwater ecosystems remain unclear. In this thesis, I assessed the effects
of MP exposure on freshwater microorganisms, macroinvertebrates, and ecosystem
functions through a series of laboratory and field experiments. I further aimed to
identify key drivers of MP effects, including particle properties and potential
interactions with natural sources of variation and anthropogenic stress. MP effects
were detected in all my experiments, most often altering microbial growth and
activity, which then propagated to affect macroinvertebrate growth or ecosystem
functions. These responses were often facilitated by MP properties associated with
higher surface area availability, including high concentrations and irregular fragment
shapes. MP effects on ecosystems were often smaller compared to natural sources
of variation, including macroinvertebrate presence and resource quality. These
factors also frequently modified MP effects, such as macroinvertebrate presence,
which dampened some MP effects on microorganisms and ecosystem functions.
Additionally, MPs had some complex interactions with another global
anthropogenic stressor, warming, especially on ecosystem metabolism, although
their impacts on other response variables were largely independent of one another.
Furthermore, MP leachates stimulated cellulose decomposition in my field study.
While I detected many MP effects occurring at concentrations that exceed those
generally recorded in the environment, other MP effects also occurred at realistic
concentrations, particularly those on microorganisms and macroinvertebrates.
Overall, the findings of this thesis highlight the potential for MPs to affect real-world
freshwater ecosystems, including as temperatures rise due to global warming.
However, MP effects on microbial communities and ecosystem functioning may be
less extreme than other common sources of environmental variation.

Keywords: microplastics, macroinvertebrates, microbial community, ecosystem
functioning, multiple stressors



Mikroplaster i sotvattensekosystem: effekter
och drivkrafterna

Sammanfattning

Mikroplaster (MP) &r en genomgripande fororening av sétvatten miljoer och
dess ekosytem processeser. Trots detta dr MP paverkan pa
sOtvattensekosystem fortfarande oklara. I denna avhandlingen undersokte
jag effekter av MP pa sotvattensmikroorganismer, bottenfauna och
ekosystemfunktioner genom laboratorie- och filtexperiment, och de
nyckelfaktorer som driver MP effekter, inklusive partikelegenskaper och
potentiella interaktioner med naturliga kéllor till variation i miljon och
antopogena stressorer. Effekter frain MP var upptickta i alla experiment och
framforallt involverade forandringar i mikrobiell tillvaxt och aktivitet, som i
sin tur ibland paverkade tillvixt hos bottenfauna eller ekosystemfunktioner.
Dessa effekter oftast drevs av MP-faktorer forknippade med dkad ytarea,
inklusive hoga MP koncentrationer och fragmenterade partikelformer. Dock
var MP effekter pa ekosystem ofta mindre jamfort med naturliga
variationskéllor, t. ex. tdtheten av bottenfauna och resurskvaliteten hos
organiskt material. Dessa faktorer 4ven dndrade MP paverkan i ekosystemet,
tex. forekomsten av bottenfauna minskade vissa MP-effekter pa
mikroorganismer och ekosystemfunktioner. Andra viktiga resultat inkludera
nagra komplexa interaktioner emellan MP och stress fran uppvarmning pa
ekosystemmetabolism i mikrocosms, och en stimulerade effekt av urlakade
kemikalier frén MP pé cellulosanedbrytningshastighet i en féltexperiment.
Manga MP-effekter intriffade vid realistiska MP koncentrationer,
framforallt pa mikroorganismer och bottenfauna, medan andra intréffade
endast vid vildig hoga koncentrationer. Denna avhandling belyser
potentialen for MP att paverka sotvattensekosystem, dock kan nagra MP-
effekter pa vara mindre &n andra vanliga kéllor till miljovariationer.

Nyckelord: mikroplaster, makroinvertebrater, mikrobsamhéllen,
ekosystemfunktion, multipel stressorer
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Grandma

“Life in plastic, it’s fantastic”(?)
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1. Introduction

The ever increasing production of cheap, disposable plastic goods has
opened a Pandora’s Box, unleashing an endless wave of plastic that has
contaminated the planet since the late 1950s (Ostle et al., 2019). The earliest
reports of plastic pollution generally consisted of marine plastic debris with
particle diameters (2) of 100-500 um (Carpenter and Smith, 1972; Carpenter
et al., 1972). At this early stage, there were no explicit distinctions made
between the sizes of different plastic waste particles. This practice was to
change in the coming decades, where studies began organising collected
plastic debris by different size classes (Ryan and Moloney, 1990; Thompson
et al., 2004), ultimately resulting in the broadly accepted definition of
microplastics (MPs) proposed by Frias and Nash (2019):

“Microplastics are any synthetic solid particle or polymeric matrix, with regular
or irregular shape and with size ranging from 1 um to 5 mm, of either primary or
secondary manufacturing origin, which are insoluble in water.”

Historically, the focus of plastic (including MP) pollution has firmly been
on the marine environment, driven by the detection of large-scale
accumulation of plastic waste such as the great Pacific garbage patch (Moore
et al., 2002). It was only in the 2010s that research attention on plastic
pollution, specifically MP pollution, in freshwater environments began
gathering pace (Eriksen et al., 2013; Imhof et al., 2013; Free et al., 2014).
The findings of these studies revealed the extent of global MP pollution in
freshwaters, with MP occurrence recorded from all sampled habitats (Li,
Busquets and Campos, 2020; Cera et al., 2022). In view of this, it is
unsurprising that MP contamination has been reported in tap water (Kosuth,
Mason and Wattenberg, 2018), commercial drinks (Liebezeit and Liebezeit,
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2014), dietary salt (Karami et al., 2017), human digestive systems (Schwabl
et al., 2019) and body tissues (Ragusa et al., 2021).

The public consciousness is thus confronted with the reality of pervasive
and inexorable MP contamination everywhere, not just in outdoor
environments but also within our bodies. This signified a drastic reduction
of psychological distance between the public and plastic pollution, and
became a driving force behind rising public awareness and interest in the
issue of MP pollution (Garcia-Vazquez and Garcia-Ael, 2021).
Consequently, MP regulations were introduced in response to public
concerns, such as the measures adopted under the European Union regulation
on the registration, evaluation, authorisation and restriction of chemicals
(REACH) to restrict the direct sale of MP products and limit the MP content
in products (European Commission, 2023). However, such actions are
motivated primarily by the precautionary principle, in an instance of policy
preceding science, where the vast scale of MP pollution necessitates action
despite scientific uncertainty on the impacts of MP exposure on organisms
and ecosystems (Backhaus and Wagner, 2019; McKie et al., 2023).

Early research efforts to quantify MP impacts retooled existing
toxicological and ecotoxicological protocols and methods, typically
designed to investigate soluble chemical contaminants (Abdolahpur Monikh
et al., 2023). These studies provided relatively swift insights into the MP
effects on a selection of taxa typically used in toxicological assays, such as
Daphnia magna zooplankton and zebrafish (Jemec et al., 2016; Lu et al.,
2016). However, MPs differ from many chemical contaminants in being
insoluble and characterised by wide variation in e.g. particle density and
shape, and thus require additional considerations on exposure conditions and
effect pathways during testing (Blettler et al., 2018; De Ruijter et al., 2020).
Indeed, there are major research questions that remain unanswered after the
early ecotoxicological assessments. First, it is unclear how environments and
ecosystems that are most exposed to MP pollution are affected. Second, there
is a mismatch in the MPs used in laboratory tests and those detected in real-
world settings (Rozman and Kalc¢ikova, 2022), resulting in a knowledge gap
on the effects of MPs with properties commonly found in freshwater
environments. Third, it is uncertain how MP effects on organisms translate
to higher ecological levels, particularly in more complex ecosystems with
interactions between multiple taxa. More generally, there is a pressing need
to better align experiments on the impacts of MP exposure with
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Table 1. Key concepts and definitions referred to within this thesis.

Anthropogenic
stressor

“A variable that, as a result of human activity, exceeds its
range of normal variation and affects (whether negatively or
positively) individual taxa, community composition, or
ecosystem functioning relative to a reference condition.”
(Piggott, Townsend and Matthaei, 2015)

Effect drivers

A variable or factor that influences or is the cause of effects
in a system or process.

Ecosystem “The joint effects of all processes that sustain an ecosystem”
functioning (Reiss et al., 2009)

Food dilution | The reduction of nutrient concentration with a resource pool
effect due to the addition of a nutrient-poor or -void material.

Alternatively known as dietary dilution
Raubenheimer and Simpson, 2004)

(Lee,

Metabolic theory

The theory states that community structuring and ecosystem

of ecology functioning is dictated by organism processes and metabolic
rates, and thus can be predicted through factors that affect
metabolic rates, including temperature and body size
(Brown et al., 2004).

Microbial The “successional changes” of biochemistry and microbial

conditioning community growth on substrates (Cummins, 1974).

Precautionary An approach to address uncertain risks in environmental

Principle policy, where action can be motivated by the potential of a
serious or irreversible threat of an issue, despite scientific
uncertainty (Sand, 2000).

Stressor Factors or variables which shift the environment beyond the
optimal condition range of organisms, leading to changes in
organism survival, growth and other processes

Stressor Interactions between multiple stressors can influence their

Interactions overall impacts on organisms and ecosystems, where their

combined effects can be equal to (additive), less than
(antagonistic) or more than (synergistic) the sum of
individual stressor effects (Jackson et al., 2016).

environmentally relevant conditions and MP types, to inform priority setting
in policy and management, allowing policymakers to scale back dependence
on the precautionary principle and base action on scientific knowledge.

1.1 Context: Particle rich freshwater ecosystems

Even in the absence of MPs, freshwater ecosystems are typically
characterised by high and pervasive occurrence of particulate organic matter
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(POM), including detritus, faecal particles and organic colloids, that are
utilised as resources by various organisms. The POM within freshwater
ecosystems is largely generated through two trophic pathways associated
with key basal resources, allochthonous detritus and autochthonous primary
production, which drive the brown and green trophic pathways respectively
(Figure 1). The brown pathway is largely based on microbial and
macroinvertebrate breakdown of allochthonous terrestrial detritus, which
contributes significantly to the carbon and nutrient pool in many types of
freshwater environments (Cummins and Klug, 1979; Pace et al., 2004). The
green pathway is driven by production and consumption of autotrophic
phytoplankton, periphyton and, to a lesser extent, macrophytes
(Vadeboncoeur and Steinman, 2002; Vis et al., 2007). Additionally, the
dynamics of the brown pathway are captured in the detrital processing chain
concept (Heard, 1994), which begins with the introduction of plant detritus,
also termed course particulate organic matter (CPOM; 2>1000 pm), into
freshwaters. This plant material is rapidly colonised by bacteria and fungi
that act as key decomposers, in a process referred to as conditioning
(Cummins and Klug, 1979; Findlay et al., 2002; Anesio, Abreu and
Biddanda, 2003; Romani et al., 2006). The colonisation of microorganisms
also facilitate the consumption of leaf litter by shredder invertebrates by
forming biofilms on detritus and enhancing detrital nutritional content
(Cummins and Klug, 1979; Wright and Covich, 2005).

A by-product of detrital decomposition activities is the production of
fine particulate organic matter (FPOM; & 0.45-1000 um), which includes
detritivore faecal pellets and microbial aggregates (Cummins and Klug,
1979; Shepard and Minshall, 1984). Fractions of FPOM may also be derived
through the green pathway, with the dislodgement of algal biofilm fragments
(Hart, 1985; Scrimgeour et al., 1991), formation of algae aggregates
(Hamilton, Sippel and Bunn, 2005) and faecal pellets from the activities of
grazer invertebrates (Heard and Buchanan, 2004). FPOM forms the primary
resource base of a dominant feeding guild within freshwater ecosystems,
consisting of collector organisms that gather and/or filter particles from
benthic deposits and the water column (Wallace and Webster, 1996). This
manifests as the tight linkage described by the river continuum concept,
(Vannote et al., 1980) between downstream collectors capturing and
exploiting the inefficiencies and conditioning of resource processing by
upstream organisms via FPOM.
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Figure 1. The two main energy use pathways present in freshwater ecosystems. Basal
resources (detritus and primary producers) are broken down and consumed by consumers
(shredders and grazers), which produce fine particulate organic matter that is
subsequently consumed by collector organisms, including both gatherers and filter-
feeders.

Grazers

Today, the contents of particle pools within freshwater ecosystems
extend beyond naturally-occurring particles, encompassing particles
generated from anthropogenic sources, including MPs. The entry of MPs into
freshwaters may occur through sewage effluent (Lasee et al., 2017; Park et
al., 2020), terrestrial runoff (Wang et al., 2022) and atmospheric deposition
(Evangeliou et al., 2020; Stanton et al., 2020), or be directly generated in-
situ from the degradation of macroplastic waste. Reflecting their sources,
MPs are classed as either primary or secondary. Primary MPs are directly
produced for domestic and industrial uses, such as exfoliating or abrasive
agents (Zitko and Hanlon, 1991). Secondary MPs are generated from the
breakdown of larger macro-plastics or primary MPs (referred here as the
plastic breakdown chain), driven primarily through environmental abiotic
photo-, thermal-, hydrolytic and mechanical degradation (Andrady, 2015;
Zhang et al., 2021), and limited contributions from microbial biodegradation
(Gewert, Plassmann and Macleod, 2015; Khoironi, Anggoro, and Sudarno,
2019). Given that the vast majority of the approximately 4900 million metric
tonnes of plastic ever produced have been discarded and are slowly
degrading throughout the planet (Geyer, Jambeck and Law, 2017), it comes
as no surprise that the majority of MPs found in the environment are
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Figure 2. The breakdown of leaf litter and macroplastics by various biotic and abiotic
processes generates numerous small particles, i.e. fine particulate organic matter (2 1-
1000 pm) and microplastics (2 1-5000 pm) respectively. Subsequently, fine particulate
organic matter and microplastics are likely to co-occur in benthic deposits and consumed
by collector macroinvertebrates, including both gatherers and filter-feeders.

secondary (Burns and Boxall, 2018; An et al., 2020). Both primary and
secondary MPs can be found in a wide variety of polymer compositions,
shapes, colours, and with different chemical additives, echoing the diverse
range of applications that plastics are used for (Rochman et al., 2019).

The plastic breakdown chain parallels that of the detrital processing
chain (Figure 2), where initial materials are degraded into numerous small
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particles, which subsequently disperse into the aquatic environment. The
particles produced from both chains, i.e. MPs and FPOM, have overlapping
size ranges and material densities (EPA, 1992; Thomas et al., 2001). Thus,
the fates of FPOM and MP particles in freshwater environments intersect,
with both types of particles depositing in the same areas (Alimi et al., 2018;
Vincent and Hoellein, 2021). Furthermore, both particle types are able to
serve as substrates for the growth of microbial biofilms, which modifies their
densities and depositional behaviours, and improves their palatability for
consumers (Cummins and Klug, 1979; Joyce, Warren and Wotton, 2007).
These properties predispose FPOM-reliant feeding guilds to MP ingestion,
especially the gatherer and filter-feeding guilds of collector invertebrate
consumers (Akindele, Ehlers and Koop, 2020; Bertoli et al., 2022).

Despite these similarities, key distinctions remain between naturally
occurring FPOM and MPs. Biological breakdown of plastics, driven by
microbial taxa that produce plastic-degrading enzymes (Amobonye et al.,
2021), is a slow process. Additionally, MPs may contain chemical additives
that leach out into the environment and potentially affect organisms
(Rochman et al., 2019). The combination of overlapping and distinct
properties of MPs, relative to FPOM, makes them a contaminant that can
easily integrate into naturally particle-rich freshwater habitats, yet also have
the potential to affect organisms and processes that are adapted to utilise
FPOM resources.

1.2 Consequence: Microplastic effects on organisms

Our current understanding of MP impacts is primarily built upon laboratory
single-species studies (Ockenden et al., 2021), which have afforded us
insight into the impacts and mechanisms behind MP exposure effects. For
microorganisms, MP effects primarily relate to their potential to act as a
growth substrate for microbial biofilms. Compared to natural particles such
as FPOM, the various polymers of MPs form novel substrates in the
freshwater environment, and host surficial biofilms with distinct microbial
assemblages and metabolic pathways (Arias-Andres, Rojas-Jimenez and
Grossart, 2019; Miao et al., 2019). In particular, biofilms on MPs have been
shown to harbour higher fractions of plastic-degrading microbial taxa
(Gambarini et al., 2021). The accumulation of biofilms on MP surfaces can
in turn change the properties of MP particles, e.g. altering buoyancy
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(Semcesen and Wells, 2021) or increasing sorption of pollutants (Wang, Guo
and Xue, 2021), and thus altering the bioavailability of pollutants and thus
toxicity (Wang et al., 2020). Besides acting as a growth substrate, MPs may
also release chemical leachates containing plastic additives such as toxic
plasticisers and dyes, which can inhibit microorganism growth (Tetu et al.,
2019; Capolupo et al., 2020). However, MPs may also release dissolved
organic carbon (Romera-Castillo et al., 2018) or trace chemicals within
leachates (Chae, Hong and An, 2020) that can stimulate microbial growth,
such as that of microalgae (Canniff and Hoang, 2018; Chae, Kim and An,
2019). Through the alterations in microbial community composition, MP
presence has been shown to change microbial-driven nitrogen cycling
process rates, such as nitrification and denitrification (Seeley et al., 2020).

Owing to their larger size, macroorganisms interact with MPs differently
from microorganisms. For example, macroorganisms can ingest MPs, with
studies documenting this across a variety of freshwater organism groups,
including zooplankton (Scherer et al., 2017; Canniff and Hoang, 2018) and
invertebrates (Au et al., 2015; Ward et al., 2019). The ingestion of MPs by
macroorganisms has been identified as a major determinant of MP impacts
on individuals (Wagner et al., 2014; Horton, Svendsen, et al., 2017;
Backhaus and Wagner, 2019), through mechanisms including false satiation,
gut blockages, toxic effects from chemical leachates and internal damage
(Ma et al., 2020). Consequently, MP exposure and ingestion has been
recorded to cause increased mortality (Ogonowski et al., 2016; Tian et al.,
2020), reduced assimilation efficiency (Blarer and Burkhardt-Holm, 2016),
and reduced growth and reproduction (Au et al, 2015; Redondo-
Hasselerharm et al., 2018) in macroorganisms. These MP effects on
macroorganisms have also been shown to propagate, leading to knock-on
effects on ecosystem processes. For example, the negative effects of MP
exposure on macroinvertebrate survival and activity were shown to reduce
macroinvertebrate-driven leaf litter decomposition (Lopez-Rojo et al., 2020)
and sediment nitrogen removal (Huang et al., 2021).

However, there is a notable of variation in MP effects on macroorganisms
and ecosystem functions across taxa and studies, as reviewed in Foley et al.
(2018). MPs were frequently found to have no effects on macroorganisms
(Imhof and Laforsch, 2016; Foley et al., 2018; Redondo-Hasselerharm et al.,
2018; Weber et al., 2018; Aljaibachi et al., 2020) or on ecosystem functions
such as decomposition (Silva et al., 2022; Marchant et al., 2023). This
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variability between studies suggests that there are aspects of MP exposure
that might not be easily generalizable, and highlights the knowledge gaps
surrounding the influence of MP particle properties and conditioning on its
effects on biota and associated ecosystem processes.

1.3 Relevance: Microplastic particle properties and
conditions

The environmental relevance of results has been touted as a limitation of
laboratory MP research (Connors, Dyer and Belanger, 2017), reflecting
discrepancies between the types, concentrations and conditions of MP
particles commonly found in the environment and those used in laboratory
testing. In the environment, the majority of MPs recorded globally are
fragments and fibres (= 29 and 45 % respectively; Burns and Boxall, 2018).
Additionally, most MPs in the environment are comprised of polyethylene
(PE), polyethylene terephthalate (PET), polyacrylamide (PA),
polypropylene (PP) and polystyrene (PS) polymers (Burns and Boxall,
2018). The dominance of these MP shapes and polymers reflect common
plastic products, including disposable plastic packaging and synthetic fabrics
which breakdown and release MPs into the environment (Xu et al., 2020). In
contrast to the profile of MPs commonly found in the environment,
laboratory studies tend to use commercially purchased MP spheres (Rozman
and Kalcikova, 2022) and MPs comprised of PS and PE polymers (Burns
and Boxall, 2018). Spherical MPs make up a relatively small fraction (< 10
%) of all MPs detected globally (Burns and Boxall, 2018), although local
sources can create hotspots of such MP types (Castaiieda et al., 2014; Peng
et al., 2018). Furthermore, the concentrations of MPs used in laboratory
studies were generally higher than concentrations detected in real-world
freshwater environments (Lenz, Enders and Nielsen, 2016; de Sa et al.,
2018).

The disconnect between MPs found in the environment and those used in
the laboratory is of concern as MP particle properties are important factors
in influencing their fate in the environment, and thus the potential risk for
organisms. For example, MPs generated from dense polymers are likely to
settle into the benthos quickly, to be colonised by benthic microbial
communities and encountered by benthic macroinvertebrates. Obviously,
exceedingly high concentrations of MPs also increase the likelihood of
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detecting MP impacts on organisms due to the increased potential to interact
with and ingest MP particles. Consequently, studies that use MPs and
exposure conditions uncommon in the real world may only be relevant for
specific locations and yield results that are inappropriate to extrapolate to the
general state of MP pollution in the environment.

The original properties of MPs are further altered in freshwater
environments through various abiotic and biotic processes. In the
environment, MPs are subject to solar and UV radiation, which can increases
the roughness of particle surfaces and the adsorption capacity of MPs for
heavy metals (Lin et al., 2020). MPs are also rapidly colonised by microbes
which form biofilms (Sooriyakumar et al., 2022), with this process referred
to as the biofouling of MP particles. The presence of biofilms result in
changes to the overall density of MP particles, and thus their settling rates
(Miao et al., 2021; Semcesen and Wells, 2021). Additionally, the biofouling
of particles also lead to the preferential ingestion of MPs by macroorganisms
(Vroom et al., 2017; Polhill et al., 2022), potentially through changes in the
chemical signature of biofouled plastics that induce foraging responses from
odour-guided foragers (Savoca et al., 2017). Evidently, the biofouling of
MPs is important in influencing their fate and effects in the environment.
However, this aspect of MP exposure is less frequently incorporated into
laboratory study designs, which tend to opt for the direct addition of virgin
MPs (Rummel et al., 2017).

Thus, identifying key MP particle properties that drive encounters and
impacts on organisms and ecosystems may provide us a more practical
avenue to derive insight into the effects of MPs in the environment.

1.4 Complexity: Complex ecosystems and multiple
stressors

The ecosystem processes underpinning the green and brown trophic
pathways in freshwaters, including decomposition, primary productivity,
CO; sequestration and nutrient cycling (De Groot, Wilson and Boumans,
2002), are key components of wider ecosystem functioning (Truchy et al.,
2015). Correspondingly, responses of individual components in these trophic
pathways to stressors, whether natural or anthropogenic, have the potential
to reverberate throughout food webs and ecosystems. This may occur
through stressors altering interactions between taxa, or resource
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quantity/quality (e.g. Dawoud et al., 2017). For example, changes in
microbial communities and associated microbial functions may lead to direct
effects on ecosystem processes (Miao et al., 2019; Chen et al., 2020), and
indirect effects on consumer growth through changes in resource quality of
microbial aggregates (Wei, Liao and Wang, 2016).

The strength of indirect effects is further dependent on the relative
importance of top-down vs. bottom-up biotic processes in food webs, e.g.
predator suppression of prey (Carpenter, Kitchell and Hodgson, 1985) vs.
primary production limitation of consumer populations (McQueen, Post and
Mills, 1986). These interactions between taxa and trophic levels, together
with the number of trophic levels (vertical trophic diversity) and taxa within
each level (horizontal trophic diversity) collectively make up food web
complexity (Gessner et al., 2010). More complex food webs may be able to
resist change and maintain processes through stability and resilience
conferred by functional redundancy and diversity in biodiverse communities
(Frainer and McKie, 2015), referred to as the insurance hypothesis (Naecem
and Li, 1997; Yachi and Loreau, 1999). These emergent properties of
complex communities and ecosystems demonstrate the challenge of
extrapolating responses from simple ecological models, such as those
frequently used in testing stressor responses, and highlight the importance of
integrating multiple ecological levels in investigative studies on stressor
impacts (Petchey et al., 2004; Woodward, 2009).

Even in undisturbed ecosystems, environmental variation imposes
multiple naturally occurring sources of stress on organisms, including
fluctuations in the nutritional value of resources, presence of competitors and
extreme temperatures. Against the backdrop of these naturally occurring
stressors, freshwater ecosystems are further beset by a wide range of
anthropogenic stressors, often simultaneously, including plastic pollution
and anthropogenic global warming (Dudgeon et al., 2006; Reid et al., 2019).
The occurrence of these stressors lead to altered conditions for organisms,
which may respond by prioritising energy allocation to physiological
processes that mitigate stressor effects, potentially to the detriment of other
processes (Kooijman, 2010). Furthermore, co-occurring stressors may
interact, resulting in various outcomes, with non-additive interactions being
the most challenging for management as they present scenarios where
managing just one stressor may not result in the intended outcome if other
stressors remain unaddressed (C6té, Darling and Brown, 2016; Johnson et
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al., 2017). Anthropogenic stressors may also interact with natural stressors,
resulting in unexpected outcomes when natural stressors are not taken into
account (Holmstrup et al., 2010). The mechanisms behind these interactions
sometimes reflect direct abiotic interactions between the stressors
themselves. For example, increased temperatures associated with
anthropogenic global warming are likely to increase photo- and thermal-
degradation of plastics (Andrady, Hamid and Torikai, 2003), leading to
higher MP generation from macroplastics. However, stressor interactions are
more often mediated through the effects and feedbacks of biota and
ecosystem functioning (Piggott, Townsend and Matthaei, 2015a; Dawoud et
al., 2017). For example, organism traits that protect against a stressor may
alter its tolerance towards other co-occurring stressors, either reducing it
(negative co-tolerance) it due to physiological trade-offs or increasing it
(positive co-tolerance) it due to traits that protect against multiple stressors
(Vinebrooke et al., 2004).

At this point, it is worth pointing out that the biotic responses I have
described are most relevant when stressor effects on mortality are limited,
such that co-occurring stressors form complex networks of interacting sub-
lethal effects in the environment. In such scenarios, considerations towards
how stressors co-occur, whether temporally (Jackson, Pawar and Woodward,
2021) or across ecological scales (Simmons et al., 2021), can help improve
predictions of the impacts of multiple stressors on ecosystems. In this
respect, MP contamination overlaps with anthropogenic global warming in
temporal and ecological scales, with both being long-term potentiating
stressors that can act on basal food web resources, with the potential for
effects to reverberate through the rest of the ecosystem. MPs are guaranteed
to be a mainstay stressor for the foreseeable future due to the persistence and
slow degradation of plastic polymers, and the challenges in removing MPs
from the environment (Eerkes-Medrano, Thompson and Aldridge, 2015; Pan
et al., 2022). Similarly, global temperatures are predicted to continue rising
throughout the foreseeable future, potentially reaching up to 4 °C of warming
by the end of the 21st century (Lee et al., 2021). Warming fundamentally
accelerates biochemical kinetics, which increases metabolic rates and costs,
as described by the metabolic theory of ecology (Brown et al., 2004). Thus,
warming may lead to increased ingestion rates to fulfil metabolic demand,
and may thus increase the inadvertent consumption of MPs and expose
organisms to potential negative effects associated with that (Hasan et al.,
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2023). However, warming does not simply drive a continuous increase in
process rates, as the biological machinery of organisms, e.g. enzymes, are
adapted for specific thermal niches (Clarke and Fraser, 2004). Deviations
from the thermal optimum reduce the efficiency or degrade enzymatic
reactions, altering organism process rates and negative physiological effects
(McKie, Cranston and Pearson, 2004; Miller and Stillman, 2012), with
potential implications for the overall outcomes of co-occurrence with MPs.
These scenarios point towards the broad range of possible outcomes
associated with the co-occurrence of MP pollution with other, globally
pervasive, stressors.

The complexities of natural ecosystems and multiple co-occurring
stressors highlight the challenges in assessing the potential risks of new (or
newly recognised) stressors on the environment. In particular, it is a
challenge to balance complexity and practicality to ensure studies remain
environmentally relevant. Previous laboratory studies focused on individual
taxa (Rozman and Kalcikova, 2022), which while informative, is difficult to
extrapolate onto the complex inter-species relationships and resulting
ecosystem processes present in real-world environments (Baho, Bundschuh
and Futter, 2021; Ockenden et al., 2021). Similarly, research on the impacts
of individual stressors are challenging to generalize onto freshwater
ecosystems that are subjected to complex combinations of stressors in both
space and time (Folt et al., 1999; Piggott, Townsend and Matthaei, 2015b).
To this end, this thesis incorporates environmentally relevant MP types and
concentrations within an ecological context perceived to be at high risk of
MP pollution, investigating the impacts of MP contamination throughout the
ecological levels of freshwater ecosystem elements associated with detrital
processing, and the influence of MP particle properties and co-occurring
stressors on these effects.
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2. Aim of thesis and specific objectives

This thesis aimed at assessing the impacts of MP exposure on freshwater
ecosystems, through elements of the resource processing chains, and using
a range of environmentally relevant MP types in both laboratory and field
studies, in which impacts of MPs are assessed simultaneously with other
key abiotic and biotic environmental drivers.

The research in this thesis had the following objectives:

e To assess the effects of MP exposure on freshwater
microorganisms, macroinvertebrates and associated ecosystem
functions (paper I- IV).

e To determine key MP particle factors that drive effects in
freshwater ecosystems (paper II & IV).

e To quantify the magnitude of MP effects relative to those of other
natural sources of variation including competition and resource
quality (paper I and II) and other anthropogenic stressors
including warming (paper I1I) and macro-plastic exposure
(paper 1IV).

e To assess interactions between MPs and these additional biotic
drivers and stressors, and evaluate outcomes of co-exposure with
these factors for the effects of MPs (paper I-11I).

e To assess the extent to which MP impacts on microorganisms
propagate to higher trophic levels and ecosystem functions
(paper I-1V).

e To assess the effects and feedbacks between macroinvertebrate
presence and MPs on freshwater ecosystems (paper I-11I).
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3. Materials and methods

3.1 Study systems

As discussed in the introduction, ecologically simplistic laboratory
experiments lack the ecological scale and relevance of field studies, and in
isolation, are difficult to extrapolate to far more complex real-world
environments (Carpenter, 1996). However, practicality cannot be
discounted, with laboratory experiments being indispensable for MP
research due to challenges with limiting external MP contamination and
avoiding the accidental release of MPs into the environment. This
emphasizes the importance of developing complementary experiments
across multiple scales, to generate knowledge capable of informing
management and policy decisions (Benton et al., 2007). Therefore, I aimed
to investigate the responses of the at-risk detrital processing chain towards
MP exposure, particularly of organisms and processes associated with
FPOM, through interconnected laboratory and field experiments. In addition,
I aimed to identify key drivers of MP effects by utilising different MP types
and co-occurring sources of stress.

Over a linked series of experiments, I increased elements of vertical or
horizontal trophic and environmental complexity (Figure 3). This begins
with paper I, where I compared the effects of exposure to a single realistic
concentration of MP against naturally occurring sources of stress (n = 60).
The same microcosm set-ups where used in paper II, which compared the
influence of a range of MP polymers, shapes and concentrations on its effects
on ecosystems (n = 240). These two experiments culminated in my final
laboratory study in paper III, where I used a mixture of fragment and fibre
MPs, deviating from the single MP type treatments used in my two earlier
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Figure 3. Experimental systems used in this thesis: (a) Microcosms with chironomid
larvae and FPOM resource. (b) Aerated microcosms with isopods, snails and chironomid
larvae. (c) Leaf litter decomposition assays in a field site.

laboratory experiments (n = 54). Furthermore, paper III used an expanded
biological model system of the detrital processing chain that increased
horizontal trophic complexity, and was maintained for a longer study period,
crossing generations for some of the macroinvertebrate study organisms.
Following these laboratory microcosm experiments, I took my research out
into the field with paper IV, aiming to test the responses of microbial
communities and processes towards a common MP type in the more complex
real-world environment (n = 150).

The following section provides a general overview of the experimental
systems and methods used for this thesis. For more details, please refer to
papers I-IV.

3.1.1 Laboratory microcosms (paper I-lll)

Experiments reported in paper I-IIl were conducted using laboratory
microcosms in climate-controlled facilities at SLU Uppsala, set to specified
temperatures and with a 16:8 light-dark cycle. Microcosms in paper I and I1
consisted of glass crystallisation dishes (300 mL) containing larvae of the
non-biting midge Chironomus riparius (Diptera) as a particle feeder, and a
layer of FPOM resource (Figure 3a). Paper III microcosms consisted of
aerated glass aquaria containing birch leaf litter and three macroinvertebrate
species representing three feeding groups: a detritivore (isopod Asellus
aquaticus), grazer (snail Viviparus viviparus) and particle feeder (C.
riparius) (Figure 3b). For paper I-III, water was collected from a local
stream (Hagaéan, Uppsala), which served as our primary colonization source
for introducing microbial communities (bacteria, fungi, etc.) into the
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microcosms. Stream water was filtered through a 25 pm sieve to remove
potential MP contamination prior to addition to the microcosms. To recreate
the particle-rich environments that are susceptible to MP pollution, I added
both inorganic sand (Fontainebleau Sand, VWR) and organic FPOM into
microcosms. One of two types of FPOM were used in the resource quality
treatments of paper I: (i) naturally-occurring FPOM collected from Fibyén
stream (Uppsala) or (ii) FPOM prepared using a ratio of 1:2:2 of TetraPhyll
fish food (Tetra, Germany), ground alder leaves and birch leaves. FPOM in
paper II comprised of the prepared FPOM used in paper I. I did not directly
add FPOM into microcosms for paper III, instead relying on grazer and
detritivores macroinvertebrates to generate faecal particles from the
ingestion of algal biofilms and intact leaf litter respectively.

Three MP shape types of various polymers were used across the three
microcosm experiments. Spherical MPs were commercially purchased
(Cospheric). I produced all fragment MPs by grinding liquid nitrogen frozen
plastic pellets with a ball mill. PP fibre was produced by cutting synthetic
fabrics. MPs PET fibre MPs were generated at the Norwegian Institute of
Water Research (NIVA) in Oslo by washing microfiber blankets and
collecting the loose MP fibres from the effluent (Schell et al., 2022). In this
thesis, all MP concentrations are expressed as the number of MP particles
per kilogram of sediment (p/kg). All experiments included an
environmentally relevant sediment concentration of MPs (1,000 p/kg) that is
referred to as the realistic concentration, and some experiments also
including a concentration significantly higher than most recorded
concentrations (50,000 p/kg for paper II, 100,000 p/kg for paper III and
23,000 p/kg for paper IV) referred to as the Aigh concentration. These
concentrations were determined through compilation of published sediment
MP concentrations in freshwater environment worldwide (paper II). To
better replicate the condition in which MPs are likely encountered in the
environment, microcosms were set up with MPs and left to condition in
stream water for approximately a week (paper I & II) or a month (paper
III) prior to introduction of macroinvertebrate consumers to promote biofilm
growth on particle and other microcosm surfaces. In paper III, MPs were
also photodegraded prior to the experiment through UV irradiation in a
climate chamber, to better mimic exposure to sunlight in freshwater
environments.
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In paper L, I tested the effects of PE MP sphere (45-53 pm) exposure at
a realistic environmental concentration (1,000 p/kg) on non-biting midge C.
riparius larvae and ecosystem respiration, at varying food qualities (low
quality field collected FPOM vs high quality prepared FPOM) and larvae
densities (0, 10 and 20) over 21 days. Results from paper I were used to
inform the design of paper II, which tested the influence of MP particle
concentration (0, 1,000, 50,000 p/kg), shape (fragment, fibre, sphere) and
polymer (PE, PET, PP, PS) on MP responses from the microbial community,
chironomid larvae and ecosystem functions (ecosystem respiration and
chlorophyll-a concentration) over 20 days. Microcosms for both paper I and
I were incubated at 20 °C, matching the culturing conditions for the
chironomid larvae used. In paper III, I tested the effects of exposure to
different concentrations (0, 1,000, 100,000 p/kg) of a 1:1 mix of PET
fragment and fibre MPs and temperatures (16,19, 22 °C) on the microbial
communities, macroinvertebrates and ecosystem functions (decomposition,
ecosystem respiration, chlorophyll-a concentration) over 121 days. All
organisms used in paper III were acclimated to 16 °C in the laboratory for
a month before the experiment.

3.1.2 Field study (paper IV)

I conducted litter decomposition assays (Figure 3¢) in the naturally formed
Kunskapsparken pond, located on campus of the Swedish University of
Agricultural Sciences, Uppsala. I compared the effects of exposure to
commercially available synthetic medical mask derived macro- (60 mm) and
microplastics (3 mm), and associated leachates (virgin vs. pre-leached), with
wood shavings on microbial-driven leaf litter decomposition. Dried alder
leaves were enclosed in cotton bags (0.5 mm mesh) which were submerged
and incubated in the pond for 2, 7, 14, 21 or 34 days. For treatment bags, 0.2
g of macroplastics or MPs, or wood shavings were added, equating to
approximately 23,000 p/kg of microplastics, 57 p/kg of macroplastics and
5,000 p/kg of wood shavings.

40



3.2 Measurements

3.2.1 Microbial community and processes (paper lI-IV)

Water column microbial abundance was assessed through analytical flow
cytometry (CytoFLEX, Beckman Coulter); where samples were stained with
SYBR Green® and filtered through a 20 pm sieve prior to analysis (paper
IT & III). Microbial exoenzyme activity, specifically of B-glucosidase and
chitinase, was assessed using methylumbelliferone (MUF)-linked substrates
according to Renes et al. (2020) (paper II). Briefly, water samples from
microcosms were incubated with MUF-linked substrates at saturating
conditions, after which the reaction was terminated with glycine buffer and
the fluorescent signal measured at Aex/em=355/460 nm (Hidex Sense
microplate reader). Microbial community composition was assessed through
16s rTRNA amplicon sequencing with the Illumina Miseq platform, with
amplicons aligned and annotated using the DADA?2 pipeline (paper II). In
paper 1V, | measured lead litter fungal biomass based on ergosterol content
of leaf disks (Nylund and Wallander, 1992).

3.2.2 Macroinvertebrate consumers (paper I-lll)

For paper I, II and III, macroinvertebrates were collected at the end of the
experiment and survivorship assessed. Growth was assessed through
quantification of dry biomass and body length, with the exception of snail
growth that was assessed through change in wet mass. Body condition of
chironomids was assessed by measuring body lipid content (paper II; as in
Reznick, 1983). Stable isotopes and C:N stoichiometry of invertebrates and
FPOM resources were also tested in paper III, to detect possible shifts in
dietary sources and resource quality (McKie et al., 2023).

3.2.3 Ecosystem functions (paper I-IV)

Three ecosystem functions were assessed in this thesis: First, respiration was
assessed using a modified dark-light bottle method (Johnson, Tank and
Dodds, 2009) as detailed in (Kong et al., 2023; paper I), where microcosms
or vessels were filled with oxygen-saturated water, sealed and incubated in
the dark. Respiration was determined to be the difference in dissolved
oxygen (DO) before and after incubation, measured suing Firesting O2
probes (Pyroscience). This was used to assess total ecosystem respiration
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(paper I & II) and leaf litterbag respiration (paper 1V). For paper IIL, the
microcosm systems were not sealed for respiration measurements. Rather,
DO concentration was measured continuously during a period that included
the transition from light and dark periods, with DO change during the light
period used as an estimate of net ecosystem metabolism (NEM; Johnson,
Tank and Dodds, 2009) and the DO change during the dark period used as
an estimate of ecosystem respiration (ER). Gross primary production (GPP)
was calculated as the sum of NEM and ER. Second, chlorophyll-a
concentration was measured as a proxy for algal biomass (Huot et al., 2007),
using fluorescence analysis for the water column at Aex/em = 444/680 nm
(Hidex Sense microplate reader; paper II & III) and a BenthoTorch (bbe
Moldaenke) for the benthic biofilms (Kahlert and McKie, 2014; paper III).
Third, decomposition was assessed based on loss of leaf litter mass that were
deployed in experimental microcosms (paper III) or in cotton litterbags
deployed in the field (paper IV). The field study (paper 1V), included an
additional measure of cellulose decomposition by measuring the tensile
strength loss of strips cut from cotton litterbags used for the litter
decomposition assays, in a similar manner to the use of cotton strips as a
decomposition assay (Tiegs et al., 2013).

3.3 Data Analyses

The main statistical method used in this thesis was linear mixed model
(LMM) analysis, and the significance of factors manipulated in the
experiments tested using an analysis of variance (ANOVA) approach,
including fitting of one or more random effects accounting for background
variation associated with spatial or temporal blocking design elements of the
experiments. In paper II and IV, a nested fixed effect design was used to
assess affects associated with our particle characteristic treatments, which
were nested within plastic presence. For post-hoc analysis, paper I and I11
used t-tests, but due to the nested analysis of paper II and IV, log response
ratios were used instead to explore differences among levels of main or
nested fixed effects identified as significant in LMMs.

For the microbial community multivariate analysis in paper II, non-
metric multi-dimensional scaling (NMDS) and permutational multivariate
analyses of variance (PERMANOVA) were used to visualise community
dissimilarities and identify dominant factors driving community structure.
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Data were split into groups based on the dominant non-MP factors and linear
discriminant analysis (LDA) used to highlight differences in microbial
relative abundances driven by MP presence within these groups.

All statistical analyses were conducted using R v4.3.1 (R Core Team,
2023) through RStudio v3.62. R packages used were /me4 to construct
LMMs (Bates et al., 2015) and /merTest to calculate p-values for ANOVAs
of LMMs (Kuznetsova, Brockhoff and Christensen, 2017). All graphs were
made with ggplot2 (Valero-Mora, 2010).
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4. Results and discussion

4.1 Effects of exposure: Key microplastic properties

4.1.1 Microorganisms

Across paper I-III, I detected several effects of MPs on microbial
abundance, enzyme activity and community composition, with effect sizes
ranging from 1.2 to 42.6 %. Most of these effects can be related to MP
properties associated with (i) increased available surface area of fine
particles in the system, namely high MP concentrations and presence of MP
fragments (paper II & III), and/or (ii) the role of MPs as a novel substrate
(paper II). For example, I found that water microbial abundance was
increased when exposed to the high concentrations of MPs, but only in the
presence of macroinvertebrates (Figure 4). The increased surface area
associated with the high concentration of MP particles can promote biofilm
formation rates (Taylor et al., 1998; Hossain et al., 2019), which is further
facilitated by macroinvertebrate activity that cycles nutrients and suspends
settled MPs and other particulates into the water column (Holker et al., 2015;
Malli et al., 2022). Additionally, exposure to fragment MPs, which have the
highest surface-area-to-volume ratio of all the MP shapes I investigated, was
associated with a small increase (1.2 %) in B-glucosidase activity, a key
enzyme involved in carbon breakdown, that contributes towards leaf litter
decomposition (paper II).

I detected that exposure to the realistic concentration of MPs resulted in
decreased water microbial community richness (paper II). This was further
reflected by changes in the relative abundances of microbial taxa associated
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Paper Il Paper IlI

Microbial Abundance {)(106 cells mL'1}

Control 1,000 50,000 Control 1,000 100,000
Microplastics Concentration (p/kg)

Figure 4. Mean (£ se) of water column microbial abundance when exposed to different
concentrations of microplastics in (a) paper II and (b) III. Data for paper II was pooled
across all the different MP shapes and polymers used, and paper IIT used a mixture of
PET microplastic fibre and fragments. Data presented here was from sampling on the
21st day for paper II and 110th day for paper III.

with plastic degradation in the presence of MPs (paper II), including the
genera Pseudomonas and Flavobacterium which include species known to
degrade the polymers used in my study (Gambarini et al., 2021). Thus, MP
particles may provide a novel niche supporting microbial taxa with genes
encoding for plastic-degrading enzymes, and thus able to derive energy from
plastic polymer breakdown (Quero and Luna, 2017; Gambarini et al., 2021).

4.1.2 Macroinvertebrates

MP exposure was associated with both decreases and increases in
macroinvertebrate growth and development. I observed reduced chironomid
larvae body length when exposed to spherical PE MPs (Figure 5a) and
reduced V. viviparus snail growth when exposed to PET fibre and fragment
MPs (Figure 5b). MP exposure has been previously found to lead to reduced
growth in macroinvertebrates (Redondo-Hasselerharm et al., 2018;
Ziajahromi et al., 2018), potentially due to food dilution from the
contamination of resources with nutritionally-void MPs (Foley et al., 2018).
The food dilution effect refers to the presence of a nutritionally poor or void
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Figure 5. Mean (+ se) of (a) chironomid mean body length when exposed to the low
concentration of PE microplastic spheres (paper I), and (b) snail growth when exposed
to different concentrations of a mixture of PET microplastic fibre and fragments (paper
III). Paper I's study design only included one MP concentration treatment. Paper 111
used a mixture of PET microplastic fibre and fragments.

material within dietary resource pools that cannot be easily filtered out (Lee,
Raubenheimer and Simpson, 2004), leading to an overall reduction in
nutritional value of resources. Furthermore, reduced organism growth in
response to MP exposure may suggest that organisms are allocating energy
to processes other than somatic growth (Kooijman, 2010). For example, MP
exposure may cause oxidative stress in organisms, resulting in the
upregulation of the antioxidant system (Trestrail, Nugegoda and Shimeta,
2020).

As opposed to the negative effects of MP exposure, I also observed
increased chironomid larvae biomass when exposed to MP fragments and
increased chironomid lipid content when exposed to a high concentration of
MPs (Figure 6a). These MP responses from chironomids contrast with the
reduced chironomid growth observed in paper I, and may be related to
differences in MP size ranges used, where paper I (2 45-53 um) used a
narrower range of MPs compared to paper II (2 25-63 um). Additionally,
isopod populations demonstrated increased development rates when exposed
to increasing MP concentrations, resulting in higher final abundances of
medium-sized relative to small-sized individuals (Figure 6b). As discussed
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Figure 6. Mean (+ se) of (a) chironomid body lipid content when exposed to different
concentrations of microplastics. Data for paper II was pooled across all the different MP
shapes and polymers used. (b) Mean + se of medium-sized isopod relative abundance
when exposed to different concentrations of a mixture of PET microplastic fibre and
fragments (paper III).

in the previous section, MP presence can facilitate increased microbial
abundance and enzyme activity within both benthic and pelagic habitats,
through the growth of biofilms on particle surfaces. Consequently, the
increased microbial biomass present may be consumed by shredders and
particle consumers, which rely on surficial biofilms for a major fraction of
their diet as compared to the comparatively nutrition-poor detrital substrates
(Cummins and Klug, 1979; Findlay et al., 2002).

My results demonstrate some taxa-specific effects of MP exposure on
macroinvertebrates, such as the contrasting responses of V. viviparus snails
and 4. aquaticus isopods raised in the same aquariums in paper III (Figure
5b & Figure 6b). V. viviparus snails may be more susceptible to the effects
of MP exposure due to their ability to filter feed and graze benthic biofilms,
potentially increasing the MP load that is ingested by snails relative to
isopods. The ingestion of MPs may lead to increased metabolic costs related
to particle expulsion, and may also affect snail respiration efficiency due to
their filter feeding mechanism, which captures food particles on the surface
of internal gills before transporting them to the mouth (Hockelmann and
Pusch, 2000). I further detected altered elemental ratios of snails in response
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to MP exposure, with C:N ratios increasing with MP concentrations at 16 °C.
I hypothesised that this finding may be due to changes in snail nutrient
assimilation efficiency, which is enhanced for carbon-rich carbohydrates
when metabolic demand increases (Croll and Watts, 2004; Carreira et al.,
2016, 2020). More research is required to assess this hypothesis, but if
confirmed then this indicates that effects of MP exposure on the dietary
intake of V. viviparus snails may have consequences for organism growth.

Conversely, I found that the C:N ratio of first cohort isopods (initial
isopods added into microcosms) decreased when exposed to the high MP
concentration (paper III), which I hypothesise might signify reduced
carbon-rich lipid accumulation in favour of faster development (Lau,
Goedkoop and Vrede, 2013). 4. aquaticus isopods can tolerate high
proportions of highly refractory organic carbon in their diet, which is often
further mixed with large quantities of inorganic sediment (Moore, 1975). The
need to process these materials might afford 4. aquaticus a greater capacity
to limit negative physical effects of ingesting highly refractory MPs whilst
utilising the surficial biofilms thereupon, resulting in higher growth and
altered body composition. Together, my results highlight the potential for
different taxa to respond differently to MP effects, which may be influenced
by feeding modes and natural dietary tolerances for refractory materials.

4.1.3 Ecosystem Functions

In systems without macroinvertebrates, ecosystem respiration was reduced
in the presence of a realistic concentration of PE spheres (Figure 7a), which
I hypothesise may be due to changes in microbial community composition
and functioning related to MP exposure (Yang et al., 2020; Huang et al.,
2021). Additionally, I observed increased ecosystem respiration in the
presence of a realistic concentration of PET fragments and a high
concentration of PP fragments or fibres in systems without
macroinvertebrates (presented as part of overall pooled data, Figure 7b). 1
hypothesise that is due to increased available surface area provided by MP
particles, promoting microbial activity and respiration. Water chlorophyll-a
content, as a proxy for primary production, was reduced when exposed to the
high concentration of PP MPs in macroinvertebrate-free microcosms (paper
IT). This response may be due to the formation of hetero-aggregates between
algae cells and PP MPs, leading to sedimentation and thus lower
concentration of algae cells in the water column, which is a process that has
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Figure 7. Mean (+ se) of microbially-mediated ecosystem respiration when exposed to
different concentrations of microplastics for (a) paper I, (b) IL, (c) IIT and (d) IV. All
data, except for paper III, was for treatments in the absence of chironomids. Paper I’s
study design only one concentration of PE microspheres, and the data presented here was
only for microcosms under the high quality resource treatment. Data for paper II was
pooled across all the different MP shapes and polymers used. Paper III used a mixture
of PET microplastic fibre and fragments, and included macroinvertebrate presence as
part of the experiment design. Paper IV used a high concentration of PP MP fragments.

been observed in a previous study (Lagarde et al., 2016). In the field, I found
that the presence of unleached MPs results in increased microbial cellulose
decomposition but not leaf litter decomposition. I hypothesize that MP
leachates stimulate activity of microbes growing on simpler organic
substrates (i.e. cellulose), but not of the more complex, fungal dominated
communities growing on leaf litter (paper IV). This stimulating effect may
be driven by the presence of bioavailable nutrients in plastic leachates, which
can contain bioavailable dissolved organic matter or other limiting nutrients
(Romera-Castillo et al., 2018, 2022; Sheridan et al., 2022).

In the presence of macroinvertebrates, there were no detectable effects of
MPs on ecosystem respiration or water chlorophyll-a concentration in paper
I or II. Additionally, microbial-driven ecosystem respiration in paper III,
which was in the presence of macroinvertebrates, was not affected by MP
exposure (Figure 7c). However, in paper III also, I observed an increase in
benthic algae biomass in the presence of the realistic concentration of a
mixture of fragment and fibre PET MPs, which was primarily attributable to
an increase in green algae concentration, and a subsequent decrease at the
high concentration (Figure 9a). While MPs have been shown to have
negative effects on microalgae growth (Liu et al., 2020) and lipid
composition (Guschina, Hayes and Ormerod, 2020), it has also been shown
that phytoplankton can adapt to MP exposure and undergo enhanced growth
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(Mao et al., 2018). MP presence has also been shown to increase the growth
of microalgae Raphidocelis subcapitata, potentially serving as a growth
substrate (Canniff and Hoang, 2018). Thus, the observed effects of a realistic
concentration of MPs on benthic algae biomass may be driven by the
increased surface area on the benthos provided by the settling of the dense
PET MPs (1.34 g cm™) used in paper III. At the high concentration, the
inhibition of benthic algae biomass may be driven by a shading effect from
increased abundance of pelagic microbes and MP particles that have been
resuspended into the water column (Vadeboncoeur, Lodge and Carpenter,
2001; Zhao et al., 2019).

4.2 Environmental and anthropogenic sources of stress:
Contrast with microplastic exposure

4.2.1 Natural sources of variation

In this thesis, the natural sources of variation tested (resource quality,
presence of natural refractory particles and consumer presence or density)
produced the expected responses from organisms and ecosystem functions. |
found that the provision of a low quality FPOM resource reduced chironomid
growth (Figure 8a) and ecosystem respiration (paper I). The quality of
FPOM in the environment can vary due to differences in composition and
microbial conditioning, with potential consequences for consumers, e.g.,
FPOM that contains high fractions of refractory material, such as lignin and
cellulose (Ward and Aumen, 1986), is a relatively poor resource for
macroinvertebrates (Callisto and Graga, 2013). Refractory particles can also
affect microorganism growth, as shown in paper IV, where exposure to
refractory wood shavings led to negative fungal biomass accrual in leaf litter.
The microbial breakdown of wood is slow due to its high lignin and cellulose
content, and thus wood may act as a physical barrier to microbial growth
(Vargo, Neely and M. Kirkwood, 1998; Canhoto and Graga, 1999).
Additionally, wood may release compounds that are naturally produced by
plants as a defence mechanism against insect herbivores (Salminen and
Karonen, 2011) and microbial infection (Scalbert, 1991), such as tannins
(Anttila et al., 2013). Thus, I hypothesise that the observed decreased fungal
growth and leaf litter decomposition may be caused by the barrier effect of
wood and the leaching of antimicrobial compounds (paper 1V). This effect
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may also have knock-on effects for shredder invertebrate growth, due to their
dependence on fungi as a major dietary resource (Danger et al., 2012).

In paper II, I found that chironomid presence increased B-glucosidase
enzyme activity (Figure 8b), microbial abundance, and microbial-driven
ecosystem respiration, and decreased water microbial taxa richness. The
presence of chironomids increases nutrient availability and nutrient cycling
in freshwaters, through the release of soluble nutrients (e.g., carbon, nitrogen
and phosphorus) in their excretions (Fukuhara and Sakamoto, 1987) and
bioturbating activity within their dwelling tubes (Svensson, 1997). Thus,
chironomids drive an increase in nutrient availability that microorganisms
can utilise for growth and processes. Chironomids also actively graze on
microbial biofilms in and around their dwelling tubes (Mason and Bryant,
1975; Johnson, Bostrom and van de Bund, 1989), further altering microbial
communities and their functions (Yeager, Foreman and Sinsabaugh, 2001).
Additionally, I found that higher chironomid density reduced chironomid
growth (paper I), likely due to an increase in the degree of intraspecific
competition. C. riparius larvae have been previously shown to respond to
reduced space and resources, as might be caused by high competition, by
slowing down development and growth (Hooper et al., 2003).
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4.2.2 Anthropogenic stressors

Beyond natural sources of variation, I also compared the effects of MP
exposure against other anthropogenic stressors, warming (simulating
anthropogenic global warming scenarios) and macroplastic exposure. In
paper III, warming was shown to accelerate isopod development,
specifically at 3 °C of warming above 16 °C, with 16 °C being the
temperature at which test organisms were acclimated prior to the experiment.
This corresponds with the predictions of the metabolic theory of ecology,
where increased metabolic activity at warmer temperatures drive increased
organism development rates (Brown et al., 2004). Additionally, warming
enhances microbial decomposition activity (Boyero et al., 2011), increasing
the bioavailability of nutrients bound in refractory substrates. However, |
found that isopod development was reduced at 6 °C of warming (paper III),
possibly indicating that the temperature optima of isopods had been
exceeded. When exposed to temperatures outside the temperature optima
range, organisms may suffer negative effects such as reduced growth due to
high metabolic demand, protein deformation and other negative
physiological effects (Ward and Stanford, 1982; Mckie, 2004). For A.
aquaticus specifically, previous research has shown that newly hatched
individuals have a temperature optima between 14.5 and 18.8 °C, after which
growth rate decreases (Roshchin and Mazelev, 1979). Furthermore, I found
that warming over the same temperature range led to a U-shaped response
for total benthic algae biomass (Fig 8a). This response from benthic algae
might reflect a temperature-driven increase in algae consumption by isopods
at 3 °C of warming, with algae being a known part of 4. aquaticus diets
(Moore, 1975). At 6°C of warming, the increase in benthic algae biomass
(relative to 3 °C of warming) may be driven by lower isopod feeding pressure
due to temperatures surpassing their temperature optima.

MPs are only one size-class of plastic waste, with other plastic size-
classes, including macroplastics, abundant in the freshwater environment
(Battulga, Kawahigashi and Oyuntsetseg, 2019; Blettler et al., 2019), and
likely to interact with and impact freshwater organisms and ecosystem
functioning. In paper IV, I found that macroplastic exposure decreased
fungal biomass accrual on leaf litter in the field. Macroplastics may act as
physical barriers to fungal conidia attachment on leaves or limiting fungal
hyphae expansion and growth (Aleklett et al., 2021). Additionally, the
plastics used in paper IV were found to contain slip agents, which can
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further reduce the biofouling rate on plastic surfaces by reducing friction
(Getachew et al., 2016).

4.2.3 Comparing effect sizes

Generally, I found that the effects of naturally-occurring sources of stress on
microorganisms, macroinvertebrates and ecosystem functions often had
larger effect sizes (+11-473 %) compared with MP exposure (£1-89 %). The
most striking comparison was the effect of high resource quality on
chironomid growth and microbial-driven ecosystem respiration, which were
approximately one order of magnitude higher than MP effects on these
responses (Table 2). Additionally, microbial community composition was
more strongly driven by chironomid presence, habitat (sediment vs. water)
and time than MP exposure (paper II), although MPs did elevate the relative
abundances of certain microbial taxa. Furthermore, the effect of wood
exposure on leaf litter fungal biomass accrual was also almost tenfold higher
than the effect of MP exposure (Table 2). I hypothesise that the stronger
effect of wood may relate to the leaching of natural antimicrobial
compounds, while the disposable facemasks, which the MPs were derived
from, generally do not contain antimicrobial compounds as they are mainly
used as a physical barrier against aerosol transmission (Rengasamy et al.,
2017). The effects of wood on fungal biomass observed here is also shown
to occur in the presence of kaolin clay particles, which led to a decreasing
trend in fungal biomass and reduced fungal sporulation rates (Sanpera-
Calbet, Chauvet and Richardson, 2012). Together, these results highlight that
while MP particles have effects on fungi communities that are different from
natural refractory particles, the effects of natural particles are not necessarily
benign and may even have negative effects on fungal growth.

For anthropogenic stressors, the effect sizes (£8-97 %) of the degrees of
warming [ manipulated, 3—6 °C, generally had a comparable range to those
of MP exposure (+11-142 %; Table 2). In paper 111, MP exposure increased
isopod development (Figure 6b), potentially due to higher food quality and
availability through increased biofilm growth facilitated by the additional
surface area from the high concentration of MP particles (Cummins, 1974;
Huang et al., 2021). Warming had similar outcomes as with MP exposure on
isopod development, but only up to 3 °C of warming above 16 °C, beyond
which the thermal optima of isopods may be exceeded (paper III).
Additionally, the U-shape response of benthic algae biomass to warming
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Figure 9. Mean (£ se) of total algae biomass when exposed to different (a) temperatures
and (b) concentrations of a mixture of PET microplastic fibre and fragments in paper
II1.

(Figure 8a) is mirrored by the hump-shaped response from benthic algae
biomass (Figure 9b). As discussed in the previous section, warming may alter
benthic algae biomass through changes in isopod consumption of algae. The
effects of MPs on benthic algae biomass may instead be driven by the
increased dominance of pelagic relative to benthic microbes, as indicated by
the observed increase in water microbial abundance in paper III. An
increase in pelagic microbial abundance increases shading of the benthos and
nutrient competition with benthic microbes, likely resulting in reduced
benthic algae biomass.

The other anthropogenic stressor I tested, macroplastic exposure,
decreased fungal biomass accrual with effect sizes that were approximately
two-fold higher than that of MP exposure (Table 2). Macroplastics form a
continuous barrier compared to the dispersed MP particles, and may thus
have a stronger barrier effect on fungal growth.

In this thesis, I assessed two anthropogenic stressors, but freshwater
ecosystems are exposed to a much wider range of anthropogenic stressors,
with different magnitude of effects relative to MPs. Previous research has
demonstrated that other anthropogenic stressors, including the insecticide
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Table 2. Comparison between effect sizes represented by percentage change relative
to controls of non-MP sources of stress and MP treatments. Only measures that
responded to both non-MP sources of stress and MP exposure were included, and
the higher degree of change between the two comparisons bolded. All responses
reported here were statistically significant (p<0.050).

Response Change (%)
Other stressors MPs

Natural sources of variation

Paper I - High quality resource

Microbial respiration 335 -26.2
Chironomid length 245 -26.7
Paper II - Chironomid presence

Microbial abundance 65.1 42 6*ehiro
Water microbial richness -16.8 -9.3
B-glucosidase enzyme activity 313 -1.2
Ecosystem respiration 34.8 12.6
Water chlorophyll-a concentration 228 44.8

Paper IV — Wood shavings

Fungal biomass accrual -119 -18.8

Anthropogenic Stressors

Paper Il - Warming

Medium-size isopod abundance 96.9 142
1st cohort isopod C:N ratio -8.6 -10.9
Benthic algae biomass -31.5 -13.4

Paper IV - Macroplastics

Fungal biomass accrual -53.5 -18.8

Fehiro effect only observed in the presence of chironomids

dimethoate (Horton et al., 2018) and inorganic copper (Weber et al., 2021),
have larger effects sizes on invertebrate survival, reproduction and mobility,
relative to MP exposure. Thus, more research is needed to assess the relative
severity of MP exposure compared with a broader range of anthropogenic
stressors.

4.2.4 Interaction between MPs and other stressors

The natural sources of variation tested, chironomid presence or density, often
modified the effects of MP exposure. The effect of MP exposure on
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MP shapes and polymers used.

ecosystem respiration was only detected in the absence of chironomids
(Figure 10a), which suggests that chironomids and their activities, which
release nutrients from the benthos, dampen the subtler effects of MP
exposure on ecosystem functioning. Additionally, I found that chironomid
presence reverses the effects of MP exposure on microbial abundance (paper
II). In the absence of chironomids, exposure to PP MPs reduced microbial
abundance, but in the presence of chironomids, exposure to the high
concentration of MPs increased microbial abundance (Figure 10b). These
chironomid-mediated responses of microorganisms and ecosystem functions
are likely driven by increased nutrient availability in the water column due
to the bioturbating activities of chironomids that drive nutrient cycling and
the resuspension of benthic particles, including microbial cells and MPs
(Figure 11; Holker et al., 2015; Malli et al., 2022). Additionally, the effects
of MPs on chironomid growth were only observed at the low chironomid
density (paper I). I hypothesise that low chironomid density results in lower
rates of nutrient cycling and faecal particle production, which may
exacerbate the negative effects of MP exposure despite the lower level of
intraspecific competition. Taken together, these results highlight the
importance of nutrient availability and microbial conditioning for the
detection of MP exposure effects.

For anthropogenic stressors, I observed interactions between MP
exposure and temperature (simulating anthropogenic global warming
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Figure 11. Conceptual figure illustrating a potential pathway of microplastic
sedimentation and resuspension. Microplastics with higher surface-area-to-volume ratios
(e.g. irregular fragments compared to uniform spheres) are likely to have higher
microbial biofilm growth and volume during conditioning, which increases the
sedimentation rate of particles. Subsequent encounters and ingestion of particles by
benthic macroinvertebrates such as the particle-feeding Chironomus riparius non-biting
midge larvae would strip particles of biofilm. Consequently, larvae helps resuspend
microplastics back into the water column after egestion, alongside driving nutrient
cycling in freshwater ecosystems.

scenarios) on the responses of ecosystem GPP:ER and snail C:N ratios
(paper III). Generally, GPP:ER ratios had a U-shaped pattern over time,
indicating a temporary shift towards heterotrophy before bouncing back
towards the initial levels of autotrophy. I found that MP exposure resulted in
a more sustained shift towards heterotrophy, particularly at the realistic
concentration at 16 °C, and the high concentration at 3 and 6 °C of warming
above 16 °C. MPs may favour a shift towards heterotrophy by supporting
elevated fractions of heterotrophic microbes. This is supported by the
observation of increased pelagic microbial abundance at the high MP
concentration with no corresponding increase in water chlorophyll-a
concentration. MP particles have also been previously recorded to support
elevated activity of heterotrophic microbes (Arias-Andres et al., 2018).
Additionally, MP exposure appears to alter the response of snail C:N
ratios to warming. In the absence of warming, snail C:N ratios increase with
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warming, potentially indicating increased carbohydrate intake to fulfil
metabolic demand (Croll and Watts, 2004; Carreira et al., 2016), and
increased lipid accumulation due to a stress-induced shift away from lipid
metabolism (Diaz-Morales et al., 2023). The presence of MPs at high
concentrations appears to reverse this response, where C:N ratios are highest
at cooler temperatures but decreases with warming. Results from paper I11
highlight the potential for complex outcomes from co-exposure to MPs and
warming, but the consequences of these interactions for organism growth
and other aspects of ecosystem functioning remain unclear.

While I have discussed various instances where the effects of MPs are
often overshadowed or modified by naturally occurring sources of stress and
other anthropogenic stressors, I also observed effects on some organisms and
ecosystem functions that were exclusive to MP exposure. In paper I1I, 1
found that MP exposure alone had an effect on microbial abundance and snail
growth, independent of warming. These results point towards key properties
of MP particles and associated mechanisms of action that are able to affect
certain biota differently from other stressors. This may e.g. include the role
of MPs as a buoyant, refractory, and novel growth substrate, which can
continually migrate between the benthos and water column as particle
density changes due to biofilm growth (Fig 8; Li et al., 2023). Overall, the
natural sources of variation tested here appear to have larger effects on
ecosystems relative to MPs exposure, while the effect sizes of warming were
comparable to MP exposure. Even so, I highlight the potential for MP
exposure to have distinct responses compared to natural refractory particles
and anthropogenic warming.

4.3 Ecological complexity and magnitude of microplastic
effects on microbial communities and ecosystem
functions

While I did not explicitly test for the effects of ecological complexity in my
studies, the experiment designs allow for certain comparisons of trophic
diversity and environmental complexity (Figure 12). For comparison 1, the
chironomid-free microcosms in paper I and II are paired with paper IV to
compare microbial responses to MP exposure, and the propagation of effects
to ecosystem functions, across systems varying in environmental complexity
(laboratory vs field). Paper IV, in which I excluded macroinvertebrates, was
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Figure 12. The comparisons of environmental complexity and trophic diversity across
different experiments made in section 4.3. Comparison I relates to the differences in
environmental complexity, which refers to the level of control achievable within
experimental systems, where simple single-species microcosm studies have lower
complexity relative to multi-species microcosms or field systems. Comparison 2 related
to differences in vertical trophic diversity, which refers to the changes in the number of
trophic levels. Comparison 3 relates to differences in horizontal trophic diversity, which
refers to changes in the number of taxa or functional groups within trophic levels.

conducted in the field. For comparison 2, the chironomid-free microcosms
are compared with the chironomid-present microcosms in paper I and II to
provide a direct, albeit simplistic, comparison of how increased vertical
trophic diversity (i.e. more trophic levels; Jabiol et al., 2013) alters MP
exposure effects on microbial communities, and if the propagation of effects
from microbial communities to ecosystem functions is maintained. The
presence of chironomids form a trophic level above microbial communities
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through their ingestion of microbial biofilms. For comparison 3, the
chironomid-present microcosms in paper I and II were paired with paper
III to compare responses of microorganisms and macroinvertebrates across
increased horizontal trophic diversity (i.e. greater diversity of feeding
groups; Jabiol et al., 2013). Due to the diversity of responses measured across
studies, only relevant responses that have either direct or comparable
surrogates between studies are mentioned in this section.

4.3.1 Comparison 1: Lab and field microbial responses

In the field, microbial communities are exposed to a wider range of
environmental variation, including in temperature and hydrological regimes,
and a more complex sediment matrix. In comparison, laboratory experiments
subject microbial communities to stable controlled environments and may
lead to responses that are less relevant in real-world environments outside
the laboratory (Calisi and Bentley, 2009). Throughout my laboratory
experiments, MP exposure often affected microbial-driven ecosystem
respiration (Figure 7a-b), but this effect was no longer observed when
microbial communities were incubated in the field (Figure 7d). Furthermore,
a subset of MPs in the laboratory study of paper II and the MPs used in the
field study of paper IV were made from the same material (PP medical
facemasks), with exposure to these MPs in paper II resulting in increased
microbial-mediated ecosystem respiration in the laboratory only. As
discussed in the previous section, natural sources of variation, specifically
food quality and consumer presence/density, often had stronger effects than
MP exposure and further regulated the effects of MPs on organisms and
ecosystem functions. Therefore, these environmental variables, or others that
were uncontrolled for, are likely more important drivers of microbial
respiration in the field than the presence of MPs. Nonetheless, this may not
be true for all ecosystem functions as I observed MP effects on another
ecosystem function, cellulose decomposition, in the field (paper 1V).

4.3.2 Comparison 2: Chironomid presence in microcosms

The presence of chironomids altered the effect of MP exposure, especially at
high concentrations, on microbial abundance. I hypothesise that this is driven
by increased nutrient cycling from chironomid activity, which facilitates
increased microbial biofilm growth on the surfaces of MP particles. Previous
research has also detected increased biomass of sediment biofilm in the
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presence of MPs (Huang et al., 2021). In turn, higher microbial conditioning
and biofilm growth is likely to facilitate increased feeding and growth of
consumers, as seen in effects of microbial growth on leaf-consuming
detritivores (Jabiol et al., 2013). In paper 11, the high concentration of MPs,
and the resulting elevated microbial abundance, was associated with higher
lipid content in chironomid larvae. Higher lipid content is an indicator that
chironomid larvae are ingesting better quality resources, which allows for
more fat stores (Wei, Liao and Wang, 2016). The accumulation of both lipids
and glycogen in chironomids occurs in preparation for development stages
that have high energy requirements, such as pupation (Hamburger,
Lindegaard and Dall, 1996). Thus, the responses of microorganisms to MP
exposure appear to affect macroinvertebrate growth, through increased
biofilm growth on food particles, and thus higher quality resources for
consumers. Additionally, there was some evidence for direct effects of MP
exposure on chironomids, which also had reduced growth when exposed to
MPs in paper 1. This response may be driven by the food dilution effect of
MPs in the FPOM resources of chironomids (Redondo-Hasselerharm et al.,
2018) or the increased metabolic costs associated with excreting MP
particles (Foley et al., 2018).

The presence of chironomid larvae appears to dampen the effects of MP
exposure on ecosystem functions. In the absence of chironomids, MP
exposure altered water chlorophyll-a concentrations and microbial-driven
ecosystem respiration, demonstrating the propagation of MP effects from the
microbial community to ecosystem functions. In the presence of
chironomids, I no longer detect any MP responses from ecosystem functions.
As discussed above, chironomids drive nutrient cycling in freshwater
ecosystems and these stronger effects of chironomid presence may dampen
the propagation of MP effects from the microbial community to ecosystem
functions.

4.3.3 Comparison 3: Horizontal trophic diversity

In the previous section, [ hypothesised that macroinvertebrate-driven nutrient
cycling facilitates increased microbial abundance in the presence of a high
concentration of MPs. The ecosystem processes that contribute to nutrient
cycling, such as decomposition and egestion, may be enhanced by increased
biodiversity (Naeem et al., 1994; Tilman, Isbell and Cowles, 2014),
particularly with gains in taxa that complement one another in resource use
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(Fargione et al., 2007). Furthermore, the body mass of consumers is a
dominant factor driving egestion rates (Allgeier et al., 2015; Vanni and
Mclntyre, 2016), and thus nutrient cycling. In paper III, I included
additional macroinvertebrate functional feeding groups, isopod shredders
and snail grazers, into the microcosms, in addition to the chironomid
collectors used in paper II. These additional taxa are significantly bigger in
terms of body mass, with the average body mass (=SE) of isopod and snails
being 1.7 (£0.2) and 110 (£5) mg respectively, relative to 0.49 (£0.01) mg
for chironomids. Thus, increasing the horizontal diversity of
macroinvertebrates, particularly larger taxa with different niches and
functional feeding groups, may increase the process rates conferred by
macroinvertebrates and result in a higher magnitude of MP-driven increase
in microbial abundance.

The magnitude of microbial abundance increase was higher in the simpler
(paper II) than in the more complex trophic web (paper III). I found that
MPs were associated with a greater increase (relative to the controls) in
microbial abundance in paper II (42.6 %) compared to paper II1 (10.8 %).
While the microcosms were smaller in volume for paper II, their ratio of
total macroinvertebrate biomass to water volume was in fact lower (0.03)
relative to the microcosms in paper III (0.04), indicating that the differences
in microbial abundance increase is unlikely to be due to the size and water
volume of microcosms.

These results indicate that species interactions in a community with a
higher diversity of functional groups may suppress microbial productivity.
Alternatively, differences in the starting conditions of the microcosms
between the two experiments might have been important in influencing
microbial productivity. Overall, these results highlight the need for more
research on how trophic complexity regulates MP effects on ecosystems.

Through the three comparisons in this section, I draw some insights into
the potential responses of natural freshwater ecosystems to MP exposure.
Comparison I demonstrated the laboratory-to-field attenuation of MP effects
on ecosystem respiration, highlighting how MP effects may be dependent by
environmental conditions that are not often seen in real-world environments,
such as the complete absence of macroinvertebrate consumers, or stable
thermal regimes. Comparison 2 showed that the MP responses of microbial-
driven ecosystem respiration and chlorophyll-a concentration appear to be
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dampened by chironomid presence, despite MP responses of the chironomid
larvae themselves. Comparison 3 highlighted the potential for increased
horizontal trophic  diversity modify the interactions between
macroinvertebrates and MP particles, and the resulting outcomes on
microorganisms. Together, these findings suggest that the effects of MPs in
the environment are likely to be smaller than the effects found in laboratory
studies. However, some MP effects on basal microbial communities and their
functioning were still apparent in the more complex systems that I studied,
including increased microbial abundance and cellulose decomposition. The
potential for such changes to propagate and have knock-on effects on higher
trophic levels and ecosystem functioning in real-world environments
requires more investigation.
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5. Conclusion and future considerations

5.1 Conclusion

There is an ongoing debate on the significance of the risk MPs pose to real-
world environments (as demonstrated by Backhaus and Wagner, 2019). On
one end, the opinion is that MPs per se do not constitute a significant risk in
the environment due to the low concentrations recorded in real-world
environments, and the limited scientific evidence demonstrating MP effects
at these recorded concentrations (Burton, 2017). On the other end, the stance
is that there is a high probability of negative consequences in the
environment from MP pollution due to accumulative exposure over time and
across broad spatial scales, and thus preventative action is warranted despite
limited scientific evidence of MP effects in the environment (Rochman et al.,
2015; Guerranti et al., 2019). Ultimately, arguments from both sides of the
discussion are rooted in the lack of scientific evidence surrounding the
effects of MPs on real-world ecosystems, which hampers scientific evidence
based action on MPs.

Through this thesis, [ aimed to improve our understanding of the effects
of MP exposure on biota associated with the freshwater processing chain,
and its potential implications for freshwater ecosystems as a whole.
Furthermore, 1 aimed to investigate the drivers of MP effects, including
particle properties and other factors, and contrast the effects of MPs against
these other stressors. The main conclusions of this thesis are summarised as
follows:

I. MPs impacted all ecological levels assessed, altering microbial
community structure and growth, macroinvertebrate growth,
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development and body condition, ecosystem respiration and
chlorophyll-a concentration.

II. MP effects were frequently driven by particle properties supporting
increased microbial growth, including high particle concentrations
and irregular fragment shapes that provide larger surface areas for
biofilm growth, and leachate compounds that stimulate microbial
activity.

III. Natural sources of variation and stress (resource quality,
macroinvertebrate presence/density, presence of refractory organic
material such as wood) often had higher effect sizes than MPs and
often further regulated the effects of MP exposure.

IV. The anthropogenic stressors I studied (warming simulating
anthropogenic global warming scenarios and macroplastic
pollution) showed variable effects relative to MP exposure.
Interactions between warming and MPs were few, but have the
potential to result in complex ecosystem-level effects.

V. MP effects generally propagated from microbial communities,
leading to effects on macroinvertebrates or ecosystem functions.

VL. The presence of macroinvertebrates appears to dampen the effects
of MP exposure on ecosystem functions, regardless of MP effects
on macroinvertebrates themselves.

Overall, the findings in my thesis suggest that many of the effects of MP
exposure seen in laboratory studies may be less relevant in the real-world
environment. However, I still detected MP effects associated with MP types
and environmental conditions that correspond more closely to real-world
environments, including realistic concentrations of environmentally
common MP types, macroinvertebrate presence and most saliently, in field
conditions. Thus, MPs have the potential to affect real-world freshwater
ecosystems, albeit likely to a lesser extent than suggested by laboratory
studies.
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5.2 Future considerations and final thoughts

Microplastics are small refractory plastic particles, barely discernible to the
human eye and easily transportable hydrodynamic and atmospheric currents,
contaminating every environment known to man. The almost
insurmountable challenge posed by MPs in global clean-up efforts is
compounded by the continuing production of vast volumes of plastic waste,
adding to that already accumulated in the environment. MPs have been
detected in every tested environment, with average concentrations of 10
particles per m* of water or 1,000 particles per kg of sediment in freshwaters
globally. These recorded environmental MP concentrations are low relative
to the threshold concentrations where toxic effects are typically detected in
freshwater organisms (Burns and Boxall, 2018). In my thesis, I find that MP
effects were frequently associated with MP freshwater sediment
concentrations one or two orders of magnitude higher than the global
average. However, MPs are likely to increase over time as the existing pool
of macroplastic waste in the environment continues to breakdown.
Additionally, the detection and characterisation of MPs remain an ongoing
challenge, as particles at the low end of the MP size range (2 < 50 um) are
particularly difficult to identify and characterise due to methodological
limitations (Horton, Walton, et al., 2017; Caputo et al., 2021). Overall, the
scale of MP pollution in the environment may be currently underestimated
(Conkle, Baez Del Valle and Turner, 2018; Weber and Kerpen, 2023) and is
unlikely to reduce in magnitude over time, unless decisive action is taken.
The insights derived from this thesis contribute to the ever-growing body
of research surrounding the issue of widespread MP pollution. The frequency
of MP effects on microbial communities are particularly interesting and
warrant further research, as microbial communities form the base of the
world’s ecosystems and drive a major fraction of ecosystem functioning.
Particularly, the changes in leaf litter fungal biomass observed in paper IV
may reflect changes in fungal communities, and further investigation into
this may better characterise the mechanism of MP effects on fungal
communities. Additionally, I hypothesised that many of the effects detected
throughout the experiments are likely to be driven by changes in microbial
biofilm volume or growth. Thus, future research targeting the biofilms on
MPs or on surfaces exposed to MPs, may help further inform the mechanisms
behind some of my findings. Furthermore, future work may consider
including additional trophic levels into their experiments, as my results
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suggest that MP effects have the potential to propagate across trophic levels.
The findings in this thesis also motivates further research to investigate the
interactions of MP exposure with other anthropogenic stressors, which
would allow us to better understand the potential ramifications of MP
pollution in environments that are affected by multiple anthropogenic
stressors.

As a final note, MPs have gained significant attention in recent years,
likely driven by a continuous stream of studies reporting the presence of MP
particles in food, drink and human tissue. However, MPs are but one aspect
of the continuum of plastic production and degradation. The extraction of
fossil fuels provide the petrochemical raw materials that are used in the mass
production of plastic products, which are subsequently discarded into the
environment, existing as macroplastic pollutants, and then degrading over
time into MPs and nanoplastics. There exist the risk of environmental
pollution at every step of this process, and the effects of macroplastic
exposure shown in this thesis highlight how MP pollution is one of many
environmental issues that originate from the process of plastic production
and disposal.
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Popular science summary

Plastic is undoubtedly the material of choice for the mass production of cheap
and disposable everyday products. Unfortunately, improper disposal of these
plastic goods has led to rampant pollution. Over time, plastic debris fragment
through environmental forces, resulting in the generation of microplastics
(MPs), small plastic particles with diameters between 0.5 millimetres (mm)
to 1 micrometre (um). MPs are also directly manufactured for synthetic
fabric or as abrasives in creams, which are eventually released into the
environment. In freshwater environments, MPs may contaminate deposits of
natural particles, thus potentially impacting organisms and processes
associated with these natural particles, and the overall functioning of
ecosystems.

My thesis aimed to investigate the effects of MPs on freshwater microbial
communities, macroinvertebrates and ecosystem processes, including
detritus decomposition, algal productivity and oxygen consumption.
Additionally, I aimed to identify the drivers of these effects, including
particle properties and natural or anthropogenic sources of stress. In the first
experiment, [ assessed the effects of spherical polyethylene (PE) MPs on
non-biting midge Chironomus riparius larvae (referred to as chironomids),
and associated ecosystem processes, under different environmental
conditions. I found that exposure to a realistic concentrations of MPs reduced
chironomid growth and microbial-driven ecosystem respiration, though
effects were generally less pronounced and further modified by resource
quality and chironomid population density.

In the second experiment, I aimed to identify MP properties — such as
particle polymer, shape and concentration - that drive MP effects on the
experimental system used in experiment one under conditions that led to MP
effects. I found that MP effects were generally associated with higher surface
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area availability of MPs, such as high particle concentrations and fragment
shapes. MP effects also tended to propagate from microbial communities to
chironomids or ecosystem processes. However, chironomid presence often
dampened the effect of MP exposure on ecosystem processes.

In the third experiment, I assembled a more complex food web than the
previous two experiments, which included leaf eating Asellus aquaticus
isopods, biofilm eating Viviparus viviparus snails and particle eating
chironomids (the same species used in the previous experiments). I assessed
the effects and interactions of different concentrations of common
polyethylene terephthalate (PET) MPs and range of temperatures simulating
global warming. MPs had effects on microbial communities that propagated
onwards onto macroinvertebrates. MP effects were also evident despite up
to 6 °C of warming, with some evidence that co-exposure to MPs and
warming results in complex outcomes for ecosystem functioning.

The first three experiments I conducted were all in laboratory conditions,
where the environment is controlled and manipulated, which may yield
results that do not correspond to impacts in the real-world environment.
Thus, I took my experiments out into the field, assessing and comparing the
responses of leaf litter decomposition to exposure to polypropylene (PP)
medical mask derived MP and macroplastic particles, and wood shavings as
a proxy for natural organic materials that do not decompose easily. MPs
reduced fungal biomass, a key decomposer of leaf litter. The leachates of
MPs, which contain various plastic additives, stimulated the decomposition
of cellulose, which is a major component of leaf litter. Additionally,
macroplastics and wood shavings were often shown to have stronger effects
on decomposition rates relative to MPs.

MP pollution has firmly grasped public attention in recent years, with
MPs detected in even the most remote corners of the world, in our food and
in our bodies. The insights from this thesis contribute to our knowledge on
the impacts of widespread MP pollution. The frequency of MP effects on
microbial communities, coupled with the potential for effects to spread to
other parts of the ecosystem, warrant further research, particularly as
microorganisms form the base of the world’s ecosystems and thus drive a
major part of ecosystem functioning.
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Popularvetenskaplig sammanfattning

Plast dr utan tvekan forstahandsmaterialet for massproduktion av billiga
engéngsprodukter. Men tyvérr &r plast ocksd kopplat till den vélkinda
varldsomfattande plastfororeningen. Allt detta skrdp har med tiden, och
naturliga processer, brutits ner till mikroplaster (MP), sma plastpartiklar som
méter mellan 1 mikrometer (um) och 0.5 millimeter (mm) i diameter.
Mikroplaster tillverkas dessutom som startmaterial for produktion av
syntetiskt tyg och slipmedel i krdmer, vilka ocksa i slutdndan sldpps ut i
miljon. MP kan i sGtvatten fororena ansamlingar av naturligt partiklar och
kan potentiellt paverka organismer och processer associerade med dessa
naturliga partiklar, och ekosystemsets 6vergripande funktion. Malet med min
avhandling var att undersoka effekterna av MP i mikrobsamhéllen, pa
makroinvertebrater och ekosystemprocesser (inkluderar detritusnedbrytning,
algproduktivitet och syreforbrukning), i sétvatten. Jag har ocksd haft som
mal att identifiera drivkrafter i miljon, vilket har inkluderat karaktérisering
av partiklar och naturliga eller ménskliga miljostressorer. 1 det forsta
experimentet utviarderade jag effekterna av mikrosfarer, gjorda av polyeten
(PE), péa larver fran ett slikte av fjadermyggor Chironomus riparius
(refereras till hir som chironomider), och ekosystemfunktionerna, under
olika miljoforhéllanden. Jag upptéckte att realistiska koncentrationer av MP
sinkte  tillvixten av  chironomider —och den  mikrobdrivna
ekosystemsrespirationen. Effekten var dock generellt mindre @n, och dven
reglerad av, kvaliteten pa resurser och chironomidernas populationsstorlek.
I det andra experimentet valde jag att identifiera MP-faktorer, som typ av
polymer, form och koncentration. Dessa undersoktes under forhdllanden som
i det forsta experimentet pavisat effekter av MP. Jag upptiackte att MP
effekterna ofta var kopplade till hog yt-area av MP, vilket inkluderade hoga
MP-koncentrationer och ojamna plastformer. Effekterna av MP kunde ocksé
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spridas frdn mikrobsamhéllerna till chironomider eller paverka
ekosystemsprocesserna. Narvaro av chironomider skulle dock kunna minska
effekten frdn MP pa ekosystemsprossesserna. | det tredje experimentet satte
jag ithop en mer komplex néringsviv an de tva foregdende experimenten.
Detta experiment inkluderade lovitande isopoder Asellus aquaticus,
biofilmsdtande sniglar  Viviparus  viviparus och  partikeldtande
chironomidlarver (samma art som forsta och andra experiment). Jag
utvirderade effekterna och interaktionerna for flera olika koncentrationer av
vanliga polyetenterephtalat (PET) MP med temperaturer som simulerade
global uppvarmning. MP paverkade mikrobsamhéllerna, och effekterna
spreds till makroinvertebraterna. Efekterna av MP var ocksé patagliga trots
upp till 6 °C uppvarmning, med vissa bevis for att samexponering av MP och
uppviarmning ledde till komplexa resultat for ekosystemets funktion. De
forsta tre experimentet var alla utforda i ett laboratorium dir miljon var helt
kontrollerad och manipulerad, vilket kan resultera i respons som inte
stdmmer Overens med verkligheten. Dérfor tog jag mitt experiment ut i falt
med syftet att utvardera effekterna pa bladnedbrytning fran exponering av
MP och makroplaster frén kirurgansiktsmasker i polypropen (PP) och
jédmfora det med burspan som simulerade naturliga svarnedbrytbara material.
MP minskade svampbiomassan, som dr en nyckelspelare i bladnedbrytning.
Kemikalier frin MP-lakvatten, vilket ineholl plasttillsatser, stimulerade
nedbrytningen av cellulosa, vilket &r en viktig komponent i blad. Utdver detta
sd& hade makroplaster och burspdn ofta en hogre paverkan pa
nedbrytningshastighet 4n vad MP hade. Den véirldsomfattande MP-
fororeningen har fitt mycket uppmérksamhet i samhéllet p& senare ar, med
fokus pa MP i mat, vatten och ménniskor. Insikterna fran min avhandling
bidrar med ny kunskap om effekterna av utbredd MP fororening. Frekvensen
av MP-effekter pd sotvattensmikrobsamhéllen, och potentialen for effekter
att sprida till andra delar av ekosystemet, motiverar mer forskning da
mikroorganismer utgdr basen for vérldens ekosystem och dédrmed driver en
stor del av ekosystemets funktion.
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Ringkasan Sains Umum

Plastik merupakan bahan pilihan untuk produk yang murah dan sekali pakai.
Sayangnya, pelupusan produk plastik yang tidak terkawal telah
menyebabkan pencemaran plastik yang meluas. Secara beransur-ansur,
sampah plastik pecah melalui proses semula jadi dan menghasilkan
mikroplastik (MP), zarah plastik kecil dengan diameter antara 0.5 milimeter
(mm) hingga 1 mikrometer (um). MP juga dihasilkan secara langsung untuk
pembuatan fabrik sintetik atau sebagai pelelas, yang akhirnya dilepaskan ke
alam sekitar. Dalam alam air tawar, MP mungkin mencemari sedimen zarah
semula jadi, dan berpotensi menjejaskan organisma dan proses yang
berkaitan dengan zarah semula jaid, dan keseluruhan fungsi ekosistem.

Tesis saya bertujuan untuk menyiasat kesan MP terhadap komuniti
mikrob, makroinvertebrata dan proses ekosistem air tawar, termasuk
penguraian detritus, produktiviti alga dan penggunaan oksigen. Saya juga
bertujuan mengenalpasti pendorong kesan MP, termasuk ciri zarah dan
sumber tekanan semula jadi atau antropogenik. Dalam eksperimen pertama,
saya menilai kesan MP sfera polietilena (PE) terhadap larva Chironomus
riparius (dirujuk sebagai chironomid), dan fungsi ekosistem yang berkaitan,
dengan keadaan persekitaran yang berbeza. Saya mendapati bahawa MP
mengurangkan pertumbuhan chironomid dan respirasi ekosistem oleh
mikrob. Kesan-kesan MP kerap lebih kecil berbanding dengan kesan
keadaan persekitaran dan juga diubahsuai oleh kualiti sumber dan kepadatan
populasi chironomid.

Dalam eksperimen kedua, saya menyasarkan untuk mengenalpasti faktor
MP - seperti polimer, bentuk dan kepekatan zarah - yang memacu kesan MP
pada sistem eksperimen yang digunakan sebelum ini di bawah keadaan
persekitaran yang terhasil kesan MP. Secara umumnya, saya mendapati
bahawa kesan MP berkaitan dengan kawasan permukaan zarah yang lebih
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besar, disebabkan kepekatan zarah melebihi tahap persekitaran dan bentuk
serpihan. Kesan MP juga sering bersebar daripada komuniti mikrob kepada
chironomid atau proses ekosistem. Tetapi, kehadiran chironomid sering
mengurangkan kesan MP pada proses ekosistem.

Dalam eksperimen ketiga, saya menggunakan rankaian makanan yang
lebih komplex berbanding dengan dua eksperimen sebelum ini, dengan
tambahan pemakan daun isopod Asellus aquaticus, pemakan biofilem siput
Viviparus viviparus dan pemakan zarah larva chironomid (sama spesis
seperti eksperimen sebelum ino). Saya menilai kesan dan interaksi kepekatan
MP polietilena tereftalat (PET) dan suhu simulasi pemanasan global. MP
mempunyai kesan pada komuniti mikrob yang sebar ke makroinvertebrata.
Walaupun tahap suhu ditinggikan kepada pemanasan 6 °C, kesan MP tetap
jelas, dengan beberapa bukti bahawa pendedahan bersama MP dan
pemanasan menghasilkan kesan yang kompleks terhadap fungsi ekosistem.

Ketiga-tiga eksperimen pertama semuanya dijalankan dalam persekitaran
dalam makmal, di mana keadaan telah dikawal dan dimanipulasi. Keadaan
semacam ini mungkin menghasilkan keputusan yang tidak sepadan dengan
kesan MP di persekitaran dunia sebenar. Oleh itu, saya menjalankan
eksperimen di luar makmal, menilai dan membandingkan tindak balas
penguraian daun apabila didedah kepada zarah MP dan makroplastik yang
diperolehi daripada topeng perubatan polipropilena (PP), dan serpihan kayu
sebagai bahan rujukan untuk bahan semula jadi yang tidak mudah terurai.
Pendedahan MP mengurangkan biojisim kulat, yang merupakan salah satu
pengurai utama daun. Bahan larut lesap MP, yang mengandungi pelbahai
bahan temabahan plastik, meningkatkan pernguaraian selulosa, yang
merupakan komponene utama daun. Selain itu, makroplastik dan serpihan
kayu sering mempunyai kesan yang lebih kuat pada kadar penguraian
berbanding dengan MP.

Pencemaran MP telah menarik perhatian umum sejak beberapa tahun
kebelakangan ini, di mana MP ditemui di alam dunia yang antara paling
terpencil, dalam makanan kita dan badan manusia. Hasil tesis ini
menyumbang kepada pengetahuan kita mengenai kesan pencemaran MP
yang meluas. Kekerapan kesan MP pada komuniti mikrob, bersama dengan
potensi kesan merebak ke bahagian ekosistem yang lain, mewajarkan
penyelidikan lanjut kerana mikroorganisma membentuk asas ekosistem
dunia dan juga memacu sebahagian besar fungsi ekosistem.
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Abstract

Fine particulate organic matter (FPOM) is an important basal resource in stream ecosystems for deposit- and filter-feeding
macroinvertebrates (collectively ‘particle feeders’). Microplastics (MP) share many characteristics with FPOM (e.g. size
range, surface area to volume ratios) and are potentially consumed by particle feeders. Accordingly, MP contamination of
natural FPOM pools might affect particle feeder growth and survival, particularly when background FPOM resource quality
is low, or intraspecific competition is high. We conducted a microcosm experiment to evaluate how a realistic (1400 particles/
kg sediment) polyethylene MP (¢ =45-53 um) concentration interacts with FPOM (¢ =63-250 um) resource quality (low
versus high nutrient content) and consumer density (10 versus 20 individuals per microcosm) to affect growth and survival
of larval Chironomus riparius (Diptera: Chironomidae), a model particle feeder. We additionally quantified community
respiration, based on three hour measurements of oxygen consumption in the microcosms at the end of the experiment.
MP exposure reduced larval body lengths by 26.7%, but only under the low consumer density treatment. MPs reduced
community respiration by 26.2%, but only in the absence of chironomids, indicating an impact on microbial respiration. In
comparison, low resource quality and high consumer density were associated with 53.5-70.2% reductions in community
respiration, chironomid body length and/or body mass. These results suggest that effects of contamination of FPOM with
MPs at environmentally realistic concentrations on the life histories of particle feeders such as C. riparius might be limited,
especially relative to the effects of resource quality and consumer density. However, the reduction in microbial respiration
when MPs were present highlights the need for further research addressing MP impacts on microbes, given their key roles
in ecosystem functioning.

Keywords Fine particulate organic matter - Microplastics - Chironomus riparius - Consumer density - Resource quality -
Community respiration

Introduction

P4 Ze Hui Kong

ze.hui.kong@slu.se Stream and river networks produce and transport tonnes
of fine particulate organic matter (FPOM) [particle
¢>45 um, < 1000 um (Hutchens et al. 2017)] every day
(Malmgqpvist et al. 2001). FPOM particles include faecal par-
ticles (Shepard and Minshall 1984), other particulate detritus
(Cummins and Klug 1979) and organic colloid flocculates
(Wotton 2007). FPOM is a major component of nutrient
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are increasingly contaminated by pollution from microplas-
tic (MP) particles (Alimi et al. 2018), with a size range of
1-5000 pm (Frias and Nash 2019). Vast quantities of plastic
waste enter aquatic ecosystems via terrestrial runoff (e.g.
storm water from urban and industrial areas where plas-
tic use is high), wastewater or wind (Zeng 2018). Some of
this waste comprises primary MPs, directly released into
the environment as spheres, irregular shapes (Gregory
1996) or fibres (Henry et al. 2019). In contrast, second-
ary MPs are generated from larger plastic waste through
biotic-, e.g. microbial or animal activity (Immerschitt and
Martens 2020), and abiotic degradation processes, e.g. UV
photo-degradation (Barnes et al. 2009). FPOM and MP
particles have overlapping size ranges (Webster and Meyer
1997; Thomas et al. 2001; Frias and Nash 2019) and densi-
ties (EPA 1992; Thomas et al. 2001), contain bioavailable
organic carbon (Romera-Castillo et al. 2018) and host surfi-
cial biofilms (Zettler et al. 2013; Hossain et al. 2019; Chen
et al. 2020). Consequently, contamination of lotic FPOM
pools with MPs has potential to affect both the microbes
and invertebrate particle feeders that regulate the cycling of
FPOM in freshwater catchments.

Key particle feeding organisms in lotic ecosystems
include larval Chironomidae (Diptera), especially the non-
predacious species from the subfamilies Orthocladinae and
Chironominae. These chironomids not only consume ben-
thic FPOM, but also incorporate FPOM into construction
of silken tubes within which they live (Mckie 2004; Goed-
koop et al. 2007; Holker et al. 2015). The deposit feeding
and tube construction activities of chironomids in turn alter
microhabitat structures and sediment microbial communi-
ties (Yeager et al. 2001). Larval chironomids contribute
to bioturbation as individuals pump water through their
tubes (Svensson 1997). Bioturbation and the potential for
associated increases in bacterial production (van de Bund
et al. 1994) together enhance the community respiration of
microbes associated with detritus and sediments (Nogaro
et al. 2008; Baranov et al. 2016) and support denitrifica-
tion (Svensson 1998). These microbe-consumer interactions
may be disrupted by MPs, directly affecting the survival
and activity of chironomids and/or microorganisms (Huang
et al. 2021). MPs might also be incorporated into chironomid
tubes, as observed previously for Trichoptera larvae (Ehlers
et al. 2019), potentially altering the functioning of these
structures (Ehlers et al. 2020).

MPs have been shown to cause a range of effects on ben-
thic particle-feeding organisms in aquatic ecosystems (de S&
et al. 2018). For example, Stankovic et al. (2020) found that
MP exposure slowed development time and increased final
body size in the chironomid Chironomus riparius. Other
recorded effects include reduced feeding of the marine lug-
worm Arenicola marina (Besseling et al. 2013) and reduced
growth rates in the amphipod Hyalella azteca (Au et al.
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2015). Such effects are likely to be at least partly attribut-
able to a “food dilution effect’ (Ogonowski et al. 2018). Food
dilution effects occur when a more labile food resource is
mixed with a highly refractory substance that reduces nutri-
ent concentration in the resource pool and increases food
handling time (Ogonowski et al. 2016; Welden and Cowie
2016). Besides that, MP exposure can also affect metabo-
lism and other physiological functions (Kratina et al. 2019),
which over time might accumulate to impact consumer
growth and survival, and ecosystem functioning (Prinz and
Korez 2020). Despite the potential vulnerability of freshwa-
ter FPOM-based food webs to MP exposure, only one previ-
ous study has specifically investigated the impacts of MPs on
ecosystem processes associated with FPOM particle feed-
ers. Huang et al. (2021) focussed on processes of nitrogen
removal mediated by microbes and Chironomus riparius.
They found that although MP exposure promoted growth
and activity of denitrifying microbes, the role C. riparius in
mediating nitrogen removal was reduced, possibly due to a
negative impact on its bioturbating activities.

Negative impacts of MP exposure arising from food
dilution or physiological effects are likely to be stronger
in consumer populations already experiencing limitations
in resource quantity and/or quality (which collectively
regulate resource availability to consumers) (McNamara
and Buchanan 2005; Ieromina et al. 2014). The nutrient
quality of FPOM is notably low in comparison with other
aquatic resources (e.g. algae) (Callisto and Graga 2013;
Bundschuh and McKie 2016), but is normally enhanced
through the growth of surficial biofilms on particles (Cum-
mins and Klug 1979; Joyce et al. 2007). In turn, surfi-
cial biofilm growth is strongly regulated by substrate
characteristics [e.g. refractory carbon (C) content, C to
nutrient ratios]. Accordingly, MP exposure that disrupts
microbial activities and further dilutes the quality of an
already low quality FPOM resource might have particu-
larly strong potential to impact particle feeders (Miao et al.
2019a). Consumer density is a further key factor regulat-
ing resource availability. As consumer density increases,
resource limitation is intensified as a consequence of com-
petition (McKie et al. 2008). This may lead to negative
density dependent effects on individual behaviour, growth
and survival (Hooper et al. 2003), and on associated eco-
system processes (Klemmer et al. 2012). Both intra- and
interspecific competition (i.e. competition within and
between species, respectively) increases the vulnerabil-
ity of organisms to additional stressors, e.g. exposure to
pesticides, nutrients and low pH (McKie et al. 2009; Op
de Beeck et al. 2018). However, the potential for addi-
tional environmental drivers, such as consumer density
and resource quality, to regulate the impacts of MP expo-
sure on consumers and associated ecosystem processes
remains little assessed, especially in freshwater habitats.
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This represents a knowledge gap that limits our capacity
for assessing the potential impacts of MPs in freshwater
ecosystems, relative to those of other key environmental
drivers.

Here, we conducted a laboratory microcosm experiment
to compare the effects of FPOM resource quality (low or
high quality) and consumer density (0, 10 or 20 chirono-
mid individuals per microcosm) with those of microplastic
exposure on the growth and survival of C. riparius as a
model particle feeder, and also on community respiration
(i.e. bulk respiration of all organisms in the microcosms,
including microbes and chironomids) as an ecosystem pro-
cess. Our microplastic consisted of polyethylene (PE) par-
ticles, among the most dominant polymer types detected
in environmental samples (Shim et al. 2018; Koelmans
et al. 2019). The PE was in the form of primary MP bead
particles, widely used in personal care products and thus
readily entering freshwater habitats via wastewater. FPOM
and spherical PE MPs were conditioned in stream water
to grow surficial biofilm before the addition of chirono-
mids. We expected that the survival of chironomid larvae
would be reduced when reared at high density, reflecting
the negative density-dependent effects of intraspecific-
competition, and on the lower quality FPOM resource.
We further hypothesised that these impacts would be
strongest in microcosms contaminated by MPs due to the
additional stress imposed by contamination of the consum-
ers’ FPOM food resource (i.e. in line with a food dilution
effect). Finally, we hypothesised that community respira-
tion would be greatest at the highest chironomid density
and on the high quality FPOM resource, but would be
reduced by the presence of MPs due to negative effects
of MP exposure on chironomid biomass accrual and/or
disruptions in the activity of microbial biofilms.

Methods
Experimental design

The study was conducted in a controlled environment
room set at 20+ 3 °C on a 16:8 h light—dark cycle. Glass
crystallisation dishes (300 mL) were used as microcosms,
each containing 80 g of sterile sand (Fontainebleau Sand,
VWR). The experiment employed a full factorial design
with three variables: FPOM resource quality (two levels:
low quality, field-derived FPOM and high quality, labo-
ratory-produced FPOM), chironomid consumer density
(three levels: absence, 10 individuals or 20 individuals
per microcosm) and MP presence (two levels: presence or
absence of MPs). Each treatment was replicated five times
leading to 60 microcosms across five randomised blocks.

Treatments

FPOM resource quality — two FPOM resource types were
used in the experiment: the first was low quality, naturally
occuring FPOM sourced from a forest stream, and the sec-
ond consisted of a high quality heterogeneous lab mixture.
The low quality FPOM resource was collected from deposi-
tional habitats in Fibyan Stream (59.884 N, 17.354 E), which
flows through the Fiby Old Forest Nature Reserve (Alands-
dal, Sweden). We collected FPOM by carefully siphoning
the top layer of the sediment using a 50 mL syringe. The col-
lected material was filtered through nested sieves (250 pm
and 63 um) to remove any large debris and invertebrates. The
FPOM material retained in the 63 um sieve was then dried
in an oven at 60 °C for 48 h and stored in glass jars. The
high quality FPOM was prepared by combining ground Tetra
Phyll fish food (Tetra, Germany) together with ground alder
and birch leaves in a ratio of 1:1:2. The leaves were col-
lected freshly abscised during autumn 2017 from one small
alder and one small birch forest stand near Uppsala, Sweden
that were not subject to anthropogenic fertilization. The high
quality FPOM was passed through the same sieve set as used
for the low quality FPOM, to ensure a comparable size dis-
tribution of particles. The carbon and nitrogen content of
these FPOM resources were analysed at the UC Davis Stable
Isotope Facility with an PDZ-Europe ANCA-GSL elemen-
tal analyser (SERCON Ltd, Cheshire, UK) interfaced to a
continuous flow isotope ratio mass spectrometer (UC Davis
2020). The high and low quality FPOM resources had an
average C:N ratio of 16.2+0.0 and 47.5 + 0.4, respectively.
It is possible that the source materials used in both the low
and high quality FPOM treatments were contaminated with
some level of MP pollution. However, given we collected
alder and birch leaf litter and natural FPOM from single
locations, and used a single commercial preparation of fish
food, we did not anticipate substantial variation in the level
of such contamination, and expected that any such contami-
nation was evenly distributed among our replicates.
Consumer density — the density of chironomids was var-
ied by adding either 0, 10 or 20 newly hatched larvae (<24 h
old) into each microcosm dish. Five chironomid egg masses
were obtained from a laboratory culture maintained at the
department of Aquatic Sciences and Assessment, Swedish
University of Agricultural Sciences, and hatched in a petri
dish with the same water and temperature as the source cul-
ture (20 °C). Hatched larvae were gently mixed to facili-
tate random allocation of individuals from the five clutches
among the microcosms. Once added to the microcosms,
chironomid individuals settled on the bottom substrate and
constructed tubes predominantly composed of the FPOM
resource provided. In a pilot study, a consumer density of
10 allowed all individuals to construct robust, well-spaced
tubes incorporating abundant FPOM particles (personal
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observation, Supplementary Information, Fig. Sla). The
doubling of density in the 20 individual treatments was thus
presumed to increase competition for FPOM, and resulted
in less well-spaced tubes incorporating lower quantities of
FPOM per tube (personal observation; Supplementary Infor-
mation, Fig. S1b). The densities used in this experiment (10
and 20 corresponding to 1411 and 2822 individuals m™2,
respectively) are within the range of densities (157 and 3384
individuals m"z, mean 954 individuals m"2) observed previ-
ously for northern European lakes (Mousavi 2002).

Microplastics — clear virgin polyethylene microspheres
(Cospheric, 45-53 um) were used in the MP treatment,
at a concentration equivalent to 1400 MPs per kg diment
(0.669 mg per kg gimen) OF 747 MPs per litre of water
(0.357 mg per L, ,..,)- The concentration used here is within
the range of globally observed environmental sediment MP
concentrations in some urban sites (Yang et al. 2021). We
prepared a MP stock suspension of 0.01 g per L of de-ion-
ised water. Unintended MP inputs were minimised by using
glassware in the laboratory, with all containers pre-rinsed
with 95% ethanol. Personnel always wore cotton cloth-
ing in the laboratory, and leaf litter was collected by hand
and stored in cardboard boxes. When producing FPOM, we
used a grinder with a stainless steel burr. Additionally, the
stream water used in the microcosms were filtered through
a stainless steel 25 um sieve to remove any MPs above that
size before the MP treatment was applied.

Addition of FPOM and MPs to the microcosms

Suspensions of FPOM resource (low or high quality) were
prepared and added into each microcosm separately with
0.11 g of FPOM resource in 50 mL of de-ionised water. This
amount of high quality FPOM resource was found in a pilot
test to be sufficient for chironomids at a consumer density of
10 to reach pupation within 15 d. For microcosms exposed
to MPs, we pipetted 5.35 mL of the MP stock solution
into each MP treatment microcosm to achieve the desired
concentration. The stock was sonicated for 5 s before each
application to help evenly distribute particles. We confirmed
realisation of the target concentration and effectiveness of
sonication by visual enumeration of MP particles in stock
samples under a light microscope (Supplementary Informa-
tion, Fig. S2). All microcosms were then filled with 150 mL
filtered stream water. The FPOM resource and MPs were
conditioned in the microcosms for 7 d (after McKie et al.
2008) before chironomids were added. During this period,
all microcosms were refilled every two days with approxi-
mately 25 mL filtered stream water to supplement the initial
microbial colonisation, and to maintain both water depth
(2 cm) and water nutrient concentrations close to that of the
source stream. After the conditioning period, chironomids
were added, with de-ionised water used for subsequent water
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level maintenance to minimise addition of dissolved miner-
als and colonisation by additional microbes. These experi-
mental conditions were maintained for 14 days before the
final measurements were made.

Data collection

At the end of the experiment, community respiration (i.e.
bulk respiration of all organisms in a microcosm) was
quantified in sets of eight microcosms (henceforth referred
to as ‘assay batch’) using the dark-light bottle method of
Johnson et al. (2009), as modified by Truchy et al. (2020).
Briefly, each microcosm was filled with oxygen-saturated
de-ionised water and the dissolved oxygen (DO) concentra-
tion measured using calibrated optical sensors (Firesting O,
Meter, PyroScience, Aachen, Germany). Where possible,
microcosms were taken from the same experimental block
for each assay batch. Four crystallisation dishes containing
only de-ionised water were also included to measure back-
ground O, fluctuations in the microcosm dishes (i.e. ‘blanks’
with only de-ionised water and sterile sand). All dishes were
then sealed with parafilm, with care taken to avoid trapped
air bubbles, and incubated in the dark. After three hours,
the microcosm dishes were carefully unsealed and DO con-
centrations measured again. Community respiration (CR) is
calculated as the difference between the initial and final DO
concentration, corrected for the volume of crystallisation
dishes and incubation time (Supplementary Information, Eq.
S1). This was further adjusted for background DO fluctua-
tions measured in the blanks.

Following respiration measurements, chironomids were
collected and survivorship assessed. The collected chi-
ronomids were left to empty their guts overnight in de-ion-
ised water prior to quantification of biomass. After 24 h,
the chironomids were sedated with carbonated water and
photographed under 10 X magnification. The photographs
were analysed using ImageJ (V1.53a, National Institutes of
Health, Bethesda, USA) (Schneider et al. 2012) to obtain the
individual body lengths of chironomids. The chironomids
from each microcosm were then dried at 60 °C in an oven
for 24 h before total biomass was weighed to the closest
0.001 mg on a microbalance. Per capita biomass was calcu-
lated for each microcosm by dividing total biomass with the
number of survivors.

Data analysis

Data were analysed using linear mixed models (LMM) with
consumer density, FPOM quality and MP treatments fitted as
fully crossed fixed effects. Random effects varied according
to the response variable. Experimental block was fitted as
a random effect for mortality and per capita biomass, while
body length data was analysed using microcosm identity
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nested within experimental blocks as a random effect. For
analysis of respiration data, assay batch was fitted as a
random effect to account for background variation among
batches. Across all microcosm respiration rates, more ran-
dom variation was explained by assay batches than the origi-
nal experimental blocks (33.3% versus 16.2%, respectively).
The primary test of significance was derived from the
LMMs, but we additionally included significance tests based
on Tukey’s post-hoc test in our figures, to aid in assessment
of differences among groups. One replicate was excluded
from all analyses due to an error in the initial allocation of
the number of chironomid larvae to that microcosm. There
were also three replicates with extremely low survivorship
(£15%, one with and two without MPs). However, exclu-
sion of these replicates did not change the outcomes of our
statistical tests (no change in which terms were significant),
and so were retained in our analyses. All data analysis was
carried out using RStudio V3.62 (R Core Team 2019). R
packages used were ggplor2 for graphical plotting (Wickham
2009), Ime4 to construct LMMs (Bates et al. 2015), ImerTest
to derive p-values for the LMMs (Kuznetsova et al. 2017)
and emmeans to perform Tukey tests on the models (Lenth
2019).

Results
Chironomid survivorship, biomass and body length

Mean percentage survivorship was 66.7 +4.1%. Neither the
three-way interaction between resource quality, consumer
density and MP exposure (ANOVA, F, ,;=3.25, p<0.100)
(Supplementary Information, Fig. S3), nor any other interac-
tions or main effects (all remaining F <1.1, p>0.100) (Sup-
plementary Information, Table S1) were significant.

Chironomid mean per capita dry weight (g) was 473%
higher for larvae fed the high (0.672 +0.093) compared
with the low (0.142 +0.030 mg) quality FPOM resource
(Fy,27=52.2, p<0.001). Chironomid mean per cap-
ita dry weight was also 50% lower for larvae kept at
the high (0.27 +0.04 mg) compared with low density
(0.54+0.12 mg) treatment (F} »;=15.0, p <0.001), pooling
across the resource quality treatments. Additionally, there
was a significant interaction between FPOM resource qual-
ity and consumer density (F, ,;=38.38, p<0.01), with the
negative effect of increased density on per capita dry weight
more pronounced for individuals reared on the high quality
FPOM resource (Fig. 1).

The individual body lengths of chironomid lar-
vae were 245% higher when fed the high quality FPOM
(10.3+0.1 mm) compared with the low quality FPOM
(4.2+£0.08 mm) resource (F; ;5=236, p<0.001). Addition-
ally, there was a significant interaction between consumer
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Fig.1 Effects of FPOM resource quality and consumer densities on
mean [+ 1 standard error (SE)] per capita dry weight of chironomid
larvae. Mixed model significance tests: density (p<0.001), resource
quality (p<0.001), density Xresource quality (p<0.010). Tukey’s
post-hoc tests plotted on the graph. NS non-significant; *#p <0.010,
#*kp <0.001

density and MP presence (ANOVA, F, ;5=6.30, p <0.05).
Individual body length was significantly lower for chirono-
mids exposed to MPs under the low, but not high, density
treatment (Fig. 2).

Community respiration

Community respiration was significantly affected by
FPOM resource quality (ANOVA, F, »;=175, p<0.001).
Respiration was 374% higher in microcosms with the
high (4.41 £0.27 pmol O, hr™!) compared with low
(1.18 £0.09 umol O, hr™!) quality FPOM resource. There
was also a significant interaction between consumer den-
sity and MP presence (ANOVA, F, ,,=4.46, p<0.050),
with respiration reduced only when MPs were present in
the chironomid-free microcosms (Fig. 3). This interac-
tion was further explored by analysing data for micro-
cosms without chironomids alone, in which respirations
is primarily attributable to microbial organisms. In these
microcosms, respiration was 335% greater in replicates
with the high (4.39 +0.44 umol O, hr™!) compared with
low (1.31+0.16 umol O, hr—1) quality FPOM (ANOVA,
F, 1;=75.6, p<0.001). MP presence had a significantly
negative effect on community respiration (ANOVA,
F, 1,=6.91, p<0.050; Fig. 4). A further interaction
between FPOM resource and MP presence was non-sig-
nificant (ANOVA, Fy 5= 3.86, p>0.050), with a trend for
lower community respiration in the presence of MPs when
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Fig.2 Effects of consumer densities and microplastic exposure
on mean (+ 1 SE) chironomid body length. Mixed model signifi-
cance tests: density (p < 0.100), MP (p < 0.100), resource quality
(p < 0.001), density x MP (p < 0.050). Tukey’s post-hoc tests plotted
on the graph. NS non-significant; ***p < 0.001; *p < 0.050
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Fig.3 Effects of consumer density and microplastic exposure on
mean (x 1 SE) community respiration of microcosms. Mixed model
significance tests: density (p>0.050), MP (p>0.050), density x MP
(p<0.050). No Tukey’s post-hoc test significance

provided with the high quality, but not the low quality,
FPOM. In contrast, community respiration of microcosms
with chironomids was significantly affected by FPOM
resource quality only (ANOVA, F, 3, =111, p<0.001)
(Supplementary Information, Fig. S4), with rates 380%
higher in microcosms with the high (4.22 +0.35 pmol O,
hr™!) compared with low (1.11+0.11 pmol O, hr—1) qual-
ity FPOM resource.
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Fig.4 Effects of FPOM resource quality and microplastic exposure
on community respiration (+1 SE) of microcosms without chirono-
mids. Mixed model significance tests: resource quality (p<0.001),
MP (p<0.050), resource quality x MP (p>0.050). Tukey’s post-hoc
tests plotted on the graph. NS non-significant; *p <0.050

Discussion

In a microcosm experiment, we evaluated the effects of a
realistic substrate concentration of polyethylene MP parti-
cles on the survival and growth of a model particle feeding
chironomid and on community respiration, relative to those
of additional environmental drivers. FPOM resource quality
and consumer density were clearly the predominant driv-
ers of both organism growth and community respiration.
Nevertheless, there was evidence for contingent impacts of
MP exposure on chironomid body length and community
respiration. MP exposure reduced chironomid body length
under the high, but not low, FPOM resource quality treat-
ment. MP exposure also reduced community respiration,
but only in the microcosms without chironomids present,
indicating an impact on microbially-mediated community
respiration. The effect sizes of these MP impacts were lim-
ited relative to the much stronger effects of consumer den-
sity and resource quality, similar to previous studies which
demonstrated lower levels of impact from MPs relative to
other stressors, such as temperature (Hiltunen et al. 2021)
and pesticides (Horton et al. 2018).

Individual and population responses
We did not observe a systematic effect of either resource

quality, consumer density or MP presence on survivorship
of chironomids. High mortality in some individual replicates
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was also not clearly associated with any of the experimen-
tal treatments or blocks, and is thus difficult to explain, but
seems most likely to reflect random variation in the initial
survivorship of the newly hatched larvae, which was not
easily quantified owing to their extremely small size. Nei-
ther resource quality, consumer density nor MP exposure
were predicted a priori to induce a strong acute mortality
response. However, we did observe a systematic effect of
resource quality on chironomid growth, which we hypoth-
esise could compromise survivorship over a longer period
than assessed here. Growth was very limited for larvae
reared on low quality FPOM, with most individuals failing
to develop beyond the second instar. This suggests the low
quality FPOM resource was very limited in availability of
key nutrients required for supporting growth and develop-
ment, which are likely to affect survivorship in the longer
term, and in particular the success of pupal metamorphosis
(Wesner et al. 2020). Accordingly, a longer study period,
including rearing the larvae to adulthood, might be neces-
sary for detection of potential survivorship differences asso-
ciated with the low resource quality treatment.

The limited development of larvae grown on the low
quality FPOM resource was manifested in reduced indi-
vidual body length and per capita biomass, relative to the
high quality FPOM treatment. Notably, the C:N ratio of
our low quality, field collected, FPOM (47.5) was higher
than any previously reported value for naturally occurring
FPOM in heterotrophic steam ecosystems (e.g. C:N ~10-35)
(Cross et al. 2003; Callisto and Graga 2013; Yoshimura et al.
2008). In contrast, the C:N ratio of our high quality FPOM
resource (16.2) is characteristic of the highest quality plant
detritus in stream ecosystems, such as the nitrogen rich litter
of Alnus (17.5-19.2) (Garcia-Palacios et al. 2016), and was
supplemented with additional nutrients from the commer-
cially available fish food included in the mixture. The field-
collected FPOM in our study was dried to facilitate mass
determination, but was then reconditioned in stream water to
re-establish surficial biofilms, which is an important factor in
enriching the nutrient quality of particles in situ (Cummins
and Klug 1979). We might not have achieved levels of con-
ditioning in the laboratory comparable to what is typically
seen in situ, which would then have further limited nutri-
ent quality of the field collected FPOM. Nevertheless, these
results indicate that a diet consisting of naturally occurring
FPOM on its own has extremely limited capacity for sup-
porting consumer growth. This is important in contextu-
alizing potential MP impacts on heterotrophic freshwater
ecosystems, given that naturally occurring FPOM pools are
not themselves necessarily highly nutritious. For example,
the potential for microplastic contamination of organic sedi-
ments to be associated with significant ‘food dilution effects’
on consumers is likely to be limited when the organic matter

is itself extremely low quality (Ogonowski et al. 2018), as
observed here.

Contrary to our hypothesis, there was no evidence that
exposure of chironomid larvae to the greater potential stress
associated with the low food quality or high consumer den-
sity increased the likelihood of negative impacts of MP con-
taminationthe opposite for per-capita growth. Rather, we
observed the opposite for per-capita growth: MP exposure
negatively impacted individual body lengths of chironomids
reared at low consumer density. MP exposure has been asso-
ciated with reduced growth in macroinvertebrates (Au et al.
2015; Redondo-Hasselerharm et al. 2018), likely due to
dilution of dietary intake with MP particles characterised
by minimal nutritional value, and possibly the increased
metabolic costs to excrete these particles (Foley et al. 2018).
Reduced growth of prey organisms due to MP exposure may
lead to knock-on effects on predators as smaller prey organ-
isms become more common. Our findings suggest that nega-
tive effects of MPs on growth are more likely to affect chi-
ronomids in lower density aggregations. We hypothesise that
this surprising result might reflect the production of higher
volumes of faecal particles in the higher density chironomid
aggregations. Invertebrate faecal particles are colonised by
bacteria which thrive in invertebrate digestive tracts, and
contribute additional exudates and bacterial cell biomass
compared with FPOM prior to gut passage, and might be
primed for further conditioning upon egestion (Ward and
Cummins 1979; Wotton and Malmqvist 2001). These rap-
idly conditioning and tightly packed particles might in turn
reduce negative effects of MP exposure by increasing the
pool of more nutritious FPOM. Alternatively, the lower level
of competition at low consumer densities might have allowed
individual larvae to spend more time in resource acquisition
compared with inter-specific interactions, increasing their
exposure to potential negative effects of MPs contaminating
their food resource. Further research is required to assess
these alternative explanations.

Community respiration and chironomids

Unexpectedly, there was no significant difference in com-
munity respiration between microcosms with and without
chironomids, and consumer density did not affect respira-
tion rates. These findings indicate that, overall, community
respiration was dominated by microorganisms (Fisher and
Likens 1973), without any evidence that chironomid biotur-
bation increased net respiration rates. Instead, community
respiration was overwhelmingly driven by FPOM resource
quality, with respiration rates substantially greater in micro-
cosms with the high quality FPOM resource. The very low
respiration rates observed on the low quality FPOM are in
line with those observed for consumer growth, highlighting
the limited capacity of the natural FPOM resource to support
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metabolic activity compared with the more nutrient rich,
high quality resource.

MP presence reduced community respiration, but only
in microcosms without chironomids. This suggests that MP
exposure reduces the respiration of microbes associated
with the organic sediment and other substrates in our micro-
cosms, but that this effect was obscured when chironomids
were present. There was also a trend for a stronger negative
effect (p =0.068) of MP presence on microbially-mediated
community respiration (in the absence of chironomids) in
microcosms with the high quality FPOM resource, but more
research is required to confirm this result. MPs have been
shown to harbour distinct and often less diverse microbial
assemblages compared with naturally occurring substrates
(McCormick et al. 2014; Kettner et al. 2017; Miao et al.
2019b; Li et al. 2020). Changes in microbial community
composition and diversity have been linked with altered eco-
system functioning in detrital food webs (Gardestrom et al.
2016), and there is some evidence linking shifts in microbial
communities associated with MP and nanoplastic exposure
to changes in ecosystem functioning (Arias-Andres et al.
2018; Huang et al. 2021; Seena et al. 2022). It is similarly
possible that the change in microbial respiration observed
here reflects a change in microbial composition, activity and/
or biomass.

Implications and conclusions: microplastic
impacts in freshwater particle-processing
chains

Our study is most relevant for benthic food webs in het-
erotrophic streams and rivers with nutrient-poor pools of
FPOM and high levels of mineral sediment (as in our experi-
mental microcosms). In these habitats, the overall resource
quality of the particle pool is unlikely to be substantially
impacted by the addition of MP particles. This contrasts
with many previous studies of MP impacts on freshwater
organisms, which have focussed on filter feeding pelagic
organisms consuming algal and bacterial cells, and where
ambient concentrations of mineral sediments and low quality
FPOM are much lower than those our benthic deposit feed-
ers are exposed to (Canniff and Hoang 2018; Aljaibachi et al.
2020). Our study focussed on one type of polymer (albeit
one of the most abundant in most freshwater habitats) and
presented only as spheres, which is relatively uncommon in
the environment (Burns and Boxall 2018), and it is possible
the impacts of the different shape and polymer combina-
tions could differ from those observed here. Nevertheless,
our results highlight the risk for MPs to affect consumer
life histories and microbial processes in benthic habitats. In
particular, the interaction observed between MP exposure
and consumer density demonstrates the potential for MPs to

@ Springer

interact with other environmental drivers, highlighting the
need for a more thorough investigation of potential interac-
tions between MP exposure and additional stressors.

In the Anthropocene, MP pollution is just one pressing
environmental issue amongst the broad array of anthropo-
genic pressures currently impacting ecosystems. Up to now,
the lack of research focussed on ecosystem-level impacts
of MPs in freshwaters limits the possibility for scientific
knowledge to inform priority setting in monitoring, policy
and management of MP pollution, relative to other anthro-
pogenic pressures. Our findings suggest that MPs, applied at
an environmentally realistic concentration might have some
impacts on the growth and survival of consumers and on
microbial respiration in benthic stream FPOM-based food
webs. Although the magnitude of these impacts were limited
relative to the much stronger effects of resource quality and
consumer density, we emphasise that we always used MP
concentrations that spanned the range of currently observed
real-world concentrations. It is thus possible that some of
these effects will strengthen with projected increased MP
concentrations in the future, in line with the amount of plas-
tic debris already accumulated in freshwater habitats, which
has yet to degrade to MP size. Furthermore, our evidence for
an effect of MPs on microbial respiration in particular point
to risks for knock-on effects on other organism groups and
ecosystem properties, given the key role of microorganisms
as not only a resource but also in mediating fundamental
ecosystem processes, including nutrient and carbon cycling.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00027-023-00964-w.
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Supplementary Information

Figure S1 — Comparison of two microcosms with the same high quality FPOM resource and no
microplastic addition but with different consumer densities. Generally, chironomids in
microcosms with a lower consumer density of 10 (a) constructed more robust and well-spaced
tubes compared to those in microcosms with 20 individuals (b). The white rectangles (5 mm
graph paper) were added during photography for scale.




Figure S2 — Verification of MP stock concentration: Concentration of MP stock (particles per
mL) calculated from the number of MP beads counted under a microscope. The red vertical line
indicates the target concentration (20.9 particles/mL).
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Equation S1:

CR = [(DOp, — DOy,) — (DO, — DO,,)] X VH;O 1)

Where DO,,, is the DO concentration in the microcosm at the start of the incubation; DO, is the
DO concentration in the microcosm at the end of the incubation period t; DO, and DO,, are the

DO concentrations in the blanks at the start of the incubation and t, respectively; and Vy,, is the

volume of water in the crystallisation dish.



Table S1 — ANOVA table of linear mixed models for measured responses. Models were

simplified by removing non-significant effects. One replicate was excluded from all analyses due

to an error in the initial allocation of larvae.

Fixed Effects Sum Sg | Mean Sg | NumDF | DenDF | FValue | Pr(>F)
(1) Survivorship (log(x+1))

Food 0.003 0.003 1 27.2 0.00 0.334

Density 0.282 0.282 1 27.2 0.21 0.674

MP 1.456 1.456 1 27.2 1.11 0.882

Food*Density 0.385 0.385 1 27.2 0.29 0.156

Food*MP 0.064 0.064 1 27.2 0.05 0.175

Density*MP 0.039 0.039 1 27.2 0.04 0.973

Food*Density*MP 4.278 4.278 1 27.2 3.25 0.096

(2) Per capita Dry Weight

Food 2.935 2.935 1 27.3 52.22 <0.001
Density 0.842 0.842 1 27.3 14.99 <0.001
MP 0.009 0.009 1 27.3 0.15 0.700

Food*Density 0.471 0.471 1 27.3 8.38 0.007

Food*MP 0.103 0.103 1 27.3 1.83 0.188

Density*MP 0.024 0.024 1 27.3 0.43 0.517

Food*Density*MP 0.101 0.101 1 27.3 1.81 0.190

(3) Individual length

Food 363.800 363.800 1 14.7 236.41 <0.001
Density 5.710 5.710 1 14.7 3.71 0.074

MP 6.420 6.420 1 14.7 4.17 0.059

Food*Density 4.950 4.950 1 14.7 3.21 0.094

Food*MP 0.010 0.010 1 14.7 0.00 0.936

Density*MP 9.700 9.700 1 14.7 6.30 0.024

Food*Density*MP 0.030 0.030 1 14.7 0.02 0.891

(4) Microcosm Respiration

Total

Food 128.186 128.186 1 26.7 175.14 <0.001
Density 0.277 0.138 2 25.9 0.19 0.828

MP 0.001 0.001 1 25.1 0.22 0.964

Food*Density 0.488 0.244 2 27.6 0.33 0.718

Food*MP 0.613 0.613 1 26.5 0.84 0.365

Density*MP 6.525 3.263 2 24.2 4.46 0.018

Food*Density*MP 1.227 0.614 2 28.8 0.84 0.439

Chironomid-only

Food 93.842 93.842 1 26.7 100.17 <0.001
Density 0.337 0.337 1 26.0 0.36 0.554

MP 2.038 2.038 1 25.1 2.18 0.153

Food*Density 0.242 0.242 1 27.6 0.26 0.615

Food*MP 0.000 0.000 1 26.5 0.00 0.687

Density*MP 0.042 0.042 1 24.2 0.05 0.834




Food*Density*MP 0.224 0.224 1 28.7 0.24 0.629
Microbial-only

Food 41.682 41.682 1 11.0 75.61 <0.001
MP 3.809 3.809 1 12.3 6.91 0.022
Food*MP 2.129 2.129 1 15.1 3.86 0.068




Table S2 — Comparison of C:N ratios of FPOM used within this study and the source organic
material used in the high quality FPOM.

FPOM Mean C:N ratio
Low Quality from Fybian Stream, Sweden 47.5
High Quality 16.2

Leaf litter

Alder 26.1

Birch 44.9

Fish Food

Tetra Phyll Flakes 5.97




Figure S3 — Survival of chironomid larvae. Error bars represent standard error.
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Figure S4 —Respiration of communities with chironomid larvae was only significantly affected

by FPOM resource
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