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Microplastics in lakes and rivers: an issue of emerging
significance to limnology

Genevieve D’Avignon, Irene Gregory-Eaves, and Anthony Ricciardi

Abstract: Microplastics, i.e., plastic particles in the size range of planktonic organisms, have been found in the water col-
umns and sediments of lakes and rivers globally. The number and mass of plastic particles drifting through a river can
exceed those of living organisms such as zooplankton and fish larvae. In freshwater sediments, concentrations of micro-
plastics reach the same magnitude as in the world’s most contaminated marine sediments. Such particles are derived from
a unique biogeochemical cycle that ultimately influences productivity, biodiversity, and ecosystem functioning. Further-
more, microplastics act as vectors of toxic substances to invertebrates, fishes, herpetofauna, and waterfowl. We contend
that the concentration of this distinct particle component is an ecologically significant parameter of inland waterbodies
because of its ubiquity, environmental persistence, and interactions with key ecological processes. No environmental field
survey that has searched for microplastics has yet failed to detect their presence. Standardized limnological protocols are
needed to compare spatio-temporal variation in the concentration of microplastics within and across watersheds. Data
obtained from such protocols would facilitate environmental monitoring and inform policy for managing plastic waste;
furthermore, they would enable more accurate modeling of contaminant cycling and the development of a global plastic
budget that identifies sources, distribution and circulation pathways, reservoir size, and retention times.

Key words: microplastics, freshwater ecosystems, food webs, limnology, contaminants, monitoring, plastic budget,
biogeochemical cycles.

Résumé : Des microplastiques - des particules de plastique de la taille d’organismes planctoniques - ont été trouvés dans les colonnes
d’eau et les sédiments des lacs et des riviéres dans le monde entier. Le nombre et la masse des particules plastiques dérivant dans une
riviere peuvent dépasser ceux des organismes vivants tels que le zooplancton et les larves de poisson. Dans les sédiments d’eau douce,
les concentrations de microplastiques atteignent la méme ampleur que dans les sédiments marins les plus contaminés au monde. Ces
particules proviennent d’un cycle biogéochimique unique qui, ultimement, influence la productivité, la biodiversité et le fonctionne-
ment des écosystémes. En outre, les microplastiques agissent comme des vecteurs de substances toxiques pour les invertébrés, les pois-
sons, 'herpétofaune et les oiseaux aquatiques. Les auteurs soutiennent que la concentration de ce composant particulaire distinct
constitue un parameétre écologiquement significatif des masses d’eau intérieures en raison de son ubiquité, de sa persistance dans I'en-
vironnement et de ses interactions avec des processus écologiques clés. Aucune étude environnementale de terrain qui a recherché des
microplastiques n’a encore manqué de détecter leur présence. Des protocoles limnologiques normalisés sont nécessaires pour comparer
les variations spatio-temporelles de la concentration de microplastiques dans et entre les bassins versants. Les données obtenues grace a
de tels protocoles faciliteraient la surveillance environnementale et éclaireraient les politiques de gestion des déchets plastiques ; par ail-
leurs, elles permettraient une modélisation plus précise du cycle des contaminants et I’élaboration d’un bilan plastique mondial qui
identifie les sources, les voies de distribution et de circulation, la taille des réservoirs et les temps de rétention. [Traduit par la Rédaction|

Mots-clés : microplastiques, écosystémes d’eau douce, réseaux alimentaires, limnologie, contaminants, surveillance, bilan
plastique, cycles biogéochimiques.

Introduction

Plastics are engineered from long repeating chains of carbon mol-
ecules derived from oil and natural gas to produce a final product
with desirable properties such as strength, rigidity or elasticity, and
resistance to temperature and acidity (Crawford and Quinn 2016).
Technological advancements have reduced the cost of plastic pro-
duction, facilitating their increased use in manufacturing, packag-
ing, and single-use containers. The mass of plastics in solid waste
has been increasing steadily since the 1960s, generating escalating

costs of waste management and environmental pollution, because
most plastics do not decompose and their chemical components
and additives pose barriers to recycling (Hahladakis et al. 2018). In
the 1970s, attention began to focus on the drawbacks of these inno-
vative materials when researchers reported alarming densities of
floating plastics accumulating within oceanic gyres (Ryan 2015) and,
later, in freshwater systems (Anderson et al. 2016). Nearly 80% of all
plastics ever created has been accumulating in the environment
(Geyer et al. 2017), underscoring a need to improve plastic waste
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management and maintain efforts to reuse, recycle, incinerate, or
increase their biodegradability.

Initial consensus defined microplastic as synthetic polymers
<5 mm (Andrady 2015; Crawford and Quinn 2016; GESAMP 2016).
Emerging classifications differentiate plastic particles into
macro- (>1 cm), meso- (1 to <10 mm), micro- (1 to <1000 pm),
nano- (1 to <100 nm), and submicrosizes (100 to <1000 nm), as
well as characterizing particle shape, structure, and composition
(Hartmann et al. 2019), as these factors affect their distribution, cir-
culation, ingestion by biota, and impacts on environments. In this
paper, microplastics refer to synthetic particles <5 mm in size.

Primary microplastics are manufactured as specific materials,
of a specific shape and size for commercial or industrial use.
These include polyethylene microbeads manufactured as small
(5 pm to 2 mm) spherical particles for use as mild abrasives in cos-
metic products (Fendall and Sewell 2009). A 150 mL container of a
facial scrub can contain up to 2.8 million microbeads (Napper
et al. 2015), and such products are the source of trillions of par-
ticles released with effluents daily (Rochman et al. 2015). Over a
dozen countries have banned the use of microbeads in cosmetics;
however, other types of microplastics are still produced and con-
tinue to be released to the environment (e.g., spillage of indus-
trial pellets) (Zbyszewski et al. 2014). All large plastic debris can
ultimately degrade into micro- or nanosized particles during
their use (e.g., fibres released from garments or textiles, rubber
fragments released by abrasion from car tires, plastic mulching,
paint flakes, etc.; Horton et al. 2017) or through mechanical
stress, photodegradation, and oxidation (Eerkes-Medrano and
Thompson 2018). Synthetic fibres from nets, clothing, or textiles
are typically predominant in microplastics found in waterbodies
and aquatic biota (Lim 2021; Rebelein et al. 2021; Yang et al. 2021).
A portion of these originate from the laundering of clothing, as a
single synthetic garment can produce thousands of microfibres
per wash (Browne et al. 2011; Napper and Thompson 2016;
Mcllwraith et al. 2019).

All land-based plastic waste (e.g., littering, landfills, plastic
mulching, dredge piles, sewage sludge, organic fertilizers from
biowaste fermentation and composting), can be released and
transported into aquatic systems carried by winds, erosion and
surface runoff. Wastewater treatment plants (WWTP) process
domestic, industrial, and commercial effluent, and sometimes
surface water runoff. Primary treatment removes 41%-93% of
microplastic particles, whereas secondary and tertiary treatments
remove 54%-99.9% and 82%-99.9%, respectively (Iyare et al. 2020).
Despite their efficacy, owing to the sheer volume of water treated,
a single WWTP can release 10* to 10° particles daily (Mason et al.
2016; Kalcikova et al. 2017; Edo et al. 2020). Considering ~80% of
wastewater worldwide is estimated to be released directly into the
environment without treatment (UNWWAP 2017), grey waters
(from domestic sinks, showers, baths, washing machines) are a
major source of microplastic to aquatic systems. The retained par-
ticles accumulate in WWTP sludge, which are often applied as fer-
tilizer to agricultural fields (Zubris and Richards 2005; Edo et al.
2020); therefore, these microplastics may eventually enter inland
waters via agricultural runoff (Fig. 1).

Furthermore, when microplastics become airborne and trans-
ported long distances by winds (Enyoh et al. 2019), they can even-
tually be deposited in areas ranging from a large metropolis (Dris
et al. 2016) to a remote mountain catchment (Allen et al. 2019;
Fig.1). The presence of plastics is therefore not limited to the loca-
tion at which they enter the environment; they can easily be
redistributed by surface runoff and by atmospheric and ocean
circulation, such that microplastics have been found to accumu-
late even in polar regions (Bergmann et al. 2019) and deep ocean
trenches (Courtene-Jones et al. 2019).

In aquatic systems, biota play active roles in the transport, tem-
porary storage, and transformation of plastics. Given the general
definition of microplastics, these particles overlap in size with
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coarse particulate organic matter (>1 mm; Cummins 1974), fine
particulate organic matter (>0.45 to <1000 pm, including seston;
Wallace et al. 2007), and dissolved organic matter (<0.45 pm;
Lamberti and Gregory 2007). Many freshwater invertebrates (e.g.,
“shredders” such as gammarid amphipods, limnephilid caddisfly
larvae, and pteronarcyid stonefly nymphs) play vital roles in the
breakdown of particulate organic matter and could similarly
interact with microplastics. A broad variety of aquatic organisms
ingest microplastics including birds (Holland et al. 2016), fish
(Jabeen et al. 2017; Azevedo-Santos et al. 2019), bivalves (Su et al.
2018; Baldwin et al. 2020; Wardlaw and Prosser 2020), crustaceans
(Tannilli et al. 2020; Simmerman and Wasik 2020), other inverte-
brates (Nel et al. 2018; Ehlers et al. 2019; Windsor et al. 2019), and
can transfer them through aquatic and terrestrial food webs.
Plastic debris are also fragmented and transformed as a result of
being chewed, shred, grazed upon, or partly digested by various
organisms (Hodgson et al. 2018; Jang et al. 2018; McGivney et al.
2020; Po et al. 2020); some of which can metabolize carbon stored
in the synthetic polymers (Taipale et al. 2019).

Each polymer has unique affinities to sorb and release heavy
metals, persistent organic pollutants, pharmaceuticals products,
and antibiotics (Menéndez-Pedriza and Jaumot 2020). The routes
taken by these particles to reach aquatic realms (Fig. 1) dictate
their associations with environmental contaminants. Particles
circulating via sewers are temporarily retained along with chemi-
cals, pharmaceuticals, bacteria, and viruses common in waste
waters, thereby acquiring an assortment of hazardous chemicals
and colonizing biota different from those of microparticles cy-
cling via atmospheric circulation or runoffs. Weathering or
microbial action on the surface of microplastics enhances the
leaching of both additives (e.g., colorants, fillers, plasticizers,
stabilisers, flame retardants, bisphenol-A; Hahladakis et al. 2018)
and associated contaminants, which could become bioavailable
(Avio et al. 2015; Boyle et al. 2020). Thus, a unique and complex
mixture of associated chemicals and biofilms, distinct from sur-
rounding water and sediments (McCormick et al. 2016), can
evolve through time as the particle travels through an aquatic
system. Owing to progressive fragmentation, weathering, and bi-
otic interactions with larger size fractions of plastic, microplas-
tic loads will continue to increase, perhaps for decades, even if a
sharp decline in plastic production were to occur.

Limnology is concerned with the biological, chemical, physi-
cal, and geological characteristics of inland waters and their
interactions with surrounding ecosystems. Given the pervasive-
ness of microplastics, their emerging impacts on aquatic biota,
and their unique role in biogeochemical and contaminant cycling
in aquatic environments, we suggest that limnologists should rec-
ognize them as a distinct particle component that is not derived
from the same geological or physico-chemical processes as other
inorganic seston, though subjected to similar forces of erosion
(i.e., mechanical disintegration, chemical weathering driven by
ultraviolet light and high temperatures) and sedimentation.

Here, we present evidence that microplastic concentration is
an ecologically relevant parameter and thus should be integrated
within standard limnological surveys and water quality assess-
ments. By incorporating microplastics within standard sampling
protocols in limnology, we can address a research priority within
the field of plastic pollution and provide policy relevant informa-
tion on the source, circulation, and distribution of plastics within
aquatic realm (Provencher et al. 2020). Floating microplastics can
outnumber plankton and larval fish in various rivers and marine
systems, at ratios up to ~30:1 (Lechner et al. 2014; Steer et al. 2017;
see Table 1); therefore, their presence cannot be ignored when
assessing the health of inland waters. We have reviewed the eco-
logical impacts of these particles in inland waters and identified
key research gaps concerning their significance in animal physi-
ology, trophic ecology, and aquatic ecosystem function based on
current microplastic pollution research. Finally, we have made
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Fig. 1. The biogeochemical cycle of plastics in inland waters. Blue letters represent microplastic transport pathways to aquatic systems.
Microplastics are transported (A) via aerial transport and deposition (winds) or (B) by tributaries throughout the watershed. Terrestrial
plastic waste and debris are carried by water via (C) flooding, (D) wastewater and stormwater effluents, or (E) runoff (e.g., urban, agricultural
applications of contaminated sludge or biowaste, dredge piles). Red letters illustrate processes within aquatic environments: (F) biofilm
formation via colonization by microbial organisms; (G) the sorption of associated contaminants (heavy metals, organic pollutants, pharmaceuticals)
onto the surface of plastic particles (orange sphere represents a microbead); the fragmentation of plastics by (H) physical processes (exposure to UV
light, mechanical or chemical erosion) or by (I) their interaction with organisms; (J) incorporation of microplastics in larval cases or shelters of
aquatic insects; (K) introduction and circulation of microplastics in aquatic food webs; and (L) vertical movement of microplastics (e.g., changes

in buoyancy, deposition, re-suspension, burial). Drawn using license-free clipart images and the Inkscape vector graphics editor.
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recommendations for future directions that can be adopted to
integrate microplastic monitoring in limnological research and
demonstrated how these particles could serve as a marker of
anthropogenic activities within a catchment area.

In this work, we compiled evidence from articles retrieved
through Web of Science using the following search string for
years 2010 to 2020, inclusive: ((TS=(microplastic* AND (aquatic OR
river* OR lake* OR marine* OR sea OR ocean® OR estuary OR brack* OR
*water* OR sediment* OR beach* OR shoreline®)))) AND LANGUAGE: (English)
AND DOCUMENT TYPES: (Article). Relevant papers among the 3731
articles retrieved were used to summarize some key aspects of
our current understanding of microplastic pollution in aquatic
environments. Although our focus is on inland waters, data
from marine environments were considered for comparison and
to gain further insight into ecological impacts likely to occur in
freshwater ecosystems. We selected studies with comparable
units of microplastic abundance and summarized only those
that reported concentrations of plastic particles in the <5000 um
size range. Finally, we selected the 25 journals that accounted
for >70% of the publications on microplastics (according to the

Web of Science) and used them to calculate research effort on
this topic, i.e., the percentage of publications that comprised
microplastics studies (Fig. 2).

The pervasiveness of microplastics in inland waters

Increasing attention on microplastics in fresh waters

Within the last dozen years, microplastic pollution has become
a growing subject of limnological research, beginning with lakes
and subsequently expanding to rivers and reservoirs. However, it
is clear that marine studies still dominate the microplastic litera-
ture, with over 60% of papers published in 2020 focusing on ma-
rine systems (Fig. 2). Likewise, as most published studies have
emanated from Asia and Europe, the geographic cover is not ho-
mogeneous. To summarize the state of evidence and illustrate
knowledge gaps, we have compiled information acquired since
2010 on reported microplastic densities across matrix types (i.e.,
on beaches, at the water surface, in the water column, in sedi-
ments, and within aquatic organisms; Table 1). Our summary
shows that the Yangtze River catchment (including Lake Taihu,
Lake Poyang, and the Xiangi River) in China is the most
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Table 1. Microplastic (MP) contamination (particles <5 mm) of watersheds and their biota.

‘Te 39 uouSiay,g

MP concentration MP concentration in MP concentration
in water (MP-L %) sediments [MP-(kg dry mass) ] in biota® Bioseston®  MP:
Watershed* Surface Column Beach? Benthic Benthos  Fish Birds  Frogs ind..L™* Bioseston‘%
Laurentian Great Lakes, USA and Canada
Lake Erie and tributaries®'%*° <0.001-0.032 50-391 117-5985 70% 1.8-9.8
Lake Ontario and tributaries®>*”#>37 0.002-1.5 20-4270 40-27830 50% 1.8-9.8
Lake Michigan and tributaries*>*2® <0.001-0.007 <0.001-0.003 39-6229 0-191
Kinnickinnic River®®3! 0.003-0.006  0-0.001 32.9 4-20.g ' 0-1242
Milwaukee River®?*2% 0.002-0.017  0.002 1410-2110 4.5-6.5
Yangtze River Basin, China
Three Gorges Reservoir'*> 4.7-12.6 25-300 1-105000  <0.01-470
Lake Taihu'72%3233.42 0.53-25.8 11-320 0.2-10.4  0.2-17.2
Lake Gaoyouhu®**° 0.7-31 17.6-208.9 1.6-5.0 2.0-13 0.54-155
Lake Poyang®?33233.44 0.24-34 11-3153 7.1-506 0.4-1.6 0-18 137.6-219.2  0.11-24.7
Lake Dianshan?*33 0.5-1.8 14.8-140
Lake Chao®**? 0.2-1.9 0.6-225 0.4-0.9
Yangtze River Delta inland waters'®>° 0.5-21.5 35.9-3185 0.4-1.4 017-3.51 2.4-1173  0.43-896
Other
Colorado River - Lake Mead area, USA®>® 0-1.99 88-2040 2-105 2.0-12.0
Pearl River and tributaries, China'*?224.38:414346 o o15_53 20-9597 1.4-7.0 0.2-27.4
Rhine River, Europe’'®-?"26-27.30 0.005-0.022 228-3763 250-11670 0-30-.g ' 0.2-1.0
Rize inland waters, Turkey'® 1.0-13.0 64.2-472 124-489.g '
Lake Vicotria, Tanzania and Uganda®'** 0.02-2.19 50-1102 6.5-108 20%
Braamfontein Spruit, South Africa’ 0.16-2.08 4-1348 20-97-g7"
Melbourne inland waters, Australia?®-34-35 0.03-1.7 4.5-172.7 0.07-1.4 0.7

Note: Original data and references are listed in the Supplementary data, Table S1'.

“Numerical superscripts indicate the references used to compile microplastic contamination values.
YBeach concentrations include samples taken in areas that are never, or only temporarily, submerged (e.g., shoreline, intertidal areas).
“The concentration of microplastics is reported as numbers of particles per individual (MP ind. ~%); where data are not available, the presence of microplastics is reported as either the proportion of animals contaminated (%)

or as the number of particles per gram of tissue (g).
INumber of zooplankton per litre.
“Ratio of microplastic to zooplankton concentrations x 100.

1€T



Environ. Rev. Downloaded from cdnsciencepub.com by 128.179.253.187 on 11/05/24

232

Environ. Rev. Vol. 30, 2022

Fig. 2. Number of studies on microplastic pollution (particles < 5 mm) for various waterbody types, published between 2010 and 2020,
inclusive, yielding a total of 3731 studies. Values above the bars are the percentages (%) of studies on microplastic pollution based on
research effort in the 25 journals having the most publications on microplastic pollution (71% of all reviewed studies).
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extensively studied water body in the world, yet information is
still lacking on the spatiotemporal variation in microplastic
concentrations throughout the catchment. Many European
countries have reported on microplastic pollution, but less
than a quarter of these studies focused on freshwater systems
(with the Rhine River receiving the most attention). In North
America, most studies have been conducted in the Great Lakes
— St. Lawrence River system. Researchers have begun examin-
ing Lake Victoria on the African continent, but many other
large inland waters are poorly represented (Table 1; Supplemen-
tary data, Tables S1and S2"). As the sources and transport routes
of microplastic are more fully described, we can begin to depict
the complexity of their biogeochemical cycles in aquatic systems
(Fig. 1). Much work is needed to identify missing or understudied
links, including aerial deposits and the role of biota as temporary
reservoirs of microplastics, as well as the many possible chemical
interactions.

Different components of water bodies contain varying levels of
contamination. Microplastic concentration at the water surface
is highly dynamic and altered by flow regimes, precipitation, sea-
sonality, and proximity to points of entry (e.g., sewage or storm
water effluent, sludge discharge, road or agricultural runoff, lit-
ter) (Browne 2015; Horton et al. 2017). Recent environmental anal-
yses show that concentrations in surface inland waters (mean
value ~1.9 particles-L™?) are lower than estuarine (31 particles-L ™)
or marine environments (16 particles-L ") (Fig. 3). However, when
comparing median concentrations of these same compartments,
results ranged from 0.007 particles-L ™' detected in lotic systems
to ~1 particle-L ™" in lentic systems (Fig. 3). There is substantial
heterogeneity in the abundance of surface-water microplastics
in highly modified waterways or areas with high population
densities. For example, in the Pearl River (China), concentrations of
8-53 particles-L " have been recorded in urban sections, compared
with much smaller concentrations (<1 particle-L ') elsewhere along
the river (Table 1; Supplementary data, Table S2'; Yan et al. 2019;
Fan et al. 2019). Stations along the Gallatin River (USA) recorded
1-68 particles-L ' (Barrows et al. 2018), and in Patagonian lakes
(Argentina), concentrations were <0.001 particle-L ™", with some
individual samples reaching 44 particles-L ™' (Alfonso et al. 2020).

Values for water samples from the canals of Amsterdam were
recorded as 48-187 particles-L ™" (Leslie et al. 2017), whereas me-
dian microplastic concentrations in all lotic environments were
below 0.01 particle-L™* (Fig. 3).

Specific hydrological conditions and sampling season can also
play an important role in the abundances reported. Higher flow
regimes in streams carry more particles per unit of time, but on
average yield lower concentrations than areas with lower flows
(Watkins et al. 2019). Seasonal changes in flow regimes (e.g.,
snow melt, flooding, drought), extreme rainstorms, or anthropo-
genic control of waterways (e.g., via dams, spillway gates) can al-
ter the transport and concentration of microplastics. Spatial and
temporal variations in particle abundance in surface waters and
the water column highlight the need for repeated and broader
sampling to establish more representative baseline concentra-
tions. Such intensive sampling has rarely been conducted, owing
in part to both the time-intensive effort required and the use of
incomparable sampling methods. Investments in effort and har-
monization of methods is encouraged so that a comprehensive
understanding of microplastic pollution can be achieved. Lim-
nologists would do well to coordinate with marine science col-
leagues to render data more easily comparable across realms.

An important insight is that the abundance of microplastics
floating at the surface is not a reliable indicator of concentrations
throughout the water column. For example, microplastic concen-
trations in six South Korean bays were four times higher at the
surface than in the rest of the water column (Song et al. 2018).
Over 85% of microplastic studies sample surface waters, and com-
parisons of abundance along depth profiles are not common (Fig. 3).
In a study that quantified the vertical and longitudinal distribution
of microplastics along the Lake Michigan watershed, concentra-
tions of particles in surface waters were found to be generally
higher than those measured deeper in the water column, but
lower than those in the sediments (Lenaker et al. 2019). The pool
of literature we reviewed (Fig. 3) indicates that lentic systems have
higher densities of floating plastics than lotic systems, while the
highest concentrations of microplastics are found along the
shorelines and in the benthic sediments. Furthermore, the timing
and geographic location of sampling programs also affect surface

'Supplementary data are available with the article at https://doi.org/10.1139/er-2021-0048.
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Fig. 3. Microplastic concentrations (particles < 5 mm) in various aquatic environmental matrices from 642 records (n = 220 articles). Box-
and-whisker plots were constructed from a compilation of mean concentrations provided in the articles; when only a range of values was
provided instead of a mean, the lowest values (if above zero) were included. Concentrations are reported as the number of particles per
kilogram dry mass of sediments for beaches and benthic samples, whereas in water samples concentrations are reported as the number
of microplastics per litre of water at the surface, within the water column, or near the bottom of the water column. Median lines are
shown within the boxplot. Means are indicated as bold values above the boxplot, and values in parentheses indicate sample sizes.
Original data and references are available in the Supplementary data, Table S2.
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measurements: the salinity and temperature of water will influ-
ence biofilm colonization (Kaiser et al. 2017), causing microplas-
tics to remain afloat longer during colder seasons or at higher
latitudes (Chen et al. 2019b). Naturally occurring spring and fall
mixing of lakes can also cause shifts in the vertical distribution of
particles, suggesting the importance of implementing seasonal
sampling protocols. We recommend that different ecosystem
compartments be sampled repeatedly along the river continuum
from freshwater to marine systems, to produce reliable baseline
pollution data in inland waters.

Inland waters as sources and sinks of microplastics

The evidence suggests that rivers contribute substantively to
ocean inputs (Schmidt et al. 2017; Meijer et al. 2021), and it has
been estimated that rivers shuttle between 6000 and 1.5 million
metric tonnes of microplastics to the ocean annually (Boucher
and Friot 2017; Weiss et al. 2021). Most plastic transport models
assume that no significant retention of plastics occurs along the
river network from inland waters to the ocean (Jambeck et al.
2015; Weiss et al. 2021), despite ubiquitous river impoundment
and myriad other anthropogenic and natural hydrological condi-
tions that can cause the deposition of large numbers of plastic
particles within the watershed. Buoyant particles can become
trapped on the shorelines of lakes and rivers (Zbyszewski et al.
2014); median concentrations (per kilogram dry mass) along river
shorelines are 4-10 times higher than along marine/estuarine
coastal beaches (Fig. 3). Furthermore, microplastics can accumu-
late on the riverbed, where their concentrations are as much as
four to five orders of magnitude higher than in the overlying
water column (Fig. 3; Castaiieda et al. 2014; Crew et al. 2020;
Scherer et al. 2020). Although a portion of microplastics stored in
riverbeds and on shorelines can be resuspended after dredging
activities, storm disturbance, or seasonal flooding events, and be

transported downstream (Ji et al. 2021), current mass transport
models likely greatly overestimate the flux of plastic to the oceans.

Benthic microplastics as an anthropogenic marker

The quantification and characterization of microplastics
within sediments could serve as an indicator of anthropogenic
pressure on inland waters. Areas where burial rates allow the
preservation of plastics within the sediment layer without miner-
alization or fragmentation (Hoellein and Rochman 2021), such as
the depositional zones of river beds and lakes, can function as a
long-term or permanent storage for such particles. Analyses of
lake sediment cores have been used to track temporal dynamics
in microplastics, which date back to the early 1970s in Lake On-
tario sediments (Corcoran et al. 2015) and to the 1950s in a lake in
north London, UK (Turner et al. 2019). The presence of plastics in
sediment layers are sufficiently pervasive and globally distrib-
uted that they can be used as an anthropogenic marker horizon
in geological and paleolimnological records (Barnosky 2014; Bancone
et al. 2020). Plastic debris is already used as a stratigraphic marker
in archaeological studies (Zalasiewicz et al. 2016).

Aquatic biota are transient reservoirs for microplastics

From inland waters to marine systems, a growing diversity of
aquatic organisms (algae, macrophytes, zooplankton, insects, crus-
taceans, molluscs, fish, amphibians, birds, and mammals; Fig. 4)
have been reported to take up microplastics via feeding, drinking,
respiration, swimming, and random adherence, among other proc-
esses. Contamination levels (number of particles per kilogram
of tissue) of freshwaters and estuarine taxa are within of the
same order of magnitude as their marine counterpart (Fig. 4).
According to Covernton et al. (2021), freshwater fish are more
frequently found with plastics in their gut and with a higher
microplastic load per individual than marine fish. Recently, fish
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Fig. 4. The abundance of microplastic particles (<5 mm) per kilogram of tissue recorded for aquatic organisms of different waterbody
types. Box-and-whisker plots were constructed from a compilation of mean concentrations provided in the articles; when only a range
of values was provided instead of a mean, the lowest values and the highest values were included. Reports of body burden below

0.01 particle-kg™ were excluded. Numbers in parentheses indicate sample size per group. Original data and references are available in

the Supplementary data, Table S3'.
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from the Great Lakes recorded the highest load ever reported
(Munno et al. 2021), illustrating the need for freshwater biolo-
gists to explore the impacts of this emerging stressor.

Although the mechanisms by which aquatic organisms acquire
and retain plastics from their environment are still poorly docu-
mented, a comparison of body burdens within a taxonomic group
suggest feeding mechanisms and the habitat preference along the
watershed continuum could influence the contamination risk for
aquatic organisms (Figs. 5). Benthic invertebrates, especially those
associated with depositional areas of rivers, may be more vulner-
able to microplastic pollution, being restricted to environments
that accumulate and store microplastics (Fig. 5). Midge larvae
(Chironomus sp.) and oligochaete worms (Tubifex tubifex) were
found with the highest burdens, with 370-1200 particles-g~' and
129 + 65.4 particles-g ', respectively (Hurley et al. 2017; Nel et al.
2018). Nearly 60% of larval caddisflies (Lepidostoma basale) use
plastic materials to construct their cases, incorporating an aver-
age of 0.36 * 0.09 particles-(mg case)™ (Ehlers et al. 2019) — an
addition that negatively affects case-integrity in ways that could
potentially reduce larval survival (Ehlers et al. 2020).

Biota act as transient reservoirs for these particles that, after
entering an organism, can continue cycling within the animal,
be egested, or be transferred through a food web. Retention time
within the body depends on particle size and shape, metabolic ac-
tivity, and the complexity of the animal’s digestive tract or gill
structure. Particles <500 um in maximum dimension were found
in the liver and filets of freshwater fish, suggesting that they
were translocated from the gut to other organs (Collard et al.
2018; Mcllwraith et al. 2021); whereas, by comparison, clay sized
particles (<5 pm) can cross cell membranes and enter the blood-
stream, where they can remain for 20-48 days (Browne et al. 2008;
Farrell and Nelson 2013). Animals with high metabolic rates, like
daphniid or gammarid crustaceans, can take up high concentra-
tions of microplastics but usually expel them in their faeces quite
rapidly (Mateos-Cdrdenas et al. 2019; Elizalde-Velazquez et al. 2020).
However, particles tend to be retained for longer periods of time in
fish with irregular body shapes (Hoang and Felix-Kim 2020) or

organisms with complex digestive tracts (Welden and Cowie 2016).
When no translocation occurs, plastic particles are egested within
24-72 h (Scherer et al. 2017; Redondo-Hasselerharm et al. 2018),
which is sufficient time for a contaminated animal to be eaten by a
predator and thus transfer their plastic load to the next trophic
level (Chae et al. 2018). Cedervall et al. (2012) demonstrated the
trophic transfer of 25 nm polystyrene particles that were taken up
by green algae (Scenedesmus sp.) and passed on to herbivorous water
fleas (Daphnia magna), which were subsequently consumed by fish.
Regardless of the mechanism, once microplastics are egested, the
cycle can begin anew and the same particle can be re-ingested
(Hoang and Felix-Kim 2020) or passed from one individual to
another for an indeterminant period of time. Therefore, even
without evidence of biomagnification (Covernton et al. 2021), a
single plastic particle could cycle multiple times in and out of
food webs with unknown consequences to its hosts.

Ecological impacts on freshwater ecosystems

Microplastics affect many biological and physico-chemical
processes of significance for organisms, communities, and eco-
systems. Dose-dependent biotic responses to plastic pollution have
been shown for diverse groups including algae (Gambardella et al.
2018), suspension feeders (Pedersen et al. 2020), deposit feeders
(Fueser et al. 2019), detritivores (Au et al. 2015), and predators (Kim
et al. 2019). Yet, meta-analyses of the ecotoxicological effects of vir-
gin plastics on organisms find that acute endpoints generally occur
at doses higher than those typically observed in natural habitats
(Foley et al. 2018; Cunningham and Sigwart 2019; Bucci et al. 2020)
and biotic responses are modulated by the duration, particle size,
types of exposure conditions, and associated contaminants.

We provide a non-exhaustive summary of the physical, physio-
logical, and ecotoxicological effects reported for freshwater taxa
in Table 2. Not all organisms tested displayed negative effects,
but even small effects at the cellular or molecular levels can have
repercussions at the community or ecosystem levels. For example,
increased oxidative stress in plasticexposed cyanobacteria pro-
motes microcystin synthesis and release, thereby inducing toxic
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Fig. 5. Comparison of the body burden (microplastic particle per gram of tissue) of freshwater invertebrates found along rivers. Only
organisms that incorporated microplastics (particles < 5 mm) into their body via ingestion or essential structures (e.g., the larval case of
Lepidostoma basale) were used for this figure. Colours represent different functional groups. Species are listed individually with the
locations sampled and the reference number. Original data and complete references are available in the Supplementary data, Table S3'.
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algal blooms (Feng et al. 2020). Other small changes, such as delays
in aquatic insect emergence and reduced numbers of adults fol-
lowing exposure to environmentally relevant microplastic con-
centrations (Ziajahromi et al. 2018), or the ontogenic transfer of
plastics from mosquito larvae to terrestrial adults (Al-Jaibachi
et al. 2019), further highlight potential repercussions of this
form of pollution across the aquatic-terrestrial ecotone. A full
accounting of the presence of microplastics and their associated
chemicals is crucial to understand the impacts of these stressors
on freshwater systems.

Biodiversity

The surfaces of plastic particles host communities of microor-
ganisms whose composition is sensitive to polymer type, size,
and environmental conditions. Among these aggregates, bacte-
rial communities on plastics have lower species abundance and
diversity (richness, evenness) than those from surrounding natu-
ral substrates (McCormick et al. 2016; Miao et al. 2019) — except
for microplastic-biofilms in oligo-mesotrophic lakes, whose
functional richness was found to be higher than biofilms on nat-
ural substrates (Arias-Andres et al. 2018). Plastic biofilms tend to
be dominated by particular taxa, including polymer-degrading
bacteria (e.g., Pseudomonas), bacterial pathogens (e.g., Arcobacteria,
Vibrio), and antibiotic-resistant bacteria, as well as parasitic and
saprophytic fungi (Kettner et al. 2017; Sun et al. 2020). Plastic
waste offers novel media on which some microorganisms thrive
and could thus signal an attractive food source for higher-level
consumers (Battin et al. 2003). However, plastic-bound biofilms

may not offer the same food quality as biofilms on natural mate-
rials (Vosshage et al. 2018).

Considering that their plastic substrate is durable by design,
colonizers have a stable surface on which to develop, rendering
buoyant plastic debris of all sizes as potential transport vectors
for non-native species, pathogens, and drug-resistant bacteria (Wang
et al. 2021). Freshwater environments subjected to effluent from
WWTP receive regular inputs of microplastics, with estimated daily
discharges ranging from 50 000 to nearly 15 million particles in the
USA (Mason et al. 2016). The plastic-associated bacterial communities
from these WWTP exhibit higher gene exchanges, making micro-
plastic a suitable environment for the development of antibiotic-
and metal-resistant genes, as well as vectors to disperse these
bacteria downstream (Eckert et al. 2018); in fact, multidrug-resistant
Escherichia coli strains (Song et al. 2020) were found to be carried by
microplastics across different environments.

Additionally, evidence from both marine and freshwater habitats
suggests that continuous exposure to high microplastic concentra-
tions near effluents can reduce community diversity. Repeated ex-
posure to 80 ug-L ' of microplastics had minimal impacts on oyster
health and biological functioning, but the benthic community
within the oyster beds experienced a 1.5-fold decline in numerical
abundance (Green 2016). Similarly, benthic communities exposed
to microsynthetic polymers for 15 months had altered community
composition, whereby some species’ abundances were affected
positively and the more sensitive taxa were affected negatively
(Redondo-Hasselerharm et al. 2020). Benthic communities are
expected to be disproportionately affected, as their habitats typi-
cally contain the most contaminated aquatic matrix.
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Table 2. The ecotoxicological effects of microplastic exposure on inland water organisms, compiled per taxonomic group.
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Green algae (Chlamydomonas, Chlorella,
Pseudokirchneriella, Scenedesmus spp.)° " o7 ® o *
Invertebrates
Daphnids (Ceriodaphnia, Daphnia spp.)'®'> 142240 ! ! oA oo 1 *
Hydrozoans (Hydra sp.)*° ! ! A A
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Note: Superscript numbers indicate the reference reporting these outcomes. Complete references are provided in the Supplementary data, Table S4'. Symbols indicate the direction of the effects observed, where
an upward arrow (1) indicates an increase in the effect, and a downward arrow (|) indicates a reduction in the effect; a bullet (o) indicates no effect was detected; a triangle (A) indicates a significant change in the
parameter (other than an increase or decrease); and an asterisk (*) indicates an effect was observed. The presence of multiple symbols indicate multiple conditions were observed across trials or experiments.
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Ecosystem productivity and functioning

The mineralization of plastics can alter the concentrations of key
nutrients and affect the growth and composition of primary pro-
ducers of aquatic systems. Bacterial strains, fungi, microbial
assemblages, and biofilm communities can mineralize microplas-
tics and reduce their mass by up to 20% (Yuan et al. 2020). In the
photic zone, DOC compounds are released from plastics into the
water as a by-product of photodegradation, which in turn can stim-
ulate the activity of heterotrophic bacteria that degrade natural
and anthropogenic polymers (Romera-Castillo et al. 2018; Zhu et al.
2020). Heterotrophic bacterial communities originating from bo-
real humic lakes containing recalcitrant sources of carbon are
effective at mineralizing and using plastic-derived carbon for cell
growth. Once released, plastic-derived carbon has been found in
the cell membrane fatty acids of mixotrophic algae and herbivo-
rous cladocerans, demonstrating that the microbial community
can transform polyethylene molecules into nutritional biomole-
cules and pass them onto higher trophic levels (Taipale et al. 2019).
Under specific conditions and microbial assemblage, a small frac-
tion of the microplastic load accumulating in aquatic systems can
become a new source of carbon to their food webs.

The type and density of polymers found in freshwater systems
can further influence nutrient availability. For example, some
polymers (e.g., polyurethane foams and polyactic acid) promote
nitrification and denitrification processes in sediments, whereas
others (e.g., polyvinyl chloride) inhibit both processes (Seeley
et al. 2020). Changes in denitrification activity depends on
whether the plastic surface and anaerobic conditions combine to
promote the growth of denitrifying bacteria (Li et al. 2020a),
which can accelerate the conversion of nitrate to nitrite and sub-
sequently to N,O, NO, or ultimately N,. As the biofilm disinte-
grates, it releases P and N from its plastic substrate (Chen et al.
2020). The presence of specific plastic polymers in the riverbed
sediment along Brisbane River negatively correlated with total N
and P levels, while higher abundances of microplastics positively
influenced the total carbon concentration levels measured (He
et al. 2020). Overall, the presence of some microplastic polymers
will induce the formation of specific biofilms, which can alter nu-
trient ratios in freshwater systems.

The presence of plastics also affects the performance of aquatic
primary producers and herbivores (Table 2). Increasing exposure
to microplastics is linked to lower rates of leaf litter decomposi-
tion by caddisflies as well as by microbial and fungal detritivores
(Seena et al. 2019; Lopez-Rojo et al. 2020). In the laboratory, expo-
sure of freshwater algae to high doses of nanoplastics (<1 pm)
reduced population growth, chlorophyll content, and photosyn-
thetic activity (Besseling et al. 2014; Li et al. 2020b). Plastic-
induced reductions in the growth, development, and reproduction
of zooplankton and small invertebrates can limit the abundance
of secondary producers (Besseling et al. 2014; Ziajahromi et al.
2018). Conversely, plastic leachates induced increased photosyn-
thetic activity in some microalgal species (Chae et al. 2018),
emphasizing the complexity of potential responses to these
pollutants. Although this has not been studied directly, plastic-
induced changes in the feeding behaviour and habitat use by
consumers (Cedervall et al. 2012; Chae et al. 2020), changes in
shoaling behaviour (Mattsson et al. 2017), and the performance of
top predators (de Sa et al. 2015), could conceivably alter trophic
interactions sufficiently to affect ecosystem productivity in areas
of high microplastic concentrations.

Nutrient cycling

Small plastic particles (300-4400 pum) tend to aggregate with
biogenic materials or suspended sediments (Mohlenkamp et al.
2018); thus, they are often colonized by microorganisms and
accumulate metals or minerals. The microbiome biomass alters
the density of the microplastics and can accelerate the sinking of
nutrients and other chemicals bound to these particles (Long
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et al. 2015). Nevertheless, the formation of biofilms can be insuffi-
cient to sink particles. For example, in a stratified reservoir, particles
remained buoyant until a seasonal mixing event resuspended
enough organic materials, cyanobacteria, and iron particles from
deeper waters to allow colonization and aggregation of these par-
ticles, thereby inducing the sinking of floating plastic debris (Leiser
etal. 2020).

Impacts related to the buoyancy of microplastics are also being
revealed in freshwater invertebrates. The ingestion of microplas-
tics by the sessile cnidarian Hydra attenuata can reduce the ani-
mal’s specific gravity to the point where it loses its ability to
remain attached to substrate (Murphy and Quinn 2018). Simi-
larly, in marine systems, faecal pellets from zooplankton were
observed to sink more slowly when ingested plastics were
released with their waste material (Cole et al. 2016). Changes in
the buoyancy of particulate matter imply potentially broader
impacts on sedimentation rates and nutrient cycling for profun-
dal communities, which depend on nutrient inputs from the pe-
lagic zone.

The highest concentrations of microplastics have been
found in benthic sediments, where maximum values can exceed
10 000 particles-(kg dry mass)~' in rivers and 5000 particles-
(kg dry mass) ! in lake sediments (Fig. 3; Supplementary data,
Table S2'). Such concentrations can negatively affect the growth
of chironomid larvae, reducing their body length and head cap-
sule size (Ziajahromi et al. 2018), which could impact their biotur-
bation activities in areas of lakes that tend to be oxygen limited.
When offered a choice, ephemerid mayfly larvae preferred to
burrow amongst microplastic substrates instead of natural sedi-
ments (Gallitelli et al. 2021), and tubificid worms retained ingested
microplastics for longer periods than other particulate materials
within sediments (Hurley et al. 2017). These results further dem-
onstrate that key bioturbating species interact distinctly with
plastic contaminated sediments. Among these species, tubificid
worms could prove to be important biomonitors of plastic pollu-
tion in benthic habitats; they can accumulate higher loads while
suffering negligible effects from polyethylene particle exposure
(Redondo-Hasselerharm et al. 2018; Scopetani et al. 2020).

Bivalves are key players in the shuttling of suspended plastics
and associated contaminants to benthic habitats. Through filtra-
tion and biodeposition, they transfer micro- and nanoplastics
from the water column to the sediments (Vaughan et al. 2017),
thus acting as a biological pump (Carl et al. 2021). Their normal
activities — which contribute significantly to nutrient dynamics
in lakes and rivers (Vaughn and Hakenkamp 2001) — could be
altered through exposure to plastics (Table 2). For example,
bivalves have lower recruitment success (Sussarellu et al. 2016)
and reduced filtration rates (Pedersen et al. 2020) in the presence
of microplastics. Therefore, changes in bivalve biomass and func-
tioning in response to plastic pollution could affect water column
turbidity and alter the amount of organic and inorganic material
deposited to benthic habitats. Because bivalves are among the
organisms reported to have the longest internal retention of micro-
plastic particles (Supplementary data, Table S3') and are rather tol-
erant to plastic contamination (Magni et al. 2018), their bodies
could also serve as incubation chambers for the desorption of toxic
substances associated with plastic particles, but this hypothesis
needs to be examined further (Hoellein et al. 2021).

Contaminant cycling

Smaller, weathered polymer particles have a greater surface
area-to-volume ratio than larger, unweathered plastics, thereby
offering proportionally more substrate for microbial coloni-
zation and the sorption of pollutants (Menéndez-Pedriza and
Jaumot 2020). The ecotoxicity of microplastic particles varies
depending on their characteristics (e.g., shape, size, crystallinity,
chemical composition) and adsorbed substances (Lambert et al.
2017). Toxicological risks stem from the particles themselves,
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their biofilm (Rummel et al. 2017), the release of contaminants
(persistent organic pollutants, heavy metals, pharmaceuticals)
adsorbed by the plastic, and the leaching of additives or chemi-
cals associated with its polymer matrix (Rochman et al. 2013;
Menéndez-Pedriza and Jaumot 2020).

An important research gap is the influence of micro- and nano-
sized plastics on contaminant transfer to animals. Under laboratory
conditions, microplastics loaded with benzo[a]pyrene, a polycyclic
aromatic hydrocarbon (PAH), were transferred trophically from con-
taminated Artemia nauplii to zebrafish, and showed evidence of
desorption within the predator’s intestine (Batel et al. 2016). This
example demonstrates the possibility of plastic-mediated con-
taminant transfer within freshwater food webs. In some cases,
co-exposure of plastics and pollutants increased contaminant
transfer to experimental fish by as much as 2.6-times the concen-
tration found in the head and viscera when exposed to bisphenol
A alone (Chen et al. 2017). The co-exposure of microplastics with
antidepressants also amplified the drug’s bioaccumulation fac-
tor by 10-fold in freshwater fish (Qu et al. 2019). With over 200 or-
ganic chemicals being reported to associate with marine plastics
in the field (Hong et al. 2017), it seems likely freshwater plastics
would also sorb an array of chemicals, though few studies have
thus far demonstrated it. Given that the majority of the contami-
nants able to sorb to plastics are mutagenic, carcinogenic, tera-
togenic, or endocrine disruptors (Alimi et al. 2018; Fred-Ahmadu
et al. 2020), the ecotoxicological potential of small plastic par-
ticles (<5000 pm) merits increased attention.

Context dependencies challenge risk evaluation of the role of
microplastics in contaminant cycling. The sorption-desorption
response is governed by ambient conductivity, pH, salinity (Holmes
et al. 2014; Llorca et al. 2018), and dissolved organic matter content
in water (Chen et al. 2019q). For example, Ziajahromi et al. (2019)
observed that polyethylene particles reduced the availability of a
chemical insecticide (bifenthrin) to chironomid larvae, because
most of the chemical compound was sorbed to the plastic. How-
ever, when the microplastics were present with organic carbon,
the toxicity of the pesticide was no longer reduced, suggesting
water chemistry and DOC concentrations can mediate the role
of microplastics as chemical vectors.

In comparison with sediments, the sorption of trace metals
(e.g., Cd, Cs, Zn) is lower (Holmes et al. 2014; Johansen et al. 2018;
Besson et al. 2020), PAHs are equal or higher (Teuten et al. 2007;
Bartonitz et al. 2020), and mercury concentrations are at least
one order of magnitude higher on plastics (Graca et al. 2014).
However, the sorption of several elements (Holmes et al. 2014)
and antibiotics (Li et al. 2018; Guo and Wang 2019) varies with
salinity, suggesting that microplastics in freshwater environ-
ments may be more effective vehicles for some metals and for
the spread antibiotic resistance. Likewise, the microplastic-
associated biofilm community can induce higher dissipation
rates of contaminants (e.g., DDTs, PAHs) and enhance their bio-
transformation (Wu et al. 2017).

Integrating microplastics into limnology

Given the ubiquity, pervasiveness, and emerging impacts of
microplastics in lakes and rivers, we contend that they should be
recognized by limnologists as a distinct particle component
whose concentration is an ecologically relevant parameter. A lex-
icon for plastics is slowly being developed (Haram et al. 2020),
but standard definitions remain to be developed and consistently
applied. To promote strong policies applied beyond the bounda-
ries of a single nation or discipline, the adoption of an interna-
tional framework for plastic debris is justified (Hartmann et al.
2019). One way to encourage limnologists to incorporate micro-
plastics in their standardized sampling protocol is to integrate
the topic into their lexicon (perhaps using a distinct term, e.g.,
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“plaston”, to distinguish this particle type from seston, plankton,
or neuston).

Mitigating the environmental impacts of plastic pollution will
require a multidisciplinary limnology that integrates, inter alia,
socioeconomics (sources of microplastics), hydrology (physical
dynamics of nonbiodegradable particles), environmental chem-
istry, and ecotoxicology. Proposed guidelines are emerging to
direct microplastic research with the aim of increasing reprodu-
cibility and comparability between studies (Cowger et al. 2020).
We recommend these as starting points for integrating micro-
plastics research into limnology.

To develop accurate risk assessments that describe the impacts
of microplastics independent of interactions with other aquatic
stressors, we must have sufficient data to establish reliable expo-
sure scenarios that can be repeated and examined under controlled
conditions. Currently, there is a large discrepancy between the
doses of microplastics used in laboratory assays and the levels
recorded in the field (Cunningham and Sigwart 2019; Bucci et al.
2020; O’Connor et al. 2020).

Another issue with choosing environmentally relevant concen-
trations for experimental studies is that field concentrations are
typically based on samples from a single matrix (e.g., water
surface, benthic sediments), and therefore do not account for
organisms interacting with more than one matrix. Exposures to
100 particles-L ™" or per kilogram of sediment are implicitly con-
sidered to be realistic scenarios (Cunningham and Sigwart 2019),
but the highest concentrations recorded in a single compartment
of the environment can be a misleading representation of the
bioavailability of microplastics. For example, a fish with an onto-
genetic diet shift (e.g., yellow perch, Perca flavescens) may feed on
zooplankton in the water column during its larval stage; on
benthic invertebrates on the sediments during its juvenile stage;
and on small pelagic fish when it reaches sufficient adult size.
Thus, throughout its life it interacts with multiple potential sour-
ces of plastic contamination in the water, sediments, and in con-
taminated prey, sometimes simultaneously. A useful goal would
be the compilation of realistic natural exposures within a plastic
budget, by isolating sources, pathways, and recipient organisms
(Horton and Dixon 2018; Bank and Hansson 2019; Waldschlager
etal. 2020; Hoellein and Rochman 2021).

To date, few water bodies have been monitored with sufficient
resolution to encompass the various matrices in which organ-
isms and microplastics interact (see Table 1), especially for those
animals using multiple habitats during their life cycle. Despite
increasing numbers of studies published on microplastic pollution
in marine and inland waters (Fig. 2), there are repeated studies for
only a few model organisms — mainly daphniid waterfleas, bivalves,
and zebrafish (Table 2). Experimental studies have generally been
conducted on individual organisms using smaller particles sizes
and greater concentrations than what is recorded in the field, and
these are presented as pristine particles or associated with a single
sorbed contaminant. Studies incorporating multiple foodweb links
as well as realistic concentrations and contaminant exposure are
needed to understand how biota retain, bioaccumulate, biomag-
nify, and transfer plastics and their contaminants in aquatic food
webs (Schiavo et al. 2018; Provencher et al. 2019; Wang et al. 2019).
Only under these circumstances will it be possible to bridge the
gap between laboratory and field studies. However, some condi-
tions, such as controlling the colonization of plastics by microor-
ganisms, may be more difficult to apply. We must explicitly
account for the scope and limitations of conditions in each
experiment to assess the risk posed by microplastics as an indi-
vidual stressor.

Toward standard practices and biomonitoring

Limnologists routinely collect water, plankton, and sediment
samples, along with a plethora of environmental parameters; the
incorporation of microplastic sampling would reveal baseline
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levels of contamination as well as temporal and spatial differen-
ces in the risk of exposure to organisms. However, determination
of the abundance and distribution of microplastics is constrained
by our ability to capture and detect the particles in various envi-
ronmental matrices. Consequently (owing to the limitations of
standard plankton meshes, sediment sieves, or other equipment
selected by researchers), 30% of samples collected in the water
column to date have been limited to particles >300 um, whereas
40% of sediment samples use sieves of ~60 pm (Supplementary
data, Table S2'). Given that a filtration mesh pore size of 300 yum
is typically used for processing water samples, this can lead to an
underestimate of smaller microplastic concentrations by up to
four orders of magnitude (Covernton et al. 2019). The fraction com-
prising nanoplastics (particles <1 um) has certainly been underesti-
mated for many reported samples.

The continuous disintegration of plastics into progressively
smaller particles in the aquatic environment suggests that the
abundance of microplastics would be several-fold more numer-
ous as particle sizes decrease; a phenomenon demonstrated in
samples from surface water (Kooi and Koelmans 2019), sediments
(Yang et al. 2021), and biota (Roch et al. 2019). New analytical tech-
niques allow more effective characterization of micropolymers
under 20 pm (e.g., pi-Raman, RT-Raman) but they have been rarely
used in the past because of time requirements, costs, and cross-
laboratory reliability (Cabernard et al. 2018; Muller et al. 2020).
Considering that aquatic invertebrates are reported to retain higher
numbers of particles that can be translocated within their bodies,
and suffered stronger negative effects when ingesting smaller par-
ticles <63 pm (Jeong et al. 2016; Ziajahromi et al. 2018; Franzellitti
et al. 2019), researchers must strive to harmonize sampling techni-
ques and quantify smaller fractions of plastics in natural environments.

There is a need to harmonize practices and enforce strong qual-
ity assurance and control measures to allow data to be reproduci-
ble and comparable across aquatic systems. Many authors have
recommended guidelines and best practices to improve initial
study design and ensure a minimum standard quality for micro-
plastic data (Twiss 2016; Connors et al. 2017; Hung et al. 2021;
Miller et al. 2021). Cowger et al. (2020) compiled a checklist of ele-
ments for researchers to provide comparable information. We
summarized the main recommendations under nine steps.

(1) Provide basic information on the subject or environmental
matrix of interest (e.g., watershed characteristics, limnologi-
cal parameters, full taxonomic name), the timing and loca-
tion (coordinates) of sampling.

a. Collect duplicate or triplicate environmental samples.

b. For sediment samples, basic characterization should be
performed (% organic content, granulometry of riverbed)
(Enders et al. 2019).

c. Pilot studies should be performed to develop estimates
of measurement precision (e.g., ensure sample sizes are
adequate to address the research question).

(2) Describe sampling techniques and equipment used (e.g., mesh
size, volume, surface area, flow rate, mass, duration of collec-
tion, depth) to allow conversions across samples measured.

(3) Report sufficiently detailed methodological steps of the extrac-
tion procedure to allow replication.

(4) Clarify the quality assurance and control procedures followed
(e.g., cotton lab coats, washing/decontamination procedures,
use of air filtration unit, application of blanks, use of positive/
negative controls) and report contamination levels.

(5) Classify plastic particles based on their morphological fea-
tures: colour, shape, and size, and provide definitions or refer-
ence for the classification criteria.

(6) Verify polymer composition (e.g., polystyrene, polyethylene,
polyester, nylon) and provide details on the analytical technique,
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analysis employed, and data transformation (Andrade et al
2020).

(7) Measure the efficacy of the lab methodology used by report-
ing retention rates after spiking subsamples with known
polymers of relevant size and shape.

(8) Specify whether the results presented (tables, figures, text)
were corrected for contamination or adjusted based on method
efficacy retention rates of the methods, and account for the size
range of the particles defined by each size classes.

(9) Declare main findings within the limits of the experiment
and account for limitations of the study.

To account for potential spatiotemporal changes to plastic con-
centrations in the environment, biomonitoring should employ
appropriate sentinel organisms. Potential taxa that have been
identified to monitor the presence of particles of <300 um sizes
include mosses (Capozzi et al. 2018), bivalves (Su et al. 2018;
Merzel et al. 2020), chironomids (Nel et al. 2018), tubificid worms
(Redondo-Hasselerharm et al. 2018; Scopetani et al. 2020), and
fishes (Su et al. 2019). Appropriate sentinels should be selected
based on their relative abundance in different sectors (lakes, rivers,
estuaries) and ecosystem compartments (benthos, plankton), their
site fidelity, lifespan, and ability to tolerate contamination a few
orders of magnitude higher than currently found in nature. It is
also essential to know the organism’s dose-response to micro-
plastic pollution and whether its natural history characteristics
influences uptake, retention, and egestion of these particles. Fur-
ther studies are needed to establish how well the organism indi-
cates ambient pollution conditions and thus whether they could
truly serve as sentinels (Doucet et al. 2021; Hoellein et al. 2021).

Interactions between microplastics and multiple stressors: a
major research gap

Given the burgeoning influence of anthropogenic stressors
(e.g., climate change, urbanization, river impoundment, nutrient
pollution, invasive species) on aquatic environments, synergy
between stressors and the fate of plastics should be explored.
Under climate change, for example, increased frequency of extreme
weather events (e.g., strong winds or heavy precipitation) can
exacerbate the propagation of microplastics globally via wind
dispersion (Fig. 1A), increased surface runoff (Figs. 1B, 1C, and 1E),
increased release of untreated waste water (Fig. 1D), or by increased
flooding events and erosion, which can re-suspend some of the
microplastics stored on shorelines or in riverbeds, and transport
them downstream (McCormick and Hoellein 2016; Tibbetts et al.
2018; Hitchcock 2020; Ockelford et al. 2020). Bacteria, viruses,
and invasive microorganisms colonizing plastic, could be dis-
tributed faster and farther downstream as a result of increased
flow, thereby altering the distribution of potential pathogens
(Hoellein et al. 2017) and invaders.

Researchers have begun to test the ecological impacts of micro-
plastics under elevated temperatures, as expected under climate
warming. As temperature increases beyond the optimal thermal
regimes, key functional groups could become more sensitive to
microplastic pollution. Under elevated temperatures, the toler-
ance of daphnids to microplastic exposure decreased by three to
five orders of magnitude (Jaikumar et al. 2018), while short-term
exposure to environmentally relevant concentrations altered
the metabolism of the freshwater detritivore Gammarus pulex
(Kratina et al. 2019).

Elevated water temperatures also amplify the colonization of
suspended particles by microorganisms (Villanueva et al. 2011).
Higher colonization rates by assemblages capable of mineraliz-
ing microplastics would enhance their role in degrading plastics
(Fig.1G). This fragmentation can be further exacerbated by stronger
currents, more intense sunlight, thus more physical weathering
of particles. Moreover, elevated water temperatures could con-
ceivably select for stress-resistant communities and accentuate
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microplastic-biofilm interactions that influence nutrient and
contaminant cycling. Finally, the relationships between climate
change, sediment re-suspension, and microplastic pollution could
conceivably lead to mutual reinforcement and magnified eutrophi-
cation in shallow lakes (Zhang et al. 2020). Clearly, the interactions
between microplastics and other stressors in inland waters is a
potentially fertile area of research highly relevant to limnologists.

Conclusions and recommendations

Microplastics are increasingly prevalent in the waters and sedi-
ments of the world’s lakes and rivers. Given their ubiquity and
environmental persistence, microplastics in the water and sedi-
ments of aquatic environments can be recognized as a distinct
particle component whose concentration is an ecologically sig-
nificant parameter that should be monitored routinely by lim-
nologists. Standardized limnological protocols are needed to
measure the concentrations of micro- and nanosized plastic par-
ticles. Such data are crucial for (i) environmental assessments;
(i) informing policy for managing plastic pollution; and (iii) building
accurate models of habitat quality, the fate and transport of plastic
pollution, and contaminant transfer to freshwater biota. To facilitate
the integration of microplastics into limnological research, we pro-
pose the following objectives:

e Develop harmonized sampling and extraction protocols that
account for the diverse forms of plastics, and that are applicable
across environmental matrices, to generate comprehensible and
reproducible data.

* Encourage multidisciplinary approaches to studying microplastic
pollution (e.g., socioeconomics, landscape ecology, environmen-
tal chemistry, ecotoxicology), thereby fostering collaborations
toward understanding the sources, transport, fluxes, and fate of
plastic in inland waters. These efforts should include adopting
standard definitions internationally and a universal lexicon for
plastic debris.

¢ Identify appropriate model sentinel species to monitor the
spread, distribution, and accumulation of plastics, and to assess
risks on different components of aquatic ecosystems.

* Create budget models for plastics to estimate the true bioavail-
ability of plastics to organisms, and include associated pollu-
tants and organisms in ecotoxicological studies to bridge the
gap between field and laboratory exposure conditions.

* Investigate synergistic interactions between aquatic biota,
microplastic pollution and other anthropogenic stressors (e.g.,
climate change, physical habitat/landscape/hydrological alter-
ations, nutrient pollution, chemical pollution).

Microplastics in aquatic systems should not be the exclusive do-
main of ecotoxicologists, but should be recognized by aquatic scien-
tists in general — and thus be included in the fundamental training
of students in the field. Limnology courses and workshops are the
most obvious starting points for encouraging best practices in moni-
toring and reporting microplastic concentrations and for promoting
an understanding of their significance. However, interdisciplinary
communication and analyses are needed to set the issue of micro-
plastics in inland waters into a more global context.
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