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Summary

The ubiquity of microplastics (MPs) in the environment has raised global concerns due to their
potential adverse effects on organisms. MPs can be transported over long distances and have
been detected in remote environments. However, the processes governing the transport of MPs
through the environment remain largely unknown, mainly due to their unique combination of
size, shape, density and surface properties. This dissertation aims to investigate the mechanisms
involved in the transport and retention of MPs in rivers, streams and lakes, focusing on physical
processes and biotic interactions.

Study 1 introduced innovative quantitative methods for the spatio-temporal investigation of the
transport and retention dynamics of small MPs (1-10 pm) in a laboratory flume, where a rippled
streambed induced small-scale hyporheic exchange. MPs were monitored in the surface water
with two fluorometers, allowing a continuous mass balance. Migration through the streambed
was monitored with a laser-induced Fluorescence-Imaging-System. Detection limits be-
low 3 pg/L for 1 um polystyrene beads allowed for accurate tracking of MPs. Results showed
advective transfer of MPs between the surface water and the streambed. MPs infiltrated up to
10 cm below the ripple crest. These direct experimental observations indicate that hyporheic

exchange plays a crucial role in controlling the fate of MPs in fluvial environments.

In study 2, the quantification technique introduced in study 1 was used to systematically analyze
the effects of MPs size, sediment type and flow conditions on the dynamics of particle transport
and retention in a rippled streambed. As particle size increased (1, 3 and 10 pm), the maximum
infiltration depth into the coarse streambed decreased (11, 10 and 7 cm), with 10 um particles
being partially retained. In the fine sand experiment, MPs experienced significant retardation
in the streambed and exhibited slow release to the surface water, with 22 % not being recovered
at the outflow location. Conversely, the high-flow experiment demonstrated efficient flushing

of MPs from the streambed, resulting in the shortest residence times.

Study 3 presented a hybrid approach to modeling the transport of MPs. A computational fluid
dynamics model was developed with openFOAM and calibrated with experiments such as in
study 2. The integrated model solved the flow in the surface water and the hyporheic zone and
reproduced the transport of MPs following advection and dispersion. The model accurately
represented the transport of 1 pum particles but did not capture the delayed transport of 10 pm
MPs through the streambed. The larger MPs were affected by retardation processes that in-

creased with flow path length, suggesting interactions in the streambed.
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Study 4 investigated the vertical transport of microplastics in lakes by combining field meas-
urements, laboratory experiments and a 1D random walk model. Four experiments were con-
ducted to investigate the effect of MPs size (1-5, 28-48 and 53-63 um) and hydrodynamic con-
ditions (thermal stratification and lake turnover). The model accurately predicted residence
times for larger particles but overestimated them by a factor of 10 for the smallest MPs. Resi-
dence times of small MPs were 12 times shorter during lake turnover than during thermal strat-
ification, but no resuspension was observed. These results suggest that additional mechanisms,
such as aggregation or biotic interactions, are crucial factors controlling the transport of small
MPs in lakes.

In study 5, the effect of biotic interactions on MPs transport in lakes was investigated using
laboratory experiments and numerical models. A physical model, influenced by particle settling
and mixing, was compared to a biological model that additionally included the interaction with
a filter feeder (Daphnia). Following uptake, particles were egested and embedded in faecal
pellets, significantly increasing particle settling velocity by 3 to 5 orders of magnitude. As a
result, the residence time of small MPs (< 5 um) in the lake decreased from 15 years in the
abiotic model to 1 year in the biotic model. This allowed for particle sedimentation considering
a lake flushing time of 4 years. The transport of larger MPs (15 pm) was similarly influenced

by both biological and physical processes.

Study 6 investigated the effects of MPs exposure on an aquatic filter feeder (Dreissena bugen-
sis). Fragments of different polymers within a comparable size range (20 — 120 pum) were char-
acterized in-depth to analyze the polymer-specific impact on the organism. The exposure con-
ditions were comparable as confirmed by flow velocity measurements. Interestingly, mussels
did not cease filtration when exposed to MPs. Ingested MPs caused polymer-dependent adverse
effects, as indicated by changes in biochemical markers. The strongest negative effects were
observed for recycled PET, which was attributed to its chemical composition, including addi-

tives and residual monomers.

The integration of laboratory experiments, field measurements and numerical modeling has
highlighted the complex processes involved in the dynamics of MPs transport and retention.
The results indicate the influence of physical, physicochemical and biological mechanisms on

the fate of MPs, which exhibit high mobility in rivers, streams and lakes.



Zusammenfassung

Die Verbreitung von Mikroplastik (MP) in der Umwelt hat weltweit Besorgnis iber seine po-
tenziell schadlichen Einflisse auf Organismen ausgeldst. MP kann tber grof3e Entfernungen
transportiert werden und wurde selbst in entlegenen Gebieten detektiert. Wie der Transport von
Mikroplastik durch die Umwelt gesteuert wird, ist aufgrund der einzigartigen Kombination von
GroRe, Form, Dichte und Oberflacheneigenschaften weitgehend unbekannt. Diese Dissertation
untersucht die Mechanismen, die den Transport und Riickhalt von MP in Flissen, Béchen und
Seen kontrollieren, mit Fokus auf physikalischen Prozessen und biotischen Interaktionen.

In Studie 1 werden innovative quantitative Methoden zur Untersuchung der rdumlich-zeitlichen
Transport- und Retentionsdynamik von kleinem MP (1-10 pum) in einer Laborrinne vorgestellt,
in der ein geriffeltes Flussbett einen kleinrdumigen hyporheischen Austausch erzeugt. MP
wurde im Oberflachenwasser mithilfe zweier Fluorometer tiberwacht, die eine kontinuierliche
Massenbilanz ermdglichten. Die Migration durch das Flussbett wurde mit einem laserinduzier-
tem Fluoreszenz-lmaging-System untersucht. Nachweisgrenzen unter 3 pg/L fir 1 um grofie
Polystyrolkugeln erlaubten eine genaue Verfolgung von MP. Es zeigte sich ein advektiver
Transfer von MP zwischen dem Oberflachenwasser und dem Flussbett, mit einer maximalen
Infiltrationstiefe von 10 cm unter dem Riffelkamm. Diese direkte Beobachtung unterstitzt die

Hypothese, dass der hyporheische Austausch den Verbleib von MP in FlieBgewéssern steuert.

In Studie 2 wurde die in Studie 1 eingefiihrte Quantifizierungsmethode zur systematischen Un-
tersuchung des Einflusses von Partikelgrofie, Sedimenttyp und Stromungsbedingungen auf den
Transport und die Retentionsdynamik von MP in einem geriffelten Flussbett verwendet. Die
Ergebnisse zeigten, dass mit zunehmender MP-Gro6Re (1, 3 und 10 um) die maximale Eindring-
tiefe im groben Flussbett abnahm (11, 10 und 7 cm), wobei 10 um MP teilweise zuriickgehalten
wurde. Im Feinsandexperiment wurde MP im Flussbett stark verzégert und nur langsam an das
Oberflachenwasser abgegeben. Hierbei wurden 22 % des MP am unteren Auslass des Gerinnes
nicht wiedergefunden. Im Gegensatz dazu zeigte das Experiment mit hoherem Abfluss eine

effiziente Ausspulung von MP aus dem Flussbett, was zu den kirzesten Verweilzeiten fiihrte.

In Studie 3 wurde ein hybrider Ansatz zur Modellierung des Mikroplastiktransports vorgestellt.
Das neu entwickelte numerische Stromungsmodell in openFOAM wurde mit Experimenten wie
in Studie 2 kalibriert. Das integrierte Modell erfasste die Stromung sowohl im Oberflachenwas-
ser als auch in der hyporheischen Zone und stellt den Transport von MP durch Advektion und

Dispersion dar. Das Modell bildete den Transport von 1 um groRem MP genau ab, konnte aber



Zusammenfassung

den verzdgerten Transport von 10 um grolRem MP nicht erfassen. Dartiber hinaus nahm die
Verzogerung im Flussbett mit zunehmender FlieBweglange zu, was auf die Bedeutung von Par-

tikelwechselwirkungen hinwies.

Studie 4 untersuchte das vertikale Transportverhalten von Mikroplastik in Seen durch Feldmes-
sungen, Laborexperimente und einem 1D Random-Walk-Modell. Vier Experimente wurden
durchgefuhrt, um den Einfluss der MP-Groélie (1-5, 28-48 und 53-63 um) und der hydrodyna-
mischen Bedingungen (thermische Schichtung und Durchmischung) zu untersuchen. Die Ver-
weilzeiten von grofierem MP wurden vom Modell gut vorausgesagt, aber flr das kleinste MP
um das Zehnfache tberschétzt. Im Vergleich zur thermischen Schichtung war die Verweilzeit
von kleinem MP wéhrend der Durchmischung des Sees 12-mal kiirzer, wobei keine Resuspen-
sion beobachtet wurde. Diese Ergebnisse deuten darauf hin, dass zusatzliche Mechanismen wie

Aggregationen oder biologische Interaktionen den Transport von kleinem MP in Seen steuern.

Studie 5 untersuchte den Einfluss biotischer Interaktionen auf den MP-Transport in Seen durch
Laborexperimente und numerische Modelle. Zwei Systeme wurden verglichen: Ein physikali-
sches Modell, das das Absinken von MP und Durchmischung erfasst, und ein biologisches Mo-
dell, das zusétzlich die Interaktion mit einem Filtrierer (Daphnia) berucksichtigt. Das nach der
Aufnahme wiederausgeschiedene MP war in Fakalpellets eingebettet, was die Sinkgeschwin-
digkeit um 3 bis 5 GroRenordnungen erhohte. Die Verweilzeit von kleinem MP (< 5 pm) im
See sank von 15 Jahren im abiotischen Modell auf 1 Jahr im biotischen Modell, was bei einer
Wasseraustauschzeit von 4 Jahren zur Sedimentation fuhrte. Der Transport von grof3erem MP

(15 um) wurde in ahnlichem Ausmal durch biologische und physikalische Prozesse beeinflusst.

Studie 6 untersuchte die Effekte einer MP-Exposition auf einen aquatischen Filtrierer (Dreis-
sena bugensis). Fragmente verschiedener Polymere dhnlicher GroRe (20 — 120 um) wurden
eingehend charakterisiert, um spezifische Effekte auf den Organismus zu untersuchen. Die Ex-
position war vergleichbar, was durch Messungen der Fliegeschwindigkeit bestatigt wurde. In-
teressanterweise dnderten die Muscheln ihr Filtrationsverhalten trotz Exposition nicht. MP-
Aufnahme verursachte polymerabhéngige negative Effekte, wie Veranderungen biochemischer
Marker belegten. Starkste negative Effekte traten bei rezykliertem PET auf, was auf die chemi-

sche Zusammensetzung, insbesondere Additive und Restmonomere, zurtickgefiihrt wurde.

Laborexperimente, Feldmessungen und numerische Modelle haben die komplexen Prozesse
untersucht, die am Transport und der Retention von MP beteiligt sind. Die Ergebnisse verdeut-
lichen den Einfluss physikalischer, physikalisch-chemischer und biologischer Mechanismen

auf den Verbleib von MP, das eine hohe Mobilitat in Flissen, Bachen und Seen aufweist.
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1 Introduction

1.1 Microplastics —a novel environmental contaminant

Plastic products have become essential in modern society and their consumption is closely tied
to socioeconomic developments (Koelmans et al., 2019). Global plastic production has been
steadily increasing, reaching 391 Mt/a in 2021, equivalent to 50 kg/a per person (Plas-
ticsEurope, 2022). Unfortunately, inadequate management of plastic waste after use results in
an uncontrolled release into the environment, with projections indicating a potential tripling
from 60-90 Mt/a in 2015, to 155-265 Mt/a in 2060 (Lebreton and Andrady, 2019). Plastic con-
tamination has surpassed planetary boundaries and has become a global concern (Persson et al.,
2022). While various remediation strategies have been developed (Padervand et al., 2020), it is
imperative to shift from a linear ‘throwaway lifestyle’ to a circular economy (Koelmans et al.,
2019). Addressing plastic waste generation and its release into the environment also aligns with
targets 12.4 and 12.5 of the Sustainable Development Goals (United Nations, 2015).

Microplastics (MPs) are microscopic plastic particles ranging in size from 1 um to 5 mm (Frias
and Nash, 2019). They can be categorized as primary MPs, intentionally produced for applica-
tions like cosmetics, or secondary MPs, which result from the degradation or fragmentation of
larger items like tires or litter. Therefore, MPs vary widely in size, density, shape and surface
characteristics. While some insights can be derived from studies on natural sediments (Wald-
schldger et al., 2022) or engineered nanoparticles (Huffer et al., 2017), the unique combination

of particle properties requires specific research to understand their behavior in the environment.

MPs are highly mobile in the environment, being transported over long distances and penetrat-
ing various environmental compartments in a ‘microplastic cycle’ (Bank and Hansson, 2022).
The deep sea is a major sink for MPs (Woodall et al., 2014). Most marine plastics originate
from terrestrial sources and were transported by rivers and streams. (Schmidt et al., 2017). MPs
can enter fluvial systems through both point sources like wastewater treatment plants (Mintenig
etal., 2017) and diffuse sources such as agricultural runoff (Bigalke et al., 2022) or atmospheric
fallout (Allen et al., 2019). The high spatio-temporal variability of particle numbers in rivers
(Mintenig et al., 2020) and the detection of MPs in streambed sediments (Frei et al., 2019)

highlight the significance of retention processes within fluvial systems (Schwarz et al., 2019).

1.2 Microplastic transport mechanisms in rivers, streams and lakes
Fluvial systems play multiple roles in the dynamics of MPs, acting as conduits, potential sinks

and secondary sources (Mani et al., 2015). Particles can become trapped in surface water eddies,



1 Introduction

deposited at the streambed interface, or retained in the streambed. On a larger scale, the
transport of MPs is influenced by catchment characteristics and hydrology (Baldwin et al.,
2016). Certain areas with low flow velocities, such as lakes (Tibbetts et al., 2018) or dammed
river sections (Watkins et al., 2019), promote particle sedimentation to the streambed, leading
to reduced concentrations in the surface water. Conversely, high-flow events can remobilize
MPs, significantly increasing their concentrations in the surface water by an order of magnitude
(Giindogdu et al., 2018). Small, (sub-)pore-scale MPs are particularly relevant due to their high
mobility in fluvial systems and their presence in streambed sediments (Frei et al., 2019). Nota-
bly, these particles are not completely removed during drinking water treatment processes,
which can result in human exposure to MPs (Pivokonsky et al., 2018).

The transport of MPs is influenced by a combination of particle properties, hydrodynamic flow
characteristics and biogeochemical interactions. Gravitational settling of MPs is influenced by
its physical characteristics, including particle size, density and shape (Ahmadi et al., 2022).
Smaller MPs with densities similar to water exhibit low sinking velocities and can have pro-
longed residence times in the water column (Elagami et al., 2022). However, the transport be-
havior of MPs differs from that of mineral particles with high density and spherical shape, for
which transport formulae are well established. In the case of MPs, both the settling velocity and
the critical shear stress required for particle erosion have been found to be lower than expected

based on theoretical predictions (Elagami et al., 2022; Waldschlager and Schittrumpf, 2019b).

1.2.1 Hydrodynamic influences in fluvial systems

In rivers and streams, the settling behavior of MPs is superimposed by larger hydrodynamic
forces, resulting in a hydraulic sorting of the deposited particles (Woodward et al., 2021). The
ubiquitous detection of MPs in the surface flow, at the streambed interface and in streambed
sediments (Shahul Hamid et al., 2018) highlights the influence of interactions between surface
and subsurface flow. For small, (sub-)pore-scale MPs, advective transfer from the surface water
across the interface into the streambed sediments has been considered as a potential mechanism

to transport particles into the hyporheic zone (Frei et al., 2019).

The hyporheic zone serves as an important ecosystem, where surface water and groundwater
are hydraulically connected (Boano et al., 2014). This region exhibits increased nutrient turno-
ver and supports a high level of biological diversity in close proximity to the streambed inter-
face (Lewandowski et al., 2019). The exchange of water in the laminar regime follows Darcy’s
law and is influenced by factors such as (i) the hydraulic conductivity of the streambed sedi-
ments, (ii) the hydraulic gradient between the streambed interface and the sediments and (iii)
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the flux of groundwater into and out of the surface water (Saenger, 2000; Storey et al., 2003).
Hyporheic exchange occurs at various scales, ranging from the local alluvium to the larger river
catchment scale. This thesis focuses on small-scale, vertical exchange driven by the streambed
topography which plays a crucial role in biogeochemical turnover (Gomez-Velez et al., 2015).
Common bedforms found in natural rivers are ripples or dunes, which form under subcritical

flow conditions with low Froude numbers (Engelund and Fredsoe, 1982).

Bedform-induced hyporheic flow is primarily driven by advective pumping and diffusion plays
a negligible role (Elliott, 1991). The stream water infiltrates at the upstream stoss side of the
bedform, migrates through the porous medium and re-enters the surface water at the down-
stream lee side of the bedform (Elliott and Brooks, 1997). This mechanism is discussed to fa-
cilitate the transfer of small, (sub-)pore-scale MPs from the surface water into the hyporheic
zone (Frei et al., 2019). However, the behavior of conservative tracers is not directly transfera-
ble to MPs, which were detected in shallower depths of the streambed, where they were addi-
tionally retained (Harvey et al., 2012). The extent of MPs retention depended on the hydrody-
namic characteristics, and during high-flow events, previously stored MPs could be remobilized
back into the surface water (Harvey et al., 2012; Hurley et al., 2018). Simulations from head-
water streams have demonstrated significant temporal variation in the residence times of MPs

in streambed sediments, ranging from a few hours to several years (Drummond et al., 2022).

Column experiments have provided insight into the mobility of MPs in porous media flow,
highlighting the influence of sediment properties and physicochemical interactions (Lu et al.,
2021a; 2021b). The infiltration depth of larger MPs (>100 um) was found to be related to the
particle-to-sediment grain size ratio (Waldschlédger and Schittrumpf, 2020). However, it is
challenging to extrapolate the results of simplified column experiments to the complex dynam-
ics of MPs transport in rivers and streams, where three-dimensional hydrodynamic forces play
a significant role. The specific contributions of advective transfer and sedimentation-erosion-
cycles in controlling the transfer of MPs between the surface water and the streambed, as well

as the mechanisms affecting particle transport within porous media are still not well understood.

1.2.2 Hydrodynamic influences in lake systems

Unlike rivers and streams, lake systems exhibit low flow velocities, particularly in the longitu-
dinal direction (Bek et al., 2019). This allows for the isolation of vertical transport processes
and the analysis of key factors controlling particle settling behavior. In lakes, particle transport
is primarily influenced by the stability of the water column, changing between thermal stratifi-
cation and lake turnover, as well as wind forcing and seiches (Bek et al., 2019). These
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hydrodynamic conditions exhibit spatial and seasonal variations, mostly due to water tempera-
tures, which can induce both turbulent mixing and laminar flows in the water column. While
turbulent mixing accelerates sedimentation and burial of natural material, it can also result in

the resuspension of previously deposited material (Weyhenmeyer et al., 1997).

Studies indicate that MPs can undergo temporary or permanent retention in lakes (D’ Avignon
et al., 2022; Dusaucy et al., 2021). However, the understanding of MPs transport processes in
lakes is still limited: Many studies investigating MPs settling behavior have been conducted in
controlled laboratory settings (Elagami et al., 2022; Waldschlager and Schuttrumpf, 2019a) and
it remains unclear, how these findings can be applied to the more complex conditions found in
real lakes. For instance, studies suggest that small MPs may have prolonged residence times in
the water column (Elagami et al., 2022), which increases the likelihood of interactions with

other water constituents or biota, thereby potentially influencing the transport behavior of MPs.

1.2.3 The influence of interactions between particles and biota

In the aquatic environment, MPs can be degraded due to a variety of mechanical, chemical and
biological processes (Klein et al., 2017), that may significantly alter their transport behavior in
rivers, streams and lakes. In addition, aggregation with other particles or solutes can increase
the settling velocity of MPs, facilitating their efficient removal from the water column
(Schmidtmann et al., 2022). The formation of biofilms on MPs can affect settling velocities
(Elagami et al., 2022; Rummel et al., 2017) and is discussed to have a more pronounced effect
on smaller particles with a high surface-to-volume ratio (Fazey and Ryan, 2016).

MPs in aquatic systems can interact with freshwater biota (Scherer et al., 2018) and enter the
food chain through filter feeders such as mussels (Hoellein et al., 2021) or Daphnia (Imhof et
al., 2017). Apart from the direct physical impact, sorbed chemicals can leach out and trigger
immune responses on the organism (Redondo-Hasselerharm et al., 2023). Given their ability to
bioaccumulate in higher trophic levels (Bhatt and Chauhan, 2023), MPs pose a threat to aquatic
communities (Anbumani and Kakkar, 2018). However, it remains unclear which specific phys-
icochemical properties of MPs are particularly harmful for aquatic organisms.

Finally, biotic interactions, such as particle storage in organisms or deposition in biological
matrices, can also influence particle transport behavior in the water column and lead to particle
immobilization (Cole et al., 2023). Additionally, bioturbation in freshwater sediments can in-
crease the vertical propagation of MPs (Frank et al., 2023). Further research is needed to eval-
uate whether such biotic interactions significantly alter MPs transport in relation to the hydro-

dynamic and physical forces which naturally occur in rivers, streams and lakes.
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2 Objectives and structure

This research was conducted as part of the Collaborative Research Centre 1357 ‘Microplastics’
at the University of Bayreuth and focused on investigating the transport patterns of microplas-
tics (MPs) in fluvial systems. Despite the ubiquitous detection of MPs in rivers, streams and
lakes, the mechanisms that control the dynamics of particle transport and retention within these
environments are still not fully understood. To address this knowledge gap, the studies in this

thesis aimed to evaluate and explore four main hypotheses:

1 Small, (sub-)pore-scale MPs are mobile in fluvial systems and can be advectively trans-
ferred between the surface water and the streambed sediments (studies 1 and 2)

2 The ratio of particle-to-streambed grain size can be used as an indicator of particle in-
filtration and retention in the streambed (studies 2 and 3)

3 The hydrodynamic characteristics of the surface flow affect MPs infiltration and reten-
tion in the streambed sediments (studies 2 and 3) as well as its residence time in the
water column (study 4)

4 MPs interact with organisms in the water column and near the streambed, significantly
affecting MPs transport (study 5) and inducing stress on biota (study 6).

Various research techniques were used to address these hypotheses. Laboratory experiments in
a water flume (studies 1-3) investigated MPs migration between surface water and the
streambed. These results served to validate a numerical model which is introduced in study 3.
In addition to this focus on MPs transfer in an idealized laboratory setting, field experiments
(study 4) analyzed MPs transport in real lakes. The influence of biotic interactions on MPs
transport in lakes was studied by combining laboratory experiments with numerical models
(study 5). Lastly, the effect of MPs exposure on biota was studied under laboratory settings in

glass aquaria (study 6).

The objective of study 1 was to develop a novel monitoring technique to spatio-temporally
quantify MPs transport in an experimental flume, which was influenced by both surface flow
and bedform-induced subsurface flow. The methods involved a continuous monitoring of MPs
concentrations using fluorometers in the surface water, as well as a laser-induced Fluorescence-
Imaging-System to track MPs transfer between (i) the surface water, (ii) the streambed interface
and (iii) in the streambed sediments. The reliability of these quantification methods was as-
sessed, and the setup was used for an initial experiment investigating the transport of 1 pm MPs

in the flume.



2 Objectives and structure

In study 2, the newly developed monitoring technique was employed to systematically investi-
gate the effects of particle size (1, 3 and 10 um), streambed sediments (fine and coarse sand)
and hydrodynamic conditions (low and high flow) on the dynamics of MPs transport and reten-
tion in both surface water and streambed sediments. The study additionally included hydrody-
namical measurements to gain insights into the physical mechanisms controlling the infiltration

of MPs into the streambed.

In Study 3, a hybrid modeling approach using openFOAM was developed and validated using
the novel MPs transport monitoring techniques. The digital twin approach provided additional
information and addressed the limitations of the experimental methods by providing a more
comprehensive understanding of particle transport and retention throughout the study domain
and characterizing hyporheic flow velocities. By comparing the transport processes of 1 um
and 10 pm beads, valuable insights into the mechanisms influencing the fate of MPs in
streambed sediments were obtained.

Study 4 focused on MPs transport behavior in natural settings and presented field experiments
which were conducted at lake ‘Grof3er Brombachsee’. By studying the vertical transport pattern
in the lake, which is characterized by less pronounced longitudinal flow compared to rivers and
streams, the influence of particle properties on MPs residence times in the water column was
analyzed under realistic hydrodynamic conditions. Fluorometric techniques, which were devel-

oped in study 1, were used to monitor MPs transport in the lake.

In study 5, the influences of hydrodynamic conditions and biotic interactions on particle
transport in lake systems were examined. Laboratory measurements were conducted to gather
data on particle settling velocity after egestion by filter feeders (Daphnia). This information
was used to compare particle transport in two different lake models. The first model focused on
the physical aspects of MPs transport, considering gravitational settling and turbulence. The
second model, a physico-biological model, considered additional factors such as particle uptake

and egestion by Daphnia.

Study 6 investigated the influence of polymer type and chemical composition of MPs on benthic
filter feeders (Dreissena bugensis). The mussels were exposed to particles in a glass aquarium,
where a submerged pump induced a circular flow. The study analyzed the behavioral response
of these organisms by comparing their filtration rate when exposed to natural particles and MPs.
The uptake of MPs into the organisms was visually inspected, and biochemical markers were

examined to assess the induced stress level of the organism.
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3 Materials and methods

3.1 Laboratory flume experiments (studies 1 — 3)

3.1.1 Experimental setup and hydrodynamic characterizations

MPs transport experiments were conducted in a water flume (dimensions: 5 x 0.086 x 0.30 m,
G.U.N.T. GmbH), which was inclined between 0 and 3 mm/m (Figure 1). To monitor discharge
continuously, an electromagnetic flowmeter (Jumo GmbH) was employed, and mean surface
flow velocities ranged from 0.06 to 0.17 m/s in the flume. Particle aggregation was prevented
by using deionized water in the flume, operated in (i) a closed-circuit setup for study 1 and (ii)
an open circuit setup for studies 2-3 to avoid particle recirculation. Weirs were strategically
positioned to define a study domain that was homogeneously filled with unimodal sands of two
distinct size classes (coarse and fine sand) for the experiments. The mean diameter of the sands
was 1.0 and 0.4 mm. The streambed was manually formed into a series of stable ripple struc-
tures to replicate natural stream conditions (Fox et al., 2014). Additionally, in studies 2-3, the

morphology of the entire streambed was measured using a 2D laser profiler (wenglor GmbH).

In studies 2 and 3, ultrasonic sensors (WayCon GmbH) were used to monitor the water surface
elevation at six locations. Particle-Image-Velocimetry (P1V, ILA_5150 GmbH) was employed
to measure flow velocities in longitudinal and vertical directions (x-z-plane) in the surface wa-
ter. The flow field was illuminated along the flume centerline using an LED sheet (1 = 520 nm),
allowing for image acquisition using a CMQOS camera (iDS Imaging GmbH). The longitudinal
position of the PIV system was adjustable to analyze the flow field over a selected bedform as
well as its two adjacent ripples. Average flow velocities were obtained by merging 9 individual

PIV measurements, each consisting of 1000 frames captured at a frequency of 40 Hz.

3.1.2 Innovative spatio-temporal analysis techniques

The experiments were conducted using polystyrene beads of 1, 3 and 10 um in diameter (Poly-
Sciences Inc.). The particles had a density of 1050 kg/m® and were internally fluorescently
dyed. In addition, the surface of the MPs was coated to prevent aggregation. Prior to disposal,
water containing MPs from previous studies passed through a cascade of membrane filters

(Fuhr GmbH) with mesh sizes 0.45 um and 0.04 um multiple times which removed most MPs.

The volumetric concentration of MPs in the surface water was measured by two portable fluo-
rometers (FL24, Albillia Co.). They were installed at the inflow and outflow of the study do-
main and recorded at a frequency of 0.5 Hz. Peristaltic pumps were used to extract water from

the flume, pass it through the flow cell of the fluorometers and then return it back to the flume.
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Figure 1: Setup of the flume experiments: Microplastics (MPs) were tracked in the surface water, using
fluorometers, and at a monitored bedform with a Fluorescence-Imaging-System (FIS). Surface flow
velocities were acquired with Particle-Image-Velocimetry (PIV), water levels with ultrasonic sensors
and bedform morphology with a laser profiler. Flow velocities and MPs infiltration pattern were ana-

lyzed sequentially for the same bedform. This figure is included as Figure 1 in Study 2.

A Fluorescence-Imaging-System (FIS) was developed to capture the fluorescent signal of MPs
at one selected bedform structure. The FIS allowed for the continuous detection of MPs (i) in
the surface flow, (ii) at the streambed interface and (iii) in the pore space of the streambed at
the glass interface of the flume. The measurements were conducted at a frequency of 0.5 -8 Hz.
For excitation of the fluorescent dye in the MPs, two diode-pumped solid state-lasers with a
wavelength of 457 nm (CNI Ltd) were used. The optical path of the laser light was deflected
orthogonally to the monitored bedform with a 45° dichroic mirror (Chroma Technology Corp).
This arrangement effectively minimized the amount of laser excitation light that entered the
sensor of a scientific CMOS camera (Andor Zyla 5.5, Oxford Instruments), which was used for

capturing the images.

The calibration of both detection systems, the fluorometers and the FIS, spanned over four or-
ders of magnitude and used a set of 16 standards, resulting in approximately 30 measurements
for the fluorometers and 80 measurements for the FIS. To calibrate the FIS, a 10 cm long flume
section was isolated and filled with MPs suspensions in (i) the surface water and (ii) the pore
space of the streambed sediments. Additionally, a purpose-built glass tank measuring 60 cm X

30 cm x 5 cm was positioned in the flume to calibrate larger areas. Due to the heterogeneous
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3.1 Laboratory flume experiments (studies 1 — 3)

intensity distribution in the laser beam, the fluorescence intensity varied throughout the field of
view of the camera. To account for this, linear regressions were performed locally, averaging
squares of 10 x 10 pixels. Quantification limits were determined from the calibration curves
(Funk et al., 1985).

3.1.3 Quantification of the dynamics of microplastic transport

To compare MPs transport across different experimental scenarios, concentrations ¢ [ML]
obtained from fluorometer and FIS measurements in the surface water and the pore water of the
streambed sediments were normalized to mass transfer rates 7z [T], by considering the flume
discharge Q [L3T"!] and MPs input mass mo [M]:

c(t)- Q1)

(o) ===

The fluorometers continuously measured the temporal evolution of MPs concentration in the
surface water at both the inflow and outflow of the study domain. By integrating the mass
transfer rate over time, the number of MPs that has been entering and leaving the study domain
could be determined. The value at the end of each experiment represented the total amount of
MPs recovered at the measurement locations, allowing for comparisons of MPs retention
among different experimental scenarios. For studies 2 and 3, the difference between the mass
flux at the inflow and outflow was interpreted as MPs present in the study domain. This ap-
proach assumed that the location of the fluorometer measurements adequately represented the

entire cross-sectional area.

The FIS dataset served to analyze the dynamics of MPs infiltration into the bedform structure.
Breakthrough curves were generated by extracting particle concentrations at multiple depths
(1-11 cm) below the ripple crest, and all layers were averaged over 1 cm depth. Experimental
artefacts were reduced by rejecting the first and last 5 % of MPs detection in each layer. The
onset of detectable infiltration at each depth indicated the time of arrival of the plume front, and
its slope (0z/0t) was used to calculate vertical propagation velocities. In addition to systemati-
cally analyzing spatially averaged light intensities for all particles, the FIS provided sufficient
resolution to monitor individual particle positions in the streambed for the larger, 10 pm MPs.
For these particles, a quantification of the infiltration dynamics was additionally performed
using two approaches: (i) the mean position of the infiltrated MPs (center of mass) was deter-
mined by averaging individual particle positions over space, and (ii) the plume front was cal-

culated by connecting the outermost particles.
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3 Materials and methods

3.2 Numerical flume model (study 3)

In study 3, an integrated three-dimensional hydrodynamic model was developed using the open-
FOAM toolbox for computational fluid dynamics. The model considered both air and water
flow and employed the interFoam solver to accurately simulate free-surface flow dynamics.
The volume-of-fluid method was used to track the interface between air and water. To capture
larger turbulences, such as those occurring in the wake of the bedform structures, a large eddy
simulation model was employed. The streambed sediments were represented as a porous con-
tinuum, incorporating friction-induced pressure losses based on Darcy’s law. This approach
allowed for the integrated simulation of the hydrodynamic conditions in both surface flow and
subsurface flow in the flume. For the transport of MPs, a scalar transport model was used. It
considered advective and dispersive processes and was modified with an additional advective
retardation factor to account for the potential retardation of particles in the streambed. This
approach modeled MPs as a conservative tracer.

The experimental setup from study 2 was used to calibrate the numerical model. MPs transport
experiments were conducted with 1 pm and 10 um PS microbeads, with a sediment grainsize
of 1.0 mm and a mean surface velocity of 0.06 m/s. The entire experimental dataset was used
for the calibration, including (i) hydrodynamic characteristics (discharge, water levels, and ve-
locity fields above the monitored bedform), (ii) sediment topography, (iii) MPs concentrations
in the surface water (fluorometer dataset) and (iv) MPs concentrations in the surface water and
in the pore water of the streambed sediments at the monitored bedform (FIS dataset). In addition
to replicating the laboratory results, the numerical model provided additional insights into MPs
transport. It enabled the investigation of the three-dimensional distribution of MPs throughout
the entire study domain and captured the temporal changes in particle distribution in both sur-
face water and the streambed sediments. Furthermore, the model facilitated the analysis of

hyporheic flow patterns, providing valuable information on MPs transport mechanisms.

3.3 Lake field experiments (study 4)

In study 4, field experiments were performed at lake ‘GrolRer Brombachsee’ to analyze the
transport behavior of MPs in a natural environment. A circular plastic enclosure (‘mesocosm?’),
measuring 12 m in depth and 3 m in diameter, was anchored to the lake bottom. Distinct size
ranges of MPs (1-5 um, 28-48 um and 53-63 um) were added individually in separate experi-
ments to examine the influence of particle size on transport under low hydrodynamic forces
during thermal stratification. Another experiment using 1-5 um MPs was conducted during lake

turnover to assess the impact of turbulent convective mixing on particle transport. Portable
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3.4 Modeling of microplastic transport in lakes under biotic interactions (study 5)

fluorometers (studies 1-3), were used to monitor MPs at two locations: 1 m below the lake
surface and 0.5 m above the mesocosm bottom.

The temperature profile in the lake mesocosm was measured at 1 m intervals, and water veloc-
ities were monitored 1 m below the surface with a 3D acoustic Doppler velocimeter. Particle
settling velocities were obtained from (i) calculations for the 1-5 um MPs using Stokes’ law,
(ii) laboratory results for the 28-48 um and 53-63 pum MPs using PIV (studies 2-3), and (iii)
field data based on the times when 50 % of the particles were detected by the fluorometers.
Furthermore, the residence times of MPs in the lake were calculated by determining the duration
from the initial detection of surface-near MPs until 95 % of the particles reached the bottom-
near location. This analysis emphasized the tailing behavior of the breakthrough curve. Finally,
the observed particle transport in the lake was compared to a 1D random walk model that in-
corporated the settling velocities of MPs. The model simulated the transport of MPs based on
vertical settling of the particles and random displacements caused by turbulence.

3.4 Modeling of microplastic transport in lakes under biotic interactions
(study 5)
Study 5 investigated the importance of biotic influences on the transport dynamics of MPs (0.5,
5 and 15 pm) in lake systems. Generic virtual experiments were conducted and parametrized
for both a large lake (Lake Constance, Germany) and a small lake (Esthwaite Water, UK). Lake
temperature profiles represented summer thermal stratification. Two models were developed to
simulate particle transport: The abiotic system focused on purely physical transport processes
and considered turbulent mixing and particle settling, which was estimated from Stokes’ law.
In contrast, the biotic system incorporated the physical processes of the abiotic system and ad-
ditionally considered biotic interactions, as caused by the uptake by organisms, such as unse-
lective filter feeders (Daphnia). The model represented the ability of the organisms to ingest
MPs, temporarily store them in their intestinal tract and excrete them embedded in faecal pel-
lets. Both models simulated particle transport as a series of transfer functions, rather than spatio-

temporally resolving lake hydrodynamics.

The model incorporated experimental data obtained from laboratory conditions where Daphnia
were exposed to distinct types of MPs (PS fragments of 17.7 um and PS spheres of 3 um). The
faeces produced by the organism were collected from the bottom of the glass beakers. The
sinking velocities of these faecal pellets were subsequently determined by performing experi-

mental measurements using the PIV system from studies 2-4. To visually confirm the presence
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3 Materials and methods

of particles embedded in faecal pellets, Daphnia were exposed to fluorescent PS measuring

10 um. The faecal pellets were subsequently examined by fluorescence microscopy.

3.5 Laboratory experiments on the influence of microplastics on biota
(study 6)
Study 6 examined the effect of MPs on aquatic filter feeders (Dreissena bugensis), which reside
at the streambed interface. MPs feeding experiments were conducted for four different poly-
mers: PET, PS, PE and PLA, as well as mussel fragments as natural control particles in the size
range of 20 — 120 um. To visually confirm the uptake of MPs into the organism, the mussels
were additionally exposed to fluorescently coated PS, and soft tissues of the mussels were an-
alyzed by fluorescence microscopy. The behavior of the mussels was analyzed by monitoring
their filtration activity in the presence of MPs. In addition, biochemical markers such as en-

zymes and the proteome were analyzed to evaluate the induced stress on the organisms.

Particle exposure to the organisms was realized by transporting the particles as a suspended
load in the water column. A submersible pump was used to create a circular flow. Flow veloc-
ities were measured based on the positioning of the mussels during the exposure experiments
to investigate the transport of MPs, ensuring that hydrodynamic forces were sufficient to sus-
pend particles with the highest density (mussel fragments, 2590 kg/m?) and the lowest density
(PS, 1050 kg/m?3). A 2D laser Doppler velocimeter (TSI Inc.) provided high-resolution meas-
urements of the vertical profile of longitudinal and vertical velocity components. Friction ve-
locities were calculated by (i) fitting the profile of the mean horizontal velocity components to
the logarithmic law of the wall and (ii) the mean of height-dependent Reynolds stresses, calcu-
lated from velocity fluctuations. Thresholds for particle erosion and suspension were obtained

from calculations based on particle characteristics.
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4 Summary of individual results and discussions

4.1 Study 1: Tracking Microplastics Across the Streambed Interface:
Using Laser-Induced-Fluorescence to Quantitatively Analyze Micro-
plastic Transport in an Experimental Flume

This study introduced novel detection techniques to accurately quantify the spatio-temporal
transport of MPs through an experimental water flume featuring a rippled streambed. To assess
MPs concentrations in the surface water and calculate mass balances, two fluorometers were
positioned at the inflow and outflow of a study domain. In the study domain, particle transport

through a specific monitored bedform was measured using a Fluorescence-Imaging-System.

The measurement techniques exhibited a linear relationship within the concentration range of
0.4 to 4,000 pg/L with an R2 value of 0.97 for the fluorometers and R? exceeding 0.99 for the
FIS. The detection limits for the fluorometers and the FIS were determined as 0.6 pg/L and
3.1 ug/L, respectively. Hence, these measurement techniques yielded reliable data for the quan-
titative assessment of MPs concentrations. To assess the reproducibility of the novel measure-
ment techniques, experiments were conducted without sediments, indicating a variation in MPs
recovery rate between 80 and 90 %. This discrepancy in the mass balance was likely caused by
a heterogeneous concentration of MPs in the surface water. The fluorometers extracted water
from a single point in the center of the flume, assuming it was representative of the entire cross
section. The FIS focused near the inner water-glass-interface, where the no-slip condition re-

sults in lower flow velocities and reduced MPs transport in proximity to the boundary.

An experiment was conducted to analyze the transport of 1 um MPs through the flume with a
rippled streambed (sediment grain size of 1.0 mm) under the influence of bedform-induced
hyporheic exchange. Surface water measurements indicated a wider breakthrough and a lower
peak at the outflow location compared to the inflow location. As a result, the upper measure-
ment site was primarily controlled by advective processes, and the lower site, in contrast, was
affected by a combination of advection, dispersion and likely retardation in the streambed sed-
iments. After approximately 100 s at the inflow position and 140 s at the outflow position, the
concentration of MPs increased again due to water recirculation. Consequently, the tailing be-
havior of the breakthrough curve could not be analyzed. The FIS monitoring provided first
experimental evidence of MPs infiltration at the upstream stoss side and particle release at the
downstream lee side of the bedforms. At shallow depths of the streambed, peak concentrations

were higher and arrived more quickly. MPs infiltration depth was observed to extend to a
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4 Summary of individual results and discussions

maximum of two times the bedform height. Following the initial breakthrough, surface water
concentrations at the inflow, outflow and above the bedform became comparable and gradually
decreased over the course of the 5-hour experiment. Besides the possibility of particle deposi-

tion within the flume system, this trend indicated MPs retention in the streambed sediments.

This study introduced innovative techniques for the quantification of spatio-temporal dynamics
of MPs transport in the surface water and in the streambed of a water flume. Methodically, the
experiments contributed to optimizing the positioning of the fluorometers at the inflow and
outflow of the study domain, as well as refining the settings of the FIS to achieve a high dy-
namical range while avoiding camera sensor oversaturation. Scientifically, the study provided
first experimental evidence of the advective transfer of (sub-)pore-scale MPs into the streambed
along with particle release from the streambed. The observed pattern of infiltration at the stoss

side and release at the lee side resembled a pattern commonly observed for dissolved tracers.

4.2 Study 2: Assessing the Behavior of Microplastics in Fluvial Systems:
Infiltration and Retention Dynamics in Streambed Sediments

In this study, five pulse-injection experiments were conducted to analyze the factors controlling
the dynamics of MPs infiltration and retention in a rippled streambed. MPs transport was mon-
itored using the novel techniques described in study 1, which involved tracking surface flow
concentrations at the inflow and outflow of the study domain using fluorometers as well as
monitoring infiltration at a specific bedform using the FIS. The experiments systematically var-
ied three key parameters: (i) MPs size, with particles of 1, 3 and 10 um diameter; (ii) streambed
grain size, employing coarse and fine sediments with mean grain sizes of 1.0 mm and 0.4 mm,
respectively; and (iii) hydrodynamic conditions, alternating between low-flow and high-flow

regimes with mean surface flow velocities in the study domain between 0.06 m/s and 0.11 m/s.

The experiment conducted under high-flow conditions exhibited the highest and fastest peak in
MPs surface water concentration at the outflow location. Across all experiments with coarse
sediments, the breakthrough curves displayed a delayed decrease in MPs concentration at
longer times, with the experiment with 3 um MPs showing an additional secondary increase in
concentration. Notably, the experiment conducted with fine sediment displayed multiple sec-
ondary peaks. These observations suggest that the transport of MPs was not controlled by ad-
vection and dispersion alone, but also involved particle infiltration into, retardation in, and re-
lease from the streambed. In the fine sediment experiment, approximately 22 % of MPs re-
mained in the study domain until the end of the experiment (after 1800 s), indicating significant

retardation effects at the streambed interface or in the streambed sediments.
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Figure 2: Microplastic infiltration into the streambed, monitored with the Fluorescence-Imaging-
System. Four snapshots of planar microplastic concentration fields (as mass transfer rates) are shown
for five different experiments, varying particle diameter, sediment grain size and flow conditions. The
reference for all experiments was the experiment with 1 um beads, coarse sediment and low flow con-
ditions (first row). For the other experiments, one characteristic was systematically changed. The air-
water interface is shown as a dashed line in cyan, the streambed-water interface as a solid line in cyan.

The main surface flow is from right to left (blue arrow). This figure is included as Figure 4 in Study 2.

MPs transport at the selected bedform showed a consistent pattern of particle infiltration at the
upstream stoss side of the bedform structure and release at the downstream lee side (Figure 2).
This pattern aligned with both the measured surface flow conditions and simulated subsurface
flow conditions. In the experiments with coarse sediment, the penetration depth of particles
varied depending on their size. Specifically, the 1 um particles exhibited the deepest infiltration
with 11 cm, followed by the 3 pum particles with 10 cm and the 10 um particles with 7 cm. In
contrast, the fine sediment experiment with 1 um MPs displayed the shallowest infiltration of
5 cm, suggesting that MPs retardation caused by interactions with the streambed sediment
played a significant role. Interestingly, the particle-to-sediment grain size ratio could not solely
account for the substantial difference in infiltration depth observed between the coarse sediment
experiment with 3 um MPs (ratio of 0.0029) and the fine sediment experiment with 1 um MPs
(ratio of 0.0028). Despite having similar ratios, infiltration depth decreased from 10 cmto 5 cm

in the fine sediment experiment. The vertical propagation velocity in the streambed decreased
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exponentially with depth and this decrease was more pronounced for larger particles. In the
high-flow experiment, no particles were detected at the end of the experiment (Figure 2), indi-
cating that streambeds can be effectively flushed from MPs even if the bedform remains stable.
However, in all other experiments, particles remained in the streambed until the end of the
experiment indicating retardation in the porous medium. Furthermore, the FIS monitoring al-
lowed for the individual detection of 10 um MPs. After approximately 1500 s, the center of
mass of all infiltrated particles and the plume front changed only slightly, indicating MPs re-
tention in the streambed. Towards the end of the experiment (1800 s), a constant number of
approximately 300 particles was detected in the bedform. This finding suggested that particle
transport in the streambed was not solely controlled by advective and dispersive processes, but
that retention or retardation mechanisms, such as physical straining and interactions between

particles and the streambed sediments played a significant role.

In summary, this study investigated the effects of particle size, streambed characteristics and
hydrodynamic flow conditions on the complex transport and retention dynamics of MPs in a
fluvial model environment. Building upon the findings of study 1, this work suggests that MPs
are highly mobile in rivers and streams, and advective pumping plays a significant role in the
transfer of MPs between surface water and the streambed. Particles exhibited prolonged resi-
dence times in fine sediments and the largest, 10 um particles were partially retained in the

streambed.

4.3 Study 3: Integrated Numerical Modelling to Quantify Transport and
Fate of Microplastics in the Hyporheic Zone

In this study, a hybrid modeling approach was employed to investigate the transfer of MPs
between surface water and the streambed in riverine systems. An integrated, three-dimensional
hydro-numerical model was developed in openFOAM, which was calibrated using experi-
mental data obtained from laboratory experiments like those conducted in study 2. The experi-
ments analyzed the transport of 1 um and 10 um MPs through a flume environment with a
rippled streambed composed of sediments with a grainsize 1.0 mm, under a mean surface flow

velocity of 0.06 m/s.

The comparison between the physical and numerical experiments indicated a close match in
water elevations and flow velocities. In the laboratory experiments, a recirculation area was
observed in the lee of the ripple crest, and this characteristic was accurately represented in the
numerical model with a permeable streambed. However, when an impermeable streambed was

simulated, the surface flow did not exhibit backward-facing eddies, highlighting the importance
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of an integrated model to accurately represent the hydrodynamics of the flow field. The simu-
lations indicated the development of hyporheic flow, which directed water from the upstream
stoss side of the bedform into deeper layers of the streambed sediments and back into the surface
flow at the downstream lee side. Hyporheic flow cells were primarily confined to single ripples,

and an additional underflow was observed which was attributed to the inclination of the flume.

The simulated infiltration pattern of MPs in the streambed sediments and the arrival times of
peak concentrations within the first 7 cm below the ripple crest closely matched the laboratory
results. The numerical model indicated that after 500 s, more MPs were present in the streambed
sediments than in the water surface compartment. Subsequently, MPs were released from the
streambed, leading to a gradual decrease of MPs in the system over the duration of the experi-
ment. Both models suggested that most MPs were transported in the surface water, as indicated
by higher MPs concentrations and flow velocities. Furthermore, the numerical model demon-
strated that MPs infiltration patterns varied longitudinally from bedform to bedform, and later-
ally between the glass-interface (where the laboratory data were acquired) and the flume cen-
terline. These findings indicated the significance of small-scale velocity distribution on particle

transport dynamics.

The numerical model closely represented the transport of 1 um MPs, where an advection-dis-
persion-model for particle transport was used. However, for the 10 um particles, propagation
in the streambed sediments was reduced, indicating particle retardation. Using a single advec-
tive retardation factor was not sufficient to closely match the experimentally observed peak
arrival times at various depths below the surface. The retardation of particles was not constant,
but rather increased with flow length and in deeper regions of the streambed, suggesting particle

retention in the streambed sediments.

The integrated modelling approach indicated that the transfer of MPs into the streambed was
driven by advective pumping and particle release from the streambed was the main source of
MPs in the later stages of the experiment. Retention of 1 pm MPs in the streambed was negli-
gible. However, the larger 10 um MPs exhibited retardation in the streambed, which increased
with flow path length, indicating particle retention. This suggested the involvement of addi-
tional physicochemical processes that contribute to the (temporary) immobilization of particles,

which were not represented in the numerical modeling approach.
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4.4 Study 4: Quantifying microplastic residence times in lakes using me-
socosm experiments and transport modelling.

Study 4 aimed to investigate the vertical transport behavior of MPs in a low-flow environment
within a lake mesocosm, combining laboratory experiments, field measurements and numerical
models. The sinking velocities were determined using Stokes’ law for the smallest, 1-5 um MPs
and measured with Particle-lmage-Velocimetry in the laboratory for the bigger, 28-48 pum and
53-63 um MPs. Sinking velocities were additionally derived from particle breakthrough curves
in the lake mesocosm. Furthermore, the study assessed particle residence time in the lake by

comparing the measured data with the results of a 1D random walk model.

Consistent with theoretical predictions, the settling behavior of MPs was strongly influenced
by particle size, with smaller particles exhibiting lower settling velocities and consequently
longer residence times in the water column. The measured particle residence time closely
matched the model results for the 28-48 um and 53-63 um MPs. However, the model overesti-
mated the actual residence time in the lake for the smaller, 1-5 um MPs by a factor of 10. This
suggested the contribution of additional factors, such as physicochemical or biotic interactions,
which accelerated the deposition of small MPs in the in-lake mesocosm. Given longer residence
times in the lake, these particles were more likely to interact with other water constituents. In
addition, the relative impact of surface aggregation increases for small particles which exhibit
a high surface-to-volume ratio.

The influence of hydrodynamics on particle transport was studied by comparing the transport
of 1-5 um MPs between summer (thermal stratification) and autumn conditions (lake turnover).
During lake turnover, particle residence time in the lake decreased by a factor of 12, indicating
rapid transport to the sediments. This effect was associated with increased vertical transport
velocities due to the influence of turbulent convective mixing, which increased the probability
of aggregation phenomena by resuspending material from the sediments. However, the absence
of MPs resuspension in the experiment indicated an efficient immobilization of MPs in the lake.

In this study, MPs transport was examined in a near-to-nature system. The settling velocity in
the lake aligned with theoretical expectations and laboratory experiments, increasing with par-
ticle size. However, small MPs (1-5 um) exhibited shorter residence times in the lake than
anticipated. Lake turnover, characterized by turbulent convective mixing, accelerated particle
transport. These findings highlight the importance of lake hydrodynamics and additional mech-
anisms, such as physicochemical aggregation and biological interactions, for small MPs with

high surface-to-volume ratios.
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4.5 Study 5: Filter feeders are key to small microplastic residence times
in stratified lakes: A virtual experiment

In study 5, the influence of biological interactions on particle transport in lake systems was
investigated. Laboratory measurements and numerical simulations were employed to compare
particle residence times in two lake models: a purely physical model driven by turbulent mixing
and particle settling, and a physico-biological model that additionally considered the ingestion,

storage and egestion of MPs in the form of faecal pellets by filter feeders, specifically Daphnia.

In the abiotic system, small MPs with sizes below 5 pum exhibited low settling velocities. When
MPs were embedded in faecal pellets, their settling velocities increased significantly by 3 to 5
orders of magnitude. The pellets exhibited a settling velocity of approximately 1 mm/s, regard-
less of the size of the incorporated particle. This accelerated transport resulted in a decrease in
particle residence time from over 15 years for small MPs (<5 um) in the purely physical model
to approximately 1 year in the biotic model. Considering a water residence time of 4 years in
lake Constance, particle immobilization by deposition to the bed was controlled by biotic inter-
actions. The model also indicated that most small MPs passed through the organisms. The bio-
logical pathway played a dominant role in controlling particle transport for MPs smaller than
5 um. For larger particles (15 um), both biological and physical pathways had comparable im-
portance. Furthermore, the significance of biological interactions on particle transport varied
with the population size of Daphnia, indicating a seasonal variation of the transport pattern that

can be expected in natural lake systems.

Through virtual experiments, this study demonstrated the significant influence of biotic inter-
actions on the transport of MPs in lakes. Filter-feeding organisms, such as Daphnia, played a
crucial role by incorporating, storing and subsequently releasing MPs through faecal pellets.
This biological process significantly increased particle settling velocity and allowed particles
to settle to the sediment instead of being carried away during lake flushing. Biotic interactions
were particularly notable for smaller particles and increased with Daphnia population.

4.6 Study 6: In-depth characterization revealed polymer type and chemi-

cal content specific effects of microplastic on Dreissena bugensis

In study 6, the influence of MPs polymer type and chemical composition on a benthic filter
feeder (Dreissena bugensis) was investigated. The mussels were exposed to MPs in a glass
aquarium where a circular water flow was generated by a submersible pump. The impact of
MPs on the organism was addressed by monitoring filtration activity and biochemical markers,

such as enzyme activity and proteomic alterations.
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4 Summary of individual results and discussions

Measurements of the flow velocities at the locations, where the mussels were positioned, indi-
cated friction velocities between 9 — 16 mm/s The critical threshold for particle erosion was
calculated as 9 mm/s for the heaviest (mussel fragments) and 3 mm/s for the lightest particles
(polystyrene). This suggested that all particles were transported as suspended load during the

experiment, ensuring a comparable exposure of the mussels to the different particle types.

The filtration behavior of the mussels was not affected by exposure to MPs or natural particulate
matter, in contrast to exposure to dissolved contaminants, which cause mussels to cease filtra-
tion. Accordingly, fluorescence microscopy analysis confirmed the presence of MPs in the di-
gestive tract of the mussels. However, exposure to MPs resulted in increased stress levels in the
mussels, as indicated by biochemical markers. The magnitude of the effect depended on the
type of polymer, and highest adverse effects were found for recycled PET fragments. The in-
crease in stress was attributed to the presence of additional chemicals, such as additives or re-

sidual monomers, which could leach into the mussel’s digestive tract after ingestion.

In summary, this study demonstrated that aquatic organisms inhabiting the streambed of rivers
and lakes can incorporate MPs, resulting in adverse effects that vary based on the chemical
composition of MPs. Mussels were able to filter MPs from the predominantly horizontal flow
pattern in the water column. However, it is important to consider that in natural riverine sys-
tems, hyporheic exchange can lead to an additional vertical flow component, potentially in-

creasing the exposure of organisms to MPs at the streambed.
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5 Conclusion

Despite the ubiquitous presence of MPs in aquatic environments, there is still a lack of compre-
hensive knowledge regarding the specific mechanisms that control MPs transport. This thesis
aimed to enhance the mechanistical understanding of the fundamental processes that govern the

dynamics of MPs transport and retention in rivers, streams and lakes.

5.1 Main findings on microplastic transport mechanisms

MPs transport in riverine systems was studied using an experimental flume with a rippled
streambed, where MPs were introduced to the surface water in a pulse injection. Although most
MPs was quickly transported downstream in the surface water, studies 1-3 indicated that small,
(sub-)pore-scale MPs (1-10 um) were advectively transferred between surface water and the
streambed. Transport patterns in the hyporheic zone resembled the infiltration of a dissolved
solute, with particles being transferred across the streambed interface at the upstream stoss side
of the bedform, transported through the streambed and released at the downstream lee side.
Since turbulent hydrodynamic forces inhibit the deposition of small MPs on the streambed
(Drummond et al., 2020), the results clearly indicated that hyporheic exchange is a crucial
transport mechanism responsible for transferring small MPs into streambed sediments. The
streambed acts as a retardation zone for MPs and displays spatial variability in terms of infil-
tration and release areas. In addition, temporal variations in the role of the streambed were
observed, transitioning from a temporary sink for MPs to a secondary source. Following the
passage of the initial contamination plume in the surface flow, MPs release from the streambed
became the primary source of MPs in the surface water (study 3). These findings highlight that
rivers and streams play a significant role not only as conduits for MPs transport from terrestrial

sources to the sea, but also as influential factors on MPs retention and transport dynamics.

Particle size played a significant role in MPs transport dynamics. Smaller particles exhibited
lower settling velocities in the surface flow (study 4). Furthermore, particle mobility and infil-
tration depth in the streambed increased for smaller particles (1 um MPs), while larger, 10 um
MPs infiltrated into shallower regions of the streambed (studies 2-3). Individual particle track-
ing (study 2) and numerical modeling (study 3) indicated that 10 pum particles experienced pro-
longed retardation in the streambed, which increased with flow path length (study 3). However,
the duration of the flume experiments was insufficient to confirm permanent particle retention
in the streambed. The grain size of the streambed also influenced MPs infiltration, with fine
sediments limiting infiltration to shallower regions and retarding a high fraction of MPs until

the end of the experiment (study 2). This behavior could not be solely explained by the ratio
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5 Conclusion

between particle and sediment grain size, which deviated from previous findings in column
experiments (Waldschlager and Schuttrumpf, 2020). These results highlight the complexity of
MPs transport in three-dimensional flows within fluvial systems, connecting surface water and

the hyporheic zone.

The hydrodynamic characteristics of the flow exerted an important influence on particle
transport and infiltration. The numerical model showed that particle infiltration patterns varied
longitudinally from bedform to bedform and laterally within bedforms (study 3). This indicated
the influence of small-scale velocity distributions in the surface water, since transfer was gov-
erned by advective pumping, transferring particles between the surface water and the
streambed. Higher surface flow velocities led to faster particle breakthrough in both surface
water and the streambed (study 2). Although bedforms remained stable in all experiments, in-
creased flow conditions resulted in efficient particle flushing from the bedform: Unlike in the
low-flow experiments, no particles were detected within the streambed sediments at the end of
the experiment. Particle settling behavior in the lake field experiment also depended on flow
hydrodynamics, with convective mixing in the water column reducing the residence time of
MPs in lakes (study 4).

In natural environments, MPs transport patterns may differ significantly from results of labor-
atory studies. Despite the typical resuspension of particles during lake turnover (Evans, 1994),
this effect was not observed for MPs in study 4, suggesting particle immobilization in the lake.
Furthermore, the residence time of small MPs in lakes was much shorter than expected, indi-
cating rapid sedimentation. Based on physical settling processes alone, MPs deposition was not
anticipated as the residence time exceeded the flushing time of the lake (study 5). These findings
emphasize the complex transport behavior of MPs in rivers, streams and lakes and suggest the
involvement of additional mechanisms that modify transport behavior. Interactions with other
suspended particles, solutes or biota, can enhance particle settling velocity and contribute to

particle deposition to lake sediments.

Interactions between biota and MPs were investigated in studies 5 and 6. When MPs were in-
gested and egested by organisms, they became embedded in a biological matrix, significantly
increasing particle settling velocity (study 5). In lakes, this biological pathway can play a crucial
role in transporting small MPs from the surface to the sediments. This effect is particularly
relevant for small MPs due to their longer residence times in the water column, which increases
the likelihood of particle interaction. Additionally, the higher surface-to-volume ratio enhances
the relative impact of surface aggregation processes. The importance of biological interactions
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5.2 Implications for natural fluvial environments

depended on organism population, suggesting a seasonal variation in MPs transport (study 5).
Similar effects can be expected for riverine environments, where benthic filter feeders such as
mussels can ingest suspended MPs from the water column (study 6). Following egestion, par-
ticles may become immobilized due to increased settling velocity in the biological matrix and
deposit near the organism (Cole et al., 2023), creating a sink of biologically altered MPs on the
streambed. In addition, particle uptake by the organism can induce stress on the organism, with
the severity depending on the polymer type (study 6). PET fragments exhibited the highest
adverse effects, likely attributed to their specific chemical composition. Such sublethal effects
may gradually increase at higher trophic levels and thereby affect ecosystem functions, indicat-
ing the risk associated with MPs exposure to aquatic organisms (Schwarzer et al., 2022).

5.2 Implications for natural fluvial environments

In natural rivers and streams, streambed sediments have been found to contain high abundances
of pore-scale MPs smaller than 100 pum (Frei et al., 2019). Studies 1-3 demonstrated that MPs
ranging from 1 to 10 um can be advectively transferred from the surface water across the
streambed interface, exhibiting high mobility in the streambed sediments. While the laboratory
flume experiments primarily observed small-scale hyporheic exchange within individual bed-
forms, exchange in natural fluvial systems occurs at various spatial and temporal scales (Boano
etal., 2014). Larger variations of the hydraulic head gradient, as caused by pool-riffle sequences
(Frei et al., 2018), lead to the formation of deeper hyporheic flow cells, which have the potential
to transfer highly mobile, small MPs into deeper regions of the streambed. This phenomenon is
particularly pronounced during losing conditions, when stream water infiltrates into the aquifer,
potentially allowing (sub-)pore-scale MPs to reach shallow groundwater as discussed by Frei
et al. (2019). Conversely, seasonal variations in groundwater levels can result in gaining con-
ditions, causing previously stored MPs to be released back into the stream water following the
subsurface flow. These findings highlight that streambeds can serve as temporal sinks, conduits

and sources for MPs.

Furthermore, the retardation of MPs in the streambed is influenced by flow conditions in the
surface water (study 2). During baseflow conditions, MPs can be advectively transferred into
the streambed. However, during increased discharges, even when the bedform remains stable,
MPs can be effectively flushed from the top layers of the streambed sediments. These flushed
MPs are subsequently released into the surface water and transported downstream as suspended
load. The resuspension of MPs can become the main source of MPs in the surface flow, creating
a time lag between the contamination event and the abundance of particles in the stream. This
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suggests a legacy effect in natural systems, as particles can have prolonged residence times in
the catchment (Drummond et al., 2022). Therefore, retention and release of MPs from the
streambed depends on the temporal evolution of river discharge and may follow a seasonal
pattern. During higher flow events followed by strong rainfalls or snowmelt, it is expected that
MPs will be mobilized not only from the top layers, but also from deeper layers of the
streambed. This can result in an increased concentration of MPs in the surface water (Ockelford
et al., 2020). In addition to particle release caused by bedform erosion, the enhanced advective
transfer of MPs out of the streambed is expected to contribute to the significant reduction (up

to 70 %) of MPs loads detected in sediments after flooding events (Hurley et al., 2018).

MPs exhibited a prolonged retardation in the experiment with fine sand (study 2). Therefore,
fine sediments can function as hotspots for MPs contamination, significantly retarding their
transport through the sediment and limiting infiltration to shallower depths of the streambed.
Since fine sediment loads have been continuously increasing due to catchment management
and climate change (Burt et al., 2016; Owens et al., 2005), MPs immobilization in streambed
sediments is projected to increase. This can lead to enhanced MPs residence times on the
streambed interface and in shallow regions of the streambed and is particularly problematic for
benthic organisms, which may become increasingly exposed to MPs. Benthic filter feeders play
a critical role as primary entry points for MPs into the food webs of rivers and streams (Huang
etal., 2021). Particle exposure to the organism causes adverse effects on the organism (study 6,
compare Redondo-Hasselerharm et al. (2023)). This problem is further exacerbated by the fact
that small MPs are particularly mobile in fluvial systems (studies 1-3) and can be easily incor-

porated by aquatic organisms (Cole et al., 2013).

In addition, studies 4 and 5 indicated that the transport of small MPs in low-flow environments,
such as lakes, is strongly influenced by interactions with other water constituents. The storage
of MPs in faecal pellets resulted in higher sedimentation rates to the streambed, increasing par-
ticle immobilization (study 5). Similar effects are anticipated to impact particle transport in
rivers, both in surface flow and streambed sediments, where mussels can ingest and egest MPs
(study 6). In natural rivers and streams, the interaction between particles and biota is addition-
ally facilitated by hyporheic exchange, which transfers MPs from the surface water to the
streambed interface, where benthic filter feeders reside. Compared to pristine MPs, the advec-
tive transfer of particles embedded in biological matrices may be hindered or limited due to the
size of the aggregation matrix. Additionally, particle stickiness enhances the potential for fur-
ther interactions on the streambed. These processes suggest a (temporal) sink for biologically
altered MPs on the streambed.
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5.3 Research outlook

This thesis integrated laboratory, field and numerical experiments to investigate the fundamen-
tal mechanisms governing the transport and retention of MPs in rivers, streams and lakes. While
new insights into the complex behavior of MPs were gained, certain aspects remained unre-
solved due to experimental limitations and time constraints. Therefore, further research is

needed to improve our understanding of the dynamics of MPs in aquatic environments.

Firstly, the laboratory experiments analyzing transport of MPs between the surface and the
streambed focused on a specific subset of MPs with variable size (1-10 um), but otherwise
consistent properties such as low density (polystyrene, 1050 kg/m3), spherical shape and pris-
tine surface characteristics. However, it is important to consider that small particles with dif-
ferent shape, such as fragments or fibers, may exhibit different transport and retention processes
due to their higher interaction potential in porous media. Altered surface characteristics, such
as surface charge, can cause physicochemical interactions between MPs and suspended parti-
cles in the surface water or the streambed sediments. The specific influence of these factors on
MPs transport in fluvial systems with pronounced three-dimensional flow components remains
unclear and requires further investigation. In addition, the transport behavior of larger and
denser particles was not analyzed in the transport experiments. Due to higher settling velocities,
these particles may exhibit different behavior in the surface water, such as a greater tendency
to deposit on the streambed near the upstream regions of the flow rather than following water
flow in the surface water. The increased size of the particles may additionally inhibit infiltration

into the streambed sediments, resulting in preferential accumulation areas on the streambed.

Secondly, bedform structures in natural rivers and streams are highly mobile, since hydrody-
namical conditions exhibit a large spatio-temporal variability. Fluctuations in stream flow may
exceed the critical motion threshold, leading to the erosion of sediment at the upstream face of
the bedform and deposition at the downstream face, causing the migration of bedform structures
in the direction of streamflow. It is crucial for future research to investigate whether these highly
dynamic, transient sedimentation and erosion cycles enhance the transfer of MPs into streambed
sediments, and whether particles are preferentially stored in deeper regions of the streambed or
remobilized back into the stream. High-flow events have been shown to cause preferential dep-
osition of clay particles (< 2 pum) in the streambed sediments (Teitelbaum et al., 2021). It is
possible that MPs exhibit similar behavior, and once transported into deeper layers, they may
be less influenced by advective exchange and become immobilized in the streambed for ex-

tended periods, increasing the potential to interact with benthic organisms.
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Thirdly, the influence of hyporheic exchange conditions requires further research. If the stream
exhibits losing conditions, it is necessary to investigate how deep MPs can infiltrate into the
hyporheic zone, and whether significant quantities of MPs can reach shallow groundwaters.
Long-term experiments are needed to investigate particle mobility, in particular whether parti-
cles can infiltrate deeper into the sediment and potentially connect with other hyporheic flow
cells or hyporheic underflow. In addition, the flume experiments could only indicate an in-
creased retardation of small MPs in the streambed, suggesting particle retention for the bigger
MPs in the streambed sediments. This conceptual shortcoming can be overcome with a pore-
scale model of MPs transport in streambeds that specifically tracks the transport pathways of
individual particles and analyzes the interactions between MPs and sediment grain surfaces.

Finally, future research is needed to investigate the existence and significance of preferential
deposition areas for particles or particle aggregations in riverine systems, particularly in prox-
imity to benthic filter feeders. The larger size of aggregated particles and the increased likeli-
hood of interactions due to the stickiness of the biological matrix suggest that these particles
may exhibit less infiltration into the streambed and have an extended residence time, increas-
ingly affecting benthic communities. In addition, physicochemical interactions in the
streambed, which are influenced by water chemistry and the properties of the porous medium,
can play a crucial role in particle transport, as demonstrated in column experiments. However,
it remains unclear whether larger-scale hyporheic exchange or small-scale physicochemical in-
teractions in the streambed will dominate the transport behavior of small MPs in natural rivers
and streambeds with complex three-dimensional flow characteristics.

In conclusion, the research findings have demonstrated that small MPs exhibit high mobility in
aquatic systems. Both physical processes, such as advective transfer across the streambed in-
terface, and biological mechanisms, including ingestion and egestion by filter feeders, play sig-
nificant roles in determining the residence time of MPs in aquatic systems. These insights con-
tribute to our mechanistic understanding of the fundamental transport and retention processes

controlling the complex behavior of MPs in rivers, streams and lakes.
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Tracking Microplastics Across the Streambed Interface:
Using Laser-Induced-Fluorescence to Quantitatively Analyze
Microplastic Transport in an Experimental Flume

, and Sven Frei!

Jan-Pascal Boos! 2/, Benjamin Silas Gilfedder'

'Department of Hydrology, Bayreuth Center of Ecology and Environmental Research (BAYCEER), University of Bayreuth,
Bayreuth, Germany, Limnological Research Station, Bayreuth Center of Ecology and Environmental Research (BAYCEER),
University of Bayreuth, Bayreuth, Germany

Abstract Rivers and streams are a primary transport vector for microplastics (MPs), connecting terrestrial
sources to marine environments. While previous studies indicated that pore-scale MPs can accumulate in
streambed sediments, the specific MPs transport and retention mechanisms in fluvial systems remain poorly
understood. As part of this technical note, we present a novel method for a quantitative analysis of the
spatiotemporal transport and retention of pore-scale MPs in an experimental flume. A continuous mass balance
for MPs in surface water was achieved using two online fluorometers, while a laser-induced Fluorescence-
Imaging-System was developed to track and quantify the spatial migration of MPs through the streambed
sediments. The detection limit was <1 pg/L for 1 pm polystyrene microbeads with the fluorometers and 3 pg/L
for the Fluorescence-Imaging-System. The system was able to quantitatively track the advective transfer of MPs
into the streambed sediments: a process that has yet not been observed experimentally. Results showed that MPs
infiltrated into the streambed sediments up to a depth twice the bedform amplitude. This work provides a novel
experimental method to quantitatively monitor MP transport through porous media and advective exchange of
MP across the streambed interface.

1. Introduction

Microplastics (MPs), synthetic polymer particles smaller than 5 mm (Frias & Nash, 2019), are omnipresent in the
hydrosphere (Andrady, 2011; Li et al., 2020) as well as in marine, riverine and limnic biota (Carbery et al., 2018;
Jemec et al., 2016; Windsor et al., 2019). Detection of MPs in remote areas such as the deep-sea (Woodall
et al., 2014), polar regions (Peeken et al., 2018) and remote lakes (Free et al., 2014) as well as their accumulation
in ocean gyres (Law et al., 2010) highlight the importance of understanding transport mechanisms responsible
for distributing MPs from source areas to these various environmental compartments. The majority of marine
MPs is transported to the ocean by rivers and streams (Meijer et al., 2021). MPs enter stream and river systems
through both point and diffuse sources including wastewater treatment plants, the atmosphere and surface runoff
(Skalska et al., 2020).

The mobility and retention of MPs in fluvial systems depends on catchment properties (Baldwin et al., 2016),
hydrodynamic characteristics (Haberstroh et al., 2020), physicochemical interactions (Lu, Gilfedder, Peng,
Niu, & Frei, 2021; Lu, Gilfedder, Peng, Peiffer, et al., 2021) and particle properties (Waldschldger & Schiit-
trumpf, 2019a). MP accumulation has been observed in low flow regimes such as lakes and reservoirs (Tibbetts
et al., 2018) as well as behind flow obstacles (Los Santos et al., 2021; Watkins et al., 2019) and morphological
streambed features such as ripples and dunes (Mani et al., 2019), constituting either temporary or permanent
retention areas (Horton & Dixon, 2018).

High numbers of MPs have been detected in surface flow, at the streambed interface and in streambed sediments
(Shahul Hamid et al., 2018). Along with sedimentation, advective transfer of MPs across the streambed inter-
face into the sediments has been discussed as a potential transport pathway for pore-scale MPs into the hypor-
heic zone (HZ) and shallow groundwater (Frei et al., 2019). Similar to aqueous phase contaminants (Elliott &
Brooks, 1997), pore-scale MPs have also been shown to be mobile in porous media such as streambed sediments
(Drummond et al., 2020) or alluvial aquifers (Goeppert & Goldscheider, 2021). Contrarily, MPs can be retained
in streambed sediments due to physical clogging of pores (Nizzetto et al., 2016) or sorption effects (Lu, Gilfedder,
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Peng, Peiffer, et al., 2021). During flooding, previously retained MPs can be re-mobilized from the streambeds
by erosion (Ockelford et al., 2020).

MP transport in rivers and streams depends on particle characteristics such as shape, size, density and surface
characteristics (Kowalski et al., 2016). As the mathematical formulation of transport equations was originally
developed for natural sediments, mainly mineral particles of high density and spherical shape, they are only ap-
proximately representative for MPs (Hoellein et al., 2019; Waldschliger & Schiittrumpf, 2019b). Thus, additional
studies explicitly investigating the transport mechanisms of MPs in streams and rivers are required. MPs have
been found to be stored more shallowly in and released more rapidly from the HZ compared to solutes in field
studies (Harvey et al., 2012), highlighting the importance of hyporheic exchange for MPs smaller than 100 pm
(Drummond et al., 2020). The mobility of bigger MPs (>600 pm) in porous media was previously investigated
using column experiments packed with glass beads, showing that retention strongly depended on the relative par-
ticle size (Waldschlédger & Schiittrumpf, 2020). However, particle migration was not continuously monitored, and
results from column experiments are difficult to transfer to stream systems with pronounced three-dimensional
hydrodynamical forces that are directly determined by the specific shape of bed form structures.

While MPs migration between surface flow and the HZ has been postulated (Frei et al., 2019), the detailed ex-
change mechanisms and the specific roles of advective transfer, erosion and sedimentation of MPs in riverine
systems have not been experimentally investigated. As part of this technical note, we present an experimental
setup for dynamic monitoring and quantification of pore-scale (1-10 pm) MPs abundances in (a) surface flow,
(b) at the streambed interface and (c) in hyporheic sediments for an experimental flume environment. The meth-
odology is versatile as it can be used to establish mass balances for MPs in the surface water as well as quantify
the spatiotemporal dynamics of MPs in the sediments. This can be linked to the hydrodynamic conditions and
bedform morphology for a deeper mechanistic understanding of the transport and retention behavior of MPs in
fluvial systems.

2. Materials and Methods
2.1. Set-Up of the Experimental Flume

The experiments were carried out in a tiltable, closed-circuit flume (G.U.N.T. GmbH) with a rectangular
cross-section (500 x 8.6 X 30 cm, Figure 1). The inlet water was intermittently stored in a reservoir of 250 L in
which water temperature and water level was continuously monitored using a levelogger (Solinst Ltd). Deionized
water was used for all experiments, which was conveyed to the flume by a centrifugal pump (Ebara S.p.A.).
Discharge in the flume was adjusted between 0.5 and 2.5 Ls~! using an electropneumatic valve (GF Ltd.) and
monitored continuously with an electromagnetic flow meter (Jumo GmbH).

2.2. Microplastic Particles

The experiments were performed with polystyrene (PS) microbeads with a diameter of 1 and 10 pm and density
of 1.05 g mL~! (PolySciences Inc.). The particles have an internal fluorescent dye, characterized by an excitation
maximum at 441 nm and emission maximum at 486 nm. The stock particles have a concentration of 2.6% in aque-
ous suspension and are coated with a tenside (sodium dodecyl sulfate). An intermediate dilution was prepared
by diluting 100 mg of stock solution in 50 mL deionized water. The final calibration suspensions were obtained
by further dilution. Particle numbers were calculated using particle density and size and were ~2 - 10 particles/
pg. The stock suspension was kept dark and refrigerated at 4°C to avoid thermal as well as photochemical deg-
radation. After each experiment, flume and sediments were thoroughly rinsed with deionized water to remove
MPs from the system. The signal of any remaining MPs (lower than the detection limit) was incorporated into
the blank signal measured in subsequent experiments. MP laden water from previous experiments was repeatedly
pumped through a filter cascade of two membrane filter cartridges with mesh 0.45 pm (Fuhr GmbH), until no
MPs were detected and subsequently, the water was released into the sewage system.
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Figure 1. Schematic (a) and photo (b) of the experimental water flume setup showing the applied MPs tracking techniques:
Two fluorometers at the inlet and outlet of the flume measure surface water concentrations of MPs. The Fluorescence-
Imaging-System (FIS) is used to measure both surface water and pore water MP concentrations by analyzing the fluorescence
signal registered by the scientific complementary metal-oxide-semiconductor (sCMOS) sensor. The camera’s field of view
(FOV) indicates the measurement area.

2.3. Quantification of Microplastic Transport and Retention
2.3.1. Monitoring of MPs in the Surface Water

Continuous in-situ measurement techniques were employed for real-time monitoring of MP abundances in the
surface flow. The volumetric particle concentration was measured at the in- and outflow of a control volume with
two portable fluorometers (FL24, Albillia Co.) which measure the MP concentration of up to three fluorophores
by optical excitation and detection in a flow cell (Schnegg, 2002). Given the fluorescent properties of the MPs,
the uranine channel with excitation at 470 nm was selected, using a maximum measurement frequency of 0.5 Hz.
Water was extracted from the flume with a peristaltic pump, transferred through the flow cell of the measurement
device and returned into the flume. Particle adhesion in the tubing was assumed negligible by choosing a material
with smooth inner surface (Tygon E-3609) and minimizing tube length. In contrast to a solute, the fluorescence
signal of MP particles passing through the flow cell is discrete in nature and characterized by rapid fluctuations
in signal strength and intensity. Calibration of the portable fluorometers was conducted individually for the 1
and 10 pm particles to compare particle detection limits and linearity (Exp. 1 in Table S1 and Figure S1 in Sup-
porting Information S1). Table S1 in Supporting Information S1 provides an overview of the experiments. The
measurement signal was corrected by subtracting the blank signal caused by light reflection in deionized water,
which was assumed to be stable throughout the experiment. Outliers were removed from the data and a mean val-
ue of approximately 30 measurements was used for each calibration standard. The concentrations were grouped
in decadal intervals for regression analysis. Quantification and detection limits were calculated using the static
model from the calibration curves (Tables S2-S4 in Supporting Information S1).

2.3.2. Manual Sampling of MP in Surface Water and Subsurface Water

Water samples from surface water or pore water were manually collected and analyzed using a laboratory fluores-
cence spectrometer (LS 55, Perkin Elmer Inc.). The samples were analyzed using a fixed wavelength that matched
the peak excitation wavelength of the fluorophore of 441 nm. The emission signal was recorded between 450 and
550 nm with a resolution of 0.5 nm. The peak height at 486 nm as well as the peak area, integrated over the entire
measured spectrum and a narrower wavelength interval of 460-540 nm, were used in the linear regression analy-
sis. Triplicates of each sample were analyzed to enhance measurement precision. This method was calibrated for
the 1 pm PS beads (Exp. 2).

2.3.3. Monitoring MP Transfer Across the Streambed Interface Using Laser-Induced-Fluorescence
Imaging

For a single bedform structure, a scientific complementary metal-oxide-semiconductor (SCMOS) camera (Andor
Zyla 5.5, Oxford Instruments) was used to measure the fluorescent signal of MPs in the (a) surface flow, (b) at the
streambed interface, and (c) in the pore space of the streambed. Two diode-pumped solid state-lasers (CNI Ltd.,
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A =457 nm) were used to excite the fluorescence dye in the MP. For full illumination of the camera sensor, the
laser beam was expanded using a 2X Beam Expander (Laser 2000 GmbH). The optical path of the solid-state la-
ser light was diverted perpendicularly to the flow, using a 45° dichroic mirror (Chroma Technology Corp) which
significantly reduces the amount of excitation light from entering the detector. The fluorescence light was addi-
tionally filtered using a longpass filter (Edmund Optics Inc) mounted on the camera objective (£/0.95, 50 mm fo-
cal length) before detection by the imaging sensor (2160%2560 pixel, 6.5 pm pixel length). This Fluorescence-Im-
aging-System (FIS) was mounted on an optical breadboard which was positioned on a height-adjustable table.

The calibration of the FIS for surface water and porewater was conducted on a 10 cm long, isolated section of
the flume filled with (a) MP suspensions and (b) MP suspensions in the pore-space of the streambed sediments
(Exp. 3 in Table S1 in Supporting Information S1). The calibration area was centered in the camera’s field of
view (FOV) to increase measurement sensibility. The dimensions of the calibrated region, the region of interest
(ROI), were 7 X 6 cm with a spatial resolution of 160 pm/Pixel. As fluorescence intensity varied over the field
of view, local linear regressions were carried out for squares of 10 X 10 pixels, yielding individual calibration
slopes m. To achieve a homogeneous distribution, m was additionally filtered with a 2d Gaussian filter (¢ = 2).
The calibration slope represents the local sensitivity of the FIS, which primarily depends on laser illumination.
To account for a potential variation in average light intensity between different calibrations, the slope distribution
was normalized by its average value. In the pore-water, the fluorescence signal was heterogeneously distributed
caused by a non-reproducible local positioning of grain edges and pore water. Noting a linear correlation for the
ROI averaged values (Figure S4 in Supporting Information S1), the calibration slope was obtained by scaling the
slope distribution in surface water with the ROI-averaged slope of the pore-water calibration.

An analysis of areas larger than 7 X 6 cm required an additional calibration, which was conducted using a pur-
pose-built glass tank of dimensions 60 X 30 X 5 cm positioned inside the flume (Exp. 4 in Table S1 in Support-
ing Information S1). The slope distribution in the water-filled tank was scaled by the average slope of the calibra-
tion inside the flume to obtain the final calibration relation. To ensure a reliable quantification, only areas were
considered that possessed a correlation coefficient of R? > 0.90, which coincided with the highest illumination
(Figure S3 in Supporting Information S1).

Before and after the experiments, reference measurements were carried out to compensate for a possible change
in light illumination and to extract the position of sediment, water and air interfaces. Data acquired prior to MP
input was used for background-subtraction. After binning squares of 10 X 10 pixel, the image was gaussian
filtered to achieve higher illumination homogeneity in the pore-water phase. We obtained a vertical profile of
MPs in the surface and subsurface water by taking vertical slices at a fixed longitudinal position, averaging the
pixel-wise calculated concentrations over a given length (1 cm). The calculations were performed using the image
processing toolbox in MATLAB (The MathWorks Inc., 2019).

2.3.4. System Sensitivity

To assess the reproducibility of the analytical measurement techniques, four MPs pulse injection experiments
were conducted using deionized water at mean velocity of 0.08 m s~! and without sediments (Exp. 5 in Table
S1 in Supporting Information S1). A non-recirculating water flow was chosen to avoid masking the tail of the
breakthrough curve by the arrival of recirculated water with higher MP concentrations. The instruments were
calibrated prior to each experiment. The fluorometers were positioned at the in- and outflow of the flume (at O
and 5 m respectively) and the FIS was focusing on an area of 7 X 6 cm at 3 m along the flume. An obstacle of
10 cm height was positioned at the outflow to ensure that the camera FOV was entirely filled with water. 231 pg
of MPs (~4 - 10 particles) were injected instantaneously into the inlet of the flume, with concentrations of the
suspension varying between 46 and 150 mg/L. The experiment finished when the concentration of MPs fell below
the detection limit of all measurement devices (~4 min). The mass recovery was estimated by temporally inte-
grating MPs breakthrough curves Q - f ¢ dr, assuming homogeneity in particle distribution over the cross-section
of the flume.

2.3.5. Application Example: Quantification of MPs Mobility and Retention

As a proof of concept, we tested the analytical methods to quantitatively track and quantify the transport and re-
tention behavior of MPs in the flume environment (Exp. 6 in Table S1 in Supporting Information S1). The flume
was filled with a coarse sand to represent typical streambed deposits (mean diameter dso = 1.0 mm, hydraulic
conductivity K = 3.4 - 10™* m/s, porosity n = 0.29). A sequence of 17 consecutive ripple bedforms with a crest
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length of 15 cm, trough length of 5 cm and amplitude of 3 cm were shaped inside the flume. This geometry was
based on an analytical description (Haque & Mahmood, 1985) of bed forms commonly found in streams (Fox
et al., 2014) with subcritical flow and low Froude numbers (Engelund & Fredsoe, 1982). Impermeable weirs were
used to ensure bedform stability and define the control volume (height 15 cm, located at 80 and 500 cm distance
from the flume inlet). Water was recirculated at 0.17 m s~

The fluorometers were centered at the weir overflows, measuring at 0.5 Hz. The frame of the FIS was centered
on the streambed-water interface of the twelfth bedform (between 3.65 and 3.85 m), to avoid disturbances in the
flow field caused by the weirs. The camera aperture was set to its maximum (£/0.95) to enhance light through-
put. Images were recorded using an exposure time of 1 s at a frame rate of 0.5 Hz. 26 mg MP of 1 pm diameter
were injected as a pulse into the surface flow at the inlet of the flume and the temporal evolution of particle flow
(breakthrough) (a) in the surface flow, (b) at the streambed interface and (c) in the streambed sediments was
quantitatively monitored using the methods described above.

3. Results and Discussion
3.1. Calibration, Detection, and Quantification Limits

For the two portable fluorometers, the calibration was linear in a range between 0.4 and 4,000 pg/L (lowest R?
of 0.97, Exp.1, Figure Sla in Supporting Information S1). The detection limit was 0.6 pg/L and the quantifi-
cation limit was 0.9 pg/L (Table S2 in Supporting Information S1). The fluorometers were less sensitive for
the 10 pm particles (detection limit ~ 50 pg/L) which was attributed to a decrease in particle abundance and
surface area in the measurement cell (Text S4 in Supporting Information S1). However, the correlation was still
linear with the lowest R? being 0.76. Results from the offline fluorescence spectroscopy (Perkin Elmer, Exp. 2,
Figure S1b in Supporting Information S1) using the wavelength interval between 460 and 540 nm yielded high
coefficients of determination (all R? > 0.93) and the lowest deviations in triplicate analysis. The detection and
quantification limits were comparable to the in-situ fluorometers at 0.5 and 0.8 pg/L, respectively (Table S3 in
Supporting Information S1).

For the FIS (Exp. 3), the analysis of a 7 X 6 cm isolated flume section yielded a linear correlation with a mean
R? > 0.99, detection limit of 3.1 pg/L and a quantification limit of 4.7 pg/L (Figure S2 and Table S4 in Support-
ing Information S1). Small differences in regressions slope were observed in the triplicated calibration, although
the position of the FIS was not intentionally changed. The distribution of regression slopes and regression coef-
ficients of the calibration of the FIS for a larger FOV as needed for the infiltration experiment is shown in Figure
S3 in Supporting Information S1 (Exp. 4 in Table S1 in Supporting Information S1).

All measurement techniques were characterized by linear relations with high R? values, thus providing reliable
data for the quantitative evaluation of MPs concentrations. The methods are comparably sensitive as their detec-
tion limits are low (<3 pg/L for the 1 pm beads), which reduces the quantity of MPs needed for an individual ex-
periment. These findings agree with previously published data on detection limits for a fluorescence spectrometer
using the same 1 pm beads (Goeppert & Hoetzl, 2010).

3.2. Recovery Rate of Pulse Injection Experiments

The MP recovery rates of the Fluorometers and the FIS, acquired in three experiments with linear flow, varied
between 80% and 90% (Exp. 5, Figure 2). For the Fluorometers, the MP loss is most likely due to non-uniform
MP concentrations in the flume, as in pilot tests particle concentration varied somewhat in vertical and lateral
sampling locations. The deviance in FIS data might be caused by the focus being on the inner flume interface:
Since the velocity distribution is affected by the no-slip boundary condition located at the water-glass interface,
less MP is transported near the boundary, meaning that the lateral integration of the FIS underestimates particle
abundance. In addition, experiments with higher flow velocity caused by removing the outflow obstacle dis-
played a higher recovery rate (>95%). Missing MPs can also be attributed to the adhesion of particles to the glass
sides and the bottom of the flume.
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Figure 2. Breakthrough curves of a MP pulse in the flume, with non-recirculating flow and without sediment (Exp.
5). Fluorometer are positioned at in- and outflow (0 and 5 m), the FIS at 3 m. (a) Breakthrough curves for run 1, data is
interpolated with splines. (b) Results of the relation of recovered to total MP mass in four experiment runs.

3.3. Quantification of MP Mobility and Retention

In- and outflow MP concentrations of the breakthrough experiment (Exp. 6) are shown in Figure 3a. The time
lag between the fluorometers was 22 s, yielding an advective transport velocity of 0.19 m s~!. This agrees with a
mean transport velocity of 0.17 m s~!, calculated from the discharge (0.69 L s~!) and the average water depths at
bedform crest (26 mm) and trough (40 mm). Comparing the fluorometers, MP peak arrival was delayed by 26 s,
indicating minor dispersion effects on peak transport velocity. For the outflow fluorometer the peak concentra-
tion was 33% lower (1,740 pg/L vs. 1,170 pg/L), and peak width, measured as full width at half maximum, was
67% higher than at the flume inlet (15 and 25 s). This shows that the breakthrough at the upper fluorometer was
mainly influenced by advection, whereas the second measurement site was influenced by advection, dispersion,
and probably retention.

The MPs concentration increased again after 99 s at the inflow and 137 s at the outflow due to water recirculation
through the flume reservoir. The minimum MPs concentration was 0.1%, respectively 2.3% of peak concentra-
tion. An analysis for the recovery during the first pulse of MP yielded 72% for the inflow, and 92% for the outflow
fluorometer. The low recovery was most likely caused by a heterogeneous distribution of MPs in the flow closer
to the inlet. Details of the tail of the breakthrough curve cannot be evaluated since concentrations were masked
by the arrival of MPs-laden recirculated water. After the initial breakthrough, monitoring with Fluorometers
yielded similar concentrations of MPs at the in- and outflow of the flume. MPs concentration in the surface water
decreased throughout the experiment, beginning at 118 pg/L, and ending at 103 pg/L after five hours (Figure 3a).

For the same experiment, the fluorescence-imaging-system was used to quantify the MPs concentrations in the
surface flow above the bedform, at the streambed interface and in the streambed sediments. Depth specific
breakthrough curves, averaged over 1 cm depth, are shown in Figure 3b. The datasets show a synchronous peak,
independent of sediment depth, at the time of arrival of MP in the surface water (45 s after injection). This effect
was physically implausible, given the lower hyporheic flow velocities in the porous medium, which additional-
ly decrease with sediment depth. The effect was attributed to charge spillage (sensor blooming) caused by the
oversaturation of individual pixels. The secondary peaks in the subsurface datasets indicated the migration of
the MPs plume through the streambed sediments. A non-linear relation between sediment depth and peak arrival
time as well as peak concentration could be noticed. Between 1 and 7 cm sediment depth, breakthrough peak time
increases from 89 to 251 s, while peak concentration dropped from 630 to 180 pg/L. MPs infiltration was ob-
served to a depth twice the bedform amplitude. After the initial breakthrough, the concentration in the individual
sediment depths showed only little variation in time. The FIS data in the surface water showed a declining surface
water concentration, starting at 125 pg/L and ending after four hours at 105 pg/L. The values of the FIS data set
were similar to the Fluorometer surface water measurements. Figure 3¢ provides a timeseries of MPs infiltration
and a video is available in the supplementary materials.

The application of an injection of MP into the surface water of the flume showed that our experimental setup can
be used to investigate transport, exchange and retention of pore-scale MPs in the surface water as well as in the
streambed sediments. MP transport in the surface water shows patterns of advection and longitudinal dispersion,
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Figure 3. Microplastics (MPs) transport during infiltration experiment (Exp. 6). (a) Concentration in surface water flow at
flume inflow and outflow, monitored with Fluorometers. The inset plot shows an exponential trendline. (b) Vertical profile of
MPs breakthrough at the ripple crest, slice depth was 1 cm, numeration shows elevation above sediment-water-interface. Peak
concentration in the surface is cut off due to over-saturation. Concentration increases after ~2 min due to recirculation. (c)
Time series of MPs infiltration, captured with the FIS (air-water-interface in cyan, water-sediment-interface in green, surface
flow from right to left). The camera frame is oversaturated at the arrival of MPs in surface water (at 40 s). Particle infiltration
depth reaches twice the bedform amplitude. Particles reenter the surface water flow at the downstream face, preferentially in
vicinity to the bedform crest.

leading to a less pronounced but lengthier breakthrough in the flume outlet, as has been already noted in previous
experiments (Cook et al., 2020). With the FIS system, for the first time, we were able to directly track the advec-
tive transfer of MP particles across the streambed interface and flow through the HZ.

Peak concentrations were higher in shallow areas of the sediments. MPs concentrations in the surface water dur-
ing the peak of the first breakthrough as observed by the FIS, focusing on the center of the control volume, were
lower than at the outflow fluorometer. This was probably caused by the oversaturation observed in the FIS. After
the first breakthrough, the datasets yielded comparable surface water concentrations (Figure 3a, inset). However,
while demonstrating MP infiltration into the streambed sediments, the current data set gives no clear indication
on whether particles in the hyporheic zone are immobilized after the first breakthrough or are transported con-
servatively with the advective flow. Additionally, the surface water concentration continuously decreased during
the timescale of the experiment (5 hr). Although this was partially attributed to deposition in the flume appara-
tus, it is also likely to indicate retention in the streambed sediments. Further, detailed experiments combining
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particles, sediment and hydrodynamical characterization are needed to achieve generalizable information on MPs
transport and retention.

3.4. Opportunities and Limitations

Using the analytical methods introduced in this work, we can quantitatively study the transport of fluorescent
MPs in both surface water and hyporheic sediments in an experimental flume. Mass fluxes for MPs in and out of
the control volume were measured using portable fluorometers. For a single bedform, the FIS was successfully
used to quantify the migration and re-distribution of MPs (a) in the surface flow, (b) at the streambed interface
and (c) in the streambed sediments. By applying the FIS, for the first time the advective transfer of pore-scale
MPs from the surface flow into the streambed could be directly observed. This experimental setup can be used to
achieve an improved quantitative understanding of the basic mechanisms governing MPs transport and retention
in riverine environments. The setup can be used for a large variety of potential application scenarios, such as
experiments (a) to investigate how sedimentation and erosion cycles in fluvial systems control MPs abundances
in stream flow and streambed sediments, (b) to quantitatively understand retention mechanisms in streambed
sediments by using different porous media (e.g., sand, clay, iron-oxides) and non-uniform geochemical conditions
(pH, ionic strength), (c) to understand dynamics of re-suspension of MPs during high-flow events which are
reported as hot moments of MPs contamination in rivers and streams (Hurley et al., 2018) and (d) to investigate
how interactions with biota (uptake and excretion or biofilm formation) is affecting hydrodynamic properties of
MPs in rivers and streams.

The methods facilitate an analysis of rapidly changing MPs concentrations, with a maximum sampling frequency
of 0.5 Hz using the Fluorometers and 8 Hz using the Fluorescence-Imaging-System. Surface water concentrations
of both techniques matched after the initial breakthrough. Due to particle adhesion and mixing in the tubing, the
flow to the Fluorometers represents a potential source of error. A significant advantage of the FIS is its non-in-
vasive nature, avoiding disturbances of the hydrodynamic conditions in the flume. However, optical access to
a longitudinal flow section is required and therefore, the method is only suitable for a flume with a transparent
glass or plexiglass window. In addition, the FIS visualizes subsurface flow only at the sediment-glass interface
where the surface flow is influenced by the glass boundary and the subsurface flow by a locally higher porosity
(Roozbahani et al., 2014), possibly leading to preferential flow paths. This effect is important for MPs larger than
the average pore size of the sediment but was likely to be negligible in our experiment. Indeed, the identified sub-
surface flow pattern, infiltration at the troughs and exfiltration at the crests, was similar to direct measurements
of dissolved tracers in hyporheic sediments (Precht & Huettel, 2004).

The methods can only be applied in combination with fluorescent MPs, which enable a clear separation of MPs
from other, non-fluorescent suspended particles. While requiring the additional step of fluorescent staining,
cross-contamination with ambient MP and other natural particles is negligible. The measurement also requires
stability of the fluorescent signal over time, otherwise decreasing signal strength may be interpreted as lower
particle abundances. This can be problematic since fluorescent tracers are known to leach and to degrade after
light exposure (Gombert et al., 2017). Therefore, reference measurements with MPs samples stored in the same
laboratory should be performed alongside long-term experiments. Quantification with fluorometers worked best
for small, pore scale MPs (1 pm), since particle distribution in the flow and in the measurement cell is more
homogeneous. With increasing particle size (10 pm), the signal intensity fluctuated which is possibly caused by
the irregular passing of particles in the flow cell. Larger and denser particles may restrict the usability of a fluo-
rescence spectrometer if they settle in the cuvette during measurement.

Additionally, we note that by measuring particle concentration in the flume, we track the movement of parti-
cle clouds rather than individual particles. For example, 1 pm particles cannot be resolved individually with a
pixel size of 6.5 pm. At the detection limit of the fluorometers, a mass concentration of 0.5 pg/L corresponds
to abundances of ~ 10° particles/L. Data on environmentally relevant concentrations of pore-scale MPs are not
known due to analytical detection limits, but studies indicate an increasing abundance of smaller particles (Frei
et al., 2019; Poulain et al., 2019). Since particle-particle interaction was avoided by tenside coating and an impact
of the particles on the hydrodynamics can be neglected due to the small volumetric concentration, the transport
mechanisms as observed at the laboratory scale should be transferable to real fluvial systems.

BOOS ET AL.

8 of 10
51



7 Publications and manuscripts

A7 |
MNI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR031064

Acknowledgments

This study was funded by the Deutsche
Forschungsgemeinschaft (DFG, German
Research Foundation) — Project Number
391977956 — SFB 1357. The authors
would like to thank the two reviewers for
their valuable suggestions to improve the
manuscript.

4. Conclusion

To our knowledge, the methods presented here are the first published that are able to quantitatively measure
MPs transport and retention in a fluvial model environment by simultaneously tracking particle migration in
surface flow and in streambed sediments. Using optical techniques, infiltration of MPs into the hyporheic zone
was directly visualized and spatiotemporally resolved, which is necessary to gain insights into the mechanisms
controlling MP mobility in rivers and streams. The presented method can be used for a combination of pore-
scale MPs particles, sediments and bedform structures. This allows for an investigation of various scenarios of
MPs transport in fluvial systems, which likely depends on relative particle size, shape, and polymer. Further
experiments are necessary to clarify whether infiltrating particles are immobilized permanently in the riverbed
sediment, or rather constantly migrate in a dynamic equilibrium. In the future, it will be possible to analyze how
small-scale topographical features such as bedforms as well as moving bedforms influence the advective transfer,
sedimentation and remobilization of MPs in fluvial systems.

We hope that our experimental setup will help other researchers to implement their own experimental system to
investigate the fate of MPs in fluvial ecosystems. Although the presented methods are only partially suitable for
application in real stream environments (application of portable fluorometers), we strongly believe that they are
very useful to better understand and investigate the fundamental transport and retention mechanisms of MPs in
rivers and streams.
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Text S1.

In Figure S3, we see results of the two-step-calibration of the FIS inside an isolated flume
section (7 cm x 6 cm) and a water tank (37 cm x 22 cm). For the center ROI (parts a and
b), the averaged slope in the tank was smaller than in the flume (1.039 / 1.749 = 0.59),
which is mainly caused by the different water depth along the optical axis (5 mm /

8.6 mm = 0.58). The normalized slope distribution is similar in both calibrations,
additionally yielding high correlation coefficients (R? > 0.99). Therefore, laser
illumination in both calibration steps was similar, a necessary requirement for the two-
step calibration method, using the average value of the flume ROI and the normalized
profile in the tank to describe system sensitivity in the complete FOV area inside the
flume. For the whole camera FOV (Figure S3, part c), we see that calibration slope is
normally distributed and centered in the image. Although mean slope of the complete
FOV is 80 % lower, the binned pixelwise regression shows high correlation coefficients
for the complete FOV. The elliptical boundary at R? > 0.9 corresponds to m > 0.016

Text S2.

Figure S4 shows results of the calibration of the Fluorescence-Imaging-System, giving
information on the ROI-averaged signal gain (blank-subtracted) in the flume and water
tank in the surface water, and in the flume in the pore space. The signal gain in surface
water varies, which is mainly caused by the different depths of the calibration volumes
(flume 86 mm, tank 50 mm). Although the signal is significantly lower in the pore water
than in the surface water, a high R? value could be obtained

Text S3.

Tables S2 to S4 show details for the calibrations realized for assessing the system
sensibility. Included are the obtained values for the detection limit (DL) and
quantification limit (QL), using N calibration standards of fluorescent, 1 um PS beads. For
the Fluorometers and spectrometer, the calibration was repeated with smaller
concentrations, until the calculated detection limit was close to the mean of calibrated
concentrations. These final metrics (marked in bold) were used to describe the sensitivity
of the methods.
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Text S4.

The detection limit of the online fluorometer was 0.6 pg/L for the 1 um particles and 50
pg/L for the 10 um particles. This could be explained by a loss in signal quality (increase
in signal fluctuations caused by the heterogeneous passing of particles) as well as signal
quantity (less fluorescence signal) using bigger particles. The fluorescence signal
measured by the fluorometer can be described by mass concentration [ML™3] the
particle concentration [#L73] and the surface area of the particles in suspension [L2L™3].
For given spherical particles with diameter d, density p, particle volume V, 4,y = §d3 and
surface area S,q,+ = md? in a suspension with mass concentration c:

c 6¢c
PVpart - npd3

6c

Surface area to volume: SA:V=N-§ = od

Under a tenfold higher particle diameter, mass concentration must increase by a factor
of 1000 to ensure a constant particle concentration, or a factor of 10 to ensure a
constant surface area. From the Fluorometer calibration, mass concentration had to
increase by a factor of 83 for the same detection limit, and this lies within both
theoretical values. Additionally, changes in the internal staining between the two
particles sizes contribute to a difference in signal quantity.

Particle concentration N =
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Figure S1. Individual calibration results (Exp. 1 and 2) for the selective measurements,
color shades indicate concentration decades. (a) Fluorometer (inflow), with 1 pm (blue)
and 10 um (red) PS beads, data points are averages of approximately 30 measurements.
95% confidence interval boundaries are shown in dashed lines. Signal gain after blank
subtraction (1.2 mV). (b) Spectrometer with 1 um PS beads, data points are averages of
triplicates. Fluorescence intensity gain after blank subtraction (3 units)
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Figure S2. Calibration of Fluorescence-Imaging-System (Exp. 3) for system sensitivity
analysis, results of three independent measurements. (a) Spatial distribution of slope m
and determination coefficient R? for the entire camera field of view providing averaged
values. Spatial resolution was 36 Pixel/mm. (b) Field of view-averaged fluorescence
intensities as measured (markers) and calculated from the calibration relation (solid line).
Background signal was 102 units)
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Figure S3: Result of the linear regression analyses of the Fluorescence-Imaging-System
(Exp. 4). (a): Calibration in the water flume for the center ROL. (b): calibration in the water
tank for the center ROI, which is a detailed view of the whole calibrated area shown in (c)
(the center ROI is depicted in cyan). While the averaged absolute values (in) vary, the
normalized distribution of calibration slope (m/m) is similar. Slope isolines are relative
to the center ROI average, shown at a 0.2-spacing, and highlighting unity. The green
ellipse masks the regions of high correlation (R* > 0.90), which is used for the outer
boundary considered for the calibration. All slope distributions were gaussian filtered

(o = 2) for homogenization
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Figure S4: Calibration of the FIS, showing center ROI-averaged data (Exp 4)
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Figure S5: Infiltration fronts after selected timesteps of the infiltration experiment (Exp 6)
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Exp- Experiment  Measurements Flume Water flow  MP size MP

Nr  Type filling [um] injected

1 Calibration Fluorometer - - 1,10 -

2 Calibration Spectrometer - - 1 -

3 Calibration FIS (small FOV) None - 1 -

4 Calibration FIS (large FOV) None; - 1 -

sediment

5 Recovery Fluorometer, None linear 1 231 pg/
Rate FIS 4-10%#

6 Infiltration Fluorometer, Sediment recirculating 1 26 mg/

FIS 5-101%#

Table S1. Overview of the presented datasets. FIS = Fluorescence-Imaging-System, FOV
= (camera) field of view, MP = microplastics. The experiments were carried out with
fluorescent polystyrene microbeads

Fluorometer Inflow | Fluorometer Outflow
cmin  Cmax N| R® DL Q | R DL QL
wo/Ll [wo/Ll 11| [ [wg/Ll [wg/ll| [-1  [wg/Ll [ug/L]
04 41240 14{1.000 334 500/1.000 338 507
82 825 10{0993 119 176|/0994 10.7 16.0
0.8 82 10[0.992 13 1.910.995 1.0 1.6
0.2 2.1 10| 0.987 0.6 0.9 0.994 0.6 0.9

Table S2. Calibration details for fluorometers and detection limit (Exp 1)
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Comin . Cmax N R DL QL

[bwg/L] [uwo/L]  [1] [-] [bg/L]  [ug/L]
244 2439 10 0998 205 306
49 488 10 0995 62 93
12 122 10 0930 55 8.1
0.1 12 10 098 0.5 0.8

Table S3. Calibration details for the fluorescence spectrometer and detection limit (Exp
2)

Cmin  Cmax N R? DL QL
[ug/L]l [mg/Ll  [1] [-1  [ug/L] [ug/L
0.93 185.33 10 0.998 55 8.2
0.93 185.33 9 0.999 1.6 2.4
093 162.16 10 0.999 3.0 45
0.75 18.08 9 0.973 2.4 35

mean 0.992 3.1 4.7

Table S4. Calibration details for the Fluorescence-Imaging-System and detection limit
(Exp 3).

Movie S1. Infiltration of microplastics into the hyporheic zone (Exp 6).
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Abstract Microplastics (MPs) have been detected ubiquitously in fluvial systems and advective transfer
has been proposed as a potential mechanism for the transport of (sub-) pore-scale MPs from surface waters into
streambed sediments. However, the influence of particle and sediment properties, as well as the hydrodynamic
flow regime, on the infiltration behavior and mobility of MPs in streambed sediments remains unclear. In this
study, we conducted a series of flume experiments to investigate the effect of particle size (1-10 pm), sediment
type (fine and coarse sand), and flow regime (high/low flow) on particle infiltration dynamics in a rippled
streambed. Quantification of particles in the flume compartments (surface flow, streambed interface, and in
the streambed) was achieved using continuous fluorescence techniques. Results indicated that the maximum
infiltration depth into the streambed decreased with increasing particle size (11, 10, and 7 cm for 1, 3, and

10 pm). The highest particle retardation was observed in the fine sediment experiment, where 22% of the
particles were still in the streambed at the end of the experiment. Particle residence times were shortest under
high flow conditions, suggesting that periods of increased discharge can effectively flush MPs from streambed
sediments. This study provides novel insights into the complex dynamics of MP infiltration and retention in
streambed sediments and contributes to a better understanding of MPs fate in fluvial ecosystems. Quantitative
data from this study can improve existing modeling frameworks for MPs transport and assist in assessing the
exposure risk of MPs ingestion by benthic organisms.

Plain Language Summary Microplastics (MPs) (small plastic particles) are present in river systems
worldwide. The processes that lead to their transport and retention in rivers are not fully understood. Scientists
have proposed that the infiltration of surface water into the streambed can carry MPs with it. In this study, we
conducted experiments in a controlled environment that resembles a stream and its streambed. We investigated
how different sizes of plastic particles (1, 3, and 10 pm), the types of sediment (fine and coarse sand), and water
flow rates (low and high) affect how far particles travel in a streambed. We found that the size of MPs played a
significant role in their depth of infiltration. Larger particles did not infiltrate as deeply as smaller particles, and
were also retained in the streambed. Fine sand trapped particles for a longer time than coarse sand, and 22% of
the particles remained in the streambed until the end of the experiment. Faster flowing water quickly removed
MPs from the streambed. Our research helps understand how MPs spread in river systems and how long they
remain in the streambed. The data can be used to improve transport models and assess the risk MPs pose to
aquatic organisms.

1. Introduction

Plastic production has continuously increased over the last decades (PlasticsEurope, 2022). After usage, the
majority of plastic waste is not properly managed (Lebreton & Andrady, 2019) and plastic pollution in the envi-
ronment is now a global concern (Persson et al., 2022). Microplastics (MPs), small polymer compounds smaller
than 5 mm (Frias & Nash, 2019) have been ubiquitously detected in marine (Gola et al., 2021), limnic (Yang
et al., 2022) and riverine environments (Eerkes-Medrano et al., 2015). MPs can be incorporated by aquatic
biota (Scherer et al., 2018) and trigger adverse effects on the organism (Brehm et al., 2022). Following bioac-
cumulation in higher trophic levels (Bhatt & Chauhan, 2023), MPs are reported to threaten aquatic ecosystems
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(Anbumani & Kakkar, 2018), which makes it crucial to understand the transport mechanisms governing the fate
of MPs in fluvial systems (Horton & Dixon, 2018).

Traditionally, rivers and streams were treated as pure transport vectors, where MPs are transported to the oceans
and eventually buried in deep sea sediments (Kumar, Sharma, Manna, & Jain, 2021; Meijer et al., 2021; Woodall
et al., 2014). In recent literature, fluvial systems are also discussed as potential accumulation areas for MPs (van
Emmerik et al., 2022), which can be retained by instream vegetation (Shi et al., 2022), on floodplains (Rolf
et al., 2022), river banks (Liong et al., 2021) and in streambed sediments (Frei et al., 2019; Yang et al., 2021).
MPs in rivers and streams are subject to a variety of transport processes (Kumar, Sharma, Verma et al., 2021) and
exhibit unique transport characteristics (Waldschlidger & Schiittrumpf, 2019) and transport modes compared to
natural particles such as mineral sediments (Valero et al., 2022). Flow conditions (Haberstroh et al., 2020), chan-
nel characteristics (Mostefaoui et al., 2022) and particle properties (Ahmadi et al., 2022; Elagami et al., 2022) are
the major controls for the hydrodynamic transport behavior of MPs in fluvial systems. Surface flow velocity has
a direct effect on the abundance of MPs in streambed sediments (Eibes & Gabel, 2022): Low flow velocities, such
as found in pool structures or near river banks, facilitate gravitational settling, and can lead to a temporal accu-
mulation of MPs in streambed sediments (Hiibner et al., 2020) which can be reversed during flooding (Ockelford
et al., 2020).

The mechanisms controlling the transfer of MPs between the surface flow domain and the streambed sediments,
as well as the factors influencing their mobility within porous media, remain only poorly understood. Similar to
solutes, the transport of (sub-) pore-scale MPs into streambed sediments can be driven by hyporheic exchange
(Boos et al., 2021; Frei et al., 2019). Instead of being transported conservatively through bedform structures
and being released back into the stream (Brunke, 1999), MPs were found to infiltrate into shallow layers of the
hyporheic zone, where they can be temporally or permanently immobilized (Harvey et al., 2012). Simulations
from headwater streams suggest that characteristic MPs residence times within streambed sediments can vary
across different temporal scales, ranging from a few hours to several years (Drummond et al., 2022). Lower
density MPs exhibited highest mobility within streambed sediments (He et al., 2021). In column experiments,
retention of MPs was found to be strongly affected by sediment properties such as type and content of clay
minerals (Lu, Gilfedder, Peng, Niu, & Frei, 2021), the presence of iron-oxides as well as pore water chemistry
(Lu, Gilfedder, Peng, Peiffer et al., 2021). Retention mechanisms in porous media are primarily dependent on
particle size, where larger particles (>30 pm) are prone to mechanical straining within the pore space and where
the mobility of smaller particles (~1 pm) is affected by heteroaggregation with sediments (Herzig et al., 1970).
In the range of 3—30 pum, particles exhibit a high mobility within the porous media due to little mechanical strain-
ing and aggregation. For larger MPs (>100 pm) column experiments have shown that the infiltration depth into
-1 (Waldschliger
& Schiittrumpf, 2020). To deepen our understanding of the transport behavior of MPs in streambed sediments
further research beyond the limitations of simplified one-dimensional column experiments is necessary. It is

coarse sediments primarily depends on the particle/sediment grain size ratio D = dy;, dggimen

necessary to consider more realistic hydrodynamic conditions as well as different MPs properties (e.g., size,
density, shape and surface properties) and sediment characteristics (e.g., grain size distribution, permeability and
mineral composition) (Waldschliger et al., 2022).

Recently, a quantitative method was developed for the spatiotemporal analysis of transport mechanisms of MPs
in an experimental flume environment (Boos et al., 2021). Experiments have shown that (sub-) pore scale MPs
are advectively transferred into streambed sediments through infiltrating stream water along defined flow paths,
supporting the hypothesis that hyporheic exchange is a significant mechanism for the transfer of small MPs into
streambed sediments (Boos et al., 2021). In these experiments, propagation of 1 pm polystyrene beads through
the streambed resembled a pattern commonly encountered for solutes (Elliott & Brooks, 1997; Thibodeaux &
Boyle, 1987): Particles infiltrated at the upstream stoss side of ripple structures, propagated through the sediment
following the hydraulic head gradient and were released at the downstream lee side. Although the experimental
setup was limited to a specific combination of MPs (1 pm polystyrene beads), sediment types (mean diameter
1 mm) and hydrodynamic forcing (mean velocity 0.17 m s~!) important insights into the complex behavior of
MPs in fluvial systems were gained.

Building on previous work by Boos et al. (2021), we utilized quantitative methods to further explore the trans-
port behavior of MPs in the surface water, at the streambed interface and within streambed sediments. The
objective of this study is to investigate the influence of particle size (1-10 pm) on the infiltration dynamics and
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Figure 1. Schematics of the experimental flume setup: Tracking of Microplastics in the surface water (fluorometers) and
within the streambed sediments Fluorescence-Imaging-System (FIS), and hydrodynamic measurements with Particle-Image-
Velocimetry (PIV), complemented by water level measurements with ultrasonic sensors and bedform elevation measurement
with a laser profiler. Note that FIS and PIV were consecutively applied at the same bedform. Modified after Boos

et al. (2021).

penetration depths of MPs in different streambed sediments (fine/coarse sand) under varying hydrodynamic
conditions (low/high flow). For this purpose, we performed a set of experiments using fluorescent MPs in an
experimental flume environment in combination with sediments to represent typical rippled bedform structures
found in fluvial systems. The experiments provided quantitative data that was used to estimate particle retarda-
tion capacities in streambed sediments as well as spatially distributed information about the particle mobility in
rippled bedform structures. Computational Fluid Dynamics (CFD) simulations were used for the characterization
of the hydrodynamic forcing at the streambed interface that controls hyporheic exchange and to better understand
the flow conditions in the streambed sediments.

2. Materials and Methods
2.1. Flume Setup and Hydrodynamic Measurements

Transport experiments were carried out in an open-circuit flume (5 ¢ 0.086 « 0.30 m, HM 160, G.U.N.T. GmbH),
with an elevation gradient of 3 mm/m (Figure 1). The discharge in the flume (1-2 m? hr~!) was continuously
monitored using an electromagnetic flowmeter (flowTRANS MAG S01, Jumo GmbH) and resulted in surface
flow velocities of approximately 0.07-0.11 m s~!. The flume was operated using deionized water to avoid MPs
aggregation. Water temperature was monitored using a temperature logger (Model 3001, Solinst Canada Ltd). A
study domain within the flume was defined using a weir plate at x = 2.40 m distance from the flume inlet and a
V-notch weir at x = 4.90 m, both were 15 cm high. An additional weir plate was positioned at the inlet (x = 0 m)
to provide a homogeneous inflow.

Within the study domain, the streambed was manually formed from unimodal sands of two different types for the
different experiments, characterized by a mean diameter of 1.0 mm (coarse) and 0.4 mm (fine). The streambed
consisted of a series of 9 consecutive ripple structures, closely resembling a geometry commonly found in natural
streams (Haque & Mahmood, 1985), with a height of 2.8 cm and a length of 20 cm of which 58% corresponded
to the stoss side. The bedform morphology was measured along a 50 cm transect (including multiple ripple struc-
tures) using a 2D laser profile sensor (MLSL226, wenglor sensoric GmbH), which allowed us to monitor bedform
stability during the experiments (Figure S1 in Supporting Information S1). After the experiment, the entire stre-
ambed elevation profile in the flume was measured using the laser profiler (measurement resolution of 4 mm™").

The water surface elevation was measured using 6 ultrasonic sensors (UFP 200, WayCon GmbH), providing
information on the local water surface slope and an estimate of the discharge from the weir head, using Thompson
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Table 1 overflow coefficients. The 2D surface flow velocities along the longitudinal
Characteristics of the Experiments. and vertical axis (x-z-plane) were measured using Particle-Image-Velocime-
d D=d m try (PIV). An LED sheet (4 = 520 nm, LPS3, iLA_5150 GmbH) illuminated
D[] [pmj dg [pm] ds-‘[iwjp Q[m*h™'] 7, [ms] [mgl a flow section along the flume centerline and images were acquired with a
: | p— oG T e o CMOS camera (UI3370, iDS Imaging GmbH), mounted on an optical rail.
Hm ’ ’ ’ The flow field was measured over a selected bedform, between x = 3.65 m
! 3 L (H0022 1.09 0.070 98 and x = 3.85 m, as well as its two adjacent ripples. 9 individual PIV meas-
10 ym 10 1032 0.0097 1.00 0.079 78 urements were merged, each using time averages of 1000 frames acquired at
Fine sand 1 357 0.0028 1.05 0.066 53 40 Hz with a spatial resolution of 136 pm/pixel.
High flow 1 1032 0.0010 2.15 0.114 28

Note. d,,;, refers to the microplastic (MP) diameter, d to the mean sediment

2.2. Experimental Procedure

diameter, D = d,,, ds~' the particle/sediment grain size ratio, Q is the

discharge, v, is the mean longitudinal velocity in the surface flow (calculated
from Particle-Image-Velocimetry measurements) and m, is the total input

mass of MPs.

Five different experiments were carried out to investigate the influence of
(a) particle sizes (1, 3 and 10 pm beads), (b) sediment types (fine and coarse
sand), and (c) hydrodynamic flow conditions (low/high flow) on the parti-
cle infiltration patterns and dynamics (characteristics of the experiments are
provided in Table 1). The experiment using 1 pm particles, low flow condi-
tions and coarse sediment was used as a reference case. Prior to all experiments, the measurement systems were
calibrated, and the flume including the sediments were cleaned with deionized water to remove any residual MPs
from previous work. A rippled streambed was formed and before the experiments started, the flume was run in a
closed circuit for 2 h, and until optical inspection assured bedform stability. For the experiments, the water circuit
was opened, and a concentrated MPs suspension was injected as a pulse into the surface flow at the inlet of the
flume. Experiments were terminated after 30 min, after which concentrations in the outflow were below the
detection limit, and optical inspection suggested no major change in MPs abundances in the monitored bedform.
The input mass of MPs was chosen based on the particle size, flume discharge, and logistical constraints, to
achieve ideal conditions to record the concentrations in the experiments. Importantly, the differences in initial
masses are highly unlikely to significantly impact transport processes in both the surface water and the streambed.
This is due to the fact that (a) the MPs were coated with a surfactant to prevent homoaggregation and (b) the
overall mass of applied MPs (approximately 50 mg) is orders of magnitude lower than the sediment mass within
the flume (approximately 50 kg), effectively ruling out any substantial streambed clogging processes.

2.3. Microplastic Detection and Quantification

The experiments were carried out with polystyrene microbeads with diameters of 1, 3 and 10 pm and a density
of 1050 kg m~3 (Fluoresbrite® Plain YG Microspheres, PolySciences Inc.). The particles were internally
coated with a fluorophore characterized by a maximum excitation and emission wavelength of 441 and 486 nm,
respectively. Details about the coating process are considered confidential by the manufacturer. MPs monitor-
ing is based on novel fluorometric techniques presented in Boos et al. (2021): Continuous detection of MPs
-concentrations in the in- and outflow of the study domain of the flume was achieved by using portable fluorom-
eters (GGUN FL-24, Albillia Co.) which were positioned at the weir overflows at x = 2.40 m and x = 4.90 m,
measuring at 0.5 Hz (Figure 1). At the bedform structure selected for detailed study, between x = 3.65 m and
x = 3.85 m, a Fluorescence-Imaging-System (FIS) was used to analyze MPs transport in the surface flow, at the
streambed interface and in the streambed sediments near the glass interface of the flume. Two continuous-wave
diode-pumped solid-state lasers (MBL-F-457, CNI Ltd) were used to excite the fluorescent particles and a
scientific complementary metal-oxide-semiconductor (SCMOS) camera (Andor Zyla 5.5, Oxford Instruments)
captured fluorescence images with a spatial resolution of 170 pm/pixel, using an exposure time of 100 ms and a
frame rate of 8 Hz.

The MPs mass concentrations at the in- and outflow location of the surface water were normalized according to
Equation 1 to allow for a comparison between the individual experiments. A normalized mass transfer (NMT) m
[T~'] was calculated using ¢ [ML~3] the measured particle concentration, Q [L3T~!] the observed discharge in the
flume and m, [M] the mass of MPs input.

Cin,out(t) : Q(Z)

min,out(t) = m—O (1)
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For any time 7, integration of the NMT yields the total mass of MPs that has entered respectively left the study
domain. The difference between the in- and outflow mass was normalized by the inflow mass, and this mass
fraction was interpreted as MPs present in the study domain. At the end of each experiment the integration of the
NMT at the in- and outlet yields a MPs recovery rate that was used to compare MPs retention for the different
experimental scenarios.

MPs abundances in the control bedform were continuously quantified using the method outlined in Boos
etal. (2021), where abundances were estimated by systematically analyzing the spatially averaged light intensities
of the FIS images (Text S1 in Supporting Information S1). Detection limits for MPs in the streambed sediments
were estimated from the calibration curve (Funk et al., 1985) and normalized using Equation 1. Spatial infiltra-
tion dynamics of MPs into the monitored bedform were estimated by extracting breakthrough curves at different
depths (1-11 cm) below the ripple crest from the FIS monitoring (averaging depth for each breakthrough curve
was 1 cm). Depth-specific breakthroughs were additionally filtered by rejecting the earliest and latest 5% of MPs
detection in order to exclude outliers and reduce experimental artifacts. The start of MPs detection in each layer
represented the arrival of the plume front and from the slope 0z/0t, depth-specific vertical propagation velocities
were calculated.

Due to the limited resolution of the FIS, it was not possible to track individual 1 and 3 pm particles within the
monitored streambed. Resolution was however sufficient for the larger 10 pm particles, allowing to monitor their
positions in a 2D plane of the bedform by using “blob” detection algorithms (The MathWorks Inc, 2019). Here, a
pre-defined mask was used to differentiate between particles that infiltrated at the stoss side and particles which
deposited from the surface water on the lee side of the bedform. Only images with more than 20 detected particles
were used in the analysis. Infiltration dynamics was assessed using two aggregated metrics: (a) The center of
mass of the particle cloud was calculated by averaging the individual positions and (b) the front of the infiltration
plume was obtained by connecting the outermost particles.

2.4. Integrated Simulation of Surface and Porous Media Flow

To gather additional insight on the hydraulic conditions in the flume, a numerical model was built using the
computational fluid dynamics toolbox OpenFOAM. The 3D integral model of surface and subsurface flow
was solved using the multiphase solver interFoam. To accurately resolve the turbulent flow, specifically on
the lee side of each ripple, turbulence was modeled using Large-Eddy-Simulation algorithms. The numerical
model was built as direct representation of the geometries of the flume and the bedforms and used the meas-
ured information on hydrodynamical characteristics of the flow for model calibration. Additional details
about the numerical model are given in Text S2 in Supporting Information S1. The methodology is also
described and validated in Dichgans et al. (2023). By employing the integrated hydro-numerical model, the
data set gained through the laboratory equipment can be augmented specifically in regard of the subsurface
flow field and the hydrodynamic forcing at the streambed interface, which cannot be captured accurately
through a physical recording in the laboratory.

3. Results
3.1. Hydrodynamic Characterization of the Flow

In the surface water compartment, the flow regime is separated into a fast-flowing upper region and a slower
bottom-near region (Figures 2a—2d). This flow separation was observed for both low flow, and high flow regimes.
For the low flow experiments, the mean horizontal velocity was v, =0.11m s~!in the upper flow regime and

=0.03 m s~! in the lower regime. Figures 2e and 2f show the 2D distribution of vertical velocity compo-

Vx,bottom
nents in the surface water above the monitored bedform within the study domain of the flume. In all experiments,
low-velocity recirculation eddies developed in the valley areas of the bedforms with flow components directed

downwards for the stoss sides and upwards for the lee sides (Figures 2e and 2f).

The numerical model reproduced the surface flow field accurately (Figures 3a and 3b). Minor differences were
observed in direct proximity to the overflow section of the ripple crest (0.01-0.02 m s~!). This deviation was
acceptable, given the turbulent flow conditions in the surface water, and a non-uniform flow field that varied over
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Figure 2. Hydrodynamic characterization of the surface flow field at the monitored bedform. First column (a,c,e): low-flow
(reference) experiment, second column (b,d,f): high-flow experiment. (a) and (b): Horizontal velocity components, mean flow
direction was from right to left. (c) and (d): Difference between local velocity and mean velocity in longitudinal direction,
indicating a separation into a rapidly flowing upper region and a low-flow area in proximity to the ripples. (e) and (f): Vertical
velocity components, red colors indicate downward flow, blue colors upward flow.
the flume width. Within the subsurface, individual flow cells developed under the ripples (Figure 3c). Beneath
the flow cells, a continuous underflow layer was forming. Hyporheic flow depended on surface flow, and water
entered at the upstream stoss side, and left at the downstream lee side, in proximity to the ripple crest. Subsurface
flow velocities ranged between 0.01-2 mm s~
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Figure 3. Velocity magnitudes in the low-flow (reference) experiment. Results for the surface flow obtained from (a) Particle-Image-Velocimetry, and (b) the
openFOAM model show a close correlation. The numerical model additionally yields information on the subsurface flow domain (c).

3.2. Quantification of Particle Breakthrough and Retention

Figure 4a shows the NMT breakthrough curves for the different experiments which were measured in the surface
water, using the fluorometer installed at the outflow location of the study domain. Initial timing of the particle
breakthrough was similar for all experiments using low flow conditions and coarse sediments (Figure 4a). Here
peak arrival times at the outflow were almost identical for the 1, 3 and 10 pm particles (136-146 s). In compar-
ison to the reference experiment with 1 pm particles, peak NMT was higher for both 3 pm particles (+17%)
and 10 pm particles (+9%). In the experiment with fine sediments, migration of the particle plume in the study
domain was slowest as indicated by the longer peak arrival time of 168 s and peak mass 14% lower than the refer-
ence. In the high flow experiment, peak NMT was 77% higher than in the reference experiment and the peak was
observed after 89 s, which was the fastest peak arrival time among all experiments.
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Figure 4. Results of surface water concentration measurements. (a) Normalized microplastics (MPs) mass transfer rates
for the experiments measured at the outflow location of the study domain. Dashed lines indicate size-dependent, individual
quantification limits, obtained from the calibration procedure, and normalized with Equation 1. (b) Temporal evolution of
MPs mass stored in the study domain for the different experiments. The 1 pm run was the reference experiment.

NMTs for the 3 and 10 pm particles decreased more slowly during the receding limb of the breakthrough curves
compared to the 1 pm particles, indicating a higher particle residence time in the study domain (Figure 4a).
Higher residence times for the 3 pm particles are further supported by the presence of a secondary peak in the
tail of the breakthrough curve. This secondary peak indicates a late increase in particle concentration in surface
flow and we attributed this to the release of particles from the streambed sediments. Multiple secondary peaks
can also be observed in the tail of the breakthrough curve for the experiment with fine sediments (Figure 4a). This
experiment shows the highest particle concentrations in surface flow at the end of the experiment, indicating high
particle residence times in the study domain. Particle concentrations for the high flow experiment fell below the
detection limit after 450 s, which precluded any meaningful characterization of the tailing behavior and dynamics
of particle retention.

MPs storage in the study domain was comparable for the different MPs sizes and was <5% after 304-307 s
(Figure 4b). Stored mass fractions showed the most rapid decrease in the high flow experiment, with 95% of the
total particle mass being flushed out from the study domain after 191 s. For the fine sediment experiment, 60%
of the total mass was rapidly flushed (within 266 s) from the study domain through the surface flow. Afterward,
MPs was slowly released over time, suggesting particle release from the streambed sediments. At the end of the
fine sediment experiment, a significant mass of particles (22%) was still present in the study domain.

3.3. Particle Infiltration Dynamics and Penetration Depths

For all experiments the central bedform in the study domain was continuously monitored using the FIS to both
visualize and estimate particle concentrations in the streambed sediments. Figure 5 presents different frames
of the FIS monitoring sequence (¢t = 300, 600, 1200, and 1800 s) containing the NMT. Movie S1 additionally
shows the progress of the individual experiments. FIS monitoring indicated that particles entered the streambed
at the upstream stoss side of a ripple and exited at the downstream lee side near the crest. This spatial infiltration
pattern was consistent for the 1 and 3 pm particles. In contrast, the 10 pm particles only infiltrated into the most
superficial layers of the sediment before becoming immobilized for the remaining duration of the experiment
(Figures 5, 10 pm sequence). In the experiment using fine sediments, particles only infiltrated into the shallow-
est areas below the streambed interface at the stoss side of the ripple structure (Figure 5, fine sand sequence).
Similar to the 10 pm experiment, a high fraction of particles that infiltrated into the fine sediments remained in
the bedform, as indicated by frames taken at the end of the experiments, # = 1800 s. In the high flow experiment,
particles were more efficiently flushed from the bedform structure as indicated by the low residual concentrations
at the final monitoring FIS frame.

Detectable particle infiltration for the 1 pm particles (reference experiment) began at r = 154 s, and particles
reached a maximum depth of 11 cm below the streambed interface after 1477 s (Figures 6a and 6b). The onset of
detectable infiltration for the 3 pm particles was similar to the reference experiment (¢ = 152 s), but the maximum
infiltration depth of 10 cm was slightly lower compared to the 1 pm particles. For the 10 pm particles detectable
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Figure 5. Planar normalized microplastic mass transfer rates for the 5 different experiments at 4 times, showing particle

infiltration into the streambed sediments. The streambed interface is shown as solid line, the air-water-interface as dashed
line, both in cyan color. The main direction of surface flow is from right to left, as indicated by a blue arrow at r = 300 s.

Concentrations below the limits of quantification are discarded.

infiltration into the streambed occurred at r = 449 s, showing a high time delay (+294 s) compared to the refer-
ence experiment. Here particles only reached a maximum depth of 7 cm below the streambed interface. For
the high flow experiment, the onset of detectable infiltration was the fastest among all experiments (r = 121 s),
and particles reached a maximum depth of 10 cm after 1504 s. In the experiment using fine sediments, onset
of particle infiltration was significantly delayed, occurring at r = 547 s and the maximum penetration depth of
5 cm was the lowest of all experiments. However, detection of MPs in the first 5 cm of the subsurface was nearly
simultaneous for this experiment, and the data showed implausible gradients in layers deeper than 5 cm. All other
experiments demonstrated consistent infiltration dynamics (Figures 6¢ and 6d), with high vertical propagation
velocities occurring in the uppermost layers (~4 cm) below the ripple crest and an approximately exponentially
decreasing trend in vertical propagation velocities with depth.

The resolution of the FIS camera was sufficient to track the fluorescent signal of individual particles through the
bedform structure during the 10 pm experiment (Figure 7b). The peak of the particle count in the streambed was
reached after 305 s where in total 937 particles were detected below the monitored bedform at the glass interface.
During the experiment, the particle plume's center of mass moved along a trajectory approximately perpendicular
to the stoss side of the ripple (Figure 7a). Propagation velocity for both, the center of mass and the plume front,
initially was higher compared to later stages of the experiment, as indicated by the distance between consecutive
crosses and solid lines in Figure 7a. After approximately 1500 s, both the center of mass and the plume front
reached their final position, suggesting temporary or permanent immobilization of the 10 pm particles within the
bedform (Figure S4 in Supporting Information S1). At the end of the experiment at = 1800 s, still around 300
particles (Figure 7c) were located in the observable part of the bedform.

4. Discussion

Characterization of hydrodynamic flow conditions in the surface flow by combining PIV measurements and
CFD modeling showed the presence of flow separation and the formation of recirculating eddies downstream of
the rippled bedforms. The eddies and the streambed topography were responsible for an irregular distribution of
dynamic and hydrostatic pressure heads over the streambed interface, driving hyporheic exchange. The hyporheic
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Figure 6. Particle infiltration dynamics below the ripple crest. (a—b): Infiltration depth as a function of time: Shaded areas
correspond to the areas of variation based on the 5%-95% particle breakthrough criterium, highlighting the arrival of the
plume front. (c—d): Vertical propagation velocities, calculated from the plume front arrival times, fitted to an exponential
trendline.

flow field exhibited spatial patterns that are commonly described in literature for bedform-induced hyporheic
exchange, where infiltration occurs at the stoss side and exfiltration at the lee side of the bedform structure (e.g.,
Elliott and Brooks (1997); Frei et al. (2018); Janssen et al. (2012); Trauth et al. (2014)). The FIS monitoring
demonstrated that MPs between 1 and 10 pm were advectively transferred across the streambed interface with
the preferential infiltration location at the stoss side of the bedform. While pore-scale MPs (<100 pm) have been
found in high abundances in streambed sediments (Frei et al., 2019; Hurley et al., 2018), particles in this size
class do not settle easily under the turbulent flow regimes found in rivers and streams. Our findings provide clear
evidence that hyporheic exchange is the dominant mechanism for the transfer of small (sub-) pore-scale MPs into
streambed sediments as was suggested before by Drummond et al. (2020, 2022).

Although the general patterns of MPs infiltration into the bedform structure were similar for all particles, there
were differences in the infiltration dynamics, in particular the timing of the onset of detectable infiltration and
the maximum penetration depth. Based on the arrival of the MPs plume below the ripple crest, all particles
propagated rapidly into the first few centimeters of the bedform, and vertical propagation velocity decreased
approximately exponentially with depth. This behavior matched the hyporheic flow field as expected from the
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Figure 7. Infiltration experiment with 10 pm particles, analyzed by single particle tracking. (a) Particle center of mass (crosses) and plume fronts (solid lines) over
time. The results are shown in 60 s-intervals during the experiment and highlighted after 600 s (cyan color), at which time also the background image was acquired,
additionally indicating the detected particles (blobs). (b) Superposition of individual particle positions in the streambed, shown in 60 s-intervals during the experiment,
and color-coded (blue to red), indicating the time since the start of the experiment. The air-water and streambed interfaces as well as the mask used to differentiate
between infiltrated and deposited particles are shown in black. (c) Number of all particles detected in the monitored streambed section over time (red crosses),
complemented by rolling mean over 10 s (blue solid line).

advective pumping model that is often used to describe bedform induced hyporheic exchange (Elliott, 1991;
Grant et al., 2020; Saenger, 2000; Zhou & Mendoza, 1993). The CFD model supported this finding and addi-
tionally indicated that particle retardation in the streambed sediment increased with flow path length (Dichgans
et al., 2023).

Waldschlidger and Schiittrumpf (2020) used the particle/sediment grain size ratio D = d,;, dg™' as a reliable indi-
cator for the penetration depths of MPs into sediments. Column experiments showed that infiltration did not occur
for D > 0.32 and penetration depths were highest for D < 0.11. Although the number of experiments performed
in our study was limited, we also observed that higher particle/sediment grain size ratios tended to result in lower
penetration depths and delayed onset of infiltration. For example, we observed the highest penetration depth of
11 cm for lowest D = 0.001 (1 pm particles) and a lower penetration depth of 7 cm for highest D = 0.01 (10 pm
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particles). However, it is important to note that the 3 pm particles in coarse sediment (D = 0.0029) infiltrated
deeper into the sediment (10 cm), than the 1 pm particles in fine sediment (D = 0.0028), where a maximum
depth of 5 cm was observed. Although the particle/sediment grain size ratio has been identified as a reliable
indicator for the infiltration depths of MPs into sediments, the relationship between D and penetration depths
for bedform-induced hyporheic exchange may not be as straightforward as in one-dimensional column exper-
iments where infiltration occurs vertically. While column studies indicate that mechanical straining becomes
relevant for D > 0.002 (Bradford et al., 2002; Lu, Gilfedder, Peng, Niu, & Frei, 2021), the specific mechanism
of particle entrainment in the streambed cannot be elucidated with the present data set. Various mechanisms
influence particle transport in porous media, such as mechanical straining in the pore throats and attachment to
the streambed sediments (Molnar et al., 2015). The impact of straining reduces with infiltration depth, and small
particles (1-3 pm) retained deeper within the streambed may be affected more by colloid attachment (Bradford
et al., 2003), which can lead to reversible as well as irreversible filtration (Chu et al., 2019). The quick decrease
in concentrations of MPs and their low residuals at the end of the experiment for the 1 pm, 3 pm and high-flow
experiment suggested that particle retention in the streambed was caused by reversible processes potentially facil-
itated by the use of deionized water in the experiment (Torkzaban et al., 2010). The retention of 10 pm particles
in the streambed however suggests that mechanical straining is the dominant retention mechanism that prevents
the deeper propagation of the particles into the streambed sediments.

Our experiments indicate that (sub-) pore-scale MPs exhibit high mobility in streambed sediments. In natural
fluvial systems, infiltration depth is likely to exceed the depths observed in our controlled flume experiments.
Bedform-driven hyporheic exchange and stream/groundwater interactions occur at various spatial and temporal
scales and are influenced by multiple factors (Boano et al., 2014). Deeper hyporheic flow cells induced by head
gradient variations over larger bedform structures, such as pool-riffle sequences (Frei et al., 2018), have the
potential to transport particles deeper into hyporheic sediments. Also, under losing conditions where stream
water infiltrates into the aquifer, mobile pore-scale MPs can be transferred into groundwater as suggested by Frei
et al. (2019). In addition, hyporheic exchange is influenced by heterogeneous streambed conductivities (Laube
et al., 2018; Marion et al., 2008), affecting the transport of MPs from the surface water into the streambed.

For most experiments, mass fractions of particles that entered the streambed sediments in the study domain of
the flume were relatively low in comparison to particle transport in the surface water. In addition to particle size
and sediment properties, particle retardation in the streambed sediments was influenced by the hydrodynamic
forcing. This controls the magnitudes of advective flow velocities and volumes in the streambed sediments during
hyporheic exchange. An increase in the surface flow velocity (high flow experiment) resulted in the fastest
observed MPs breakthrough, and almost no residual particles were detected in the bedform at the end of the
experiment, unlike in the low flow experiments. Flooding events have been recognized as significant drivers
of MPs remobilization from streambed sediments, with reductions in MPs loads stored in sediments of up to
70% as reported by Hurley et al. (2018). During flooding, shear forces acting at the streambed interface lead to
erosion of the bedform structures. This results in the suspension of river sediments and associated MPs and its
transport through the river network. Results from our study suggest that in addition to flooding events, streambed
sediments may be effectively flushed of pore-scale MPs during periods of increased discharge, under conditions
when bedform structures remain stable.

In the fine sediment experiment, mass balance calculations based on the surface breakthrough curves indicated
that a significant fraction of the inflowing particles (22%) was present in the study domain at the end of the
experiment. Although particles can be retained in surface flow, for example, due to entrapment in recirculation
eddies and at the streambed interface due to heteroaggregation, this effect was not observed in the other exper-
iments given similar hydrodynamic conditions. This suggests that surface retention was of minor importance
in the flume experiments and that most particles were retarded in the streambed sediments. This conclusion is
supported by the FIS monitoring, which did not detect any trend in increasing particle concentrations in the areas
where eddies are present or at the streambed interface.

Based on our experiments, we have found that fine sediment areas in streambeds have the potential to accumulate
(sub-) pore-scale MPs where mechanical straining reduces particle mobility. While the duration of our flume
experiments was insufficient to determine whether the particles were immobilized permanently or temporarily,
results from particle tracking of 10 pm MPs suggest that a considerable portion of infiltrated particles showed a
prolonged residence time. Pore-scale MPs that become immobile in fine sediment areas of streambeds pose an
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increased risk for uptake by benthic organisms, since longer exposure times increase the likelihood of ingestion.
Under these conditions, hyporheic sediments are especially vulnerable to MPs accumulation and can represent
a primary entry point for MPs into riverine food webs (Huang et al., 2021; Wagner et al., 2014). Fine sediment
loadings in many rivers and streams have been observed to exceed background levels, primarily due to changes in
land cover, land use, and management practices (Collins & Zhang, 2016; Farnsworth & Milliman, 2003; Foster
et al., 2011; Owens et al., 2005). It is anticipated that the trend of increasing fine sediment loadings in rivers
and streams will persist in the future, due to the effects of climate change on rainfall and runoff regimes (Burt
et al., 2016; Walling & Collins, 2016). This may also lead to a further accumulation of MPs in streambed sedi-
ments, exacerbating the existing issue.

This study analyzed the transport of almost neutrally buoyant MPs. Density is a key factor controlling particle
transport, which can be transported floating, suspended or as bedload (Waldschliger et al., 2022). For larger
particles between 1-3 mm, the location of MPs in the water column is similar to mineral sediments (Born
et al., 2023), indicating that higher density MPs are more likely to be transported near the streambed. Conversely,
turbulent mixing, such as caused by the weir overflow in our experiment, can also transport low density MPs
to the streambed interface (Shamskhany & Karimpour, 2022). Within streambed sediments, low-density MPs,
such as polyethylene and polypropylene, exhibit higher mobility, whereas high-density MPs, auch as polyamide
and polyethylene terephthalate, are retained (He et al., 2021). The hydrodynamic behavior is influenced by addi-
tional processes under real environmental conditions. Biofilms on the surface of MPs facilitate the formation
of heteroaggregates, as particles become “sticky” due to attached extracellular polymeric substances (Hossain
et al., 2019; Long et al., 2015; Michels et al., 2018). While the formation of biofilms is typically more prevalent
in lentic systems, it has been reported to be relevant in rivers and streams (Weig et al., 2021). Biofilms may form
on MPs prior to entering fluvial systems, for example, due to their passage through wastewater treatment plants
or in soils (Martinez-Campos et al., 2021; Zhang et al., 2019). The adhesive properties of biofilms may enhance
the likelihood of particle heteroaggregation on the streambed, rather than being transported into the sediment
via hyporheic exchange. Also, larger heteroaggregates containing both MPs and natural particles are not able to
infiltrate into the streambed sediments as readily as individual, pristine particles.

Our experiments focused on the infiltration of microplastics into a stationary rippled streambed. Under natu-
ral conditions, bedform structures are rarely stable long-term. Small-scale hydrodynamical conditions create
highly dynamic areas of erosion and sedimentation. As a result, bedform structures such as ripples or dunes
migrate as “moving bedforms” in the direction of streamflow (Southard, 1991). The exchange of solutes and
colloids between surface flow and streambed can be significantly higher for moving bedforms compared to stable
bedform structures (Packman & Brooks, 2001). Recent flume experiments have demonstrated that dynamic sedi-
mentation and erosion processes result in the preferential accumulation of clay particles within streambed sedi-
ments (Teitelbaum et al., 2021). Future research must address whether the accumulation of MPs within moving
bedforms occurs similarly to that of clay particles and whether the erosion and sedimentation cycles associated
with moving bedforms enhance the transfer of MPs into streambed sediments, as compared to stable bedforms
where MPs exchange is purely driven by bedform-induced hyporheic exchange.

5. Conclusion

In analogy to solute transport, advective transport has been suggested as one potential mechanism driving the
exchange of (sub-) pore-scale MPs between surface water and the streambed. This study confirms this hypoth-
esis, as we were able to detect MPs migration between surface flow and streambed sediments and additionally
link particle transport to the hydrodynamic characteristics of the flow. Smaller particles (1-3 pm) showed higher
mobility and infiltrated into deeper areas of the sediment, while larger particles (10 pm) were retained in shal-
lower parts of the streambed. Streambed sediment grain size had a major influence on the pattern of particle
infiltration and retardation in the streambed.

Our results suggest that MPs are concentrated in the upper sediment layers in natural streams and show enhanced
residence times within finer sediments. A prolonged immobilization near the streambed interface enhances the
potential of particle uptake by benthic organisms and subsequent transfer within the aquatic food chain, possibly
threatening local ecosystems. More work is needed to transfer the mechanistic understanding of MPs transport
processes from laboratory experiments to real-world scenarios in order to improve our understanding of the fate
of MPs in rivers and streams.
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Introduction
This document provides additional details to describe the following topics:

e Short description of calibration of Fluorescence-Imaging-System (Text S1)
e Boundary conditions used in the numerical model (Text S2)

e Bedform stability during the experiment (Text S3, Figure S1)

e Hydrodynamical characterization of the flow (Text S4, Figure S2)

e Breakthrough curves of Microplastics in the streambed (Figure S3)

e Individual particle detection in the streambed (Figure S4)

e Overview of the presented experiments (Table S1)
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Text S1.

The Fluorescence-Imaging system was calibrated using suspensions of MPs in both
surface water and pore space of the streambed sediments. Local regressions were
performed by averaging squares of 10 x 10 pixels, and the resulting calibration slopes
were filtered with a 2d Gaussian filter to achieve a homogeneous distribution. The two
resulting slope fields were merged according to the position of the sediment-water-
interface during the experiment, which was identified using an edge detection algorithm
(The MathWorks Inc., 2019). A detailed discussion of the quantification technique has
been presented in (Boos et al., 2021).

Text S2.

The numerical model was built as an exact representation of the flume, including the
initial section of the flume (similar to Figure 1 in Dichgans et al. (2023) ). Thus, the
boundary conditions have been chosen accordingly. For the velocity field U, we selected
flowRatelnletVelocity at the inlet (U governed by prescribed discharge),
pressurelnletOutletVelocity at the outlet and “atmosphere” patches (U prescribed
through pressure boundary), noSlip at the walls. As turbulence was represented using
large eddy simulation (LES), only boundary conditions for the parameter nut (v; =
turbulent viscosity) are required. We applied the nutUSpaldingWallFunction for the walls
(Spalding’s wall function), while the remaining patches (inlet, outlet, atmosphere) are set
to the type “calculated” (set via field assignment). The sediment bed was represented
with a conductivity of ks = 3.44 - 10 m s'. A porosity value has not been defined, as the
energy loss in the porous medium was computed using the Darcy law.

Text S3.

The bedforms were formed manually according to a fixed pattern. Minor changes in
bedform morphology were observed between experiments, but were negligible for our
analysis (Table S1). In addition, the profiles acquired during the experiment and after
experiment completion were sufficiently close (Figure S1), such that the bedform was
considered stable throughout the experiment.
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Text S4.

The surface water levels in the control volume section were affected by both weirs,
installed at the in- and outlet boundary (Figure S2). The V-notch weir at the outlet
caused an increase of the water level with a head gradient of (3.1 + 0.2) mm/m, (Figure
S2), which matched the flume slope of 3.0 mm/m. This implies that the local velocity field
at the investigated section in the middle of the study domain is not significantly
influenced by the downstream weir and the infiltration pattern reflects the local bedform
morphology. Water levels decreased in the immediate vicinity of the V-notch weir.
Spatial variations of surface water levels were similar for all low flow experiments. The
maximum overflow height in front of the weir was 39 mm during low flow, and 52 mm
for the high flow experiment. Calculated discharge for the outflow weir was 6 % lower
than the values obtained from direct MID measurements (0.29 L/s and 0.60 L/s).
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Figure S1. Comparison of bedform morphology near the upstream end of the study
domain, measured during and after the experiment (fine sand).
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Figure S2. Surface water level profiles along the study domain, measured at 6 locations
between 3.15 m and 4.88 m. Water level is influenced by the inflow and outflow weirs
(located at 240 cm, and 489 c¢cm, each 15 cm high).
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Figure S3. Breakthrough curves in the streambed below the ripple crest
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Figure S4. Results from individual particle detection (10 pm experiment), averaging
particle positions by a 60 s moving average.

(a): Position of particle center of mass over time. After ~ 1500 s, the position changes
only slightly. (b): Propagation velocity of the center of mass, additionally filtered by 60 s
moving average. Infiltration is rapid in the beginning and becomes slower over time.
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Characteristic Unit 1T um 3 um 10 um Fine sand High flow
dwp [um] 1 3 10 1 1

dsand [um] 1032 1032 1032 357 1032
D = dwpdsand’  [-] 0.0010 0.0029 0.0097 0.0028 0.0010
Q m*h"  1.09 1.09 1.00 1.05 2.15

Vx [ms™ 0.076 0.070 0.079 0.066 0.114
mo [mg] 54 98 78 53 28
My,in [m-%] 96.4 98.7 97.2 97.7 95.3
Myout [m-%] 97.9 98.8 994 76.5 94.2

a [mm] 27 29 28 29 27

A [mm] 199 200 201 201 201

n [%] 60 58 60 55 55

Table S1. Characteristics of the experiments: dwe refers to the MP diameter, dsand to the
median sediment diameter, D = dwpdsana’ the particle/grain ratio, Q is the discharge; vx is
the mean longitudinal velocity and mo is the total injected MP mass. Additionally, the
recovered MP mass at the inlet and outlet of the measurement area are denoted by m,n
and myou. The bedform was characterized by the ripple amplitude g, the ripple length A
and the relative length of the stoss side n. Additionally, the recovered MP mass at the
inlet and outlet of the measurement area are denoted by myi» and mou.

Movie S1. Comparison of microplastics infiltration into the streambed sediments
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ARTICLE INFO ABSTRACT

Keywords:
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Hyporheic zone

Hyporheic exchange

Computational fluid dynamics (CFD)
OpenFOAM

Despite the significance of rivers and streams as pathways for microplastics (MP) entering the marine envi-
ronment, limited research has been conducted on the behavior of MP within fluvial systems. Specifically, there is
a lack of understanding regarding the infiltration and transport dynamics of MP across the streambed interface
and within the hyporheic sediments. In this study, transport and retention of MP are investigated using a new
numerical modeling approach. The model is built as a digital twin of accompanying flume experiments, which
are used to validate the simulation results. The model accurately represents particle transport in turbulent water
flow and within the hyporheic zone (HZ). Simulations for transport and infiltration of 1 um MP particles into a
sandy streambed demonstrate that the advection-dispersion equation can be used to adequately represent par-
ticle transport for pore-scale sized MP within the HZ. To assess the applicability of the modeling framework for
larger MP, the experiment was repeated using 10 um particles. The larger particles exhibited delayed infiltration
and transport behavior, and while the model successfully represented the spatial extent of particle transport
through the HZ, it was unable to fully replicate hyporheic transit times. This study is the first to combine explicit
validation against experimental data, encompassing qualitative observations of MP concentration patterns and
quantification of fluxes. By that, it significantly contributes to our understanding of MP transport processes in
fluvial systems. The study also highlights the advantages and limitations of employing a fully integrated
modeling approach to investigate the transport and retention behavior of MP in rivers and streams.

specifically under environmental conditions are still largely unknown
and subject of current research (Besseling et al., 2017a; Burns and

1. Introduction

In recent years, microplastics (MP) have been identified as a global
environmental micropollutant (Andrady, 2011; Napper and Thompson,
2020). Since the term was coined by marine researchers (Thompson
et al., 2004), research has long been focusing on marine environments
(D’Avignon et al., 2022). MP are synthetic particles with a size range
from 1 um to 5 mm (Frias and Nash, 2019). The widespread use of plastic
products has also led to an increase in plastic pollution. Abrasion during
use as well as improper disposal leads to fragmentation of larger plastic
debris into smaller particles that ubiquitously can be found in the
environment (Horton and Dixon, 2018; Koelmans et al., 2014; Petersen
and Hubbart, 2021; Ahmadi et al., 2022). As the vast majority of poly-
mers released into the environment are not biodegradable, MP pollution
is a long-lasting problem (Laforsch et al., 2021). The effects of MP
pollution on aquatic organisms (pelagic, benthic and hyporheic),

* Corresponding author.
E-mail address: franz.dichgans@ufz.de (F. Dichgans).

https://doi.org/10.1016/j.watres.2023.120349

Boxall, 2018; Windsor et al., 2019), though initial works indicate
adverse effects (Choi et al., 2021; Laforsch et al., 2021).

Pollutants, including MP, are transported from terrestrial sources via
rivers and streams into marine environments. As a major transport
pathway, streams and rivers play a key role in understanding the fate of
MP in the environment (Mani et al., 2016; Meijer et al., 2021; Schmidt
et al., 2017). Rivers are not only transport corridors, but also retain
considerable amounts of MP in their sediments (Castaneda et al., 2014;
Constant et al., 2021; Frei et al., 2019; Laermanns et al., 2021; Mani
et al.,, 2019; Nizzetto et al., 2016). However, most studies on MP
transport in fluvial systems have mainly focused on identifying domi-
nant transport pathways from source areas to marine systems, neglect-
ing the impact of MP pollution on the riverine environment and
small-scale transport phenomena. These coarser-scaled approaches,
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frequently rely on often not well tested analogies from sediment trans-
port in fluvial environments (Besseling et al., 2017b; Lebreton et al.,
2017; Nizzetto et al., 2016; Siegfried et al., 2017) or are simplifying the
mechanistic processes in riverine environments (Domercq et al., 2022;
Drummond et al., 2022, 2020). First laboratory studies with MP parti-
cles of approximately neutral buoyancy suggest that these particles are
conservatively transported in the surface flow similar to solutes (Cook
et al., 2020; Stride et al., 2023).

The hyporheic zone (HZ), occupying the uppermost sediment layers
in a river and the interface between the river and its adjoining aquifer is
provider of many ecosystem services (Lewandowski et al., 2019). It can
be defined as comprising saturated streambed sediments with flow paths
originating from and subsequently returning to the surface water
(Harvey and Bencala, 1993; Lewandowski et al., 2019). Studies have
shown high abundances of different MP particles in the HZ without
specifically investigating the associated transport and retention mech-
anisms leading to the observed accumulation (Frei et al., 2019). How-
ever, a mechanistic understanding of processes resulting in the
accumulation of MP in streambed sediments is essential for under-
standing the impact of MP in the HZ.

The effects of pollutants on organisms are strongly linked to the
exposure time (Amoatey and Baawain, 2019), which is in turn correlated
with the transport time scales. Besides hazardous effects after ingestion
(von Moos et al., 2012), MP particles also can leach potentially harmful
substances (Schrank et al., 2019) and are known as vectors for patho-
gens (Kirstein et al., 2016; McCormick et al., 2014), further highlighting
the importance to estimate hyporheic transit times for MP. Transfer of
MP from surface flow into the hyporheic sediments and mobility within
porous media needs to be studied to accurately predict hyporheic transit
times and retention quantities in fluvial systems (Drummond et al.,
2020). The retention of MP in stream networks in turn affects the
transfer of MP from the terrestrial to the marine system (Besseling et al.,
2017b) and hence controls MP loadings to the sea. Laboratory studies
have been performed to specifically investigate the hydrodynamic
controls on MP transport processes relevant to fluvial systems, but re-
sults from these studies have not been extrapolated to larger scales
(Hoellein et al., 2019; Waldschlager and Schiittrumpf, 2020). This gap
can be closed through calibrated hydro-numerical models, which allow
extrapolation of small-scale findings to larger scales such as river rea-
ches or entire catchments.

Process based modeling of surface-groundwater interactions as well
as hyporheic exchange is often carried out using weakly (sequentially)
coupled models: Here, the river hydrodynamics are simulated without
accounting for advective exchange of water with the HZ and where the
pressure distribution along the streambed interface is used as a bound-
ary condition for a separate HZ model (Dudunake et al., 2020; Ren and
Zhao, 2020; Trauth et al., 2013; Xiao et al., 2022). Other studies have
focused on conservative and reactive solute transport and the resulting
concentration patterns in the HZ in fully-coupled versus weakly-coupled
models (Li et al., 2020). It has been suggested to use integral modeling
for a detailed analysis of hyporheic exchange processes, which can
improve the accuracy of simulation results (Broecker et al., 2019). These
integrated approaches have been used mostly for the validated investi-
gation of solute transport in streambeds and were a significant advance
in the modeling of hyporheic exchange processes (Broecker et al., 2019,
2018; Sobhi Gollo et al., 2021; Sobhi Gollo et al., 2022a, Sobhi Gollo
et al., 2022b). These works mostly focused on solute transport and not
on particle transport and were focused more on capturing the overall
spatiotemporal distribution of a dye tracer in the hyporheic sediments,
while locally occurring concentrations could not be fully validated due
to the lack of a respective dataset.

In this paper we address this gap and present a novel numerical
modeling scheme based on the OpenFOAM toolbox, which allows an
integrated hydrodynamic simulation of the interactions between the
surface water and the HZ. The numerical modeling is based on data from
laboratory flume experiments where a novel tracking method was used
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to investigate and quantify the transfer of MP between surface flow and
streambed sediments (Boos et al., 2021). By building a digital twin
model of the laboratory setup, the results of the numerical model can be
directly validated. This specific combination of integrated modeling and
a reference flume experiment with a full quantification of MP transport
in the open water and in the hyporheic sediments enables us to inves-
tigate the following research questions on MP transport in fluvial sys-
tems with unprecedented rigor:

e Can the proposed integrated mechanistic CFD methodology
adequately reproduce the transport behavior of very small MP par-
ticles, as investigated in the accompanying laboratory experiments
qualitatively as well as quantitatively?

e Are sufficiently small MP particles transported in the HZ in a similar
manner as a conservative solute tracer?

e How does particle behavior in the flume and HZ change with
increasing particle size?

e Can commonly-used concepts to simulate solute transport in porous
media be adapted to account for deviating behavior of larger
particles?

2. Methodology
2.1. Model overview

To investigate the transport mechanisms for MP particles at the
streambed interface, a two-fold approach has been developed. A nu-
merical model was set up using the open-source C++ suite of compu-
tational fluid dynamics (CFD) solvers OpenFOAM (Weller et al., 1998).
The model was set up as a digital twin of accompanying laboratory ex-
periments. In the experiments MP transport was tracked in a flume and
across a model streambed interface using novel optical methods (Boos
et al., 2021). The experimental results were used to validate the nu-
merical model.

2.2. Case description

The flume experiments (Fig. 1) were performed using sand (with a
median grain size dsp = 1.04 mm and a hydraulic conductivity range of
ks = 3.44~% m/s) to mimic naturally occurring streambeds (Haque and
Mahmood, 1985). Prior to each experiment, the sand was carefully
sculpted into rippled bedforms, adhering to geometrical properties
representative for natural bedforms. The flume was inclined by 0.003
m/m and operated with deionized water at a constant discharge of 0.27
L/s.

Sediments were stabilized by using plates at the up- and downstream
sides of the flume (Fig. 1A). A V-notch weir located at the downstream
plate was used for the quantification of flume discharge. The experi-
ments were carried out using fluorescent 1 um and 10 um polystyrene
(PS, density 1050 kg/ms) microbeads.

Prior to the MP application, deionized water was pumped through
the flume and recirculated for 120 min until a quasi-steady state (a
condition where bedforms were stable and surface water flow was
perceived as quasi steady and uniform based on optical inspection) was
reached. After opening the water circuit, the MP sample was injected at
the inlet of the flume in a single pulse and the MP propagation in the
flume was monitored for a total duration of 2000 s. During the MP ex-
periments the flume was operated in a non-recirculating setup to allow
for an accurate monitoring of the entire MP breakthrough without re-
feeding the particles back into the flume.

The experimental methods which were used in the experiments
carried out for this work are described in detail in (Boos et al., 2021).
The MP concentration in the streambed sediments was continuously
measured for a monitoring window (Fig. 1B) wusing a
Fluorescence-Imaging-System (FIS) through the glass sidewall of the
flume (Fig. 2, Table 1). Fluorometers continuously monitored the MP
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Fig. 1. Model setup: (A) Longitudinal section of the model setup and monitoring locations, (B) Detailed view of the monitoring window.
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Fig. 2. MP monitoring setup in the hydraulic laboratory.

Table 1
Monitoring setup for the laboratory flume.

#  Parameter Instrument Monitoring location

1 Water surface Ultrasonic sensors

elevation

Six point measurements

along the experimental

section/control volume

Electromagnetic flow Feeder pipe/Downstream

meter + v-Notch end

3 Bedform geometry 2D X-Z laser profiler Complete bedform

4 2D (X-Z) velocity Particle-Image- Reference monitoring
field Velocimetry (PIV) window

2 Discharge

5 MP concentration in Fluorometer Inlet and outlet of the
surface water experimental section

6 MP concentration in Fluorescence- Reference monitoring
surface waterand HZ ~ Imaging-System (FIS) window

7 Temperature Levelogger Inlet tank

concentrations in the surface water at the up- and downstream ends of
the experimental section. The setup was supplemented with a 2D laser
profiler to digitize the bedform geometry and continuously monitor a
representative subset of the bedform during the experiments to ensure
bedform stability.

The water level was monitored continuously at six locations along
the flume centerline with ultrasonic water level sensors, mounted on top
of the flume. 2D surface flow velocities in the flume were measured
using Particle-Image-Velocimetry (PIV) (Boos et al., 2022). The velocity
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field was acquired at three adjoining ripples in the monitoring window
to validate the numerical model.

2.3. Turbulent flow and transport modeling

2.3.1. Governing equations

To model microplastic transport in the open water (stream) and in
the sediments (HZ), an integrated hydrodynamic model has been set up
using the numerical toolbox OpenFOAM (version v2112). The model is
solved using InterFoam, a solver for the computation of two-phase flows
with immiscible, isothermal, and incompressible fluids. It solves the
three-dimensional Navier-Stokes equations based on the finite volume
method. The phase interface is tracked using the volume of fluid (VoF)
method (Hirt and Nichols, 1981).

The HZ has been defined as a porous continuum with the hydraulic
losses being calculated based on the Darcy-Forchheimer equation (Eq.
(1)). The computed losses are applied to the momentum equation as a
sink term S:

S:f(yD+ @F)U (@)

Where y is the dynamic viscosity of the fluid [kg/m/s], p the density
of the fluid [kg/m3], D the Darcy coefficient [1 /m?], F the Forchheimer
coefficient [1/m] and U the flow velocity vector [m/s]. The Darcy co-
efficient D accounts for the viscous flow losses in the porous medium. In
the present case, it is set to D = 4.995 1077 1/m>?, based on the labo-
ratory analysis of the utilized bedform material as well as validation runs
with the numerical model. The Forchheimer coefficient F accounts for
the inertial losses within the porous medium, which are relevant in
turbulent flow regimes. In the investigated case, the porous flow regime
within the HZ is generally laminar with Reynolds numbers < 10, with
only singular areas within the first 2 cm below the bed surface on the
upstream ripple crest being located in the lower region of the transi-
tional regime with Reynolds numbers < 50 (Dybbs and Edwards, 1984).
Therefore, the coefficient is set to F = 0.

Transport of MP particles is simulated using the scalarTransport
function object, which solves the advection-dispersion (ADE) equation
for the non-reactive transport of a conservative solute at the end of each
time step. The use of the ADE to simulate the transport of 1 um MP
particles in the hyporheic sediments was motivated by recent evidence
that MP particles in this size range show transport behavior in ground-
water similar to that of conservative solutes (Goeppert and Gold-
scheider, 2021). To be able to account for possible particle retention and
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remobilization in the pore space due to a variety of processes, such as
physical clogging and heteroaggregation, a dimensionless advective
retardation factor R has been added to the scalar transport function
object, resulting in the following transport equation:

0 1
&(C) +EV~(MC) — V«(DrVC) =8¢ (2)
where C represents the scalar, U the flow velocity vector [m/s], D¢ the
dispersivity of the scalar [m?2/s], R the dimensionless retardation factor
and S the source term. In accordance with our own observations and
the findings of (Broecker et al., 2021), the scalar dispersivity is set to D¢
=2 x 107° m%s, accounting for the molecular diffusivity only. By
considering the particle cloud as a conservative scalar tracer, the
transport processes at the subgrid scale such as particle collision, homo-
or heteroaggregation processes are not explicitly resolved. Furthermore,
this assumes a largely uniform distribution of particles in the particle
cloud. Possible influences of the particle on the surrounding flow field
are not considered as well.

In natural flow over streambed ripples, complex turbulent structures
can evolve at the lee side of each ripple, which can either be directly
modeled numerically with a very fine mesh or indirectly approximated
with a turbulence model (Janssen et al., 2012). For the present case, a
large eddy simulation (LES) model was utilized to resolve turbulent
patterns. This model separates smaller turbulent structures and ap-
proximates them algebraically, while larger eddies are directly solved
(Ferziger et al., 2020). For the representation of the subgrid-scale, the
Smagorinsky subgrid-scale model was used.

Different commonly used and computationally less expensive
methods for representing turbulence patterns (such as k-e or k- o SST)
were tested, but resulted in less accurate flow fields, especially regarding
the representation of secondary currents as well as the flow separation
and eddy zone at the lee side of each stream ripple. As these inaccuracies
lead to an underestimation of the hyporheic exchange rate, these tur-
bulence modeling schemes were not applied. This is also matching the
findings of (Broecker et al., 2021; Sobhi Gollo et al., 2022b).

2.3.2. Discretization

Discretization of the model domain was done using different meshing
algorithms of the OpenFOAM suite. To allow for a clear separation of the
HZ from the surface flow domain, the mesh cell boundaries have to be
adapted to the bedform geometry. This is achieved by using the algo-
rithm MoveDynamicMesh, which deforms the hexahedral base mesh to
given geometry constraints. The weir plates in the flume are imple-
mented using SnappyHexMesh. The developed approach ensures that
the mesh is dominated by hexahedral and split-hexahedral mesh cells,
minimizing non-orthogonality (e.g. in comparison to prismatic meshes)
and allowing for an efficient and accurate representation of the geom-
etry in the mesh. The final computational mesh consists of 912,164 cells,
of which >99% are hexahedral. Refinements are implemented along the
sediment-water-interface and to the upstream/downstream weir plates.

LES modeling has strict requirements for the mesh resolution at the
mesh boundaries (Ferziger et al., 2020). To relax these requirements,
wall functions are commonly used. Instead of resolving the viscous
sublayer along the walls in the mesh, they implement the physics of the

Table 2
Boundary conditions for key parameters.
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near-wall flow in empirical equations. In the presented case, functions
based on Spalding’s law (nutUSpaldingWallFunction) were applied to
the wall boundaries.

2.3.3. Boundary and initial conditions

Boundary conditions for key variables of the model are listed in
Table 2. The inflow is realized as a fully submerged inflow boundary.
The outflow boundary is defined with a fixed water level of 0.10 m.
Therefore, the digital twin model does not require dynamic boundary
conditions for the phase fraction variable alpha.water and can be
operated with fixed Value boundary conditions for the alpha.water
variable at the inlet and outlet patches. The top of the virtual flume is
modeled to allow the air phase to move freely. Along the flume walls, as
well as along the weir plates at the inlet/outlet of the experimental
section, noSlip conditions are applied. The MP tracer has been injected
in the model through a cell zone at the location of the upstream fluo-
rometer in the laboratory model. The injected particle concentration
could therefore be prescribed from the lab-measured concentrations at
this point.

3. Results
3.1. Hydrodynamic characterization of the flow

The surface water flow field in the monitoring section showed a
typical pattern for the given bedform geometry as observed in the
seminal experimental work by Elliott and Brooks (Elliott and Brooks,
1997). At the specified discharge of 0.27 L/s, the water depth ranged
between approx. 0.04 m over the ripple crests to 0.07 m at the
inter-ripple troughs. The water elevations showed a close match be-
tween the physical and numerical models, without significant deviations
(< 1 mm).

In the upper ~ 3 cm of the surface water flow, the main flow passes
over the ripple crests, with a zone of maximum velocities at and
downstream of the ripple crests (Fig. 3). At the lee side of each ripple, a
single eddy is forming, rotating around the Y-Axis (Fig. 5). The flow
shows a clear separation between the eddy zone and the main flow zone
as shown in Fig. 3. The flow velocities in the centerline of the flume
approximately range from 0.08 to 0.14 m/s in the main flow and 0 to
0.08 m/s in the eddy zone.

Simulated surface flow velocities for the monitored ripple segment in
general are matching the observed ones (Figs. 3 and 4). Shape and
magnitude of relevant features of the flow velocity field, such as the
general flow direction, peak over the ripple crest, and eddy zone in the
ripple valley are accurately represented in the digital twin (Fig. 3).
Simulated and observed velocity magnitudes for surface flow are
differing by only ~0.01...0.02 m/s between the PIV and CFD results.
Largest differences mostly occur within the upper flow regime, whereas
the velocity magnitudes in the ripple valleys are matching closely. To-
wards the air-water interface, the measured flow velocities are dropping
sharply, whereas the modeled velocity field does not show such a sharp
drop (Fig. 4).

The flow conditions in the flume can be characterized as narrow
open channel flow, with an aspect ratio of flow depth to channel width

Boundary p_rgh (Pressure) U (Velocity) alpha.water (Phase fraction)

Inlet fixedFluxPressure: Pressure gradient set to fulfill the prescribed = flowRateInletVelocity: Uniform velocity field to match fixedValue:Value is fixed, in this
U boundary condition the prescribed flow rate case water only

Outlet fixedValue: Value is fixed to maintain an approximately constant ~ pressurelnletOutletVelocity: Governed by the pressure fixedValue:Value is fixed, in this
water level over the outlet patch boundary condition case water only

Atmosphere  totalPressure: Patch pressure described by subtracting the pressurelnletOutletVelocity: Governed by the pressure inletOutlet:Zero Gradient, no

dynamic pressure from the reference pressure
Walls fixedFluxPressure: Pressure gradient set to fulfill the prescribed
U boundary condition

boundary condition
noSlip:U = 0 at the wall

return flow
zeroGradient:Zero gradient
condition
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Fig. 3. Velocity field in the flume: (A) Observed (A1) vs simulated (A2) velocity magnitudes in the flume centerline (B) Velocity component magnitudes in the main
flow direction (U_X) and in lateral direction (U_Y) at the ripple crests, showing the friction-induced secondary currents in the narrow flume.

of ~1.25...1.5 (Jing et al., 2019). This results in pronounced secondary
currents (Nikitin et al., 2021; Yang et al., 2012), which were also rep-
resented in the CFD model and are one of the reasons for using a 3D
model. The PIV data did not feature cross-sectional velocity field mea-
surements as the laboratory setup only allowed PIV recordings in the XZ
plane. Hence a direct comparison of the simulated lateral flow compo-
nents (Fig. 3B) with experimental data was not possible.

In the hyporheic zone, the typical hyporheic flow cells as illustrated
in the seminal work by (Elliott and Brooks, 1997) develop between the
ripple surfaces (Fig. 5). An underflow section is forming due to the
inclination of the flume. Due to slight variations of the ripple geometries,
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the flow patterns slightly differ for consecutive ripples, but the hypo-
rheic flow field for the ripples is independent from each other, since
local infiltration patterns did not expand over more than one bedform.

3.2. Fully integrated simulation of open water and HZ

A key feature of this work is the integration of subsurface and surface
water flow and interactions between both flow domains into a single
integrated model. Calculations of the hyporheic flow conditions are
based on the Navier-Stokes equations, with the energy losses through
the porous medium being calculated based on the Darcy-Forchheimer
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Fig. 5. Flow pattern (streamlines) within the monitoring window, showing
surface flow with developing eddies at the ripples’ lee sides and the hyporheic
flow cells with the underflow.

equation. This allowed for an accurate representation of the hyporheic
exchange processes, since hyporheic flow is not only influenced by hy-
drostatic pressure-differences, but also by dynamic pressure variations
over the bedform resulting from the turbulent flow regime in the surface
water (Broecker et al., 2019). Furthermore, the permeable streambed
allowed for  bidirectional exchange flows across the
open-water-sediment interface, which fed back into the flow processes
in the surface water. To illustrate this interrelationship, we showcase
results from a simulation with an impermeable streambed in comparison
to our fully integrated simulation in Fig. 6. The velocity fields are
distinctly different (Fig. 6A1 and Fig. 6A2). In particular, the shape, size,
and magnitude of the eddies on the lee side of each ripple are signifi-
cantly different, as backward-facing eddies are only forming when the
HZ is included in the simulations. This also results in slightly different
water levels in the model. Due to these differences, the pressure field
differs between a fully integrated and a quasi-non-coupled computation,
as shown in Fig. 6B. The plot shows the pressure difference without the
hydrostatic component (p_rgh) between the cases with and without a
coupled HZ at the interface between surface water and HZ. As indicated
by the velocity fields, the pressure differences in the ripple valleys are
significant, which is caused by lack of pronounced eddy formation in the
quasi non-coupled case.

3.3. Transport of 1 um MP particles

A qualitative, visual assessment of the MP infiltration into the
streambed sediments showed that the complex flow patterns in the open
water resulting from the narrow flume setup lead to asymmetries in
particle infiltration into the HZ. These asymmetries were observed be-
tween the left and right sides of the flume, as shown also in Fig. SI4.
Therefore, the following comparisons between the laboratory

experiment and the digital twin were carried out at the left wall of the
flume, as the optical measurements of MP concentrations are taken
through the left sidewall of the flume and hence reflect concentrations
on that side of the flume.

The simulated and observed MP propagation through the streambed
sediments in the monitoring window are compared in Fig. 7. It is shown
that the MP particles followed the hyporheic flow paths (Fig. 5) and
propagated according to the velocity field in the HZ. This led to a sickle-
shaped infiltration front, which propagated through each ripple, with
the majority of the MP particles exiting the ripple surface in the lower
third of the lee side. Infiltration of MP took place preferentially on the
upstream and downstream faces of each ripple, with an infiltration zone
on the lower half of the upstream face and the main exfiltration zone on
the lower third of the downstream face. Due to small variations in the
ripple shapes, in- and exfiltration areas varied slightly in their location
and spatial extent for each ripple sequence. Due to the flow separation
between individual hyporheic flow cells (Fig. 5), flow in one cell did not
directly influence flows in the downstream cells. The MP front itself
appeared more spatially defined in the CFD results than in the FIS
dataset, specifically during the initial 800 s of the experiment.

The blanked areas visible in Fig. 7 result from limitations in the
optical measuring approach and inaccuracies in the conversion of the
fluorescent intensity recordings to MP concentrations. In the post-
processing of the FIS data, we blanked areas where the recorded con-
centrations were outside of the observed local concentration range of
0...1500 mg/m>. Furthermore, around the bedform interface, implau-
sibly large MP concentrations occur before t = 500 s. These are attrib-
uted to a mismatch of the calibration slopes for surface and subsurface
area in the transition zone around the bedform interface and subse-
quently blanked as well.

The comparison of the hyporheic MP-concentration patterns be-
tween the flume experiment and the digital twin model generally shows
a close match. The propagation speed of the infiltration front through
the HZ as well as its shape are fairly well matched by the model as
illustrated in Fig. 7. In the simulations the early MP concentrations in the
surface water (at 400 s in Fig. 7) were slightly elevated in the ripple
valleys, while the FIS recorded a more uniform MP concentration field. A
comparison of the infiltration patterns in Fig. 7 also suggests that the
application of a retardation factor is not required to model the propa-
gation of the 1 um MP particles. It was therefore set to R = 1 (equivalent
to no retardation) for the modeling of 1 um MP particle transport.

To quantitatively assess the propagation speed of the concentration
front through the streambed ripple, the concentration over a vertical
section at x = 3.77 m was extracted from the physical and numerical
models (Fig. 1B slice sampling bar). To compare the propagation speed,
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Fig. 6. Velocity field in longitudinal section along the flume centerline without (A1) and with (A2) integrated modeling of a HZ. The pressure difference without the
hydrostatic components (p_rgh) between the two cases is shown in (B), with the bedform shown as a dashed line.

the time when the peak concentration passed through the section at
different depths is analyzed in Fig. 8. Additionally, for each sampling
point the interval of presence of the respective highest 5% of the
measured MP concentrations is shown. With an average relative error of
13.1% in the surface water section and 5.3% in the streambed, the exact
peak arrival times are predicted satisfactorily by the model. Addition-
ally, the interval, where the largest 5% of the MP concentration passes
over the monitoring points has been extracted and shown in the figure.
The comparison shows a close match of these intervals between the two
datasets, as they coincide for all sampled points. When comparing the
mean time of these intervals, the relative error within the surface water
section is reduced to 8.3% in the surface water and to 4.7% in the HZ.
These intervals furthermore highlight the previously mentioned spatial
variability of the infiltration fronts within the porous medium. While the
CFD results show a monotonically increasing interval length with depth,
the interval width of the lab-measured data is overall increasing with
depth, but not monotonically.

Due to the overexposure of the FIS data for the HZ in the boundary
layer (blanked areas in Fig. 7), the propagation curves had to be
reconstructed partially through curve fitting. The parameters are given
in the supplementary material S2. The quantitative assessment of the MP
transport is carried out via comparison between the simulated and
observed MP breakthroughs at the up- and downstream ends of the
flume as well as within the monitoring window. The concentration peak
passes through the experimental section within 75 s. Fig. 9 indicates the
breakthrough curves resulting from the inflow and outflow concentra-
tions in the experimental section for the initial 750 s of the experiment.
As the in- and outflow concentrations reach the lower quantification
limit of the fluorometers (0.36 mg/ms) at around 700 s and 750 s
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respectively, the mass balance cannot be fully closed based on the
fluorometer data. The dataset extracted from the digital twin model is
matching the fluorometer data from the laboratory experiment. As the
upstream fluorometer serves as the inflow boundary condition for the
MP particles in the CFD model, both time series are identical (Fig. 9A).
The injection starts at t = 40 s. 50% of the mass is injected before t = 144
s, and 99% by t = 430 s. The downstream fluorometer model results
correlate closely with the laboratory measurements at a determination
coefficient of R> = 0.9943 and show a normalized root mean square
error (NRMSE) of 0.0148. In regard to the passed mass (i.e. the curve
integral of the display concentration curve), 50% of the injected MP
mass passed within 199 s and 200 s for laboratory and model respec-
tively. 90% of the particle mass passed through the experimental section
after 384 s and 367 s respectively. Upon reaching the quantification
limit of the lab fluorometers at 750 s, 95.11% of the injected particles
exited the laboratory model, while 98.67% have been discharged in the
CFD model.

With the CFD model, the mass fraction of MP particles in the
streambed sediment and surface water compartments can be tracked
separately as well as globally without relying only on the in- and outflow
measurements. After 504 s, the total particle mass present in the
streambed sediments surpassed the one in the surface water compart-
ment. At this point, the fluorometer data indicates that 96.9% of the MP
particles have passed through the laboratory flume, compared to 96.6%
obtained from the CFD results data indicates that 96.6% of the particles
have been transported through the digital twin (Fig. 9A). Both results
indicate that the majority of the particles are transported through the
surface water section of the flume. The injection of MP into the model
stops at 529 s. With the aforementioned passing time of 75 s, the
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presence of MP in the surface water after 604 s must predominantly
result from releases from the HZ.

Apart from the global quantifications, MP infiltration can be
analyzed numerically within the monitoring window. The laboratory
measurement of the MP concentration in the HZ is taken through the
sidewall of the flume, resulting in the monitoring of a quasi-2D plane
due to the opacity of the sediment. For the surface water section, the FIS
is also detecting the concentrations behind the HZ monitoring plane, as
the water is not blocking the fluorescent signal from the particles. The
CFD-equivalent for the surface water section is therefore the average
over the complete flume width rather than only the 2D section at the
outer wall.

To analyze the MP quantities in the surface flow and the HZ, the
monitoring window is reduced to the quantification plane (Fig. 1B),
which comprises a single ripple without fringe areas, minimizing the
areas of lower data quality along the outer edges of the monitoring
window (Fig. 1). On the quantification plane, the average concentration
of MP is calculated for the surface water and HZ over time as shown in
Fig. 9B. The modeled distribution shows a good match to the laboratory
measurements, with a coefficient of determination R? = 0.9912. The
peak is slightly over-predicted with a relative error of 5.9%, while the
overall NRMSE is at 0.0213.

The data shows that the average concentration in the surface and
subsurface are matching between laboratory and CFD, with the CFD
model resulting in slightly reduced (< 20 mg/m®) concentrations in the
decay period of the subsurface MP concentration. After 550 s runtime,
the concentrations in laboratory and CFD model are closely matching.

3.4. Transport of 10 um MP particles

Due to physical limitations of the sensor equipment, laboratory
comparison data for the 10 pm experiment is only available within the
monitoring window. As the physical particle size is close to the size of a
sensor pixel, the recording of the quantities is not as reliable as for
smaller particles and results in noisier datasets. Despite these limita-
tions, the data can be compared to the simulation data.

While the infiltration patterns as well as the transport flow paths
through the HZ are controlled by the hyporheic flow cells as in the case
of the smaller 1 um particles, the propagation speed of the concentration
front (the “sickle”) is reduced in comparison to the experiment with 1
um particles. This is not only noticeable in the qualitative comparison
(Fig. 10), but also in the comparison of the peak transit times (Fig. 11).
As the retarded transport is evident, the retardation factor introduced in
Eq. (2) has been utilized in an attempt to account for this. The retar-
dation factor is used in the transport equation of the HZ only, so that the

mm CFD
B Lab

Surface Water

TN TN N

0 200 400

600 800

Time of peak concentration occurence [s]

Fig. 8. Arrival time of peak concentration at the slice sampling bar below the ripple crest at x = 3.77 m. The interval markers depict the times where 95% of the

respective maximum concentration is reached at the respective sampling point.
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Fig. 10. Comparison of infiltration pattern at t = 400 s. Experimental data (A) and simulated patterns for different retardation factors: 5 (B), 4 (C), 2 (D), 1.25 (E).

surface water transport is not retarded.

Comparison of the experimental and simulated peak transit times for
10 um particles reveals that the use of a single retardation factor can
improve model fit either for the upper or the lower segments of the HZ,
but not for both at the same time. This indicates that retardation is not
steady and increases with flow path length and time. The quantification
in the reference plane also reveals that the model overestimates the
magnitude of particle infiltration into the HZ for all retardation options
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(Fig. 12), but replicates the particle behavior in the surface water
compartment closely.

4. Discussion
4.1. Hydraulic conditions

The hydraulic conditions in the flume were adequately represented
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in the CFD model lending credibility to the chosen model setup. The
general features of the flow field, as well as the velocity magnitudes
computed in the model matched the PIV records closely. Specifically
flow conditions close to the streambed interface, where infiltration into
the sediment bed occurred, the model provided accurate results. To-
wards the air-water interface, the model results deviated by up to 0.07
m/s, as the lab-recorded velocity dropped significantly towards the
interface. This can be explained by deficiencies of the PIV records to-
wards the surface. The simulation results indicated significant secondary
flow in the narrow channel, which was expected given the channel ge-
ometry and low water depth. Due to the complex hydraulics of narrow
flumes as well as the pronounced ripple structure, high-order turbulence
modeling, e.g., using LES, is required to compute the flow conditions in
the flume with a sufficient level of detail. Test runs with RANS models
also resulted in reduced hyporheic exchange rates, leading to MP con-
centrations and MP distributions in the HZ that differed significantly
from the laboratory results. This suggests that for flume channels, which
are commonly narrow relative to the flow depth the hyporheic flow and
transport problem might not be adequately approximated with a 2D
model and the modeling strategy should be selected with care.

It could be shown that the fully integrated simulation is significantly
increasing the accuracy of the modeling results in the present case. The
lack of eddy formation in the ripple valleys leads to inaccurate pressure
values on the streambed interface in the simulated non-coupled test case
with no hyporheic zone. This would result in inaccurate estimates of the
hyporheic exchange flux in a weakly (consecutively) coupled model,
which would use the independently simulated pressure field over the
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streambed as the coupling boundary condition for the hyporheic flow
model. These differences will be specifically relevant in cases with
pronounced bedform structures, where the surface water flow field is
strongly influenced by the shape of the ripples and the influence of the
underlying bedform on the overall flow field is significant (Zhou and
Endreny, 2013).

This is also in line with the findings presented in (Sobhi Gollo et al.,
2022b). In this comparative study, a rippled streambed has been
modeled using an integrated and a coupled approach. Their investigated
case features a slightly different and more conductive streambed ge-
ometry and larger flow velocities than in our case. Furthermore, the set
of equations used to compute the hydraulic losses in the porous medium
differs. The reported qualitative pressure differences over the ripple,
with larger differences over the ripple crest and a decline in the valley, as
well as the differences in the velocity magnitude are in general agree-
ment with our findings. This is further highlighting the importance of
integrated modeling approaches for the investigation of rippled
streambeds.

The computation of the flow conditions in the HZ relies on a Darcy-
based loss term. The Darcy equation is valid in groundwater flows for
laminar flow conditions only, which are present at Reynolds numbers of
up to 300 (Dybbs and Edwards, 1984). In the presented study, Reynolds
numbers in the sediments did not exceed the value of 50, placing the
flow problem in a laminar flow regime and the Darcy loss term has
shown to produce an accurate flow field. If coarser sediments were to be
used, which may facilitate more prominent non-laminar flows in the
uppermost sediment layers, additional validation experiments would be
needed to confirm the applicability of the utilized equations, or to
calibrate additional Forchheimer or other loss coefficients as for
example presented in (Broecker et al., 2019).

4.2. MP particle transport

Simulation results indicate that the transport of the 1 pm MP parti-
cles in a sandy HZ can reasonably be modeled using the advection-
dispersion equation in a fully integrated hydrodynamic model (i.e.
flow in the open water and sediments is solved with one set of equations
simultaneously) that accurately accounts for the hydrodynamic feed-
backs and exchange flows between the open water and hyporheic do-
mains. The model could adequately reproduce the shape and temporal
evolution of the particle concentration fronts in the HZ (Fig. 7) and the
experimental breakthrough curves for 1 um MP particles in the open
water and in the sediment were matched very well (Fig. 9). The trajec-
tory of the particle peak concentrations with depth in the HZ could also
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be captured well (Fig. 8). Due to the limitations of the MP detection in
the laboratory, the concentration fields obtained from the CFD simula-
tions are more refined, showing a more sharply defined spatial extent
than the results obtained from the laboratory (Fig. 7). The quantitative
comparison of the results shows nonetheless that the model is accurately
predicting the transport quantities and locations (Fig. 9). The deviations
between observed and simulated MP concentrations in the HZ between
400 and 500 s, as shown in Fig. 9B fall within the period where the MP
transport is still predominantly located within the surface water
compartment and are related to large areas in the detection window
with non-plausible concentrations, which were present in the FIS re-
cords during this period. However, the overall MP outflow record at the
downstream end of the experimental stretch was closely matched by the
model, indicating that the temporary deviation between experiment and
model can be attributed to detection artefacts.

It cannot be ruled out that in the experiment single particles were
trapped in the pore spaces and bound to the surrounding mineral par-
ticles, e.g. by electrochemical bonds (Lu et al., 2021). Also, physical
retention of individual particles in the pore space is theoretically
possible, but our observed and simulated breakthrough curves suggest
that there is no significant retention of the 1 um particles in the sedi-
ments and that they appear to move through the HZ more or less un-
inhibited like a non-adsorbing, conservative solute. As single particles of
1 um size are not detectable in the sediments with the utilized online
methods, we could not further corroborate this statement experimen-
tally. However, this finding is backed by the results reported in (Goep-
pert and Goldscheider, 2021), who showed similar, unretarded transport
of small, similar size MP particles (1, 2 and 5 pm) in a sandy alluvial
aquifer.

In contrast, for larger particles, our results suggest that retention
processes will play a more crucial role. We attribute the delayed trans-
port of the 10 um particles through the HZ to temporary retention of the
particles in the sediments as they, due to their size, cannot move as
smoothly through the pore spaces as the 1 um particles. As shown in
Fig. 12, the infiltration quantity of 10 pm compared to the 1 pm particles
is reduced, with the concentration in the HZ being approximately
halved. This also highlights the requirement of a differentiated treat-
ment of the different MP size ranges in transport modeling.

The comparison case with 10 pm MP particles reveals the limitations
of the presented approach for larger MP particles. While the surface
water transport is modeled accurately, the infiltration into the HZ is
overestimated, particularly during the later phase of the experiment,
and the general transport pattern is not matched accurately (Fig. 12).
The particle propagation within the HZ is furthermore delayed (Figs. 10
and 11). Our analyses showed that the retardation factor required to
compensate for the mismatch between laboratory observation and
modeling results is increasing with depth, suggesting that the particles
are getting increasingly retarded with growing flow path length. This
transport behavior with non-steady retardation cannot easily be imple-
mented in the Eulerian approach used here and may require the use of an
adapted Lagrangian particle tracking approach. Furthermore, the pre-
sented experimental approach needs to be refined to deliver accurate
validation data for more complex numerical setups, e.g. by employing
optical particle tracking within the FIS.

4.3. Limitations and future challenges

As Dong et al. (2022) have shown, the transport behavior of MP
particles in partly and fully saturated porous media also depends on the
polymer type and the biogeochemical conditions of the surrounding
medium. Such effects could not be fully addressed in this study. To test a
broader, more general applicability of our modeling approach, addi-
tional experiments with different particles and under different biogeo-
chemical regimes in the sediments need to be carried out. However, the
market availability of suitable particles is a limiting factor for the lab-
oratory work, as only a relatively small range of polymer types and
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particle shapes is available with the required fluorescent properties.

Given experimental limitations, studies usually work with high non-
realistic MP concentrations, which are significantly higher compared to
what is usually observed in streams. To what degree this affects the
transfer of experimental results to natural systems remains to be tested
in future work.

Using opaque sediment, the MP concentrations can only be moni-
tored along the glass interface of the flume, if the hyporheic continuum
should not be disturbed. To our knowledge, there are also no suitable
methods to continuously monitor MP concentrations within 2D sections
in sediment bodies. Hence, only singular measurements after the
experimental runs could be taken either by extracting sediment cores
and analyzing them manually or by using more involved non-destructive
methods (Totzke et al., 2021). This approach will, however, not yield
information on the infiltration dynamics and is therefore not suited to
improve our mechanistic understanding of MP transport. This leads to
uncertainties regarding MP transport in the HZ away from the flume
wall. However, the accurate representation of the hydraulic conditions
in the flume and of the transport in the surface water and in the sediment
along the sidewalls in the 3D digital twin model, suggest that the con-
centrations simulated in the digital twin are in fact a good representa-
tion of the actual transport of MP particles in the laboratory flume
experiment.

Our results show that the transport and infiltration behavior of
particles of 1 ym and 10 um varies within the same sediment type. We
hypothesized that the behavior is dependent on the relation between
pore and particle size, but additional experimental investigations are
needed to further corroborate this. Furthermore, the effects of different
biogeochemical regimes in sediments on particle transport within the
HZ are not considered in our study and should be addressed in future
work.

Long-term retention cannot be adequately analyzed with the
modeling approach or the laboratory setup. The spatial averaging
method employed for the laboratory data does not allow detecting single
particles within the sediments. Therefore, the retention by processes
such as heteroaggregation of MP with mineral particles, or physical
retention in the pore space, e.g. by size-exclusion, cannot be detected
and therefore also not be reliably implemented in the used numerical
model at this stage. Here pore-scale models would be needed.

4.4. Specific utility of the digital twin model

In the previous paragraph we discussed some of the limitations of the
experimental design with regard to a seamless detection of MP con-
centrations throughout the flume system. The calibrated digital twin
model of the flume experiment can overcome some of the limitations of
the laboratory experiment, at least for the small particles. The successful
calibration of the model to the hydraulics in the flume as well as to the
propagation of MP concentration fronts at the sidewalls of the flume,
lends credibility to the consistency of the model in terms of an accurate
representation of the true 3D flows in the HZ in the flume. While in the
flume experiment hyporheic MP concentrations can only be measured
and monitored through the sidewall of the flume, i.e. at the outer
boundary of the flow field, the numerical approach allows the user to
look inside the porous continuum and investigate the flow and transport
patterns in all three dimensions. Furthermore, the numerical model re-
solves the flow over the entire domain, so that the analyses are not
limited to a fixed monitoring window resulting from limited viewing
angles of monitoring equipment. All physical parameters can be directly
derived from the CFD output data, while in the laboratory flume, each
parameter (set) requires specific instrumentation. Physical limitations,
such as the size of the laboratory, the limited ability to recirculate
particle-laden flows or detection limits can be overcome with the nu-
merical model. Also, the implementation of scenarios is easily facilitated
with a numerical model, as materials and geometries can be changed
efficiently digitally and different virtual particles would not require
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different monitoring setups as long as they generally adhere to the same
general transport mechanisms identified for the original particles.

However, to produce reliable results, a numerical model has to be
validated, which is usually done through laboratory experiments. Hy-
draulic conditions can be reliably predicted by standalone numerical
models, as they have been studied extensively. In the relatively new and
evolving field of MP transport in fluvial systems, however, the governing
transport processes are still poorly understood and subject to current
research. Therefore, reliable transport modeling of MP in fluvial systems
needs to be backed up by physical studies confirming the applied
transport models. In any case, an integral numerical model can be used
to explore hydraulic effects for a given flume or field site geometry to
inform an appropriate study design.

As the online particle detection is currently limited to a quasi-2D
section at the flume wall, the overall width of the flume is not rele-
vant for the laboratory measurements beyond the general hydraulic
conditions. The narrow flume also is reducing the amount of MP parti-
cles required to generate detectable MP concentrations in the moni-
toring window. To this end, the narrow flume presents an efficient way
of carrying out the validation experiments for the digital twin.

In comparison, more conceptual, stochastic approaches, such as the
model utilized in Drummond et al. (2020), can usually represent mass
balances well at larger scales. However, local effects, such as more
complex hydrodynamic conditions or specific infiltration behavior of
differently sized particles can only indirectly be implemented in those
more aggregated approaches. The presented integral, mechanistic
modeling approach in turn allows us to analyze the spatiotemporal
transport behavior in more detail, which could inform parameteriza-
tions in simpler models. It is thus complementing the conceptual
modeling approaches towards the smaller scales, which provides addi-
tional insights, e.g. with respect to the spatiotemporal particle distri-
butions or transit times. This is required not only for a deeper
mechanistic understanding of MP pollution in fluvial systems, but can
also provide feedback to the larger-scale approaches to improve the
overall modeling accuracy.

5. Summary and conclusions

In this study we could show that the investigated 1 um MP particles
are transported through the hyporheic zone like a solute tracer. Our
simulations indicate that the majority (96.6%) of the MP particle pulse is
transported in the surface water section and only a very small fraction
(3.4%) infiltrates into the HZ. Within the HZ the concentration peak of
the 1 pm particles is following the advective transport of the water as it
has been shown for solute transport in the HZ (Broecker et al., 2021). For
larger particles, such as the investigated 10 um PS particles, the physical
and numerical investigations show that particle transport is delayed in
comparison to the 1 um particles. We attributed this to additional
physicochemical processes, which cannot be mechanistically elucidated
with the experimental and modeling setups in this study. Instead we
proposed and tested an effective description using a constant retardation
factor as commonly used to describe retardation of solutes undergoing
adsorption and desorption. While a constant retardation factor could not
account for the delays of the particle breakthroughs at all depths, for-
mulations with a time-variant retardation factor, which increases with
flow path length, are theoretically conceivable, but would require a
Lagrangian modeling approach.

In a conceptual modeling study Drummond et al. (2020) concluded
that MP particles, ranging in size from 1 to 100 um, are advectively
transported through the HZ with around half of the particles being
retained temporarily. Our findings suggest that the transport of larger
particles (10 um) through the HZ is retarded indicating a temporary
retention. While the investigated 1 um particles appear to be transported
in the investigated system like a conservative, non-adsorbing, solute
tracer, retardation effects are detected for the larger particles. Using a
constant retardation factor the match between observed and modeled
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breakthrough of the concentration peak at different depth could be
improved, but not at the same rate over the entire depth range. For a
good match at shallower depth retardation at deeper depth was under-
estimated while a good match at deeper depth was accompanied with an
overestimation of retardation at shallow depth. This suggests that
retardation may increase with flow path length, illustrating that further
investigations are required to improve our mechanistic understanding of
the dominant transport processes for MP particles within the size range
of 1-100 pm in the pore space of hyporheic sediments. As our study is
closely focusing on small-scale effects in the transport of MP particles in
the HZ, the differences in transport behavior between seemingly similar
MP particles will be more apparent (and relevant), than in coarser,
larger-scale models, which represent a diverse particle mixture with a
wide variability of size, density and polymer types as a particle distri-
bution. The modeling approach proposed here, which uses scalar
transport equations to model MP transport in the HZ might therefore be
a viable and practical complement to the simpler, coarser models, to
simulate spatial infiltration patterns, as successfully demonstrated in
this study.

The application of a fully integrated digital twin model revealed the
peculiarities of the laboratory flume experiment and could further pro-
vide new insights into potential limitations of commonly used coupled,
numerical modeling approaches. The results show that both the narrow
laboratory flume as well as the CFD model produce valid results for MP
transport investigations in and into the HZ, but effects such as secondary
currents or hydraulic feedbacks from the HZ to the surface water have to
be individually assessed and considered.

To our knowledge, the presented approach for mechanistic modeling
of integral open-water and hyporheic flow and transport of MP is the
first to be explicitly validated against experimental (flume) data not only
in terms of qualitative observations of concentration patterns, but also in
terms of the quantification of fluxes. The very good agreement between
the model and the observational data suggests that the hydraulic con-
ditions and the transport behavior for 1 um MP particles are accurately
replicated by the model. This makes the presented modeling approach
not only amenable to analyses of small MP particle transport in the HZ,
but with additional validation also to other research questions involving
hyporheic exchange flows and transport processes. Our results further
suggest that the retardation of larger 10 pm particles could be accounted
for using a dynamic retardation factor. Additional processes acting on
even larger particles, causing further retardation or even permanent
retention in the sediments, need to be investigated in future pore-scale
studies.
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Figure S1.2 Excerpt from computational mesh view
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S2. CURVE FITTING FOR FIS CURVES
Due to overexposure, the concentration curves sampled at the slice sampling line in the HZ had to be partially reconstructed
due to the overexposure of the sensor during the passing of the particle cloud through the surface water section. The

exponential Gaussian fit is given by the following equation:
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S3. OPENFOAM MODEL SETUP: TECHNICAL DETAILS

The following table provides an overview over the OpenFOAM key functions utilized for the presented digital twin model,
which allows interested researchers to replicate the results. The required boundary conditions for the various model
variables are given in the model description.

OpenFOAM Version v2112
Solver interFoam
_ simulationType: LES
Turbulence Modelling LESmodel: Smagorinsky
delta: vanDriest
Subsurface Flow Modelling explicitPorositySource

Type: DarcyForchheimer

_ BlockMesh (Basemesh)
Meshing MoveDynamicMesh (HZ, general setup)
SnappyHexMesh (weir plates, details)

Scalar Transport (Function Object)
Phase: alpha.water

D: 2e-9
Injection of MP through a scalarSemilmplicitSource

Transport of Conservative Scalar
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S4. INFILTRATION PATTERNS
The figure below shows the infiltration of 1um particles into the HZ at different time steps (200, 600, 1200 s) for the complete

experimental section. The lateral sections are located at the ripple crests.

0 75 150 225 300 375 450 525 600
o LB =

MP concentration [mg/m?]

Figure S4: Infiltration of 1um particles into the HZ below the ripple crests at 200, 600 and 1200s.
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The microplastic residence time in lakes is a key factor controlling its uptake by lake organisms. In this work we
have, for the first time, conducted a series of microplastic addition experiments in a 12 x 3 m lake mesocosm and
traced its transport through the lake water column. This was combined with a 1D physically based random walk
model of microplastic transport. Four experiments were conducted using three microplastic size ranges (1-5,
28-48, and 53-63 um) over one year during thermal stratification and lake turnover. The results showed that the
residence time in the water column largely depended on particle size and lake hydrodynamics, although the
smallest particles were poorly represented by the model. Residence times in the mesocosm ranged between ~1
day for the largest particles to 24 days for the small particles during summer. The modeled residence time were
similar to the measured values of the 28-48 um and 53-63 pm particles, but for the smallest particles residence
times were calculated to be >200 d. The discrepancy is likely due to aggregation between the small microplastic
particles and natural lake particles, which increases the microplastic settling velocity. Aggregation is favored for
the small particles due their large surface area to volume ratio. In contrast, density instabilities in the water
column during autumn likely led to turbulent convective mixing and rapid microplastic transport within the
water column. This work shows that microplastic transport within lakes is complex and not fully understood,
especially for the smallest sizes, and involves interactions between physical, physicochemical and biological
processes.

1. Introduction 2021). The fragmentation and degradation processes in natural envi-

ronments transform the large plastic debris (> 5 mm) into ‘secondary’

Continual technological advances in polymer engineering have
reduced the costs of plastic production, allowing it to be used in a wide
range of applications (D’Avignon et al., 2022). The majority of the
global plastic volume produced is typically made for single-use, partic-
ularly as packaging (D’Avignon et al., 2022). Ideally, after use, the
polymer is recycled and reenters the production stream. However, evi-
dence from life cycle studies shows that improper disposal of plastic is
significant (Lavoie et al., 2021; Woods et al., 2021). This has led to
migration and accumulation of plastic debris in the environment (e.g., in
inland waters) before it reaches the ocean (Cai et al., 2021). During the
transport of plastic debris in the environment, it is exposed to various
physical, chemical, and biological degradation processes (Meides et al.,

microplastic (5 mm to 100 nm) and nanoplastics (< 100 nm). While
secondary microplastic results from the breakdown of macroplastic,
primary microplastic is plastic pellets designed for commercial purposes
such as in cosmetics (Arthur et al., 2009). These particles can reach lake
systems predominantly from terrestrial sources such as effluents from
sewage treatment plants (Sun et al., 2019), surface runoff (Wang et al.,
2022), agriculture (Bigalke et al., 2022), and improper disposal of
plastic waste close to the shoreline.

Since non-buoyant pristine microplastic particles are small in size
and have polymer densities close to that of water, they are expected to
have significant residence times in lake systems (Elagami et al., 2022).
During their residence in the lake water column, they are exposed to a
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wide range of lake organisms (e.g., zooplankton, fish). This results in a
high likelihood of uptake by lake organisms before the plastic reaches
the lake sediment, or before they are flushed from the lake via outlets
(Canniff and Hoang, 2018; D’Avignon et al., 2022). Recent studies have
shown that lake organisms such as zooplankton have a limited ability to
distinguish between their food, which is usually composed of natural
particulate organic carbon either from the lake or its catchment, and
microplastic particles (Aljaibachi and Callaghan, 2018). Once micro-
plastic particles have entered the food web, they can migrate to higher
trophic levels through direct ingestion or indirect ingestion of micro-
plastic containing organisms by predators (D’Avignon et al., 2022;
Nelms et al., 2018).

The settling velocity of microplastic is controlled by key physical
particle properties such as density and size (Ahmadi et al., 2022; Ela-
gami et al., 2022; Khatmullina and Isachenko, 2017; Waldschlager and
Schiittrumpf, 2019). Physical-chemical factors such as hydrophobic
adhesion between pristine particles and fine air bubbles, formation of
aggregates with natural particles existing in lake water column
(Schmidtmann et al., 2022), as well as biofouling can affect the buoy-
ancy of the microplastic, modify its settling velocity and thus also in-
fluence its residence time in lakes (Elagami et al., 2022; Leiser et al.,
2020; Renner et al., 2020).

Lake hydrodynamics can also influence the residence times of
microplastic within the water column. For instance, turbulent mixing in
the epilimnion during summer is expected to cause a significant increase
in the residence times of sinking particles compared to particles in the
laminar metalimnion (Elagami et al., 2022; Kirillin et al., 2012; Rey-
nolds and Wiseman, 1982). However, the behavior of microplastic
during lake turnover is expected to be very different from that during the
stratification period. This is due to the instability of the lake water
column which leads to the onset of natural (turbulent) convective
mixing (Cannon et al., 2021). The role that such complex hydrodynamic
processes play in determining microplastic residence time is currently
poorly understood.

Despite the growing number of studies investigating microplastic
transport in lake systems, it is still a poorly understood process. All re-
sults from previous research are based on controlled laboratory settings
(Elagami et al., 2022; Waldschlager and Schiittrumpf, 2019) and
modeling (Ahmadi et al., 2022) and are unlikely to represent the com-
plex microplastic behavior in a real lake . This is attributed to the fact
that microplastic behavior in lake systems incorporates various inter-
related biological, chemical, and hydrodynamic processes that are not
yet well understood, especially at the whole-lake scale. Such processes
and their associated impacts on residence time can only be captured by
experiments directly in a lake water column.

In this work, we have performed microplastic addition experiments
in a 3 x 12 m in-lake mesocosm located in lake GroRer Brombachsee,
Germany. The experiments were conducted over one year capturing the
complexities of real lake settings during thermal stratification and lake
turnover. Fluorescence techniques were used to quantify microplastic
concentrations and infer residence times in the mesocosm during com-
plex hydrodynamic conditions in the lake water column. The results
from the mesocosm experiments were compared with results from a
physically based random walk model that included turbulent and
gravitational transport. The primary aims were to (i) develop a quanti-
tative understanding of the primary processes influencing microplastic
transport in the lake water column (e.g. particle size and lake hydro-
dynamics), (ii) investigate how well physical transport processes can
explain observations in a complex in-lake mesocosm , and (iii) under-
stand how the complex processes in the lake water column influence the
exposure of organisms to this emerging pollutant.

Water Research 229 (2023) 119463

2. Methodology
2.1. Study region

All field experiments were conducted at lake Grofler Brombachsee in
the German federal state of Bavaria. The GroBer Brombachsee is a 5.1
km long and 2.0 km wide water reservoir with a maximum depth of 32.5
m covering an area of ~8.50 km? According to the long term moni-
toring data of the Water Management Authority Office Ansbach, the
thermal stratification period extends from May until the end of October.
Lake turnover typically begins in November. The lake has an interme-
diate level of productivity and is classified as mesotrophic. The average
annual total nitrogen and phosphorus concentrations over lake depth
are ~ 0.95 and 0.025 mg 1 ~ ! respectively. The experimental site was
situated at the border of a nature reserve, located on the southwestern
side of the lake (Fig. 1). The water depth at the mesocosm site varied
between 10 and 12 m depending on the season and extraction for water

supply.
2.2. Mesocosm setup

The mesocosm setup (Aquatic Research Instruments, USA) consisted
of a round 12 m deep and 3 m diameter impermeable polyethylene
plastic enclosure with 80 % light transmittance, reinforced with nylon
fibers (Figs. 2 and S1). The enclosure was fitted with side loops at 3 m
intervals to stabilize the mesocosm. The upper end of the mesocosm was
fitted with a 3 m diameter ring buoy constructed from a foam-filled
corrugated drain pipe. The bottom of the enclosure was fixed to the
sediment layer using 5 x 20 kg concrete ballasts. The enclosure was
freely open from the top, but partially sealed from the bottom with a
mesh. The mesocosm was lowered slowly into the lake before the mesh
was installed shortly after the mesocosm. No filling (pumping) was
required. A U-shaped pontoon was fixed around the mesocosm and
adopted as a platform for fixing the instruments. The whole setup was
anchored to the lake bed with 4 anchors and the ropes were tensioned to
prevent the setup from drifting and rotating. The mesocosm was
deployed in May 2021 and left for two months to allow the water column
to equilibrate with the surrounding lake water before conducting the
first experiment.

2.3. Microplastic particles

In this work we exclusively used microspheres due to the limited
availability of fluorescent microplastic with irregular or fibrous forms.
All microspheres were supplied by Cospheric LLC in green fluorescence
dry powder. The fluorescent dye had maximum excitation and emission
wave lengths of 414 and 514 nm respectively. Table 1 shows the poly-
mers, their densities, particle sizes and the amounts of the microplastic
used in each experiment. The 1-5 pm particles were composed of a
propriety polymer of unknown chemical structure, whereas the larger
particles were polyethylene with custom specific gravities. Aqueous
microplastic solutions with concentrations of 1.0 g 17! were prepared in
the laboratory prior to each experiment. Due to the hydrophobic nature
of Cospheric particles, the stock solutions were prepared using distilled
water mixed with 0.1 g of surfactant (Tween 20) per 100 ml of stock
solution. This also prevented the microplastic from agglomerating or
floating on the surface of the water while preparing the solution. The
solutions were then preserved in clean sealed buckets in a cool room
before transportation to the lake.

Four microplastic addition experiments were conducted in the
mesocosm over one year (from July 2021 to June 2022). The experi-
mental dates were chosen carefully to capture lake stratification in
summer as well as lake turnover in autumn. Three experiments were
conducted during summer using 1-5, 28-48, and 53-63 um spherical
fluorescence particles. The summer experiments were aimed at investi-
gating the effect of particle size and surface area to volume ratio on the
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Fig. 1. A map showing the location of the experimental setup at lake Grofier Brombachsee in Bavaria, Germany.
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Fig. 2. A sketch of the mesocosm setup at lake GroBer Brombachsee.

Table 1
A list of polymer names, particle densities, amount, and sizes of the microplastic
microspheres used in the experiments.

Polymer Density (g Amount Diameter Time of
cm ™) (®) (um) experiment

Polyethylene 1.10 20 53-63 Summer 2021
Polyethylene 1.10 20 28-48 Summer 2021
Unknown 1.30 5 1-5 Summer 2022

(Proprietary

Polymer)
Unknown 1.30 5 1-5 Autumn 2021

(Proprietary

Polymer)

residence time of the particles during thermal stratification. The autumn
experiment conducted using the 1-5 um particles was aimed at quanti-
fying the effect of lake turnover (convection) on the residence time of
the particles in the mesocosm.
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2.4. Microplastic addition to the mesocosm

Prior to each experiment, the surface of the water inside the meso-
cosm was cleaned using fine nets. The stock solutions were stirred in the
buckets until all settled particles were resuspended and uniformly
distributed in the solution. The particles were then added as a pulse from
the top of the mesocosm simultaneously by two persons using two metal
watering cans fitted with wide sprinklers to ensure a uniform distribu-
tion of the microplastic at the surface of the mesocosm (Fig. S2). The
watering cans and sprinklers were carefully rinsed using lake water to
ensure that all microplastic were flushed into the mesocosm. The par-
ticle additions are estimated to have lasted a maximum of five minutes.

2.5. Field measurements

Water temperatures were measured in the center of the mesocosm for
the duration of the experiments using Hobo TidbiT temperature loggers
at 1 m intervals and with a sampling resolution of 30 min. Temperature
profiles were also taken outside the mesocosm before the start of each
experiment and compared with the temperatures in the mesocosm. The
temperature data were used to infer the stability and stratification of the
water column, and to define the epilimnion and metalimnion.
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A 3D acoustic doppler velocimeter (ADV, Nortek vector 300) was
used to measure 3D water velocities inside the mesocosm, and infer
turbulent kinetic energy and turbulent diffusion. The ADV was fixed in
the center of the mesocosm at 1 m below the water surface. The in-
strument was set to sample at burst intervals of 600 s with 100 samples
per burst at 8 Hz. The ADV was set to detect flow velocities in the East-
North-Up (ENU) directions in a sampling volume of ~ 1.5 cm®. The
instrument is equipped with a magnetometer and tilt sensors to correct
measured velocities for movement of the instrument in the water
column.

The fluorescent microplastic was measured in the center of the
mesocosm using submersible field fluorometers (GGUN-FL24) from
Albillia (Bailly-Comte et al., 2018). The fluorometers used an excitation
wavelength of 470 nm to excite the green microplastic particles and the
fluorescent intensity was measured in the ‘uranine’ channel. The fluo-
rometers were calibrated in the laboratory following the same proced-
ures as presented in Boos et al. (2021). At least 8 calibration points were
used. The only difference to Boos et al. (2021) is that calibration solu-
tions were prepared using filtered lake water rather than distilled water.
The calibrations are presented in Fig. S3. The minimum detection limits
of the 1-5, 28-48, and 53-63 um particles were approximately 2, 100,
and 200 ug 17! respectively. The fluorometers were less sensitive to the
28-48 and 53-63 um microspheres due to the lower particle numbers
per gram microplastic and higher scattering in the measuring cell
(Fig. S3). The measurement frequency of the fluorometers in the mes-
ocosm was selected according to the expected residence times of the
particles based on their laminar settling velocities. Thus, the sampling
interval was fixed at 2 and 120 s for the large (fast) and the small (slow)
particles, respectively. During lake stratification, the fluorometers were
positioned at 0.5 m below the water surface, the
epilimnion-metalimnion interface, and 1 m from the bottom of the
mesocosm. During lake turnover in autumn, the fluorometers were only
positioned at 0.5 m below the water surface and 1 m over lake sediment.

2.6. Microplastic settling velocity

In this work we have used three characteristic settling velocities for
the microplastic particles. Firstly, the settling velocities of the 28-48 and
53-63 pm particles were measured in the laboratory under laminar
conditions using particle image velocimetry system (PIV). The measured
velocities were then corrected to the water temperature of each lake
compartment in the mesocosm. The corrected settling velocities were
denoted as v; pry [L T. Secondly, due to the limitations of our PIV
system, it was not possible to measure the settling velocity of the par-
ticles in the range of 1 uym in the laboratory. Here we used Stokes
equation to calculate the settling velocity of the 1-5 um particles as these
particles were large enough that the Brownian motion will not affect
their settling, but also small enough that the Reynolds number would be
<<1, and so laminar conditions around the particle can be assumed (i.e.
in Stokes range). Stokes velocity was denoted (Vs stokes) [L T Finally,
effective settling velocities for all microplastic particles were calculated
using the experimental data from the mesocosm (vs ¢f) [L T1.

The settling velocities of the large 28-48 and 53-63 um microspheres
were measured in the laboratory using the same two-dimensional iLa
5051 PIV system used by Elagami et al. (2022). The system consists of a
high-speed camera (40 frames per second) and a light source (high--
power light-emitting diodes) with a wavelength of 530 nm. The settling
velocities were measured in a 10 cm x10 cm x 40 cm glass column filled
with filtered lake water based on the design of Khatmullina and Isa-
chenko (2017). The room temperature was kept constant at 20 °C.
Approximately 1 ml of the stock microplastic solution was added care-
fully at the top of the column as a pulse (cloud) . The average settling
velocity of each particle cloud was calculated based on the PIV images.
The v, pjy were corrected as in Ghawi and Kris (2012) using the water
temperature of each lake compartment using Eq. (S4).

Stokes settling velocities were calculated as:

Water Research 229 (2023) 119463

(pl — pW)
H

Where p, [M L7%] is the density of the particle, p,, [M L73] is the
density of the lake water, R [L] is the radius of the particle, g [L T 2]is
the acceleration due to gravity, and g [M L™! T™!] is the dynamic vis-
cosity of the water.

The effective settling velocities from the mesocosm experiments
were calculated for all microplastic sizes by dividing the depth of each
compartment (i.e. epilimnion or metalimnion) by the time required until
50% of the particles were lost from the compartment (median particle
breakthrough at the bottom of the compartment):

sk (€8]

Vs_Stokes =

oI N

Z

(2)

Vs_eff =
d T50%

Where z [L] is the depth of the compartment, and 599, [T] is the time
elapsed until 50% of particles was lost from that compartment (median
residence time).

2.7. Hydrodynamic calculations

The temperature data inside the mesocosm was used to calculate the
Rayleigh number to elucidate if natural convection occurred in the
water column during the autumn experiment. The Rayleigh number was
calculated according to Eq. (3) (Weeraratne and Manga, 1998):

_ agATZ?

R
a v

3

where a is the thermal expansion coefficient of water (210 x 107 C’l),
g is the acceleration due to gravity, AT ( °C) is the temperature differ-
ence between the bottom and top boundaries, z is the thickness of the
compartment, v [L2 T’l] is the kinematic viscosity of water, and f [L2
T~ 1] is thermal diffusivity of water.

The 3D water velocity data were used to calculate the turbulence
kinetic energy (TKE) [L2 T_Z] in the mesocosm. The time series for TKE
of each burst was calculated using Eq. (4) as in Wiiest and Lorke (2003):

TKE = % (3 + O2urs + 63 @

Where, 6g4, Gnorn, and 6, [L T_l], are the standard deviations of
the fluctuations in velocity components during each burst.

The vertical component of the velocity data was also used to calcu-
late the vertical eddy diffusivity (D) [L2 T~!] for each burst. Since ve-
locities were measured in the Eulerian frame of reference, where the
flow moves past the velocity sensor fixed at 1 m below the water surface,
D can be estimated from Taylor’s approach using (Holtappels and Lorke,
2011)

D=w.Lg (5)
L = / E,dr (6)
0

Where, w' is the standard deviation of the vertical velocities [L T’l],
Lg [L] is the Eulerian integral length scale, E, [-] is the spatial correlation
coefficient, and r [L] is the spatial distance. For simplification, L [L] was
assumed to be equal to the Lagrangian length scale (L;) [L] as also done
by Holtappels and Lorke (2011). Hence, D [L2T~'] was calculated as
follows:

D=wlL, )

Ly= w.T; 6)
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T, = /RL.d‘c 9
0

Where Tj, [T] is the Lagrangian time scale, Ry, [-] is the Lagrangian
velocity autocorrelation, and 7 [T] is the time interval between two
velocity measurements (0.125 s).

2.8. Calculation of residence times in the mesocosm

The residence time of the microplastic in each compartment was
calculated as the delay between the time required for 95% of the
microplastics to be lost from the compartment and the time of micro-
plastic input to that compartment. For instance, the residence time in the
epilimnion (tep;) [T] was calculated as the difference between the time
required until 95% of the particles were lost from the epilimnion and the
time when the microplastic was added to the mesocosm. The residence
time in the metalimnion (Tmeta) [T] was calculated as the delay between
the time where 95% of the particles was lost from the metalimnion and
the start of the pulse detected by the fluorometer positioned at the
epilimnion-metalimnion interface. During lake turnover in the autumn,
the mesocosm was treated as one mixed compartment and thus the
residence time was calculated for the whole mesocosm () [T]. The
total residence times in the mesocosm during autumn and summer ex-
periments were calculated as the difference between the time required
until 95% of the particles passed the deepest fluorescence detector and
the time of adding the microplastic to the mesocosm.

2.9. Modeling of microplastic sinking trajectories and residence times

Particle sinking trajectories and residence times in the mesocosm

were modeled using a Lagrangian particle tracking technique based on
the Huret et al. (2007), Visser (1997) scheme which was later modified
and applied by Rowe et al. (2016) and Ross (2006) to simulate the
vertical distribution of bacteria and plankton under turbulent conditions
in lakes. The effect of turbulent motion on particle trajectories and
residence times in the water column is represented by a 1D random walk
assuming a vertically heterogeneous turbulence field:
Z(t+ Af) = z(t) + viAt + D (z(t))At + R % (10)
where the vertical particle trajectory z(t+At) [L] for a time increment At
[T] can be estimated based on the current particle location z(t) [L], the
depth specific particle settling velocity v [L T, the depth gradient of
the turbulent diffusivity D = % [L T’l], a normally distributed random
number R [-] in the range of Re[—1, 1] with zero mean and a variance of
r = 1/3 and the turbulent diffusivity D(z) [L2 T'] at an intermediate
locationz = z(t) + 0.5% At.

For representation of the vertical turbulent diffusivity, a power law
model similar to Kirillin et al. (2012) was used:

R
K(z)={ Dy at Hp <z < Hy 11
H, <z <Hy

D{(;*Z/HHJD;(HM +HE)/Hy

Where Dg, Dy and Dy [L2 T~ are the turbulent diffusivities at the
lake surface, the interface to the metalimnion and the lake bottom
respectively. Hg, Hy and Hy [L] denote the thickness of the epilimnion,
the metalimnion and the total depth of the lake respectively. Turbulent
diffusivity at the lake surface D; was estimated using the Taylor’s
approach based on the ADV data. Diffusivities at the interface to the
metalimnion and the lake bottom were estimated by fitting the
measured particle curves at each depth to an Advection-Dispersion-
Model (A-D). The A-D model represents an analytical solution to the
one-dimensional advection dispersion equation for a semi-infinite sys-
tem with an instantaneous injection of a tracer (in our case microplastic
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particles) in the fluid flux (Kreft and Zuber, 1978; Matoszewski and
Zuber, 1982). From the A-D fitting, the depth specific Peclet number
Pe=vyz/D [-] can be derived, relating the effect of gravitational settling
and turbulent diffusion for a specific depths z where microplastic con-
centrations were measured (Ross 2006). D values can then be derived
from the Pe-number using the settling velocity (i.e. Vs siokes Vs PIv, Vs eff)- A
detailed description of the A-D fitting procedure is provided as part of
the supplementary information. Each breakthrough experiment was
represented using 2500 particles in the random walk simulations. All
parameters used to run the random walk model are provided in the
supplementary information S5.

3. Results
3.1. Mesocosm temperature profiles

The measurements at the start of the experiments showed that the
water column inside and outside the mesocosm were near to identical
and during summer was thermally stratified and divided into an
epilimnion and metalimnion (Fig. S6). The water temperatures inside
the mesocosm for the duration of the experiments are shown in Fig. 3.
The thickness of the epilimnion inside the mesocosm over the extent of
the experiments were ~8, 9, and 6 m for the first, second and third
summer experiment, respectively (Fig. 3). The thickness of the metal-
imnion during the three summer experiments were ~ 3, 2, and 4 m. The
water temperatures varied between 18 and 25°C for the epilimnion and
12 to 14°C for the metalimnion.

Prior to and during the autumn experiment, the temperature tended
to be warmer at depth than at the surface (Figs. 3d and S6). The dif-
ferences between the lower (the warmer) and the upper (the cooler)
layer inside and outside the mesocosm at the start of the experiment
were ~ 0.8 and 0.85°C respectively (Fig. S6). Also, the average tem-
perature difference between the lower and the upper layer inside the
mesocosm during the whole autumn experiment was ~ 0.8°C (over an
extent of 11 m). The Rayleigh number (Eq. (3)) was calculated to
investigate the propensity for natural convection in the mesocosm. The
time series for the Rayleigh numbers is presented in Fig. S7. The mini-
mum Rayleigh number was ~ 4 x 10'2, considerably exceeding the
critical value of ~1700 (Reid and Harris, 1958). The Rayleigh number
also indicated that the convection was turbulent (Ra>10).

3.2. Turbulence kinetic energy

There were substantial fluctuations in the TKE in the epilimnion
during summer experiments, especially for the experiment with the 1-5
um particles (Fig. 4). The maximum values for TKE during the summer
experiments were ~ 2.7 x 1073,5x 1072, and 6.6 x 103 m?s ~2 for the
first, second, and third experiments respectively. The average TKE
valueswere 3.5 x 1074 5 x 1074, and 1 x 10 *m?s 2 During autumn,
however, the fluctuations in the TKE values were much lower, showing
much flatter TKE time series than that during summer experiments. The
maximum and the average TKE values during autumn were 1.8 x 10™*
and 2 x 107> m? s ~2 respectively.

3.3. Microplastic concentrations in the mesocosm

Fig. 5a, b, and ¢ show the abundance and distribution of the
microplastic in the mesocosm during the summer experiments. The
maximum microplastic concentrations measured at 0.5 m were
approximately 15,11 mg 17!, and 400 ug 1! during the first (53-60 ym),
second (28-48 um), and third (1-5 pm) experiments, respectively. The
maximum concentrations at the epilimnion-metalimnion interface were
approximately 10, 5 mg 171, and 200 pg 1! during the first, second, and
third experiments . At the bottom of the metalimnion, the maximum
microplastic concentrations were approximately 2, 7 mg 171, and 50 ug
17! for the first, second, and third experiments. The time required until
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figure (d) shows the temperature profile during autumn. The horizontal lines show the location of the fluorometers which also define the lake epilimnion and
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shows TKE during autumn for the 1-5 pm microspheres. The gray intervals represent the night times. The red lines show the average TKE values. Note the loga-
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95% of the particles was lost from the epilimnion (tep;) was 0.8, 1.9, and
19.5 days for the first, second, and third summer experiments (Fig. 5).
For the metalimnion, Tpeta Was 0.6, 1.4, and 22 days for the first, second,
and third experiments (Fig. 5). The total residence times in the meso-
cosm were 1, 2.5, and 24.7 days.

The measured particle concentrations during autumn are presented
in Fig. 5d. Surprisingly, the upper and the lower pulses showed an
overlap of ~ 1 day. The maximum microplastic concentration detected

by the upper fluorometer was ~ 80 ug 17. The lower pulse was divided
into large initial and small subsequent pulses with maximum concen-
trations of ~ 55 and 25 ug 17! respectively. The time until 95% of the
particles had passed the lowest detector 1 m over lake sediment (t¢o) 1.9
days.
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Fig. 5. The measured concentrations of microplastic in the mesocosm. Figures (a), (b), and (c) show particle concentrations during summer experiments. Figure (d)
shows particle concentrations during autumn. The gray intervals represent the night times. The blue, orange and green pulses represent the microplastic concen-
trations at 0.5 m below the water surface, epilimnion-metalimnion interface (in summer), and deepest fluorometer (bottom of the metalimnion in summer)

respectively.
3.4. Settling velocity

Table 2 shows the values of the characteristic settling velocities
(Vs Stokes> Vs PIvs and Vg of) used in the random walk model. For the 1-5 um
particles, the lowest velocities were estimated using Stokes Law (0.079
m d~ 1) while the highest settling velocities were the vs_ (1.09 m ah.
Also, for the 53-63 um particles, vs_os was the highest (50 m d™1), while
vs pry was the lowest (17 m d™)). In contrast, for the 28-48 um particles
vs prv was the highest (8.7 m d~1) while Vs ¢ff was the lowest (0.16 m a"h.

3.5. Eddy diffusivity

The A-D fitting routine provided estimates for the turbulent diffu-
sivities that were comparable to those derived using Taylor’s approach
and the ADV data for the summer experiments using the 1-5 um parti-
cles (Supplementary information S8). The turbulent diffusivities ranged
between Dy =1.12 x 107% and D; = 6.7 x 10°® m? s™! (Table S9). For
the summer experiments using 28-48 and 53-63 ym the A-D fitting was
less successful so that the random walk modeling relied primarily on D
values derived from Taylors approach. This ranged from 3 x 10 %to 1 x
107> m? 57! depending on experiment and depth (Table S9). During

Table 2
A comparison between the characteristic settling velocities.
Experiment Settling velocity Settling velocity Settling velocity
Epi. Meta. Hypo.
md—Y (md~ Y (md~h
1-5 pm Summer 0.098! 0.086" 0.079"
1.092 0.5% 0.5%
1-5 ym Autumn 0.077" 0.077" 0.077"
0.782 0.782 0.782
28-48 ym Summer 0.162 4112 5.152
8.7% 8.0° 8.0°
53-63 um Summer 50.02 50.0% 50.0%
19.0° 17.0% 17.0°

1 2, 3
Vs Stokes ~ Vs_eff Vs_PIV-
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autumn, our modeling depended exclusively on the D values calculated
from Taylor’s approach.

3.6. Random walk model

The random walk model was run using the three different settling
velocities Vs stokes, Vs.prv and Vs o depending on the experiment being
simulated. The distribution in residence times of the individual simu-
lated particles (i.e. microplastic residence time distribution) where then
used to calculate the time until 95% of particles had passed a specified
depth in the water column. This is defined as the virtual microplastic
residence time. The simulations using v siokes (Summer experiment 1-5
um) are shown in Fig. 6, and have a rapid rise as the particle pulse
reaches the measurement depth, and then a long tail as particles are
transported by a combination of settling and turbulence from the water
column. The simulated residence times were considerably longer than
the measured values, with ~ 135 days for the first 0.5 m, 225 days for
the epilimnion (6 m) and 239 days for the whole mesocosm water col-
umn (10 m).

When using vs ¢ for the same model run, the simulated microplastic
residence times of the 1-5 pm particles in summer were similar to that
inferred from microplastic concentrations in the mesocosm (Fig. 7). All
distributions showed the characteristic shape of the A-D model with a
fast increase, a local maxima and a slowly decaying tail. The only parts
that could not accurately be represented by the random walk model
were the initial peak in particle concentrations at 0.5 m and the rapidly
decaying tails at 0.5 and 10 m depth (Fig. 7). Using vs . the residence
times were 4 days for 0.5 m, 11 days for the epilimnion (6 m) and 32
days for the whole 10 m water column.

Results from simulations for the 28-48 and 53-63 um particles in
summer and the 1-5 pm particles in autumn experiment are summarized
in Table 3. As the v; ¢, method did not work well for the larger particle
sizes (28-48 um) due to a noisy signal from the detectors, the random
walk simulations for this size class were parameterized using v pry. The
results show that while the random walk model can reproduce the
measured residence times for the larger particles relatively well (e.g. 0.8
vs. 0.62 days for the 53-63 um particles), it significantly overestimated
the residence times for the small particles in the autumn experiments
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Table 3
A comparison between actual residence times in the mesocosm and simulated
residence times using Vs seokes, Vs PIv Vs eff .

Experiment Depth (m) Residence time in days calculated from
Mesocosm (actual) Vs Stokes Vrv  Vseff.
Summer 53-63 ym 11 0.9 - 0.62 -
Summer 28-48um 11 2.5 - 1.39 -
Summer 1-5um 10 24 239 - 32
Autumn 1-5pm 10 2 225 - 17

independent of the settling velocity used (2 vs. 17-225 days).
4. Discussions

Microplastic abundance in lake systems is associated with negative
impacts on lake organisms and ecosystem functioning (Aljaibachi and
Callaghan, 2018; D’Avignon et al., 2022). Uptake from the water col-
umn by organisms such as filter feeders is highly dependent on the
residence time in the water column, and particularly in the epilimnion
where most organisms reside. Several factors such as particle size,
polymer density, water temperature, and lake hydrodynamics affect the
residence times of microplastic (Waldschlager and Schiittrumpf 2019;
Elagami et al., 2022; Ahmadi et al., 2022). These factors coupled with
the abundance of microplastic in lakes control the uptake probability of
microplastic by lake organisms and their potential transfer through the
food web (D’Avignon et al., 2022; Nelms et al., 2018).

The temperature gradient, and thus the strong density gradient
during lake stratification, formed a very stable water column inside the
mesocosm. The water column was divided into a turbulent epilimnion
and a more-or-less laminar metalimnion. This shows maximum TKE
values at the 1 m below the water surface (top of the epilimnion) of ~
2.7 x1073,5 x 1073, and 6.6 x 1073 m? s ~ 2 for the first, second and
third experiments respectively. The major source of the high TKE in the
surface layer during turbulent mixing is likely to be the wind (Cannon
etal., 2021; Singh et al., 2019). The waves in the lake impacting directly
on the mesocosm walls and the platform could also have contributed to
the relatively high TKE in the surface layer. The D values calculated from
the A-D fitting for the 1-5 um particles during summer experiments
(Table S10) were similar to those calculated from ADV data and Taylor’s
approach (~107%m?s™). The calculated Ds, Dy, and Dy values were in
a similar range, but at the lower end of typical D values in stratified lakes
(1077 to 1072 m? s2) (Wiiest and Lorke, 2009)

In contrast to the summer experiments, the average temperature
difference between the bottom part of the mesocosm and the water
surface was ~ 0.8°C. This temperature difference and subsequently the
density difference, combined with the 11 m depth of the water column
and the temperature fluctuations in the water column resulted in a
highly unstable water column. This instability resulted in Rayleigh
numbers (>10'2%) which were significantly higher than the critical
values for convection, suggesting that the water column was mixed by
turbulent convection. The maximum TKE values at 1 m below the water
surface during this period was one order of magnitude lower than that
during summer (~ 1.8 x 10~% m? s72). The major source of TKE is
convection during autumn which results in the sinking of the upper
(cool) water parcels. Finally, the calculated D values in autumn (in the
range of 107 m? s~1) were considerably lower than during the summer
and at the lower end of the compilation of D values in Wiiest and Lorke
(2009).

Microplastic concentrations were affected by the hydrodynamic
conditions in the mesocosm. For instance, the maximum microplastic
concentrations in the mesocosm water column during summer were ~5
times higher than that in autumn for the same 1-5 um particles (Fig. 5¢
and d). The distribution of microplastic inside the mesocosm was also
affected by season. Unlike the summer experiment, the upper pulse at
0.5 m below water surface and the lower pulse at 1 m over the sediment
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during autumn experiment had an overlap of ~1day (Fig. 5c and d).
Furthermore, the fluorometer at 1 m over the lake sediment detected
two subsequent microplastic pulses during the autumn experiment. The
maximum concentration of the two pulses at 1 m over sediment were 55
and 25 pg 171, Surprisingly however, the measurements suggest that
turbulent convection seemed to be not strong enough to start resus-
pension of the settled microplastic, as neither fluorometer detected any
microplastic after the end of the pulse. These differences between
microplastic behaviors during summer and autumn experiments are to
be attributed to the instability in the water column that likely led to
turbulent convective mixing and rapid microplastic transport within the
mesocosm.

As also found by Elagami et al. (2022), the microplastic residence
times were significantly affected by the size of the particles in the
stratified water column. When increasing the particle size from 28-48 to
53-63, the residence time in the whole column decreased by ~2.5 times.
By comparing the residence times in the mesocosm for the particle group
1-5 pm during summer (thermal stratification) with that during autumn
(lake turnover), the total residence time in summer was ~ 13 times
longer than that during autumn. We suspect that the instability of the
lake water column during lake turnover which resulted in the onset of
lake convection and fast transport of the microplastic to the lake sedi-
ment. Also during lake turnover, organic materials, cyanobacteria, and
iron particles could resuspend and attach to the microplastic particles
either increasing their density or building aggregates, both of which
would increasing their settling velocity and reducing residence time in
the mesocosm (D’Avignon et al., 2022). This shows that, in addition to
size, complex lake hydrodynamics can play a critical role in microplastic
transport, especially for the smallest particle sizes.

The simulated residence times using the random walk model differed
from the actual residence times in the mesocosm, especially for the
simulations using Vs siokes for the smallest particle sizes (Tables 2 and 3).
The simulated residence time of the 1-5 ym particles in summer using
Vs Stokes Was ~ 10 times higher than the actual residence time in the
mesocosm (Table 3). This could be due to the interaction with natural
particles existing in the lake (Schmidtmann et al., 2022) or the
agglomeration of the microplastic particles in the mesocosm caused by
the large surface area to volume ratio and the surface charge of the small
microplastic particles. Such aggregates are large and likely to have
higher settling velocities compared to the individual pristine micro-
plastic particles used in Stokes model.

The simulated residence times during summer of the 1-5 um parti-
cles using v ¢ (32 days) were very close to the actual residence times in
the mesocosm (24 days). This is due to v oz and D being derived directly
from the mesocosm data. As such vs o implicitly incorporates processes
influencing settling velocities in the mesocosm such as particle-
microplastic interactions and hydrodynamic conditions. Such pro-
cesses are not included in the laminar settling velocities in v giokes OF
v_prv- The only part of the measured data that could not be represented
by the random walk model for the 1-5 um particles during summer using
Vs off. Were the peak height and the rapidly decaying tail of the pulse at
0.5 m below the water surface as well as the width of the pulse at the
bottom of the metalimnion (Fig. 7). This is likely due to the simplified
way the random walk represents the complexities of real-world micro-
plastic transport particularly that the model assumes one dimensional
transport and uses predefined and stationary D values. In reality the TKE
time series shows that the turbulent strength is transient and likely de-
pends many interrelated factors such as winds, currents and waves that
impact on the mesocosm.

For the summer experiments using the large 28-48 and 53-63 pm
particles, the simulated residence times using v; pjy values were com-
parable to the actual residence times in the mesocosm with a difference
of ~ 1.4 and 1.9 times. This is likely to be attributed to the faster sinking
velocities and relatively lower surface area of the large particles which
subsequently reduces the potential particle-microplastic interactions
and aggregation formation with organic matter (e.g. live and dead
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phytoplankton) inside the mesocosm.

During autumn, the modeled residence times of the 1-5 pym particles
were considerably longer than those derived from the mesocosm. The
simulation results using Vs siokes. and Vs o5z were ~113 and 8.8 times
higher than the actual residence time, respectively. These significant
differences are likely due to the complex hydrodynamic conditions
caused by the high instability in the lake water column, and particularly
the initiation of natural convection which cannot be represented by the
simplified lake physics used in the random walk model. Also, the com-
plex biological, and chemical processes occurring in the lake water
during lake turnover (D’Avignon et al., 2022) are not included in the
model. This shows that the processes controlling microplastic settling
velocities and residence times in lake systems during highly unstable
hydrodynamic conditions need to be more deeply studied in future
research.

The residence times calculated from the mesocosm experiments are
considered more realistic than residence times calculated based on
previous modeling or laboratory experiments, as mesocosm experiments
more closely represent the complexities existing in lake systems. How-
ever, the conditions in the mesocosm are still likely to be quite different
from a real lake. This could be due to several factors such as the
boundary effect of the mesocosm walls, the small surface area of the
mesocosm exposed to wind (~7 mz), and the isolation of the water in-
side the mesocosm from the rest of the lake. This will limit the size of
turbulent eddies that can develop in the water column and the influence
of other hydrodynamic processes such as seiches and currents that only
develop in lake basins. We also noticed that the productivity in the
mesocosm was higher than in the surrounding lake, making the likeli-
hood and effect of interactions with plankton larger than in the Grofe
Brombachsee. Also, there were some limitations caused by the field in-
struments. For example, microplastic concentrations and residence
times were calculated depending solely on the signals detected in the
measuring cells of the fluorometers, with the best case being measure-
ments at three depths. This resulted in a lack of knowledge about the
behavior of the microplastic particles over the extent of the entire water
column. In addition, our understanding of the hydrodynamics inside the
water column depended largely on the velocity measurements by the
ADV at a single point fixed at 1 m below the water surface. This also
limits our understanding of the hydrodynamic conditions over the entire
extent of the water column. Finally, we exclusively used microspheres
and only two polymer types in all experiments. We believe that irregular
particles would have longer residence time than perfect spheres due to
the increase in the drag forces exerted on the irregular particles
compared to spheres. However, we think that particle shape and
roundness would have less effect on the residence time of microplastic
than that of density and size (Ahmadi et al., 2022). We also believe that
the polymer type can affect the residence time. For instance, particles
from biodegradable polymers may attach fine air bubbles in the lake
water column, increasing buoyancy and thus having a longer residence
time compared to non-biodegradable polymers (Elagami et al., 2022).

5. Conclusion

Previous studies investigating microplastic behavior in lake systems
have used simplified laboratory settings to estimate microplastic trans-
port. Here we have attempted to address the real complexity of transport
in lakes by adopting a combination of complex in-lake mesocosm ex-
periments with random walk modeling to quantify microplastic resi-
dence times and understand the underlying processes controlling
microplastic transport in the lake water column. The experiments were
conducted over of one year capturing thermal stratification and lake
turnover and the associated complex chemical, biological, and hydro-
dynamic conditions. High-end techniques were used to infer micro-
plastic residence times and lake hydrodynamics. Our results quantified
for the first time the effect of particle size and lake hydrodynamics on
the residence time in conditions close to that in real lake systems. The
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limitations of the model have highlighted where real lake microplastic
transport processes are more complex than pure physical transport
based on sinking and turbulent diffusion.

Our field experiments have confirmed that particle size has a sig-
nificant impact on the residence time during stratified summer condi-
tions. The small microplastic particles had considerably longer
mesocosm residence times than large particles. However, the residence
times of these small particles were still 1 to 2 orders of magnitude
shorter than predicted by a random walk model parameterized using the
Stokes sinking velocities and turbulent dispersivities from the meso-
cosm. This was thought to be due to complex processes such as aggre-
gation of the microplastic with existing lake particulate matter,
agglomeration and potentially the interactions with biota.

Lake hydrodynamics driven by seasonal temperature changes
affected the residence time and distribution of microplastic in the
mesocosm in autumn. The microplastic residence times during lake
turnover were significantly shorter than during the summer experiment
and the random walk simulations using the velocities calculated from
the mesocosm data and Stokes calculations. It is thought that this was
induced by the initiation of turbulent convection and associated com-
plex biological, chemical, and hydrodynamic conditions in the water
column. This shows that the behavior of microplastic in real lake systems
and the uptake probability by lake biota such as zooplankton is still
poorly understood. Future work needs to quantitatively incorporate
processes such as heteroaggregation, biofouling, and uptake by lake
organisms as well as lake hydrodynamics to quantitatively understand
microplastic residence times and associated ecological effects of
microplastic in these sensitive environments.
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Supplementary information

S1) Mesocosm enclosure and mesocosm setup

Figure S1: The mesocosm enclousure and the mesocosm setup used for all experiments.

S2) Adding microplastics to the lake

Figure S2: Adding microplastics to the mesocosm using watering cans.
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31  S4) Corrected settling velocities
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32 where Vsr, [LT'], Vs pry [LT'], T1 [°C], and T2 [°C] are the settling velocity measured in the
33 laboratory at 20°C, the corrected settling velocity for the lake compartments, water

34  temperature in the laboratory, and the temperature of the lake compartment respectively.
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35 S5) Advection-Dispersion-Model

1 4pPe—=
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_t—a
T /4nPe T
S

36 where pdf ap(t-a) [T-1] is the A-D probability density function, a [T] is a time delay parameter,

37 1, [T] is the mean residence time of microplastic and Pe=v,z/D [-] the Peclet-Number, relating
38  vertical settling of particles vs [LT-1] for a given length scale z [L] (in our case the observation
39  depths in the mesocosm) to the turbulent diffusivity D. Assuming that the vertical particle
40  settling velocities vs are known, Pe from a fitted A-D Model can be used to estimate the
41  corresponding turbulent diffusivity D. For fitting the observed particle concentrations ¢(?) [ML-
42 3] to the A-D Model, the concentrations first have to be transformed into a corresponding

43 probability frequency f(?) [T-1]:

c(t)

f® =5 oae

44  Where Y, c(t) [ML-3] is the sum of all measured concentrations belonging to a breakthrough

45  experiment and At [T] is the corresponding measurement resolution.
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controlled by zooplankton uptake.

MP imbedded in zooplankton faeces sink
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ABSTRACT

Microplastic (MP) is potentially harmful to lake ecosystems, with its uptake into the food web largely controlled by its
residence time in the lake water column. Here we combine laboratory and virtual experiments to quantify residence
times of small MP (<15 pm) in two contrasting model lakes; Lake Constance (large lake) and Esthwaite Water (a
small lake). We compare MP residence times in a purely physical system with MP transport controlled by sinking
and mixing to a model where, in addition to physical processes, zooplankton package MP into faecal pellets that are
then egested into the water column. The laboratory experiments showed that MP settling velocities increased from
~5 x 107°-10 " mm s~ for pristine MP to ~1 mm s~ ! for MP embedded faeces. Modeled lake residence times
for the 0.5 and 5 pm particles were >15 years in the abiotic models, while in the biotic simulations they were reduced
to ~1 year. There was little difference between abiotic and biotic simulations for the 15 pm particles. The ratio of the
MP zooplankton uptake velocity to the sinking velocity (v .,/Vs_epi) Was used to classify biological vs. physical transport
pathways. For the 0.5 and 5 ym particles v /s ¢pi Was >>1 in all cases for both lakes, while for the 15 pm MP there
was a transition between biological and physical processes dominating residence times depending on zooplankton
numbers. Our results suggest that packaging of small MP in faecal pellets by zooplankton will control its residence
time in lakes. Moreover, the majority of small MP will cycle through organisms before reaching the sediment, increas-
ing the likelihood of negative ecological effects and transfer in the food web.

* Corresponding author at: Limnological Research Station, Bayreuth Centre of Ecology and
Environmental Research (BayCEER), University of Bayreuth, Bayreuth, Germany.
E-mail address: benjamin-silas.gilfedder@uni-bayreuth.de (B.S. Gilfedder).

http://dx.doi.org/10.1016/j.scitotenv.2023.164293

1. Introduction

Microplastic (MP) is of growing concern for lake ecosystems. MP cycling
in lakes involves a number of complex interrelated processes such as trans-
port within the water column, sedimentation to the lake sediments, uptake
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by biota, transfer within the food chain, and potentially degradation and
colonisation by biofilms (D'Avignon et al., 2022). Organisms can consume
MP particles at all ecological levels and transfer it within the food chain,
with only poorly understood effects that potentially range from individuals
to populations (Elizalde-Veldzquez et al., 2020; Schwarzer et al., 2022;
Trotter et al., 2021). There is a growing body of literature that has docu-
mented the quantity and characteristics of MP polymers found in lake
water (D'Avignon et al., 2022; Tamminga and Fischer, 2020), lake sedi-
ments (Su et al., 2016) as well as within lake organisms (Michler-Kozma
et al., 2022; Yildiz et al., 2022). Although it is difficult to generalise MP
numbers in lakes due to the large diversity of lake types and geographical
settings as well as differing sampling and quantification techniques
(e.g., lower MP size cut-off often differs between studies, (Stock et al.,
2019)), recent reviews have estimated that MP numbers in the water
column typically vary between 0.1 and 10 MP particles m 3 (D'Avignon
etal., 2022; Tanentzap et al., 2021). While the highest MP numbers are usu-
ally found in highly populated industrialised areas (e.g. 15,000 MP particles
m ™3 in the water column of Lake Tai Hu, China (Su et al., 2016)), MP can
also be found in regional (Tamminga and Fischer, 2020) and remote areas
in remarkably high numbers (e.g. Negrete Velasco et al. (2020) identified
~2600 MP particles m 2 in the water column and outlet of a frozen
Swiss mountain lake), demonstrating the importance of long-range trans-
port and local sources far from industrialised areas (Dong et al., 2021).
Microplastic numbers in freshwater organisms can be considerably higher
than the water column, with estimates ranging from 100 to 10,000 particles
per kg body mass (dry weight), showing a tendency for organisms to ingest
and accumulate plastic particles (D'Avignon et al., 2022).

Lakes are often considered as MP sinks, as MP numbers in the sediment
are typically significantly higher than the water column (see data compila-
tion in D'Avignon et al., 2022). A lake serves as a permanent sink if MP is
buried long-term in the sediments. It may also be a transitory storage if
MP is resuspended back into the water column by bottom currents or
waves in the littoral zone, or if it has a long residence time in the water
column. Large dense particles (>10's of pm) tend to sink rapidly, and thus
are expected to have short residence times within the water column and
accumulate in the lake sediments (Ahmadi et al., 2022; Khatmullina and
Isachenko, 2017; Waldschlager and Schiittrumpf, 2019). In contrast
small, low density particles (<few pm) have slower settling velocities,
longer residence times, and are more likely to be flushed through the lake
before they can enter long-term storage in the sediments (Elagami et al.,
2022). Despite this, recent lake mesocosm experiments cannot explain
MP residence time in the water column, with transport to the sediments
being faster than expected based on purely physical transport processes
such as sinking and turbulent diffusion (Elagami et al., 2023).

Lakes host a range of organisms from various trophic levels, with the
potential for uptake either directly via filter-feeding (Scherer et al., 2017)
or ingestion of MP-containing prey (Chae et al., 2018) with subsequent
transfer within the aquatic food web (Yildiz et al., 2022). The MP residence
time in the water column, and especially in the epilimnion, is an important
parameter for evaluating the probability of ingestion by lake organisms.
Long residence times in the epilimnion leads to a higher likelihood of
uptake, especially by planktonic filter feeders such as the zooplankton
Daphnia. In contrast, short residence times will give organisms a limited
time to ingest MP particles. Uptake will also be influenced by MP size, as
larger particles cannot pass the feeding apparatus (Ebert, 2005). Filter
feeders, and especially zooplankton that are non-specific in their feeding
habits, are central for MP entering into the food web, as they feed by con-
suming particulate organic carbon (POC) from the water column. This
POC is typically phytoplankton, live or dead, and bacteria but also includes
other POC sources such as allochthonous detritus (Bell and Ward, 1970;
McMahon and Rigler, 1965). At the population maximum zooplankton
can remove most of the POC from the epilimnion (e.g. during the clear
water phase), where most, if not all, water in the epilimnion passes through
these organisms (Effler et al., 2015).

There is still very little known about how MP uptake affects freshwater
aquatic organisms at concentrations relevant for real lake systems

Science of the Total Environment 890 (2023) 164293

(O'Connor et al., 2020). However, there are numerous studies that have
shown detrimental effects of MP on lake biota at elevated MP concentrations
and also transfer of MP within the lake food web (O'Connor et al., 2020).
There is little known about what uptake and release of MP embedded in fae-
ces means for MP transport and residence times within the water column. It
seems reasonable to assume that once embedded in zooplankton faeces the
hydrodynamic properties of the MP should be governed largely by the faeces
properties rather than by those of the individual plastic particles, as has been
observed in the ocean (Cole et al., 2016; Pérez-Guevara et al., 2021).Thus,
the role of filter feeders in the lake MP cycle may be critical, particularly
in determining microplastic residence times within the lake water column
and thus availability for uptake by lake organisms.

In this work we use a series of generic virtual lake experiments to quan-
titatively study the role of the zooplankton Daphnia, and how the egestion
of MP as part of Daphnia faeces, influences the MP settling velocities and
residence times in lakes. The simulations are parametrised using data
from a large (Lake Constance, Germany) and a small lake (Esthwaite
Water, UK) as well as from existing literature and our own laboratory exper-
iments. The aim is to elucidate how lake size and Daphnia population
dynamics affect MP residence times in the lake water column.

2. Materials and methods
2.1. Model Lake system

The transport and accumulation of MP particles with and without Daphnia
was studied using an array of generic virtual experiments, using Lake Con-
stance, Germany, to represent large lakes and Esthwaite Water, UK, to repre-
sent small lakes. Microplastic has been identified in both the water column
and fish gut in Lake Constance, with the dominant particles being fragments
composed on polyethylene and polypropylene (Roch et al., 2019). There is
currently no data on MP numbers and polymer type in Esthwaite Water.
The full mathematical description of the model can be found in the supple-
ment. In the following we give a description of the most pertinent aspects
of the models. Each model represents a stratified lake with a well-mixed
(fully turbulent) epilimnion and hypolimnion and a laminar metalimnion
similar to that described in Elagami et al. (2022) (Fig. 1). Model parameters
such as lake area, water residence time, mean depth and temperature for
each lake layer are based on literature data (Achterberg et al., 1997; ISF,
2016) (Table 1).

The abiotic model system includes an exponential RT distribution in the
epilimnion and hypolimnion and one unique RT in the metalimnion based
on its depth and the MP sinking velocity v, (i.e. t = depth/v;) to simulate
sinking in a laminar water column. The biotic model was based on the
abiotic model but also included a Daphnia ingestion rate in the epilimnion,
the MP residence time in the intestinal tract, the egestion rate of MP in
faeces, the settling velocity of these faeces and the Daphnia population
numbers in the lake during the year. While we do not explicitly model
ecosystem processes such as grazing or predator-prey relationships, these
processes are implicitly included due to the use of measured population
data from the two lakes.

Due to the lack of literature data for individual Daphnia species, we were
required to pool data from various species for each model parameter. For
example, only the total numbers of Cladocera were available from monthly
monitoring at Lake Constance (ISF, 2016) and Esthwaite Water (Talling,
2003), while the Daphnia MP ingestion rates were specifically for Daphnia
magna (Scherer et al., 2017). This mix of parameters introduces an inherent
uncertainty in the model results as each species is likely to have a character-
istic set of representative parameters that may even change with life stage
and season. This was addressed using an uncertainty analysis described in
Section 2.6. Each model lake system was run in two ways: 1) by exclusively
simulating physical MP transport within the water column (abiotic system,
Fig. 1B), and 2) by accounting for physical MP transport and ingestion,
storage and egestion by Daphnia (biotic system, Fig. 1A). Uptake of MP by
Daphnia was assumed to occur only during night in the epilimnion as part
of the diel vertical migration, with the model using a 12 h day-night
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Fig. 1. Conceptual model of the primary processes effecting MP transport and residence times in a stratified lake as implemented in the model. A) a model containing
biological ingestion, storage and egestion by Daphnia plus physical transport, B) purely physical transport in the water column represented as a series of transfer functions.

cycle. This is another simplification of reality, as real lakes are populated
with an array of Daphnia species with individual migration patterns
that are often responding to predator (fish) behaviour and day length
(Ringelberg, 1999). However, this seems to be the most realistic way of sim-
ply representing the most important aspects of Daphnia feeding habits into
the model. MP particles are released as part of Daphnia faeces into the
epilimnion which then sink with a characteristic sinking velocity. Once
the MP particles reach the lake sediments they were assumed to be perma-
nently immobilized. For both model systems we further assume 1) both
lakes are perpetually stratified and 2) once particles enter the lake they
are uniformly distributed in the epilimnion. These are necessary simplifica-
tions, as simulating the full hydrodynamics of the two lakes is not possible
with our simplistic representation of the lake system as a series of transfer
functions.

2.2. Settling velocities for MP particles

Microplastic settling velocities for the different lake compartments were
estimated using Stokes law for polystyrene (PS; p = 1.050 kg m ~ %) spheres
with particle diameters of 0.5 pm, 5 pm and 15 pm. Settling velocities of the
particles were corrected for water temperature based on mean annual tem-
peratures in each of the lake compartments by applying an empirical rela-
tionship that is dependent water density and dynamic viscosity (Elagami
et al., 2022).

Table 1
Lake parameters used in the virtual experiments.

Lake constance Esthwaite water

Lake area [km?] 472 1.0
Water residence time 4 years 13 weeks
Depth [m]

Epilimnion 15 6
Metalimnion 10 2
Hypolimnion 65 4

Mean temperature [*C]

Epilimnion 15 15
Metalimnion 10 11
Hypolimnion 4.5 8
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2.3. Uptake and egestion of MP by Daphnia

Ingestion of particles into the digestive tract of Daphnia was represented
by assuming proportionality between the particle uptake rate and MP num-
bers in the epilimnion (Eq. (S1)). The parameter k,(t) represents the time
dependent MP uptake rate for the entire population of Daphnia and essen-
tially represents the proportion of the epilimnic water that passes through
the Daphnia population per day. It requires 1) a representative filtration
rate for a single daphnid individual m, 2) the total volume of the epilimnion
Vepi, 3) the Daphnia population per lake area P as a function of time and
4) the corresponding lake area A. Data used to derive the filtration rate
(Supplementary Fig. S1A) were taken from MP feeding experiments pre-
sented in Scherer et al. (2017) while the population densities of Cladocera
for Lake Constance and Esthwaite Water are based on ISF (2016) and
Talling (2003) respectively (Supplementary Fig. S1B).

ka(1) = A P(1) (€))

Vepi

The faeces egestion rate (supplementary Eq. (S1)) controlling the re-
lease of MP from the Daphnia into the epilimnion, was estimated from feed-
ing experiments using D. magna presented in Rosenkranz et al. (2009). An
exponential model was used to represent the experimental data shown in
Supplementary Fig. 1C. The exponential model showed a very good fit
@ = 0.99), providing an estimate for the excretion rate of 14.5 d!
which translates to a RT in the Daphnia of about 5 h for 95 % of particles
to leave the organism.

2.4. Faeces sinking velocities

There is currently no data available on the sinking velocities of Daphnia
faeces containing MP from fresh water lakes. To quantify the sinking veloc-
ities of these MP imbedded faeces, experiments were conducted using the
D. magna clone BL2.2 (Imhof et al., 2017). Prior to the experiment, female
D. magna were cultured in 1.5 1 jars containing 1 1 artificial M4 medium at
20 *= 0.5°C and a 16 h:8 h light:dark regime with half an hour dusk and
dawn respectively (Elendt and Bias, 1990). Daphnia were fed ad libitum



Study 5: Filter feeders are key to small microplastic residence times in stratified lakes: ...

B.S. Gilfedder et al.

with the unicellular green algae Acutodesmus obliquus three times a week.
To avoid crowding effects, neonates of the first and second broods were
removed within 24 h after release.

Microplastic used in the feeding experiments were wet ground PS frag-
ments (diameter ~ 17.7 um, PS158N/L; INEOS Styrolution Group GmbH,
Germany) and red PS spheres (diameter ~ 3 pm; Polybead®, Polysciences,
Inc.; USA). Additionally, spray dried fluorescent labelled (rthodamine B) PS
(® 10.4 pm; Européisches Zentrum fiir Dispersionstechnologien, Germany)
was used to analyze the degree of MP incorporation into the faeces. Stock
suspensions of PS particles were prepared following the protocol of Schiir
et al. (2020) ensuring that particles were well dispersed. Approximately
50 mg of the respective particles were suspended in 50 ml autoclaved M4
medium and shaken for 48 h at 100 rpm. Stock suspensions were then
stored at 4 °C and continuously stirred before dilution. Finally, the particle
concentration of stock suspensions was evaluated using a hemocytometer
(Brand GmbH) prior to the experiments.

Third brood age synchronized primiparous D. magna were separated in
150 ml beakers containing 50 ml of the M4 medium, 2 mg C 17" of
A. obliquus and 5000 particles ml ™! of the respective MP particles. After
24 h of exposure to the particles, Daphnia faeces were collected from the
bottom of the beakers and gently transferred with 5 ml plastic pipettes to
a plexiglass chamber (3 X 3 x 12 cm) filled with M4 medium for settling
velocity measurements. Faeces settling velocities were measured using par-
ticle image velocimetry (PIV) (Elagami et al., 2022). Sinking velocities were
subsequently determined using the TrackMate plugin (Ershov et al., 2021)
in ImageJ (Schindelin et al., 2012).

To determine if the MP were incorporated into the Daphnia faeces,
the animals were exposed to the rhodamine B labelled PS as described
above. After 24 h, faecal pellets were collected, gently washed three
times in ultrapure water, transferred to microscope slides, dried in a
desiccator and imaged using a Leica M205 FCA fluorescence stereo mi-
croscope (excitation: 553 nm; emission: 627 nm; Leica Microsystems;
Germany).

2.5. Physical sinking vs biological uptake

The ratio between the mean MP residence time in the epilimnion z;,
and a characteristic Daphnia ingestion time T, was used to quantitatively
compare abiotic vs. biotic transport processes in the lake epilimnion
(Eq. (4)). 1yp is the inverse of kx(t), while v, is m P(t). By using the defini-
tion of the mean residence time in the epilimnion (Supplementary Eq. (2a)),
the ratio in Eq. (4) can also be expressed in terms of the particle sinking and
uptake velocities v p/Vs epi. When v ,/Vs ep ratio is ~1 both ingestion/
egestion by Daphnia and physical sinking are equally important for MP
residence times, while for v /v epi > 1 biological uptake dominates, and
for v yp/Vs epi << 1 physical transport dominates.

Tgpi  mP(t) vy

P _ e @
Tup Vs_epi Vs_epi

2.6. Parameter uncertainty

Data on MP uptake and egestion rates of MP by filter feeding organisms
such as Daphnia are sparse, especially at the species level. We have been
restricted to data from a limited number of sources and usually to one single
Daphnia species, which also varies from parameter to parameter. To ac-
count for the uncertainty this introduced into the simulation we performed
an sensitivity analysis using a bootstrapping method. Egestion, filtration
rates and Daphnia population dynamics were randomly selected as model
input from a range of =50 % of the original values, assuming the original
values represent the mean of a normal distribution. This changes the abso-
lute numbers of each parameter, but not the temporal development of the
population. In total 200 unique parameter sets for each lake system were
generated and run through the model. All simulations were evaluated for
the time it takes for 95 % of the MP particles to reach the lake sediments,
which is referred to as the lake residence time.
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3. Results

The settling velocities of Daphnia faeces had a mean and standard error of
1.13 = 0.10 (n = 8),1.04 + 0.07 (n = 14) and 0.93 + 0.13mms ' (n =
13) for the control, 17.4 pm and 3 pm MP particles, respectively (Fig. 2).
There was no significant difference in sinking velocities between the control
and MP containing faeces or between faeces containing MP of different sizes
(t-test, p < 0.05). In comparison, the Stokes sinking rates of pristine MP
spheres of the same size were 7.5 x 10 and 2.2 x 10" *mm s~ . The
MP particles were clearly imbedded in the Daphnia faecal pellets (Fig. 2). A
sinking velocity of 1 mm s~ was used for all subsequent simulations of fae-
cal pellet sinking velocities, except for the sensitivity analysis where it was
varied by #50 %, as described above.

Initially the model MP flux to both lakes was kept constant for one full
year at 107 particles per day, which amounted to a total MP input to both
lakes of 3.65 x 10 particles per year (Figs. 3 & 4). Thereafter MP particle
numbers in the epi-, meta-, and hypolimnion were solely controlled by in-
lake processes. During the first year MP numbers increased rapidly in the
epilimnion of both lakes. In the Lake Constance abiotic model MP numbers
in the water column reached ~3.6 x 10° particles for the 0.5 yum MP,
2.1 x 10° particles for the 5 yum MP, and 0.3 x 10° particles for the
15 pm MP (Fig. 3). In the biotic system containing Daphnia the number of
particles in the epilimnion were only 5-10 % of the abiotic system, with a
maximum of 0.4 X 10° particles for both the 0.5 and 5 ym MP and
~0.2 x 10? particles for the 15 pm MP. The maximum in MP numbers
were not found at the end of the first year as in the abiotic system, but
shortly before the maximum in Daphnia populations. MP numbers in the
epilimnion of Esthwaite Water were similar to Lake Constance for the
0.5 pm particles during the abiotic simulations, but where considerably
lower for the 5 pm (~1.1 X 10°) and especially the 15 pm (~0.1 X 10%
particles (Fig. 4). In the Esthwaite Water biotic model the highest MP num-
bers in the epilimnion were not found at the end of the first year, as also
seen in Lake Constance, but slightly before the maximum in the Daphnia
population, with ~0.5 x 10° particles for the 0.5 pm, 0.4 x 10° for the
5 um particles, and 0.1 x 10 for the 15 pm particles. This is 14 %, 45 %
and ~ 100 % of the maximum particle numbers found in the abiotic system
for the three particle sizes.

In the abiotic simulations, once the MP flux ceased the numbers of
0.5 pm particles decreased very slowly in the epilimnion of both lakes;
~95 % of the particles remained in the Lake Constance and ~87 % in the
Esthwaite Water epilimnion after 5 years simulation time (Figs. 3 & 4).
The 5 pm and especially the 15 pm particles exited the epilimnion consider-
ably faster than the 0.5 pm particles in both lakes, with 95 % of these larger
particles lost in <1-3.5 years.

In contrast to the epilimnion, the time required for 95 % of the particles
to exit the entire lake water column and reach the sediments (MP lake res-
idence time, 7) for the abiotic systems was in excess of 15 years for the
0.5 pm and 5 pm particles and ~2.4 years for the 15 pm particles for Lake
Constance (Table 2). Similarly the 0.5 pm particles in Esthwaite Water
were calculated to have a residence time of >15 years, with no noticeable
flux to the sediments over the 15 year simulated period. In contrast the res-
idence times for 5 pm and 15 pm particles in Esthwaite Water were only
~2.15 and 1.03 years due to the shallower lake depth.

Apart from the 15 pm particles for Esthwaite Water, the MP residence
times for both lake systems were significantly shorter in the biotic than in
the abiotic simulations (Table 2). The largest difference in residence times
were observed for the 0.5 pm particles, where 95 % of the MP particles
reached the sediments after ~1 year for both lakes. The difference in resi-
dence times between the biotic and abiotic models decreased with increas-
ing particle size and decreasing lake depth to the point where there was
little (a few %) difference between simulated residence times for the
15 pm particles in the shallow Esthwaite Water. Only a very small propor-
tion of MP was found in the Daphnia biomass at any one time, with a max-
imum of 0.15 % of the total MP added to the lake, and usually around
0.05 % (Figs. 3 & 4). There were a larger number of the 0.5 pm and 5 pm
particles stored in biomass than 15 pm particles. The temporal “changes
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Fig. 2. Settling velocities of Daphnia magna faecal pellets containing polystyrene MP (control n = 8; fragments n = 14; spheres n = 13). Mean settling velocities (= SE):
control 1.13 = 0.10, fragments 1.04 = 0.07 mm s~ '; spheres: 0.93 + 0.13 mm s~ '. Inset is an image of D. magna faeces containing MP. Scale bar of inset faeces is 100 pm.

in particle numbers in both lakes was largely controlled by the Daphnia
population dynamics, with the minimum MP numbers in the water column
during the clear water phase when the Daphnia population was at its max-
imum. The highest numbers were in the winter months when there was
nearly no Daphnia in both lakes. There was little noticeable effect of the
dial feeding cycle on MP numbers.

The parameter uncertainty analysis for the biotic Lake Constance model
indicated that the residence times of 0.5 pm and 15 pm particles were only
minimally affected by parameters associated with ingestion and egestion of
MP and Daphnia population dynamics (Table 2 & supplementary Fig. 3).
The estimated 95 % confidence intervals for residence times ranged be-
tween 0.99-1.15 years for 0.5 pm and 1.33-1.9 years for 15 pm particles
(Table 2). For the 5 pm particles the uncertainty was larger, with a range
from 1.01 to 4.04 years. In the Esthwaite Water model parameter uncer-
tainty had a significant effect for the 0.5 pm and 5 pm particles. The 95 %
confidence intervals ranged between 0.98 and 1.26 (0.5 pm), 1.02-1.37
(5 pm) and 0.98-1.01 years (15 pm). As would be expected, the combined
effect of the filtering rate and the total numbers of Daphnia in the lake had
the largest influence on MP residence times in the simulations. The combi-
nation of these two parameters quantifies the total amount of water, and
thus also number of particles, that passes through the Daphnia population.
The egestion rate has less of an effect on the residence times but controls
the amount of MP stored in the organisms. The parameters associated
with particle settling were not subject to the bootstrapping analysis, as
the model uncertainty is assumed to be primarily associated with the poorly
constrained and often lumped biological parameters from the literature.

The ratio between the MP uptake rate by Daphnia and the sinking veloc-
ity of pristine MP in epilimnion (v up/Vs i) Was used as a dimensionless
number to characterize the importance of the biotic versus abiotic transport
pathways for MP residence times in the lake water column. A v ,/V; o ratio
of 1 indicates that sinking and uptake are of equal importance, >>1 indi-
cates the biological pathway dominates while a value << 1 indicates that
the abiotic sinking dominates. We define the transition zone between
0.1 and 10. This analysis showed that v ,/v; ¢ scales with the Daphnia
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population and particle size; and that the smaller the MP particle the
more dominant is the biological pathway (Fig. 5). For the 0.5 pm particles
the biological pathway is constantly the dominant way for MP to be
removed from the lake water column and enter storage in the sediments
(as faeces), while for the 5 pm and 15 pm particles the biological pathway
becomes dominant (>10) at Daphnia populations of 10,000 and 100,000 in-
dividuals per m? respectively. The 5 pm particles remain >1 for Daphnia
numbers >1000 individuals per m?* and V_up/Vs epi is never below 0.1 for
the populations recorded in both lakes. Only the 15 pm particles produced
aV yp/Vs epi value smaller than 1 for the Daphnia populations measured in
the lakes while the abiotic pathway becomes dominant (<0.1) at popula-
tions below 1000 individuals per m?.

4. Discussion

Despite decades of plastic pollution research in the world's oceans, it is
still in its infancy in limnic environments. Microplastic is of growing
concern in these systems due to is ubiquitous presence, concentration
and transfer within the food web and potentially adverse effects ranging
from individual organisms to whole populations (D'Avignon et al., 2022;
O'Connor et al., 2020). The amount of plastic, and MP in particular, enter-
ing the terrestrial environment is expected to increase in the future
(Lebreton and Andrady, 2019), making it imperative to more deeply under-
stand it's transport through and between terrestrial compartments.

Microplastic transport processes in the lentic water column control MP
residence times, but these processes are poorly understood because of the
complexity of various interacting factors (Elagami et al., 2023). Residence
time is important to quantify, however, as it controls the probability of
uptake by filter feeding organisms such as zooplankton. The longer such or-
ganisms are exposed to MP, the higher the probability that it will be ingested
and enter the lentic food web, and possibly be transferred between trophic
levels (Yildiz et al., 2022). Previous research has focused predominately on
physical transport processes such as sinking velocities (Kaiser et al., 2019;
Waldschlédger and Schiittrumpf, 2019) and mixing (Elagami et al., 2022)
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Fig. 3. Comparison between simulated abiotic and biotic MP numbers and the percent of total input for Lake Constance epilimnion, entering the sediments and stored in

Daphnia biomass.

and how this is influenced by particle properties such as plastic polymer
type, size and shape. There is currently little known about the role lake
organisms play in determining MP residence times in lakes. Evidence
from the marine environment suggests that MP packed into faeces can
have a significant effect on settling velocities, but even these experi-
ments assume laminar conditions in the water column (Pérez-Guevara
et al., 2021).

The simulations performed here show that when neglecting the biolog-
ical pathway residence times for small (0.5 and 5 pm) PS particles in Lake
Constance are very long for both the epilimnion and the entire lake water
column (both >15 years). The residence time for these particles was consid-
erably longer than the lake flushing time (~4 years, defined as river dis-
charge leaving lake divided by the lake volume), suggesting that MP will
be transported conservatively through the lake rather than deposited in
the sediments. This is similar for the Esthwaite Water, with the MP resi-
dence time ranging between >60 (0.5 pm) and ~8 (5 pm) times the flushing
time (13 weeks) despite shorter MP residence times in this small lake. These
results suggest that lakes will not act as a sink for small MP particles unless
additional processes, such as uptake by filter feeders or aggregation of MP
with existing lake particles increases their settling velocities (Long et al.,
2015; Schmidtmann et al., 2022). The 15 pm particles are expected to
reach the sediments as their residence times are only a fraction of the
lake flushing time for both lakes, with this being more evident in Esthwaite
Water due to its shallow depth.

When MP ingestion and egestion by Daphnia was introduced into the
model structure the residence times for the small particles were drastically
reduced for both the epilimnion and the entire lake water column. More
than 90 % of MP, regardless of particle size and lake size, reached the
sediments in less than a year. The importance of the biological pathway is
also demonstrated by particle numbers in the epilimnion being controlled

by the number of Daphnia present. During winter when Daphnia numbers
are low MP numbers increased to their highest levels, while they sank to
near-zero in the clear water phase when Daphnia filter a significant portion
of the POC, including MP, out of the lake epilimnion.

The proportion of epilimnic water that passes through the Daphnia (k,
in Eq. (3)) each day controls MP uptake. At the height of the clear water
phase in Lake Constance (~10° Daphnia individuals m ~2), the whole of
the epilimnic water volume passes through the organisms 2.5 times per
day. This is a very high filtering capacity. To evaluate if this is plausible,
we have conducted a simple calculation based on measured Daphnia filter
rates from the literature (0.1-5 ml h~* individual ~*, depending largely
on Daphnia size (Burns, 1969)), the Daphnia numbers in Supplementary
Fig. 1 (max. 10° individuals m~?) and lake area and epilimnion depth
given in Table 1. This calculation suggests that between 0.2 and 8 times
the volume of the epilimnion can pass through the Daphnia population
per day. While this calculation has several assumptions, such as uniform
Daphnia numbers across the lake, our value for k, is in reasonable agree-
ment with literature values. The sensitivity analysis supports this conclu-
sion as it showed that the residence times are only minimally influenced
by the selection of the biological parameters used, and the same interpreta-
tion would be made by varying the biological uptake rate, population
density and excretion rate from 50 to 150 % of the original value.

The dominance of the biological pathway for the 0.5 pm and 5 pm MP
particles is also clearly shown by the value of v ,/V; epi. In all cases the bi-
ological pathway dominates (>10) for the 0.5 pm MP, while it is dominant
for the 5 pm particles for all but the winter Daphnia populations (<10,000
individuals m ~2). For the largest particles, the value of V_up/Vs epi 1S consis-
tently in the transition zone (ratio 0.1-10) where both biologically medi-
ated transport and physical transport are important for MP residence
times in the epilimnion.
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Daphnia biomass.

4.1. Model uncertainties

The model presented here is a highly simplified representation of real-
ity, both in terms of the data used and the model physics. Parameter uncer-
tainty is addressed to some extend by the sensitivity analysis, so that the
largest uncertainties probably stem from the simplified way the model rep-
resents lake physics. For example, the model assumes that the virtual lakes
are permanently stratified rather than mixing one or more times per year as
is typical for mid latitude lakes such as Lake Constance and Esthwaite
Water. These simplifications were necessary to avoid a full simulation of

Table 2

Microplastic residence time and uncertainties (from the sensitivity analysis) in the
two lakes, defined as the time for 95 % of the particles to leave the lake and enter
the sediments.

Esthwaite water
Residence time [years]
(Confidence interval)

Lake constance
Residence time [years]
(Confidence interval)

0.5 pm

bitotic system 1.02 (0.99-1.15) 1.19 (0.98-1.26)
abiotic system >15 >15

5.0 pm

bitotic system 1.1 (1.01-4.04) 1.2 (1.02-1.37)
abiotic system >15 2.15

15.0 pm

bitotic system 1.58 (1.33-1.9) 1(0.98-1.01)
abiotic system 2.4 1.03
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lake hydrodynamics, and coupling the hydrodynamic model to a biological
module and a particle transport module, all of which is not trivial. In reality
lake turnover would have distributed the MP throughout the lake water col-
umn, rather than it being confined to the individual compartments where

A Lake Constance O Esthwaite Water === Bootstrapping
100000 I

- biologically controlled

1000

physically controlled _]
V <<V,

up s_epi

1 | 1
10,000 100,000 1,000,000

Daphnia Population [N/m?]

|
1,000

Fig. 5. Ratio of Daphnia uptake vs. physical sediment as a function of the Daphnia
population as an indicator of physically vs. biologically controlled MP removal
from lake systems.



Study 5: Filter feeders are key to small microplastic residence times in stratified lakes: ...

B.S. Gilfedder et al.

the residence time is controlled by the sinking velocity. It is difficult to pre-
dict what this mixing would imply for MP residence times, as MP from the
epilimnion would be mixed into the hypolimnion, which may reduce the
total residence time. Concurrently, MP from the hypolimnion would also
be mixed back into the epilimnion, increasing the residence time, and lead-
ing to an enhanced exposure to organisms such as Daphnia with the poten-
tial for ingestion and egestion as faeces.

We also assumed that the sediments act as a permanent sink. Given the
low density of many plastic polymers and shear forces acting on the lake
bed, especially in large lakes or the littoral zone (Lorrai et al., 2011), it is
possible that MP will be re-suspended back into the lake. This is expected
to be enhanced during turnover due to the turbulent conditions induced
by mixing events, even in the hypolimnion (Cannon et al., 2021). This
would render these re-suspended particles available for uptake, effectively
increasing their RT in the lake.

A potentially important biological assumption not directly related to
transport is that the faecal pellets are assumed to undergo no changes
while sinking to the sediments. It is known that Daphnia faecal pellets are
fragile and are colonized by bacteria that can decompose the pellets in
the water column (He and Wang, 2006; Pérez-Guevara et al., 2021). This
mass-loss would reduce the sinking velocity of the pellets. Pellets can also
form a food source for higher organisms such as fish, in which case the
MP would likely end up in large faecial material and sink more rapidly
than in the Daphnia pellets (Pérez-Guevara et al., 2021). Finally, we have
only used Daphnia as our ‘model’ filter feeding organism. Lakes host an
array of filter feeding zooplankton, such as Copepods and rotifers, meaning
that there is a large potential for more MP to enter the food web than pre-
dicted by the model. This MP would also be packed in faecal pellets and
sink to the sediments. Despite uptake likely being somewhat species
specific (e.g. general vs. selective feeders) we believe that our uptake
rates are at the lower end of the expected range in nature as we have
concentrated exclusively on Daphnia as a representative filter feeding
organism. Finally, we have used PS as the model MP polymer due to
data availability, and its ubiquitous presence in aquatic environments
(Schwarz et al., 2019). However, other polymers are also important, and
often more dominant than PS in lakes (Schwarz et al., 2019). Due to zoo-
plankton faeces being the dominant pathway for sedimentation of small
MP in the lake, we believe the polymer type will not be critical when deter-
mining MP residence times. However dense polymers may be an important
aspect for larger MP particles, as sinking is an important pathway to the sed-
iments, especially in small lakes. Particle shape is another aspect that may
influence settling and uptake dynamics. Fibers, in particular, are likely to
behave differently to spheres and irregular shapes, both in the water
column and the intestinal tract of lake organisms. Thus in the future it
would be useful to obtain experimental data and preform residence time
calculations of polymer types and shapes other than PS spheres. Despite
these model uncertainties, we believe that our simplified model captures
the most salient transport and uptake processes controlling the residence
times of MP in lakes and that the results will be applicable to lakes across
a spectrum of sizes and plastic types.

5. Conclusions

These virtual experiments highlight the importance of including lake
ecology into calculations estimating MP transport processes and residence
times. The model predicts that the residence time of small micrometer
sized plastic particles imbedded in faecal pellets will be orders of magnitude
shorter than single MP and will likely play a critical role in determining MP
residence times and zooplankton uptake in lakes and ponds. It also shows
that the vast of majority of small MP will cycle through lake organisms
rather than sinking to the sediments via physical transport processes, with
potential negative effects to these organisms and ecosystems. Microplastic
has been found in an array of lake organsims (including in Lake Constance
(Roch et al., 2019)) at different trophic levels, which highlights the need
to better understand both transport in the lake water column and through
the lake ecosystem, and how this influences residence time in these
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environments (Elizalde-Velazquez et al., 2020). It will be vital in the future
to test these first model predictions with experimental data; we hope
these virtual experiments will stimulate both discussions and experiments
to this effect.
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Supplementary Information

Mathematical Transport Model

A dynamic lake model was developed to represent the transport behaviour of MP for the biotic
and abiotic systems. Similarly to Elagami et al. (2022) the model represents a lumped
parameter approach that uses transfer functions to represent the behaviour of MP-particles in
each lake compartment. The transfer functions represent transport, mixing and uptake
processes occurring in the two lake water columns (Figure 1B). Particle numbers N; in free
suspension (N; = epi- , N> = meta-, N3 = hypolimnion) in lake sediment (N,) and within
zooplankton faeces (Ns= epi- , Ns = meta-, N7 = hypolimnion and Ns = lake sediments) were
simulated for each of the lake compartments as well as within the digestive tract of the
zooplankton (Ny) in the epilimnion. For the epi- and hypolimnion, the model assumes fully
mixed (turbulent) conditions that are represented by exponential transfer functions (i.e.,
exponential residence time distributions). For the metalimnion, the model assumes laminar
conditions, where particles have a single residence time, mathematically represented by a
Delta-Dirac transfer function that is similar to a ’piston flow’ type model. For all compartments
the governing equations can be combined into a set of nine coupled ordinary differential

equations:

d - .
‘N=m-m+1 OV
dt

In Equation S1 %IV [particles T-'] represents the change of MP numbers in time for each

model compartment N = (N; ... Ng) , M [T'] represents a matrix containing first order
transfer coefficients k;-ks [T™'] defining the exponential transfer functions used to represent
the effect of turbulent mixing for the epi- and hypolimnion as well as the uptake and

excretion by Daphnia (Equation S2).
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L [particles T-'] is a vector containing information about the input of MP into the epilimnion
I(t) [particles T-'] and fluxes associated with the laminar settling of MP and MP containing

faeces in the metalimnion (Equation S3).

I(t) 1 (S3)
—ky Ny (t —71)
kiNy(t —79)
0
0
—ksNs(t —72)
ksNs(t —73)
0
0

el
I

The first order exchange coefficients for the epi- and hypolimnion were estimated according

to the definition of the mean lifetime of an exponential function k = where Tep; hypo

Tepi,hypo
[T] are mean residence times of MP and MP containing faeces in the turbulent epi- and
hypolimnion. Values for the mean residence times epi, Tmera and wiypo Were calculated using
equation S4a-c, where vs [LT™!] represents the laminar settling velocities for MP in each lake
compartment and z [L] is the corresponding thickness of the epi- meta- and hypolimnion.
The final set of coupled differential equations (shown in Figure S2) was solved
simultaneously for every timestep by using the SIMULINK toolbox in MATLAB. For both

lake systems the model was run for a period of z..s= 15 years with variable time stepping.
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Supplementary Figure S2: Graphical representation of the mathematic lake model including
the most important parameters used in the calculations.
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Supplementary Figure S3: Sensitivity analysis of the fraction of MP particles entering the sediments
(residence times) in Lake Constance and Estwaite Water. Sedimentation rate, population density,
egestion and filtration rates was varied from 50-150 % of their average values to quantify the effects of
parameter selection on residence time estimates.
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environment, sublethal effects may gradually manifest at the population level, leading to irreversible ecosystem

changes.

1. Introduction

Sustainable life in modern society is impossible without the extensive
and appropriate use of plastic materials. Plastic materials are cheap and
have a range of unique property combinations (Andrady and Neal,
2009). Consequently, the consumption of plastic materials continually
increases, reaching a worldwide demand of 367 million tons in 2020
(Plastics Europe, 2021). However, once plastics enter the environment
due to inappropriate waste management, so-called secondary micro-
plastics ((MP); plastic debris 1 to < 1000 pm (Hartmann et al., 2019))
are formed through mechanical forces or other degradation processes
such as photooxidation (Galloway et al., 2017; Klemchuk, 1990). Next to
these secondary MP, primary MP (intentionally produced in this size
range (Hwang et al., 2020)) can enter the environment via many path-
ways. To date, MP are present in all environmental compartments
(Cristaldi et al., 2020), including freshwater ecosystems (Anderson
et al., 2017; Imhof et al., 2013).

Although freshwater habitats are vital as drinking water resources,
they are severely affected by pollutants (Revenga et al., 2005), including
MP (Dris et al., 2015a). Since an increase of MP in the environment is
expected, there is a great need to investigate the impact of MP on these
ecosystems. Once MP enters the environment, it can be encountered by
various aquatic organisms, potentially causing adverse effects.
Filter-feeding organisms are already known to ingest large amounts of
MP (Moore, 2008) as they feed on particulate matter. Therefore, the
necessity to elucidate the effects of MP on these filter feeding organisms
arises. So far, reported negative effects include a reduced number of
offspring in Daphnia (Ogonowski et al., 2016), changes of the proteomic
profile in both Daphnia and the mussel Dreissena (Trotter et al., 2021;
Magni et al., 2019) or changes in the antioxidative capacity in Dreissena
(Weber et al., 2020).

In this context, specific physico-chemical properties of MP that could
be responsible for these effects, such as size (An et al., 2021) and shape
(Schwarzer et al., 2021) of the particles, or the adsorption of chemicals
(Schiir et al., 2021), are gaining more and more attention (Wieland
et al., 2022), while other parameters like leakage of residual monomers
or additives (Renzi et al., 2019) were rarely considered. Interestingly,
even MP of the same polymer type and shape can differ tremendously in
their properties, resulting in differing effects on organisms (Ramsperger
et al., 2021). This, in turn, makes it very likely that the effects of MP
from different polymer types will vary even more. However, to date, the
scientific focus has been on only a few polymer types (such as poly-
ethylene (PE) and polystyrene (PS)) to study the effects on organisms.
Other polymer types with high production and consumption rates, such
as polyethylene terephthalate (PET), are rarely investigated (71 out of
1054 MP used in studies) (Rozman and Kalcikova, 2022). Concerning
polymer type effect studies, there is a discrepancy between laboratory
studies and plastics found in nature, as bottles made of PET are the most
common type of macroscopic debris in European rivers (Earth Watch
Institute, 2018). An estimated 480 billion plastic drinking bottles are
produced each year globally, with differing amounts of recycled mate-
rial (e.g. in Germany every PET bottle consists of ~30 % recycled ma-
terial (gvm Gesellschaft fiir Verpackungsmarktforschung, 2020)). Since
a large fraction of them is not disposed properly (Ryan et al., 2019), for
example via illegal dumping from ships (Ryan, 2020) or public littering
(Sheavly and Register, 2007), the amount of PET waste in freshwater
systems will continue to rise in a business-as-usual scenario.

Due to the different properties of microplastics, extrapolating eco-
toxicological findings caused by one or two types of MP (i.e. petroleum-
based MP like PS or bio-based MP like polylactic acid (PLA) (derived
from renewable sources such as vegetable oil (Verschoor, 2015)) to the

entire spectrum of MP types may be misleading (Ogonowski et al.,
2018). For a valid hazard assessment of MP, a preceding in-depth
characterization of the MP particles is essential. This in combination
with comparisons of different polymer types will allow a better under-
standing of the properties that cause detrimental effects in organisms.

We therefore exposed the limnic filter feeder Dreissena bugensis
(D. bugensis) to three frequently used petroleum-based polymers (recy-
cled PET, polyamide 66 (PA 66), PS), and one bio-based polymer (PLA).
PET and PS are commonly found in freshwater bodies, respectively ac-
counting for 11 % and 13 % of plastics found in freshwater samples (Li
et al., 2020). Additionally, we used ground mussel shell fragments as
natural control particles, which were not associated with adverse effects
(Schwarzer et al., 2021). All MP and the control particles were irregular
particles (fragments (mean sphericity ~0.80-0.91)) with a similar size
range (~20-120 pm) and the suspension in water was proved using laser
doppler velocimetry (LDV). Physico-chemical properties of MP particles
were analyzed in-depth using differential scanning calorimetry (DSC),
gas chromatography-mass spectrometry (GC-MS), infrared (IR) spec-
troscopy, laser diffraction (LD) / dynamic image analysis (DIA), nuclear
magnetic resonance (NMR) spectroscopy, scanning electron microscopy
(SEM), and thermogravimetric analysis (TGA).

The ingestion of MP by the mussels was shown using rhodamine B
labelled PS fragments and cryosections in a companion experiment. In
the main experiment the behavioral endpoints “filtration activity”
(percentage of time the mussels are actively filtrating) and “transition
frequency” (number of changes between open and closed behavior per
day) of D. bugensis were recorded using the Hall sensor technology
(Hartmann et al., 2016a). Further, to measure the overall stress level, the
activities of oxidative stress biomarkers (activity of ROS detoxifying
enzymes catalase (CAT), glutathione peroxidase (GPx), super-oxide
dismutase (SOD, and glutathione-s-transferase (GST)) were analyzed,
and proteomic profiling was performed to address underlying
biochemical processes. Thus, we can link possible effects directly to the
polymers and their specific properties. Additionally, we aim to rule out
effects caused by particles per se by using ground mussel shell fragments
that resemble naturally occurring particles.

2. Materials and methods
2.1. MP and control particles preparation

Four different synthetic polymer types and one natural control par-
ticle type (mussel shell fragments) were used in the experiment (see
Table 1). The PET was obtained from recycled PET bottles, provided by
Veolia (Paris, France). Additionally, fluorescently labelled PS was used
to investigate the ingestion of MP particles.

The original plastic material was milled in a centrifugal mill (ZM
200, Retsch GmbH, Haan, Germany) and air jet sieved to gain fragments
in a comparable size range (~ 20-120 pm).

Mussel shell fragments were prepared by mortaring thoroughly
cleaned shells (using 70 % EtOH, demineralized water, brushes, and
paper towels) and sieving them through 70 um and 20 um meshes (the
middle fraction was then used) (pluriStrainer, pluriSelect, Leipzig,
Germany).

Before the experiments, stock suspensions were prepared for all
different fragment types, following the protocol by Schiir et al. (2020).
This protocol enables that the polymers are well dispersed in water. For
that, 1 g of the respective fragments were suspended in 1 L autoclaved
Achener Daphnia Medium (ADaM) (Kliittgen et al., 1994) in 1 L Schott
DURAN borosilicate glass bottles and shaken for 48 h. Stock suspensions
were then stored at 4 °C and continuously stirred before dilutions.
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Finally, the particle concentration of stock suspensions was evaluated
using a hemocytometer (Neubauer Improved, Brand GmbH & Co. KG.,
Wertheim, Germany). For these measurements and the preparation of
test suspensions, particles were taken from the middle water layer of the
stock suspensions after 48 h of shaking. Particle concentrations of stock
suspensions can be found in the SI (Table S1).

2.2. MP and control particle characterization

To precisely characterize the used particles, the size/shape distri-
bution and the chemical composition of the different particles were
analyzed. The shell fragments’ chemical composition was analyzed
using attenuated total reflection (ATR) infrared spectroscopy (Alpha FT-
IR Spectrometer, Bruker, Billerica, USA) and was confirmed to be
aragonite. The chemical composition of MP used in the behavior and
molecular experiment was additionally analyzed using NMR spectros-
copy, IR spectroscopy, DSC measurements, GC-MS measurements, and
TGA measurements.

2.2.1. Size and shape distribution

Particle size and shape analysis were performed using a particle size-
and shape analyzer (FLOWSYNC, Microtrac MRB, Montgomeryville and
York, USA) based on LD/DIA.

To investigate the morphology of the different particles, 10 ul of each
stock suspension were pipetted to silicon wafers. These were mounted
on aluminum stubs (@ 12 mm, Plano GmbH, Wetzlar, Germany) using
carbon conductive tabs (@ 12 mm, Plano GmbH, Wetzlar, Germany) and
dried in a desiccator. The samples were then coated with a 4 nm thick
platinum layer (208HR sputter coater, Cressington, Watford, UK).
Finally, they were analyzed with SEM (FEI Apreo VolumeScope, Hills-
boro, USA) at 3 kV (PA 66, PET, PLA) and 5 kV (PS, mussel shell frag-
ments) using an Everhart-Thornley detector.

2.2.2. Chemical composition of MP

First, a Bruker Advance (Billerica, USA; 300 MHz) was used to record
NMR spectra, with the chemical shift given in parts per million (ppm)
and the coupling constant (J) in Hz. Deuterated chloroform & (CDCl3) =
7.26 ppm was used as the solvent for PLA and PS. For PA 66 and recycled
PET, a mixture of deuterated HFIP ((CFs).CDOD) and deuterated chlo-
roform & was used. Approximately 10 mg of the sample were solved in
0.7 ml of deuterated solvent at room temperature.

Then, for acquiring high-resolution 'H and 'C liquid-state NMR
spectra of recycled PET, approximately 5 mg dried particles were dis-
solved in 0.7 ml of a 3:1 (wt. ratio) mixture of deuterated chloroform-D
and deuterated trifluoroacetic acid (TFA-D). The filled sample tubes
were mounted in helium-cooled TCI-CryoProbe on an Avance III HD
spectrometer (Bruker, Massachusetts, USA) with a By field of 16.4 T.
Quantitative TH NMR spectra (vo(lH) = 700.2 MHz) were measured with
single-pulse (SP) excitation using a recycle delay of 1 s and a pulse
length of 3.0 ps corresponding to a 30° tip angle. The 13C NMR spectra
(v0(13C) = 176.0 MHz) were also measured with SP excitation using a

Table 1
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recycle delay of 3 s and a pulse length of 6 ps corresponding to a 45° tip
angle. For 'H broadband decoupling, a WALTZ-16 sequence (Vyut = 3.6
kHz) was applied. The 'H and '3C NMR spectra are referenced with
respect to tetramethylsilane (TMS).

The IR spectra were recorded with an Excalibur Series IR (Bio-Rad
Laboratories, USA), and the wavenumber was given in em’l. DSC mea-
surements, and therefore the thermal properties, were measured with a
Netzsch DSC 204 F1 Phoenix (Selb, Germany) using aluminum crucibles
(Thepro GbR, Heinsberg, Germany). The thermogravimetric data were
generated using a TG 209 F1 Libra thermobalance from Netzsch (Selb,
Germany). For DSC and TGA, evaluation was performed using Proteus
8.0 (Netzsch, Selb, Germany).

Thermal desorption was performed on a gas chromatograph (GC
8790B, Agilent Technologies, Santa Clara, USA) coupled with a quad-
rupole mass spectrometer (MSD 5977 A, Agilent Technologies). The GC-
MS was equipped with a thermal desorption unit 2 (Gerstel GmbH,
Miilheim an der Ruhr, Germany). Desorption glass tubes, closed with
glass wool, have been conditioned for 1-4 h at 300 °C with a 300 ml/min
helium flow. Blank measurements have been performed before and after
every measurement to verify the absence of contamination. 20 &+ 1 mg of
powdered sample was charged into the conditioned glass desorption
tube. Desorption was carried out by maintaining the temperature at
40 °C for 0.5 min before increasing the temperature to 100 °C with a rate
of 10 K/min and holding this temperature for 20 min. The helium
desorption flow was 100 ml/min in solvent vent mode. The analytes
were cryocooled at a temperature of — 100 °C. After thermal desorption,
the cold injection system (CIS 4 C, Gerstel GmbH) was heated with a rate
of 10 K/s to 280 °C. This temperature was remained for 5 min. The GC
oven was heated with 10 K/min from 40° to 300°C with a subsequent
hold time of 5 min. The helium column carrier gas flow was 1 ml/min.
Mass spectrometry was measured in TIC mode in a mass range between
40 and 550 m/z. The resulting spectra were analyzed with Masshunter
software (version 10.0, Agilent) in combination with the NIST spectral
library (version 20, National Institute of Standards and Technology,
Gaithersburg, USA). Available Kovats indices in the literature verified
suitable matches. Kovats indices are temperature program and device-
independent, column type dependent constants based on the retention
time of the analytes, which is a reliable indicator for GC measurements
(Kovats, 1958). Therefore, a mixture of C7-C33 aliphatic hydrocarbons
was measured with the method described above. Peaks of high interest
(i.e. anthranilamide, BHT, 2-aminobenzonitrile (anthranilonitrile))
were additionally verified by measurements of synthetic standards
(anthranilamide: Acros organics, 99 +%, BHT: Sigma-Aldrich, 99 +%,
2-Aminobenzonitrile (anthranilonitrile): Fluka, 98 %) (see Fig. S8).

2.2.3. Distribution and behavior of particles in the water column

To ensure comparability of the exposure experiments, it was
analyzed whether PS-particles (material with lower density) and mussel
shell fragments (material with higher density) were suspended in the
water column. Therefore, experimental setup and particles were as in
the behavior experiments (Table 1, Fig. 1). For this purpose, flow

Overview of the used particle types in this study, including mean size + standard deviation (SD), mean sphericity and the respective density.

M ize + SD M
Particle type (p:; size sp;il:icity Density (g/cm®) Trade name Manufacturer
Behavior and molecular experiments
recycled PET 74 + 44 0.81 1.41 CleanPET WF Veolia, Paris, France
PA 66 69 + 33 0.84 1.15 Ultramid A27 E BASF, Ludwigshafen am Rhein, Germany
PLA 67 + 33 0.8 1.24 Ingeo 4043D NatureWorks, Minnetonka, USA
PS 58 4 21 0.89 1.05 158 N/L INEOS Styrolution, Frankfurt am Main,
Germany

M 1 shell fi ~2. Hartma et al.,

ussel s 'e ragments/ 20 + 74 0.91 59 (Hartmann et a n.a. in-house produced

aragonite 2016a)
Uptake experiment
Rhodamine B labelled PS 54 + 23 0.91 ~1.05 n.a. in-house produced
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Fig. 1. Schematic experimental setup. Five individuals per aquarium of
D. bugensis were glued to a ceramic tile (A) and positioned on the inserted glass
plate (B). A Hall sensor and a magnet (C) were attached to the valves to record
the valve movements. The submersible pump (D) ensures a continuous circular
flow. Schematically is also shown the positioning of the mussels on the tile
(upper right).

velocities of near-bed regions (corresponding to the position of the
mussels) in a small measurement volume (100 ym diameter, 1.3 mm
length) were obtained with LDV (TSI Inc.), using two laser beams (532
and 561 nm, 500 mW). The laser was mounted on a two-dimensional
traverse system (isel Germany AG, 600 mm travel distance), allowing
for the automated measurement of velocity profiles. The LDV was run in
coincidence mode to ensure simultaneous sampling. Velocity profiles
were taken at six different positions across the ceramic tile (SI Fig. S9).

Friction velocity u. was calculated from a fit of the temporal mean of
horizontal velocity component u to the logarithmic boundary profileu =
L «In(Z), with « Kdrman’s constant, z the height over the tile and zo
roughness length (Huthnance et al., 2002). In addition, we obtained
friction velocity as spatial mean of the height-dependent Reynolds

stresses u, = %Z?Zl V-uw, using horizontal (¢/) and vertical velocity
fluctuations (') (Inoue et al., 2011; Esders et al., 2022). Friction ve-
locities were compared to the critical thresholds for erosion and sus-
pension, which were calculated from particle characteristics, choosing
the characteristic diameter at 80 % of sieve passage (Zanke, 2012). The

obtained datasets were analyzed with MATLAB and Excel.
2.3. Mussel collection

Quagga mussels (D. bugensis) were collected in January 2020 from
the river Regnitz near Pettstadt (Germany) (49°49°57.9"N
10°56°55.5"E). They were cut off from rocks with disposable scalpels
and transported to the lab in river water. In the lab, the mussels were
cleaned (using tap water, brushes, and paper towels) and their size
measured. Only those with a 25 + 5 mm length were used in the ex-
periments. To exclude mixing with the sister species Dreissena poly-
morpha, the species of mussels was determined utilizing the method of
Teubner et al. (2016). In this publication, the species determination is
based on a morphometric quantification of the angularity (An) of the
shells (see SI Fig. S1 for examples). From a group of clearly identifiable
mussels (5 x D. bugensis (An < 2.96); 5 x D. polymorpha (An > 5.05)), the
remaining mussels were identified by visual and haptic perception of
angularity, as described in Teubner et al. (2016). All remaining mussels
were distributed in 12 L aquaria (50 animals per aquarium) initially
filled with 3 L river water (originating from the same locations as the
mussels). Subsequently, ADaM was slowly applied via silicone tubing up
to a volume of 5 L. After another 24 h the river water / ADaM mixture
was replaced with 5L of pure ADaM. Before the experiments, the
mussels were acclimated for six weeks in 12 L aquaria filled with 5L
ADaM and maintained at 15 & 0.5 °C in oxygen saturated conditions by
constant air bubbling, and a photoperiod (via fluorescent tubes) of 14 h.
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Animals were fed daily ad libitum with the green algae Acutodesmus
obliquus. The constant air bubbling ensured that the algae sank more
slowly, making them available to the mussels for a longer time. A
complete media exchange was performed every third day.

2.4. Experimental setup

Modified 12 L aquaria (outer dimensions, length x width x height:
30 x20 x 20 cm; Glass thickness: 0.8 cm) filled with 5L ADaM were
used in the experiments. Glass plates (length x width: 17 x19 cm; Glass
thickness: 0.4 cm) were mounted in the height of 5 cm in these aquaria
with aquarium silicone (AquaSil, JBL, Neuhofen, Germany). Four
identical glass jars (height: 5 cm) per aquaria were used to stabilize the
glass plates at the desired height while the silicone was curing. Before
use, the aquaria were soaked in purified water for 24 h, as recommended
by the manufacturer, to ensure that no soluble substances from the sil-
icone leach into the medium. During the experiments, the mussels were
then placed on the created platforms. With this setup, a free space of ~
6.1 cm was generated on both sides of the mounted glass plates to enable
water circulation. Via submersible pumps (ProFlow t500, JBL, Neu-
hofen, Germany), in which the outflow was directed underneath the
glass plates, a constant circular flow was created, preventing algae or
fragments from settling (Fig. 1). The size range of the particles
(20-120 ym) was chosen, as mussels of the family Dreissenidae are
known to ingest food particles in a range from 20 to 450 pm (Descy et al.,
2003; Sprung and Rose, 1988; Grigorovich and Shevtsova, 1995),
consequently, fragments in this size range are likely ingested. Due to the
circulatory-flow setup in our experiment, neither an upward drift of the
lightest material (PS: 1.05 g/cm3) nor a downward drift of the heaviest
material could be observed (mussel shell fragments -> mainly aragonite
(d: 2.93g/cm®; crushed shells according to Barbachi et al., d:
2.59 g/em® (Barbachi et al., 2017); density of remaining particles:
recycled PET: 1.41 g/cm?®, PA: 1.15 g/cm?®, PLA: 1.24 g/cm®), indicating
that mussels were able to ingest the particles.

2.5. Behavior monitoring

2.5.1. Voltage output— Mussel behavior adjustment

Behavior analysis was conducted according to the method described
by Hartmann et al., where Hall sensor technology is used to monitor the
mussels’ valve movements via changes in the voltage output (Hartmann
et al., 2016a). In this publication, the threshold between filtrating and
closed behavior of the mussels is set as the mean of the voltage output. A
preliminary experiment was performed to adjust the voltage outputs to
the actual behavior of the mussels we used. This became necessary, as
the mussels we used (D. bugensis) showed another behavior pattern than
the mussels used in the publication of Hartmann et al. (Anodonta ana-
tina) (Hartmann et al., 2016a), so that the proposed threshold did not fit
for the mussels we used (see Fig. S3 for more details). Therefore, six
mussels were glued in groups of two on three small ceramic tiles
(1.5 x5 cm), using a cyanoacrylate adhesive (PlantFix liquid, Dupla,
Koblenz, Germany). This specific cyanoacrylate adhesive is recom-
mended for use in tagging projects and behavioral studies of freshwater
mussels as it does not disturb the mussels during the experiment and
withstands strong removal forces even after long term exposure (Hart-
mann et al., 2016b). Further, for ethyl 2-cyanoacrylate, tests for aquatic
toxicity are not possible and not necessary due to the chemical proper-
ties of the registered substance (EC 230-391-5) (ECHA, 2022a), indi-
cating that it has no adverse effect on the mussels in our experiment.

To enable behavior measurements, one 0.2 gN 42 neodymium
magnet was glued on the bottom valve and one Hall sensor on the
mussels’ top valve. These mussels were then optically captured via video
cameras (HERO3, GoPro Inc., San Mateo, USA) to determine the most
suitable voltage limit, above which a mussel can be considered actively
filtrating (Fig. 2). It turned out that no generally valid threshold value
(meaning a specific voltage) could be defined since the applied voltage
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Fig. 2. Exemplary voltage profile gained via Hall sensor technology; the pic-
tures show the mussel’s behavior at the respective voltage output.

differed from mussel to mussel. Hence, a threshold suitable for all
voltage profiles had to be found. Here, the preliminary experiment
revealed that the average voltage of the maximum and minimum voltage
output was most appropriate to serve as transition line between filtrat-
ing and resting. Transition frequency was then calculated based on the
found intersection points with the transition line per day. Filtration
activity was considered as the percentage of all data points above the
transition line. To ensure that a transition was only counted once, a
threshold ( & 0.25 x SD of the voltage output) around the transition line
was applied (see Fig. S3). Furthermore, a moving average over 10 min
(120 data points) was calculated to reduce the signal’s noise for every
data point.

2.5.2. Behavior monitoring during particle exposure

For the actual behavior monitoring experiment, mussels (5 mussels
per aquaria, 3 replicate aquaria per treatment (18 aquaria); n = 15
mussels per treatment) were fixed on one ceramic tile (9.5 x9.5 cm)
using the cyanoacrylate adhesive described above. Additionally, ten
mussels per aquarium were added (fixed in groups of two on five
ceramic tiles (1.5 x5 cm)) for the enzyme and proteomic analyses. To do
this, a drop of the cyanoacrylate adhesive was placed on the tile and the
mussel was carefully placed on this drop and adjusted to ensure the
mussels retains an upright position throughout the experiment. To
accelerate the curing of the adhesive, the adhesive joint was rinsed with
ADaM several times. Thereby we ensured, that mussels stayed on the
designated spot and did not change their position during the measure-
ments which could have led to inaccurate measurements, as for example
the position of the sensor could interfere with a normal opening and
closing behavior. Further, a single N 42 neodymium magnet (weight:
0.2 g) was glued on the bottom valve and one Hall sensor on the mussels’
top valve. At the end of this procedure, every mussel was visually
inspected to check whether a normal opening and closing behavior was
possible. If necessary, the position of the mussels was adjusted. After
96 h of acclimatization to the experimental setup (Fig. 1), the behavior
monitoring started. A schematic representation of the experimental
schedule is shown in Fig. 3.

During the 18 days of behavior monitoring, the mussels were fed
daily with the green algae A. obliquus (0.5 mg C x mussel™ x day ™). The
medium was exchanged every third day. During the medium exchange,
aquaria were cleaned with brushes and 70 % EtOH to remove remaining

Start of behavior measurements

|

Acclimatization (96 h)

L

Addition of particles
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fragments and algae.

Voltage measurements were recorded every 5 s for all 90 mussels
(except the time of medium exchange + 1 h). No MP or control particles
were added during the first nine days of the experiment to gain a
baseline pattern of unstressed behavior. Then 1000 p ml? of the
different polymers and shell fragments were added from the middle
water layer of the stock suspensions. We chose this relatively high
concentration, as the knowledge on environmental concentrations of MP
in this size range is still hampered by methodological constraints, the
lack of harmonized methods (Dris et al., 2015b), and a typical sampling
mesh size of ~ 330 um (Li et al., 2018), which makes smaller particles
unquantifiable. As the data situation of MP in the environment is scarce
in the MP size class we used, we decided to orientate on other publi-
cations with MP and Dreissena. Here concentrations were used ranging
from 500 to 2000 p ml?! (Magni et al., 2019) and 6.4-100000 p ml!
(Weber et al., 2020, 2021). Therefore, we decided to use an intermediate
concentration of 1000 p ml™.

2.6. Biochemical assays

At the end of the experiment (day 18), three randomly picked mus-
sels per aquarium (n = 9/Treatment) were snap frozen in liquid nitrogen
and stored at — 80 °C for subsequent biochemical analyses.

The activity of antioxidant enzymes CAT, GPx, SOD, and GST in
homogenates of D. bugensis' whole soft tissues were analyzed in tripli-
cates of the cytosolic fraction. Whole soft tissue was used following the
observation of Binelli et al. (2011), that the small size of the mussels did
not allow the use of different tissues due to the small quantity of en-
zymes contained. The soft tissue of all picked mussels from one aquar-
ium (n = 3) was removed from shells using disposable scalpels. Pooled
soft tissue was then homogenized in 4 ml 100 mM phosphate buffer (pH
7.4) containing 100 mM KCl, 1 mM EDTA, 1 mM dithiothreitol (DTT),
and protease inhibitors (1/100 v/v) at 4 °C using a high-performance
disperser (TP18/10 IKA Werke GmbH & Co. KG, Staufen im Breisgau,
Germany). Subsequently, homogenates were centrifuged at 15,000 g for
30 min (4 °C), and the supernatant was used for enzyme assays and
protein content determination according to Bradford (ROTIQuant, Carl
Roth GmbH, Karlsruhe, Germany) (Bradford, 1976).

As all performed enzyme assays are described elsewhere (CAT
(Hadwan, 2018); SOD (McCord, 1999); GPx (Sedaghatfard et al., 2016)),
only a summary is given here. In brief, CAT activity in mussel tissues was
analyzed based on the protocol of Hadwan (Hadwan, 2018). In this
protocol, the CAT activity is measured indirectly at 440 nm through the
formation of a stable and colored carbonato-cobaltate (III) complex,
which is directly proportional to the rate of dissociation of hydrogen
peroxide. SOD activity in mussel tissue was analyzed adopting the
protocol of McCord (McCord, 1999). Here the SOD activity was deter-
mined at 550 nm via the reduction of cytochrome c (10 uM) by the su-
peroxide anion (O32), which is generated by the enzymatic activity of
xanthine oxidase (0.3 U/ml). For GPx activity analysis, the protocol of
Sedaghatfard et al. (2016) with slight modifications was used. The
NADPH consumption at 340 nm was measured, using H,O5 (0.5 mM) as
substrate, glutathione reductase (10 U/ml) to gain a constant level of
glutathione (GSH) and sodium azide (NaN3, 1 mM) to inhibit catalase
activity. Lastly, GST levels were determined using a commercially
available kit (Glutathione-S-Transferase Assay Kit, Sigma Aldrich, St.
Louis, USA) at 340 nm with 1-chloro-2,4-dinitrobenzene (CDNB) as

Sampling for bioassays
and proteomic profiling

|

End of Experiment

I
Day 0

T 1
Day 9 Day 18

Fig. 3. Schedule of the behavior experiment.
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co-substrate.
2.7. Uptake of MP into the mussels

To evaluate whether mussels ingest MP particles in the size and
shape we used in the main experiment, we conducted an experiment
with fluorescently labelled PS fragments (see Table 1). Here, we used the
setup as shown in Fig. 1. The mussels were exposed to 1000 p ml™ for
24 h and then snap frozen in liquid nitrogen. Subsequently, the mussels’
soft tissues were cryo-sectioned (20 um, —21 °C) without the use of an
embedding medium. These sections were then analyzed using a confocal
microscope (Axio Imager.Z2m coupled to an AxioCam MRm (brightfield
and fluorescent measurements (ex: 543 nm; em 565 nm)), and to an
Axiocam 105 color; all Carl Zeiss AG, Germany) (Fig. 5). Tiles were
stitched and channels were merged using a plugin (Preibisch et al.,
2009) of Fiji ImageJ 1.53q. Additionally tissue sections were stained
with hematoxylin and eosin (H&E) to gain a better overview of the
tissues (see SI, Fig. S2).

2.8. Statistical analysis

Processing of the voltage output data was performed as described
above. All calculations and statistical analyses for filtration activity,
transition frequency, and enzyme activity data were carried out using R
Version 4.0.2 (R Core Team, 2021). Data normality was checked using
the Shapiro-Wilk test and graphical representation (Q-Q-Plot), while
homogeneity of variances was tested using the Levene test function. A
standardized linear model (SLiM) was utilized to test for differences in
filtration activity and transition frequency between the periods with and
without fragments. One-way ANOVAs were computed to test for dif-
ferences in Afiltration activity and Atransition frequency (period with
fragments — period without fragments). One-way ANOVAs were also
used to test for differences in antioxidant activity. If the one-way
ANOVAs identified significant differences, Tukey post hoc tests were
computed.

2.9. Proteomic analysis

The proteome analysis was performed on digestive glands tissue.
Therefore, per aquaria, another three mussels were randomly picked
(n = 9/Treatment) at the end of the experiment (day 18). Digestive
glands were dissected with microdissection tools in glass Petri dishes on
ice, snap frozen in liquid nitrogen, and subsequently stored at — 80 °C.
To 30-40 mg of tissue, sample lysis buffer (7.5 ul per mg frozen tissue)
consisting of 6 M urea, 2 M Thiourea, 4 % CHAPS, 30 mM Tris and 1
tablet of protease inhibitor per 5 ml (Complete Ultra tablet mini, Roche)
was added. Subsequently, samples were sonicated twice with a cup
resonator (BANDELIN electronic GmbH & Co. KG, Berlin, Germany) and
then homogenized using QIAshredder (Qiagen, Hilden, Germany) de-
vices (5000x g, 1 min). Protein concentrations were determined using
the Coomassie Plus (Bradford) Protein Assay (Thermo Fisher Scientific,
Waltham, MA, USA).

For in-solution digestion, proteins were reduced in 4.5 mM DTT and
alkylated in 8.3 mM iodoacetamide. Samples were diluted to a con-
centration of 1 M urea, and digestion was performed with trypsin (1/50
enzyme/protein, Promega, Fitchburg, WI, USA) overnight at 37 oC. LC-
MS/MS analysis was performed using an Ultimate 3000 RSLC (Thermo
Fisher Scientific) connected to a Q Exactive HF-X mass spectrometer
(Thermo Fisher Scientific). First, 1.6 pg of total protein was injected and
loaded onto a trap column (PepMap 100 C18, 100 pm x 2 cm, 5 uM
particles, Thermo Scientific) using a flow rate of 5 pl/min and 0.1 %
formic acid and 1 % acetonitrile in water as mobile phase (mobile phase
A). Next, liquid chromatography was performed with an EASY-Spray
column (PepMap RSLC C18, 75 pym x 50 cm, 2 um particles, Thermo
Scientific) and a flow rate of 250 nl/min. Peptide samples were sepa-
rated with a two-step gradient of mobile phase B (0.1 % formic acid in
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acetonitrile) from 3 % B to 25 % B in 160 min, followed by a 10 min
ramp to 40 % B. The mass spectrometer was operated in the data-
dependent acquisition mode performing a maximum of 15 MS/MS
spectra per survey scan.

2.10. Proteomic data processing

For protein and peptide identification, the de novo assembly tran-
scriptome of D. bugensis from digestive glands (Péden et al., 2019) was in
silico translated and used to search MS/MS spectra. Protein identifica-
tion and quantification were done in Proteome Discoverer 2.2 (Thermo
Fisher Scientific) with the FDR Confidence set to high (< 1 %) and with
MASCOT V2.6.2 (Matrix Science Limited, London, UK) as search engine.
To generate a set of proteins differently abundant between treatment
and control groups, filtered results were exported and statistically
evaluated (e.g. volcano plots) in Perseus V1.5.3.2 (part of the MaxQuant
package) (Tyanova et al., 2016). Normalized abundances were log2
transformed, and only proteins present with a minimum number of 3
valid abundance values in at least one group were used for quantifica-
tion. To handle missing values, the imputation feature of Perseus was
used. A Student’s T-test was performed (FDR < 0.05), and data were
filtered for p-values < 0.01 and log2-fold changes < —0.6 and > 0.6.
Differentially abundant proteins were annotated manually, using the
best_annotation. gff file from Péden et al. (2019). The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Con-
sortium (http://proteomecentral.proteomexchange.org) via the PRIDE
partner repository (Perez-Riverol et al., 2019) with the dataset identifier
PXD030056.

3. Results
3.1. MP characterization

LD/DIA measurements for all MP revealed that particles had a mean
sphericity between 0.80 (PLA) and 0.89 (PS). According to the LD/DIA
measurements, MP were in the 20-120 pm size range (Table 1 & SI
Fig. S4). The scanning electron micrographs (Fig. 4) confirm that the
different particle types were in the same size range and irregularly
shaped. Apparently, the PLA and PS particles were of an oval or rounded
shape, whereas PA 66 and recycled PET formed more elongated frag-
ments. All MP particles had relatively smooth and rounded edges, and
their surface was smooth. In contrast to that, the mussel shell fragments
formed somewhat angular, irregularly shaped fragments with clear
breaking edges. Furthermore, their surface roughness was increased
compared to the MP fragments.

A detailed overview of the chemical analysis of the different poly-
mers is given in the SI (Fig. S5 — 8). All characteristic signals were
assigned to each tested polymers (recycled PET, PA 66, PLA, and PS) for
the IR measurements. However, IR spectra of recycled PET showed
many smaller additional peaks that could not be identified in common IR
libraries. Therefore, TGA measurements were performed to measure the
degree of inorganic contamination. In all polymer samples, no mass was
left at temperatures above 800 °C. Therefore, we assume that no inor-
ganic impurities were present. GC-MS measurements revealed that the
recycled PET fragments contained anthranilonitrile, anthranilamide and
butylated hydroxytoluene (BHT). Likewise, residual monomers (PS:
styrene; PLA: dilactide) and piperazine in PA 66 were identified in the
other polymers.

Similar observations were made in the 'H liquid-state NMR spectra
of recycled PET, PA 66, PLA, and PS obtained at an external magnetic
field of 7.0 T. While all resonances could be assigned for PA 66, PLA and
PS, recycled PET exhibits weak additional signals (for more details, see
Fig. S6). Their assignment required a higher resolution. The corre-
sponding high-resolution 'H and '3C liquid-state NMR spectra, obtained
at an external magnetic field of 16.4 T, revealed, chain defects (5.5 %)
that result from side reactions of ethylene glycol (EG) to diethylene
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Fig. 4. SEM micrographs of the different used particles in this experiment; on the left: overview pictures; on the right: close ups; PA: polyamide 66; PET: recycled
polyethylene terephthalate; PLA: polylactic acid; PS: polystyrene; MS: mussel shell fragments.

glycol (DEG) during the polymerization of PET (Fig. S7 signals c and d). for a detailed description, see SI).

Furthermore, signal groups that match additives like anthranilamide (~

0.001 %), and modifiers like phenylene-bis-oxazoline (PBO) and iso- 3.1.1. LDV measurements — Suspension of particles in the water column
phthalic acid (IPA) (~ 1.5 %) were detected (Fig. S7 signals 1, 2 and 3; Friction velocity was calculated from the fit to the logarithmic
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boundary profile and ranged between 11 and 14 x 10 m s, The eddy
correlation method yielded similar values between 9 and 16 x 10°m s°
1, Friction velocities exceeded the critical threshold of the mussel frag-
ments (9 x10° ms!) and the PS particles (3 %102 m s, leading to
erosion of the particles. Since settling velocities were one order of
magnitude lower, all particles were transported in suspension in the flow
above the ceramic tile at all measurement locations (Zanke, 2012).
Additionally, the flow was highly turbulent and characterized by rapid
fluctuations of velocity magnitude and direction. For more details
regarding the profile of velocity measurements and fluctuations, see SI
Fig. S10.

3.2. Ingestion of MP

After 24 h of exposure to Rhodamine B labelled PS, MP was found to
be concentrated in the digestive tract of the mussels (Fig. 5 & Fig. S2).
Fluorescent signals are clearly visible, showing that the mussels ingested
the PS particles.

3.3. Behavioral endpoints

We observed no mortality of bivalves in control and exposure
aquaria during the 18 days ongoing measurements (9 days exposure to
the MP fragments and shell fragments), which indicates that fragments
in this concentration did not induce lethality in the mussels during the
exposure period. The output of the Hall sensors was analyzed for the
behavioral endpoints filtration activity and transition frequency
(n = 3 x5 animals/ Treatment). AFiltration activities (filtration activity
in the period with fragments - filtration activity in the period without
fragments) did not show any differences between the treatments (One-
way ANOVA, F5g4 = 0.81, p = 0.55). Further, no differences between
the two periods (with or without fragments) were detected (SLiM,
adjusted R? = 0.005, p = 0.18) (Fig. 6). Mean filtration activities in the
period without fragments ranged from 83.06 + 10.02 % (PS treatment)
to 87.38 + 3.59 % (recycled PET treatment) and from 83.29 + 5,71 %
(PA 66 treatment) to 86.27 + 4,03 % (PLA treatment) in the period with
fragments.

Like for the filtration activity, also in the Atransition frequencies
(transition frequencies in the period with fragments - transition
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Fig. 6. Boxplot of the behavior of D. bugensis expressed as Afiltration activity
(AFA) [%] and Atransition frequency (ATF) [transitions/day] (time period with
fragments — time period without fragments) after 9 days exposure to 1000 p mI’
1 of mussel shell fragments (MS), PA 66, PET, PLA, and PS fragments. No sig-
nificant differences were detected (AFA: One-way ANOVA, Fsgq = 0.81,
p = 0.55; FA pretreatment vs. FA treatment: SLiM, adjusted R? = 0.005,
p = 0.18; ATF: One-way ANOVA, F5 g4 = 1.32, p = 0.26; TF pretreatment vs. TF
treatment: SLiM, adjusted R? = 0.007, p=0.13) (n=3 x5 animals
/ Treatment).

frequencies in the period without fragments) no significant differences
between the different treatments (One-way ANOVA, F5gq4 = 1.32,
p = 0.26) and no difference between the two periods (with or without
fragments) were detected (SLiM, adjusted R%=0.007, p = 0.13) (Fig. 6).
Mean transition frequencies in the period without fragments ranged
from 2.66 + 0.89 transitions/day (control) to 4.65 + 3.03 transitions/
day (PS treatment) and from 2.35 + 0.76 transitions/day (control) to
3.91 + 1.98 transitions/day (PS treatment) in the period with fragments
(Fig. 6).

Fig. 5. Stitched tile scan and overlay of brightfield and fluorescent channel; The image shows a cryo-section (20 um thickness) of D. bugensis after ingestion of

Rhodamine B labeled PS-MP (orange fluorescence) using a five x objective .
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3.4. Biochemical alterations

CAT activity showed significant differences between the treatments
(One-way ANOVA, Fs 43 = 21.64, p < 0.001, Fig. 7A; (n = 3 / Treat-
ment)). The lowest CAT activities were found in the tissues of control
mussels and mussels exposed to shell fragments. Between these treat-
ments, no significant differences were observed (Tukey HSD, p = 0.20).
Mussels exposed to the three petroleum-based MP, recycled PET, PA 66,
and PS, showed the highest CAT activity in their tissues, with no dif-
ferences between them. However, significant differences in CAT activity
were observed between the PLA exposed- and the control animals
(Tukey HSD, p < 0.001) as well as to the animals exposed to mussel shell
fragments (Tukey HSD, p < 0.001). Mussels exposed to the bio-based
PLA showed the broadest range of CAT activity in their tissue, with
differences to the control animals (Tukey HSD, p < 0.001), PA 66
(Tukey HSD, p = 0.01) and PS (Tukey HSD, p = 0.03).

GPx activity was the lowest in the tissues of mussels treated with
mussel shell fragments, followed by the control animals, and then with a
slightly higher activity by the mussels of all MP treatments (Fig. 7B).
GPx activity was the highest in tissues of animals exposed to recycled
PET. Statistical analysis revealed differences between the treatments
(One-way ANOVA, Fs 48 = 21.64, p < 0.001), but only for the compar-
ison of PET-treated mussels against mussels exposed to mussel shell
fragments, a significant difference was observed (Tukey HSD,
p = 0.048).

No significant differences were detected for the GST activity (One-
way ANOVA, Fs 30 = 2.47, p = 0.054, Fig. 7C). The lowest GST activities
were again found in tissues of the control animals and mussel tissues
exposed to mussel shell fragments. However, all mussel tissues exposed
to MP (recycled PET, PA 66, PLA, PS) showed a slightly higher GST
activity than tissues exposed to mussel shell fragments and control
tissues.

As for GST activity, no significant differences were detectable in SOD
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activity (One-way ANOVA, Fs5 15 = 2.08, p = 0.138, Fig. 7D). Here, of
the MP treatments, recycled PET and PS caused the highest SOD activity,
and the activity of the PA 66-exposed mussels lay in between the upper
two and lower three treatments. The PLA exposed mussels showed the
lowest activity, followed by the mussel shell fragments exposed and
control mussels.

3.5. Proteomic analysis

Using a label-free LC-MS/MS approach, we identified 34,099 pep-
tides that could be assigned to 5502 non-redundant entries of the
reference transcriptome database (FDR < 1 %). The entire list of iden-
tified proteins can be found in Suppl. Table, sheet S1.

For all comparisons, a Student’s t-test led to the detection of proteins
which were differently abundant as a trend (p-value < 0.01, log2-fold
change < —0.6 and > 0.6). A graphical overview and heatmaps of the
corresponding protein intensities are given in Fig. 8. The entire list can
be found in Suppl. Table 1, sheets S2 — S10.

However, applying a more stringent Volcano plot analysis including
stringent correction for multiple testing and FDR estimation, exclusively
the PET treated group displayed significant changes (FDR < 0.05)
compared to control and shell fragment treated animals. Furthermore,
for recycled PET versus control, we identified 14 differentially abundant
proteins (6 in the less abundant group, 8 in the more abundant group,
Fig. 9A).

Differentially abundant protein hits were then mapped to the refer-
ence transcriptome (Péden et al., 2019), including annotations. The
results are summarized in Table 2. Here, protein hits that may be linked
to stress responses, like the spermine oxidase (SMOX) -like protein, were
found to be increased (Rider et al., 2007).

For recycled PET versus mussel shell fragments, 3 proteins, one of
them possibly linked to stress response (glucose-6-phosphate 1-dehydro-
genase (G6PD) -like protein) (Venkataraman et al., 2019), were more
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Fig. 7. Activity of the antioxidant enzymes CAT (A), GPx (B), GST (C) and, SOD (D) in whole soft tissue of D. bugensis after nine days exposure to mussel shell
fragments (MS), recycled PET, PA 66, PLA, and PS fragments. Differing letters (a, b, c¢) indicate p < 0.05 (Tukey HSD) (n = 3 / treatment).
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Fig. 8. (A) Overview of differentially abundant proteins for each pairwise comparison (p-value < 0.01; log2-fold change < —0.6 and > 0.6). (B) Hierarchical
clustering of normalized intensity values for the corresponding proteins; MS: Mussel shell fragments.
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Fig. 9. Volcano plots displaying differentially abundant proteins for the recycled PET treatment (t-test, FDR < 0.05, sO = 0.1). Proteins less abundant in PET treated
animals are marked in blue, more abundant proteins are marked in red. Dark grey proteins are not significantly altered in abundance. (A) PET versus control. (B) PET
versus mussel shell fragments (MS).

abundant in the PET treated group (Fig. 9B and Table 3). However, no 4. Discussion
significant change in the abundance of proteins could be identified for
all other pairwise comparisons between treatment and controls. 4.1. MP properties

The shape and size measurements of the different MP particles via
LD/DIA and SEM revealed that they are in a comparable size range
(Table 1, Fig. 4 & Fig. S4) and have a similar shape (see mean sphericity
Table 1). Furthermore, the recorded surface characteristics of the
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Table 2
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Differentially abundant proteins in recycled PET vs Control, including their annotation according to Péden et al. (2019). Negative log2-fold changes (LFC) indicate

decreased protein abundance in the treated group.

Sequence ID LFC p value Description Name Species

Db_BRAFLDRAFT 56798.2.2 -2.9  0.00004  Uncharacterized protein XP_002611720  Branchiostoma floridae

Db_LOTGIDRAFT 194221 -2.7  0.00132  Fibrillar collagen NC1 domain-containing protein XP_009061654  Lottia gigantea

Db_LOC105312657 -2.1  0.00094  PREDICTED: putative GPI-anchored protein PB15E9.01c XP_011403772  Amphimedon queenslandica decreased
Db_LOC106169915.1.2 -2.0  0.00066  PREDICTED: UPF0587 protein v1g245604-like XP_013405038  Lingula anatina

Db_L0OC105318664.6.7 -1.5 0.00007 PREDICTED: fatty acid-binding protein,adipocyte-like XP_ 011414186  Crassostrea gigas

Db_LOC105318664.4.7 -1.2  0.00005  PREDICTED: fatty acid-binding protein, adipocyte-like XP_011414186  Crassostrea gigas

Db_LOC101937497 1.6 0.00024 PREDICTED: protein SCO1 homolog, mitochondrial isoform X1 XP_005305170 Chrysemys picta bellii
Db_10C105339316.1.2 1.9 0.00003 PREDICTED: spermine oxidase-like XP_011443107  Crassostrea gigas

Db_LOC101861859 2.0 0.00015  PREDICTED: stromal cell-derived factor 2-like XP_005111764  Aplysia californica

Db_LOTGIDRAFT 224648.1.2 2.3 0.00020 hypothetical protein LOTGIDRAFT_224648 XP_009046187 Lottia gigantea increased
Db_LOC105347340.2.2 3.2 0.00057  PREDICTED: lysosomal alpha-mannosidase isoform X1 XP_011454672  Crassostrea gigas

Db_LOTGIDRAFT 218124.1.9 6.2  0.00061  hypothetical protein LOTGIDRAFT 218124 XP_009059163  Lottia gigantea

Db_LOTGIDRAFT 218124.7.9 6.8 0.00061 hypothetical protein LOTGIDRAFT_ 218124 XP_009059163 Lottia gigantea

Db_contig 00118 8.0 0.00019  #NV #NV #NV

Table 3

Differentially abundant proteins in PET vs mussel shells, including their annotation according to Péden et al. (2019). Positive log2-fold changes (LFC) indicate

increased protein abundance in the treated group.

Sequence ID LFC p value Description Name Species

Db_LOTGIDRAFT 224648.1.2 2.5 0.00007  hypothetical protein LOTGIDRAFT 224648 XP_009046187  Lottia gigantea
Db_LOC101849615.2.4 3.3 0.00007  PREDICTED: glucose-6-phosphate 1-dehydrogenase-like XP_005097862  Aplysia californica increased
Db_LOC105328600.1.4 3.9 0.00016 PREDICTED: enoyl-CoA delta isomerase 2, mitochondrial-like isoform XP.011427847  Crassostrea gigas

X2

different particles are quite similar (Fig. 4), indicating that these aspects
only play a minor role for the differing effects we observed in the mussel
experiments. This also seems true for the density, as the circulatory-flow
setup has kept all particles in the water column (see LDA).

Different analytical methods to analyze the chemical composition of
the polymers revealed that MP contain traces of chemicals other than the
polymerized plastic. In PA 66 and PLA fragments, the lowest number of
additional substances was detected compared to the other polymers. In
the PLA samples, thermo-desorption GC-MS measurements revealed a
predominant, broad lactide signal, which can be assigned to residual
monomers (Inkinen et al., 2011). In the PA 66 particles, piperazine was
found, which can be incorporated into polyamides to lower the glass
transition temperature and crystallinity (Chen et al., 2002). In the PS
fragments, slightly more additional substances were detected than in PA
66 and PLA. Here, for example, styrene was identified, indicating the
presence of residual monomers, which can leach into the surrounding
medium (Pilevar et al., 2019).

In contrast, the recycled PET fragments contained the most addi-
tional chemicals of all characterized polymers. Most prominently,
anthranilamide, anthranilonitrile, and BHT were identified. BHT is a
synthetic phenolic antioxidant used in food preservation (Wang et al.,
2021) and as a thermostabilizer in plastic production (Bach et al., 2012;
Sheftel, 2000), while anthranilates are used as scavengers to prevent
acetaldehyde leaching from the PET into the beverage (Bach et al.,
2012). Observed chain defects caused by DEGs, modifiers like PBO
(chain extender) (Scheirs, 2005) and IPA lower the melting temperature
and the glass transition temperature (Patkar and Jabarin, 1993; Berg
et al., 2019; ILSI Europe Report Series Packaging Materials, 2000). All
these properties allow easier thermal and physical degradation, which
may accelerate the formation of secondary MP (Galloway et al., 2017) in
the environment due to hydrolytic and photolytic degradation (Duvall,
1995). Since the PET we tested came from PET bottles which are used on
a massive scale (Plastics Europe, 2021; Kang et al., 2017) and the
recyclate is used in a variety of other products like textile fibres or foils
(gvm Gesellschaft fiir Verpackungsmarktforschung, 2020), we assume
that millions of tons of PET MP may end up in the environment.
Together with the increased bioavailability of residual monomers and
additional chemicals due to the increased surface area to volume ratio
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evoked by the accelerated fragmentation, MP derived from these ma-
terials may be especially hazardous for biota, as some of these com-
pounds are classified as toxic for aquatic organisms (Cope et al., 1997;
Netzeva et al., 2005; Cushman et al., 1997).

4.2. Mussels are not able to distinguish between natural and artificial
particulate matter

We did not observe any behavioral changes of the mussels after
adding additional particulate matter (neither for MP nor for the control
particles) (Fig. 6). This is surprising, as mussels have been shown to
change their behavior upon exposure to dissolved pollutants like ionic
liquids (Costello et al., 2009) and (heavy) metals (Kraak et al., 1994;
Vijayavel et al., 2007). Explanations of why mussels did not change their
behavior as a reaction to the increased MP-particle load in the media
maybe linked to their feeding behavior and natural habitat. As mussels
are benthic filter feeders, they are regularly exposed to particulate
matter like sand or silt in their natural environment. The mussels used in
our experiments originated from the Regnitz River, which hosts Keuper
and Jurassic rocks in its catchment area, thus having a consistent sandy
and calcareous load (Dotterweich et al., 2003). Therefore, as Weber
et al. proposed, there may have been an evolutionary adaption of these
mussels to high turbidity and suspended solids (Weber et al., 2020).
Hence, our findings indicate that the mussels cannot differentiate be-
tween natural particles and artificial particulate contaminants, even in
high concentrations, and therefore do not change their behavior when
getting in contact with them. Since they do not activate their defensive
behavior, they ingest particulate contaminants regardless of their
chemical composition, as shown in Fig. 5. This, in turn, may render
contamination with particulate pollutants like MP more detrimental for
mussels than contamination with dissolved pollutants. Thus, mussel
feeding behavior, which is often used as an indicator for pollutants
(Hartmann et al., 2016a; Borcherding and Volpers, 1994), may not be
suitable for hazard assessment of MP due to its particulate nature.
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4.3. Mussels are "blind" to MP, but are affected by it — depending on the
polymer type

The analysis of oxidative stress biomarkers indicates adverse effects
which differ between the MP exposed mussels, animals exposed to
control particles and the mussels without any additional particle load
(increased CAT and GPx activities) (Fig. 7A/B). No significant adverse
effects were found for SOD activities (Fig. 7D), which supports the hy-
pothesis of Magara et al., that superoxide anion production may not be
the main factor of oxidative damage in mussels (Magara et al., 2018).
The same accounts for the GST activity (Fig. 7C), which may also play
only a minor role in MP toxicity.

CAT activity was significantly altered after exposure to petroleum-
based MP (recycled PET, PA 66 and PS), which is in line with other
studies (Magara et al., 2018; Magni et al., 2018; Provenza et al., 2020).
Interestingly, CAT activities did not differ between control animals and
mussels exposed to the natural control fragments (Fig. 7A), indicating a
plastic-dependent effect. These findings emphasize the importance of
using control particles to be able to differentiate if effects are polymer
dependent, and/or particle dependent (Triebskorn et al.,, 2019).
Intriguingly, our results indicate no oxidative stress for PLA, as there is
no significant difference in ROS detoxifying enzyme activity compared
to the natural control particles, which is somewhat contradictory to
other studies with other target organisms. For example, Zimmermann
et al. concluded that PLA MP is as toxic as MP derived from conventional
plastics to D. magna (Zimmermann et al., 2020). Further, Ding et al.
stated that PLA does not appear to be more biofriendly than PE when
exposed to Eisenia fetida (Ding et al., 2021). The contradictory results
could be due to different properties of the MP which may even manifest
within the same polymer type (Ramsperger et al., 2021). On the other
hand, comparisons between studies are made difficult, due to the use of
different sizes (Schwarzer et al., 2021), different target organisms and
comparisons with other polymer such as PE, PVC and PUR instead of
recycled PET, PA66 and PS.

Nevertheless, our finding that PLA is less detrimental for the mussels
seems reasonable when comparing the additional substances found in
the different polymer samples. Here, the PLA samples only showed one
type of lactides (3,6-dimethyl, 1,4-dioxane-2,5-dione; ECsoy Daphnia:
130-250 mg/L (ECHA, 2022b)), which, when leaching out of the MP,
appears to be less harmful from an ecotoxicological point of view (Ncube
et al., 2020) than substances found in the other polymers, such as sty-
rene found in PS (classified as aquatic chronic 3 according to European
Chemicals Agency (ECHA)) or BHT found in the recycled PET (classified
as aquatic chronic 1 according to ECHA)).

4.4. Polymer type dependent effects on the digestive glands proteome

A state-of-the-art LC-high resolution MS/MS approach was applied to
test if the induced stress by the various MP types further differs,
depending on the chemical compounds contained in the polymer. Here,
we found proteins being altered in abundance in all treatment groups.
Strikingly, the most prominent and most significant alterations (FDR < 5
%, log2-fold change < —1 and > 1) were observed in the recycled PET
treatment. This is in line with our findings from the biochemical assays.
The higher number of proteins found in animals exposed to recycled PET
vs control (Fig. 9A) may reflect that in the PET group, proteomic al-
terations are induced by both a general particle ingestion and the
polymer type. When comparing recycled PET and ground mussel shells
(Fig. 9B), the observed effects are likely to be triggered primarily by the
polymer and its additives alone, as the control particles reflect the effects
of general particle uptake.

One interesting protein increased in abundance in the recycled PET
vs control group is the SMOX-like protein (XP_011443107, LFC = 1.9).
SMOX is an enzyme that catalyzes the reaction in which spermine is
oxidized to spermidine, which both belong in the group of polyamines.
Polyamines are essential elements in nearly all animal and plant cells
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and are required for optimal cell growth (Wallace, 2009). Also, a
fundamental role of polyamines in the protection against ROS was found
(Rider et al., 2007; Matkovics et al., 1993). Furthermore, Hu et al. stated
that SMOX is often upregulated in chronic inflammatory conditions in
humans and is also linked to increased ROS and DNA damage in various
forms of cancers (Hu et al., 2018). This finding thus confirms the
increased antioxidant activity described above, indicating adverse ef-
fects on mussels. Kournoutou et al. further suggested that certain poly-
amine compounds may play a significant role in the tolerance of mussels
against cadmium (Cd*") induced stress (Kournoutou et al., 2014).
However, because most studies have measured polyamines in unstressed
marine bivalves, little is known about the possible effects of polyamine
metabolism on stress conditions and the correlation between polyamine
levels and biomarkers of oxidative stress and antioxidant defense
(Kournoutou et al., 2014). We, therefore, can only assume that the
elevated levels of SMOX may be linked to the oxidative stress defense
experienced in the biochemical assays after exposure to the recycled PET
particles.

When we compared the recycled PET treatment with the particle
control, we found 3 proteins increased in abundance. Highly interesting
is the G6PD (XP_005097862, LFC = 3.3). This enzyme catalyzes the first
step of the oxidative pentose-phosphate pathway, which is a metabolic
pathway parallel to glycolysis (Livingstone, 1981), being important in
supplying NADPH for the maintenance of the redox equilibrium
(GSH/GSSG level; glutathione pathway) (Ho et al., 2013; Georgakouli
et al.,, 2019; Mehta et al., 2000). Further, G6PD is necessary for an
optimal response to oxidative stress by nucleated mammalian cells,
generally supporting the notion of G6PD as an antioxidant enzyme
(Martini and Ursini, 1996). To our knowledge, there are no studies about
the pentose-phosphate pathway in D. bugensis, but Flores-Nunes et al.
found that a 36-h exposure to linear alkylbenzenes led to increased
(G6PD) activity in Crassostrea gigas (Pacific oyster) digestive glands and
gills tissues and stated that their results might represent an adaptive
response to linear alkylbenzenes exposure to protect against an increase
of for example cellular pro-oxidants (Flores-Nunes et al., 2015). In
another study on the pacific oyster, Venkataraman et al. stated that
increased abundance of G6PD in C. gigas exposed to different environ-
mental stress factors (e.g. higher average temperatures), not only could
have maintained transcription and translation processes, but also the
levels of cellular and metabolic activity by indirectly dealing with ROS
(Venkataraman et al., 2019). The results of the proteomic analysis
indicate increased stress caused by recycled PET MP compared to other
polymers, supporting the findings of Teng et al. for C. gigas, where the
results of a weight of evidence (WOE) model analysis suggested that PET
MP are more toxic to oysters than PE MP (Teng et al., 2021).

4.5. Adverse effects may be related to chemicals and residual monomers
found in MP

Overall, mussels exposed to recycled PET displayed the strongest
adverse effects, possibly related to the material properties and chemical
compounds found. As parameters like shape, size, and density are
similar to the other used particles, the adverse effects could be linked to
anthranilamide, anthranilonitrile, BHT, PBO, IPA, and DEG detected via
GC-MS and NMR-spectroscopy, which may leach out after being inges-
ted by the mussels. According to toxicity data (ECso D. polymorpha
1.3 mg/L) (Cope et al., 1997) for aquatic organisms, BHT may be the
most harmful of the identified chemicals, as safety migration limits
(SML) (3 mg/kg food) (Bach et al., 2012) are higher than the ECsg in
D. polymorpha. The other two prominent chemicals, anthranilamide
(SML: 0.05 mg/kg food) (Welle, 2016) and anthranilonitrile, also show
toxicity to aquatic organisms (LCso after 96 h for Pimephales promelas
1.59 mmol/L (~215 mg/L) (Netzeva et al., 2005)) and an LCs to fish at
63.42 mg/L respectively (according to ECHA)). The modifiers IPA (ECsq
D.magna, >876 mg/L) (Kawamura, 2002), (SML: 5 mg/kg food) (Welle,
2016), DEG (ECsg D.magna, 10,000-78,500 mg/L) (Manfra et al., 2015)
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(SML: 30 mg/kg food) (Welle, 2016) and PBO seem of little concern as
they are polymerized into the chains, so the PET would have to degrade
completely or be digested before the molecular components are
released. Except for BHT, all SMLs are lower than the toxicity threshold.
However, as soon as the plastic fragments and the surface area to volume
ratio increase, it can be assumed that the additives like BHT or anthra-
nilamide migrate to a greater extent into the surrounding medium, as
well as in the digestive tract. Once the mussels ingested the MP, the
chemicals we found in the MP could interact with the tissue and then
lead to the observed alterations in the proteomic profile and ROS
enzyme activity.

Mussels exposed to PA 66 and PS also displayed adverse effects,
which may be related to the chemicals and residual monomers found in
the MP. For example, styrene (SML under evaluation) (Anon, 2005) was
found in PS, which has been shown to cause lysosomal membrane
destabilization and DNA strand breaks in mussels (Mytilus edulis)
(Mamaca et al., 2005) (ECsg D. magna 4.7 mg/L) (Cushman et al., 1997).
Further, piperazine (no SML) found in PA 66 has been shown to cause
moderate acute toxicity in Daphnia (ECso D. magna 105.4 mg/L) (Sigma
Aldrich GmbH, 2021).

5. Conclusion

Our results confirm the ingestion of MP by D. bugensis after only 24 h
of exposure. However, mussels did not change their behavior to avoid or
minimize the uptake of MP. On the molecular level, we then found
polymer type dependent effects on the mussels (e.g., alterations in ROS
detoxifying enzymes), which may be linked to physicochemical prop-
erties of the polymers, mainly the chemicals they contain. This could
explain the increased toxicity of recycled PET compared to the other
polymers, as most harmful chemicals were found in these particles. The
chemicals we detected in PET were initially added to PET to improve the
physicochemical properties for packaging purposes (Cherif Lahimer
et al.,, 2017). During intended use, these substances are bound, and
therefore migration values are well below safety limits (Satish et al.,
2012). However, these chemicals may accelerate fragmentation into MP
once the PET packaging is carelessly disposed of in the environment.
When fragmented to MP, our results show that D. bugensis does not sense
and react to the presence of MP in the water column. In this way, the
particles enter the organism unhindered, which leads to stress responses,
indicating sublethal adverse effects of MP exposure. Hence, a useful
plastic item, such as a PET plastic bottle, can become a vector for haz-
ardous substances if it enters and fragments in the environment. This
could be even more critical when put in an ecological context. With ever
increasing MP numbers the animals may be exposed to higher stress
levels. Higher stress levels make organisms more susceptible to envi-
ronmental changes (Greenberg et al., 2002), diseases (Hoffmann and
Hercus, 2000) or parasites (Okamura and Feist, 2011). Hence, even
sublethal adverse effects as shown here may gradually manifest at the
population level and lead to unnoticed irreversible ecosystem changes.
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Environmental Implication

MP are a major threat to ecosystems worldwide, resulting in a great
need to investigate their impacts on ecosystems. To date it is difficult to
determine, which physico-chemical properties govern the toxictiy of MP
on organisms. In our study we exposed Dreissena bugensis to in-depth
characterized MP particles (recycled PET, PA 66, PLA and PS) and
natural control particles to elucidate polymer-type dependent effects.
Thereby, our study contributes to a better understanding of MP hazard
assessment. Adverse effects appear to be dependent on specific proper-
ties of the particles (for example the chemicals they contain) and on the
polymer types themselves.
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Supplementary Material and Methods

Particle characterization

SEM measurements

To investigate the morphology of the different particles, 10 ul of each stock suspension were
pipetted to pieces of silicon wafers. These were mounted on aluminum stubs (@ 12 mm, Plano
GmbH, Wetzlar, Germany) using carbon conductive tabs (@ 12 mm, Plano GmbH, Wetzlar,
Germany) and dried in a desiccator. The samples were then coated with a 4 nm thick platinum
layer (208HR sputter coater, Cressington, Watford, UK). Finally, they were analyzed with a
scanning electron microscope (FEI Apreo VolumeScope, Hillsboro, USA) at 3 kV (PA66,
recycled PET, PLA) and 5 kV (PS, mussel shell fragments) using an Everhart-Thornley

detector.

Qa/Qc of used analytical methods

Temperature and sensitivity calibration of the DSC measurements were carried out using
adamantane, indium, tin, bismuth and caesium chloride as calibration substances. The
corresponding melting points were experimentally determined. For the onset value (temperature
calibration) respectively the peak area (sensitivity calibration), the quadratic approximation to

the theoretical values was calculated, using different weighting of the individual substances.

Temperature calibration of the TGA measurements was carried out using indium, bismuth, zinc,
aluminum and silver as calibration substances. From the TGA measurements of the substances,
the corresponding melting temperatures were calculated by c-DTA. The quadratic
approximation of the onset value to the theoretical values was calculated using different

weighting of the individual substances.
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The GC-MS device was tuned with perfluorotributylamine (PFTBA) prior to the measurements.
For quality assurance every match with the database has been confirmed by comparison with
available mass spectra and Kovats indices from the literature. Kovats indices are temperature
program and device-independent, column type dependent constants based on the retention time
of the analytes, which are a reliable indicator for GC measurements[1]. 1 uL of a qualitative
retention time index standard compromising of a mixture of C7 - C33 aliphatic hydrocarbons
(100-200 pg/mL per compound in hexane, (No 31080, Restek, Bellefonte, United States) was
utilised with the method described above. Peaks of high interest (i.e. anthranilamide, BHT, 2-
aminobenzonitrile (anthranilonitrile) were verified by measurements with addition of 1pg of
synthetic standards (anthranilamide: Acros organics, 99+%, BHT: Sigma-Aldrich, 99+%,

2-Aminobenzonitrile (anthranilonitrile): Fluka, 98%, (0.1pg/uL in CHCIs) (see Fig. S8).

Proteomic analysis - Qa

The mass spectrometer was operated in the data-dependent acquisition mode performing a
maximum of 15 MS/MS spectra per survey scan. For quality assurance and to check the
performance of the entire LC-MS/MS setup, 100 ng of a commercial tryptic HeLa digest
(Pierce™ HeLa Protein Digest Standard - Thermo Fisher) were measured regularly.
Chromatographic peaks of defined peptides were evaluated according to retention times, signal
intensities and peak width. MS/MS spectra were analyzed using MASCOT V2.6.2 (Matrix
Science Limited, London, UK) and evaluated according to the number of identified peptides
and mass accuracy of the spectra. Search parameters were set to: 1) Enzyme: Trypsin; i1) Mass
tolerance precursor: 10 ppm; iii) Mass tolerance MS/MS: 0.02 Da; iv) Fixed modification:

Carbamidomethylation of cysteine; v) Variable modifications: oxidized methionine.

165



68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

7 Publications and manuscripts

Additional Details for NMR measurements of PET

The 'H NMR spectra obtained at external magnetic fields of 7.0 T (Fig. S6) and 16.4 T (Fig.
S7) reveal the characteristic signals of PET at 7.95 ppm and 4.62 ppm (Fig. S7) corresponding
to the benzene rings of the terephthalate units and the aliphatic oxyethylene groups of the
polymer chains. The signal at 7.92 ppm corresponds to 1.2 % whole cyclic trimer molecules of
PET relative to one repeating unit of the main chain. Furthermore, alcohol bearing end groups
were observed assigned to signals at 3.99 ppm for the a position and 4.43 ppm for the B position
(Fig. S7 signals a and b). With much lower intensity also, the esterification of the OH end
groups with TFA-D were found (4.54 ppm and 4.57 ppm). The end group intensity ratio amount
to 0.9 mol % matching MWD obtained by the GPC measurements. In addition, the chain defects
(5.5%) are visible at 3.95 ppm, and 4.47 ppm resulting from etherification of ethylene glycol
(EG) to diethylene glycol (DEG) during the polymerization of PET (Fig. S6 and S7). They are
built into the main chain (Fig. S7 signals ¢ and d), which may be desired in some applications
to reduce crystallinity and glass transition temperature. The corresponding '*C signals were also
observed within the high-resolution '*C NMR spectrum (Fig. S7, signals y, x, t, g, d and c).
Furthermore, we observed three characteristic signal groups (Fig. S7 signals 1, 2 and 3) for a
difunctionalized (meta-arrangement) benzene ring. They match to additives like
Phenylenebisoxazoline (PBO) or isophthalic acid (IPA), which is an impurity in terephthalic
acid and amount to 1.5 %. In both cases, it would be polymerized into the PET chain. In
addition, the aromatic region exhibits multiple signals in the order of magnitude of 0.1 per mill.
Some of which match to the reference measurement of the identified Anthranilamide (GC

measurement) and are in the same dimension as the additive would be expected.
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Fig. S1. Example for the distinction between D. bugensis (left) and D. polymorpha (right) according to
Teubner et al.[2]. Here, valves are divided by a vertical line where the valves meet. Then, the outermost point of
the valve is marked. The distance from the central vertical line is then denoted as “width”. Then a circle with the
radius width/5 is drawn with the outermost point as center. Finally intersections with the contour (blue lines) of
the mussels result in the angle ”o”. The quantitative parameter “angularity” (An) is achieved by a/11.48.

Discriminant values for An are An < 3.3 and An > 4.7 for quagga and zebra mussels, respectively.
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Fig. S2. Stitched tile scans of cryo-sectioned (20pum) mussel soft tissue. (A) H&E stained section; (B) Overlay
of brightfield and fluorescent channel (ex: 543 nm; em 565 nm) of the same section. Particles are visible throughout
the digestive tract (arrows in B).
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Fig. S3. Exemplary voltage curves (black line) after conversion of the raw data. (A) Voltage curve with new
defined threshold (mean of min and max voltage output) to fit the behavior of D. bugensis. The orange line
represents the transition line. Blue points represent the intersection points of the voltage curve with the transition
line. The green lines reflect 0.25 x SD of the voltage output, around the transition line. (B) Voltage curve with the
threshold proposed by Hartmann et al., 2016 for Anodonta anatine (mean of the voltage output) [3]. The orange
line represents the transition line. Blue points represent the intersection points of the voltage curve with the

transition line.
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113 Fig. S4. Details for LD measurements. LD measurements of the different used MPs in this experiment;

114 recycled PET: recycled polyethylene terephthalate PA: polyamide 66; PLA: polylactic acid; PS: polystyrene.
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118  for all used polymers
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Fig. S8. Details for GC-MS measurements of PET. GC-MS measurements of recycled PET. A: measurement
of PET without any additional standards. B: measurement of PET with addition of 1 ug analytical standards

(0.1 pg/uL in CHCI3) for anthranilonitrile (11.2 min), BHT (14.4 min) and anthranilamide (14.7 min). Mass

spectra and retention times were identical to the peaks of the sample.
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Ceramic tile
a b c
Pump
O |-
< |2

Fig. S9. Top view of the velocity measurement locations along the central axis (1) and a parallel axis (2), at

three different longitudinal positions (a) near the front edge, (b) central, (c) near the rear edge. Pump is below the

measurement plane, leading to a primary flow to the right below the plane and to the left above the plane.
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Fig. S10. Profile of velocity measurements and fluctuations (friction velocity from eddy correlation method)

evolving above the ceramic tile used for the exposition experiments. Blue circles represent vertical velocities, red

crosses horizontal velocities, red lines the fit of horizontal velocities to the logarithmic boundary profile. Green

lines show Reynolds stresses and the pink dashed lines friction velocity as its spatial mean. The velocity profile

along the central axis (1) showed no pronounced velocity profile, which was caused by rapid fluctuations in the

flow. Along the parallel axis (2), a boundary layer was formed and friction velocities from the horizontal velocity

profile were 14, 13 and 11 mm/s (from 2a to 2c).
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Table S1 Overview of the concentrations of stock suspensions. Included are mean particle numbers per ml and

the standard deviation (SD),

recycled PS PS Mussel shell
Particle type PA 66 PET PLA stock 1 stock 2 fragments
Particles/ml 59167 117500 52500 43333 34167 2383333
SD 5204 5000 15612 3819 1443 288675
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lern oder &hnlichen Dienstleistern weder bisher in Anspruch genommen habe noch

kiinftig in Anspruch nehmen werde.
(8 9 Satz 2 Nr. 7 PromO BayNAT)

Hiermit erklare ich mein Einverstandnis, dass die elektronische Fassung meiner Dis-
sertation unter Wahrung meiner Urheberrechte und des Datenschutzes einer geson-

derten Uberprufung unterzogen werden kann.
(8 9 Satz 2 Nr. 8 PromO BayNAT)

Hiermit erklare ich mein Einverstandnis, dass bei Verdacht wissenschatftlichen Fehl-
verhaltens Ermittlungen durch universitatsinterne Organe der wissenschaftlichen

Selbstkontrolle stattfinden kdnnen.

Bayreuth, 20.05.2024 (Jan-Pascal Boos)
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