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O Abstract

Lakes are important ecosystems, with @amay of organisms that may be sensitive to
microplastic. One of the primary controls on microplastic uptake is the residence tinge in t
water column, which igoverned by severghysical,biological and hydrodynamicdhctors
existingin the lake.ln this dissertation, we combined 4 interrelated studigsviestigatethe
behaviorof microplastic in lake systems amaderstanchow this can affectheir residence

times in the lake water columas well aghe exposure time to lake organisms.

Study 1 combines systematic laboratory experiments and lake incubations to understand the
effect of microplastic properties on the residence timesirarastigatehow this affects their
exposure time to lake organisms. This was followed by model calmgato estimate
microplastic residence time, accumulati@nd transfer between lake compartmeintsa
stratified water columibroadly based on Upper Lake Constance, Germaryide range of
biodegradable and nebiodegradablamicroplastic particlesvith various sizes and densities

were used.The khboratory experiments identified particle si&ed density as the primary
controls onresidence timesThe microplastic particles that had been incubated for up to
30 weeks were <col oni z aml asbogiated extraeefiugare polyrnieric b i o f
substancesAlthough the settling velocity did not vary between pristine and colonized
microplastic particles, the biofilsnacted asan adhesive andnhcreased the tendency for the
formation of aggregate&inally, the modelled residence times varied over a very wide range

of time scale€10 ' to 10 d), depending on the particle si¢g 100, 500,1000 um)he long
residence timdor the smallest microplasteuggest that there is a highkelihood thatthese

particleswill be taken up at some stage by lake organisms.

Study2 aims at evaluating thdifferent factors thatontroltheresidence time of microplastic
particles such as particle density, size, and shape as well a&sr iemperatureusing
computational fluid dynamics (CFD) simulationshe model was validated using the
experimental results of study The CFD model presented that particle size and density are the
most important factors controlling the settling velocities of the gasgti under laminar
conditions.By doubling the density of a given particle size, the settling velouineasedy
~380and480% forirregular and regular particles respectivéhgreases up te 95and225%
could beobtainedby doublingthe volumeof irregular andegularparticles respectivelyDther

factors such as particle shape and water temperature had less effect othrigesskicity of
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microplasticthan that of density and sizEinally, the CFD results still overestimated the
settling velodies from the laboratory experiments although the initial and boundary conditions
of the CFD model were defined according to the real experimental setup.

Study 3combines a series of-lake mesocosm experimerdadrandom walk modelling to
guantitatively analyze the processes governing microplastic transploetlacke water column
The experiments were conducted over one ye&ang threesize ranges of fluorescent
microspheres (b, 2848, and 533 pum), capturing stratified and unstablerditions within
the mesocosimlhe measured residence times of the smallest particles during lake turnover
were~12 timesshorterthan that in summenheresidence timesom the random walk model
for the smallest particleduring thermal stratificatiomsing Stokewelocitieswere~10 times
longer than theneasured residence times in thesocosmHowever, themodeled residence
timesusing settling velocities measured in the laboratory and mesocosntoveparableo

the real residence timeés the mesocosntinally, the modeled residence times during lake
turnover were 113 times longer than that in the mesodd&nbelieve thatitese discrepancies
aredueto theinteractions between small microplastic particles and existing payicesel

asthe complex hydrodynamic and biological conditiomghe lake water column.

Study4 uses laboratory and virtual experimetasgguantify microplastic residence times in a
purely physical system controlled by sinking and mixing and compare thisystem where
daphnia package microplastic into fagoallets.The simulationsvereparametrizedising data
from Lake Constance, GermamndEsthwaite Water, UK as well as from existing literature
and our own laboratory experimenfBhe simulations showethat when neglecting the
biological pathway, the residence times for thhé and 5¢ mparticles (>15 years)have
exceeded the retention time of bo#kes. After adding daphnia to the system, the residence
times werereduced to-1 year.Thelarge1l5¢ nparticles had aesidence time between 1 and
2.5 years in the abiotic system and <1.6 yesdter chphniawas included. These results

emphasize the significance of considering lake ecology when assessing residence times.

The results from the four studies show the complexity of microplastic transport in lake systems
as many interrelateghysical, biological, and hydrodynampcocesses are involved ther

transport process in the lake water column.



0 Zusammenfassung

Sea sind wichtige Okosysteme mit einer Vielzahl von Organismen, die empfindlich auf
Mikroplastik reagieren koénnen. Einer der wichtigsten Faktoren fur die Aufnahme von
Mikroplastik ist die Verweilzeit in der Wassersaule, die von mehreren physikalischen,
biologischen und hywdynamischeriFaktoren abhangig isin dieser Dissertation haben wir
vier zusammenhangendudien kombiniert, um das Yfalten von Mikroplastik in Seeru
untersuchemind herauszufindemyie dies die Verweilzeit in der Wassersaule des Sees und die

Expositionszeit flir Seeorganismieeeinflusserkann.

Studie 1 kombiniert.aborexperimente mit Mikroplastikkubationen, um die Auswirkungen
derphysikalischerEigenschaften von Mikroplastik adie Verweilzeitund die Expositionszeit

fur Seeorganismen zu verstehen. Darauf folgten Msidalllationenzur Ermittlung der
Verweilzeit von Mikroplastik, der Akkumulation und des Transfers zwischen den
Seekompartimenten in einer gestiteten Seewassersaudie grundsatzlicauf demObersee
(Bodensee)n Deutschland basiert. Verschiet®mlogisch und nicht biologisch abbaubare
Mikroplastikpartikel mit unterschiedlichen Groéf3en und Dichtearden verwendet.Von
Laborexperimenten wurden die PartikelgroR3e wdidhte als die wichtigsten Einflussfaktoren
auf die Verweilzeit ermittelt. Die Mikroplastikpartikel, die bis zu 30 Wochen lakgbiert
wurden wurden von einer von Biofilmen und extrazellularen polymeren Substanzen besiedelt.
Obwohl dieSinkgeschwindiggeit zwischerfabrikneuerundinkubiertenMikroplastikpartikeln

nicht signifikant variierte, wirkte der Biofilm als Klebstoff und fuhrte zur Bildung von
Aggregaten. Schlie3lich variierten die modellierten Verweilzeiten je nach Partikelgrofe (1,
100, 500, 1000 pum) tber einen sehr weiten BereichZeitskalen (18 bis 1F d). Dieextrem
langen Verweilzeitenvon kleinen Mikroplastikpartikeln zeigen dass sie mit hoher

Wahrscheinlichkeit von deneBorganismen aufgenommen wirden

Studie 2bewertetdie verschiedenen Faktoren, die die Verweilzeit Mbkroplastikpartikeln
steuern, wie z. B. Partikeldichtgrof3e undform sowie die Wassertemperatuit Hilfe von
numerischen Stromungsmechanik (CFD) Modellierubgs Modell wurde anhand von
experimentellen Ergebnisse von Studie 1 validi2zais CFDModdl zeigte, dass Partikelgrofie
und -dichte die wichtigsten Faktoren sind, die @mkgeschwindigkeiten der Partikel unter
laminaren Bedingungen steuern. Eine Verdoppelung der Deoms Partikel§lihrte zu einer
Erhéhung der Absetzgeschwindigkeit 4i®0 bis 380 % flirregelmalige bzwunregelmafiige

Partikel. Eine Verdoppelung des Partikelvolumens flhrte zu einer Staygesar2250zw. B
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% fur regelmaRige und unregelmaiige Partikel. Andere Faktoren wie die Form der Partikel und
die Wassertemperatur hattesinen geringeren Einfluss auf d&nkgeschwindigkeit von
Mikroplastik als die Dichte und Gréf3e. Auch die Ergebniss&adggeschwindigkeit aus dem
CFD-Modell lagen nahe an den im Labor gemessenen Geschwindigkeiten aus Sidake 1.
liegt daran dass d&@ Anfangs und Randbedingungen des CiMddells entsprechend dem

realenLaborufbau definiert wurden.

In Studie 3 wurde eine Reihe von Mesokosr&gperimenten im See mit einer Randdvalk-
Modellierung kombiniert, um die Prozesse, die den Mikroplastiktahsp der Wasserséaule
des Sees bestimmen, quantitativ zu analysieren. Die Experimente wurden Uber ein Jahr mit drei
GrolRenbereichevon fluoreszierenden Mikrospharéh5, 2848 und 5363 pm) durchgefihrt,
wobei Temperaturschichtunign Sommermund Wasserzikulation (Durchmischung) im Herbst
innerhalb des Mesokosmos erfaastrden. Die gemessene Verweilzeédr kleinsten Partikel
wahrend de¥ollzirkulation derWassersaule im Herbst wat2 Mal kirzer alglieim Sommer.

Die Modellierungsergebnisse fur die kleinsten Partikel wahrendlderperaturschichtung
unter Verwendng des Stokes btells waren ~10 Ml l&nger als dieealenVerweilzeiten im
Mesokosmos. Die modellierten Verweilzeiten unter Verwendung deiLabor und im
Mesokosmos gemessengimkgeschwindigkeiten waren jedoch mit den realen Verweilzeiten
im Mesokosmos vergleichbar. Schlie3lich waren die modellierten Verweilzéitenlie
kleinsten Partikelvéhrend de¥ollzirkulation des Sees 113 Mal langds die im Mesokosmos.
Wir vermuten dass dieséJnstimmigkeitenvon denWechselwirkungen zwischen kleinen
Mikroplastikpartikeln und vorhandenen Partikeln sowigon den komplexen

hydrodynamischen und biologischen Bedingunigester Wassersaukbhangigsind

Studie 4verwendet Laberund virtuelle Experimentaum die Verweilzeiten von Mikroplastik
in einem rein physikalischen System zu quantifizieren, das durch Sinken und Durchmischen
gesteuert wird, und vergleicht dies mit einem System, in dem Daphklenen
Mikroplastikpartikelin Fazesserpacken. Die SimulationdrasiereraufdenLiteraturdateraus
dem Bodensee (Deutschland) und dem Esthwaite Water (Vereinigtes Konigreich) sowie aus
unseren eigenen Laborexperimenten parametrisiert. Die Simulationen zeigten, dass bei
Vernachlassigung des biologischen Weges die Verweilzeiten fur die 0,5 anddiolien
Partikel (>15 Jahre) di#/asseraustauschzeit von beid&een tGberschritten haben. Nadgr
Zugabe von Daphnien irBystem wurden die Verweilzeiten auf ~1 Jahr reduziert. Die grof3en
15 em Partikel hatten im abiotischen System eine Verweilzeit zwis¢hemd 2,5 Jahren und
<1,6 Jahre, nachdendie Daphnien hinzugefiigt wurderDiese Ergebnisséheben die
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Wichtigkeit derBerlcksichtigung der Seedkologie bei &gmittlung der Verweilzeiten von
Mikroplastik hervor

Die Ergebnisse der vier Studien zeigen, W@mplex der Transport von Mikroplastik in
Seesystemen ist, da viele zusammenhé&ngende physikalische, biologische und hydrodynamische

Prozesse am Transportprozess in der Wassersaule des Sees beteiligt sind.



Chapter 1: Introduction

1. Current state ofknowledge

1.1 Sources of microplastic

Innovations inthe plastic industry have led to novel and loast synthetic polymers that are
incorporated into all indusal and commercial applicationg&s of 2015, global plastic
production has grown te322million metric tons per yeg¥Worm et &, 2017)and is likely to

increase in théuture The majority ofthis plastic productionis typically designed for single

use, particularly as packagiiGeyer et al., 2017 After use, the plastic should be recycled,

and reenter the production stream. However, life cycle studies estimatadgthall portiorof

the plastic ppduced was recycled, whitee majority of the produced plastihatwasturned

into wastewas either incinerated or accumulatedandfills and the environmeriFigure 1)

(Geyer et al., 2017; Worm et al., 201This plastic wastés able tomigratethrough different
environmental compartments carrileg wind, erosion and surface runoff D6 Avi gnon et
2022) During the transportof plastic debris in the environmernt,is exposed tovarious

physical] chemical, and biological degradation process@deides et al., 2021)The
fragmentation and degradation processes in natural environments tratiefoiargeplastic

debris(> 5 mm) intoecondargmicroplastic(100nm to 5 mnj and /or nanoplastiasx 100

nm). While secondary microplastic results froime breakdown of macroplastic, primary
microplastic arepellets designed for commercial purposes such as cosngtiggisingly a
significant share of plastic as found in the environment belongs to the micropldsdiction
(Barnes et al., 2009; D6Avignon et al ., 2022

Cumulative plastic waste generation and disposal
/!
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Figurel: Cumulative plastic waste generation and disposal (in million metni). Solid lines show historical data from
1950 to 2015; dashed lines show projecti@f historical trends to 205Geyer et al., 2017)
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1.2 Microplastic in lake systens

Lakes ae often used for drinking watdgod supplies, recreational purposes, tratied active
flood protection They alsoplay a vital role as a habitat for a wide range of organisms and are
characterized by complex food webs which aegated to biological, chemical and
hydrodynamic conditions in lake/stemqScherer et al., 201.7Microplastic pollutionin lake
systems originates predominantly from terrestrial sources such as afffumnt sewage
treatment plant§Sun et al., 2019»urface runoffWang et al., 2022gagriculture(Bigalke et

al., 2022)and improper disposal of plastic waddelie tothelow-energy hydrodynamic regimes
of lakes compared tahat in river systems lakes are consideregermanent sinks for
microplasticwhen microplasticis buried into lake sentimenor temporary sinks when the
settled particlesresuspend into the lake water coluntnD 6 Avi gnon .ence al
microplasticentes lake systemsf can reside for significant periods the lake water column
beforeit either reachedake sediment or before being flushed out through outl€kss is
attributed to the fact thaicroplastic particles are small in size §mm), irregular in shape,
and usually have polymer desity closeto that of lake water, allowinghem to have a
considerablyow settling velocity andeside for substantial periods in the lake water column
(months or even yearglrlagami et al., 2022PDuring microplasticresidence timen the lake
water columnjt is exposedo a very wide range of lake organisatsvarious trophic levels
(D6 AvViI gnon .ekdng residence tin2e® Girdstine microplastic egpecially in the
complex food wehn the epilimnionduring tiermal stratificatiorincrease thgrobability of
uptake througtiilter feeders such as daphr(aljaibachi and Callaghan, 2018Jhis uptake
probability by filter feedersis expected to bsignificant during the clear water phasten
these organisméilter substantialportiors of particulate organic carbon out of the lake
epilimnion (Effler et al., 2015)Also, recent studies have shown that filter feedersatrable

to distinguish betweetheir food andmicroplastic(Aljaibachi and Callaghan, 2018pnce
microplastichasentered the food chaiit,can migrate to higher trophic levels either through

direct or indirect ingestion by pratbrs( D6 Avi gnon et al . ,. 2022,

1.3 Factors controlling microplastic behavior in lakes

The current understanding is thihe settling velocity and the residence timesnafroplastic
in lake systems are controlled by several key factors such as particle propedieschlager
and Schittrumpf, 2019nteraction wih biofilm-building organismss well as the formation
of aggregategl eiseret d., 2020; Rummel et al., 20}, nteractionbetweemmicroplastic and
lake organismsuch as daphnia and fighD 6 Av i g n o n; Celd et &.,12016, an? @ake 2
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hydrodynamicgElagami et al., 2022 he following section discussasdetailthe key factors
affecting the transport and behaviomaitroplasticin lake systemthatareinvestigated in this
work, and how this affects the residence times of microplastic in laterag

1.3.1. Physical properties gfristine microplasticparticles

Various studies have shown that tplysical properties of pristinmicroplasticcontrol the
settling velocities otthe particles and thus their residence times in the lake water column
(Elagami et al., 2022; Leiser et al., 2020; Waldschlager and Schuttrumpf, Zal@ner
density and particle size weidentified asthe most significainfactors controlling the settling
velocities ofmicroplastic(Ahmadi et al., 2022; Waldschlager and Schittrumpf, 20418p,
microplastic particlesre usually irregularly shaped and have large surface emegpared to
that of perfect spheres. This leads to an increase imytiredynamial friction exerted on the
sinking particleandthus anincrease in the residence timeswtroplasticcompared to that of
spherical particlegAhmadi et al., 2022)In addition, recent studies have showhat the
hydrophobic nature of pristineicroplasticincreases the potential attachment of fine a
bubbles exigng in the watercolumnto the surface omicroplasti¢ increasing the buoyancy

and residence timef the settling particlefRenner et al., 2020)
1.3.2 Lake hydrodynamics

During thermal stratification in summer, the residence times of the particles in the epilimnion
and hypolimnion (e.g. microplastic, sediment particles, or dead zooplankton) are expected to
be significantly longer than that in the laminar metalimn{@agami etal., 2022; Reynolds

and Wiseman, 1982)his is attributed to the presence of turbulent mixing which is mainly
caused by win@Singh et al., 2019) the epilimnion and by seiches in the hypolimnion caused
(Kirillin et al., 2012) Turbulent mixing in the epilimniorand hypolimion likely causs
entrainmenbf the settling particleand increases their residence time in these Z6t@golds

and Wiseman, 1982n the metalimnion, however, the residence swfehe settling particles
dependon the laminar settling velocity of the particles and the thickness of the layer. During
lake turnover in autumn, the residence time of microplastic is likely to be signichatter

than that during thermal stratification. This is due to the instability in the lake water column
which leads to the onset of lake convecti@annon et al., 2021Also, hevariations in water
temperaturavithin the lake vater column arassociated with changes in the density and the
viscosity of waterThis changes thdrag forces exerted dhe settling microplastiparticles

and influences their settling velocities and residence (khenadi et al., 2022)



1.3.3Biofilms

The hydrophobimature of pristine microplastfavors biofilm formationLacerda et al., 2019;
Rummel et al., 2017; Zettler et al., 2018parious studiesshowedthat the accumulation of
biofilms on the surfacef pristinemicroplasticcan potentially altethe densityof the particles
and their settling velocitie@Michels & al., 2018; Rummel et al., 201 Qther studiefound
nonsignificant difference between pristine and incubated partic(&agami et al., 2022;
Leiser et al., 2020Recent studies have also shown that incubatiedoplasticparticlestend
to form aggregates #éise extra polymerisubstanceEPS matrixact likely as an adhesiand
favor the formation ofaggregats (Elagami et al., 2022; Rummel et al., 201Vhe settling
velocitiesof theaggregates are expectedwhigherthan thaof individual incubated particles
(Michels et al., 2018)However more esearch has to be doteeinvestigatehe biofouling
process of microplastisince thisprocess varies between lakes depending on several factors
such asvater temperature that affett® metabolism of the biofilrbuilding organismgFarhat
et al., 2016)

1.3.4 Interaction betweermicroplastic and lake organismsnd natural particles

Filter feedersare very important fathe nutrient cycle itakesystemgSanchez et al., 2016s
they play a vital rolein food webs,controlling primary productionand nutrient cycling
(Bastviken et al., 1998; Stein et al., 19938ing daphnias an example of lake organisms, they
do not selectively filter nutrients from the water coluf@iaibachi and Callaghan, 2018)
During the clear water phasethenpopulation densities afaphniain the lake water damn
reach their maximugrmost ofthewater in the epilimnion pass through these organi&fiker

et al., 2015) Once microplastic has been ingest@édgan migrate to higher trophic levels
through direct or indirect ingestion by predatbr® 6 A wnietgah, 8022; Nelms et al., 2018)
Ingested microplastic particlese also egested within the faecal pell@sle et al., 2016)
Since fecal pellets aesource of food fobrganismsthe ingestion of microplasticontaining
pelletsof daphnigfacilitates the transport of microplastic to higher trophic le&lslms et al.,
2018) and subsequentlymicroplastic end up in large faecal material and sink fabizn
daphnia pellets(PérezGuevara et al., 2021)Also, some additionaprocessessuch as
aggreation of microplastic witmaturallake particlescansignificantly increase¢heir settling
velocity andead totherapidremoval ofmicroplasticfrom thelakewater columntransporting
microplastic to lake sedimerniRecent studies hawemonstratedhat nicroplastichasbeen
found inlake sedimenin significant numbers, reaching the samagnitudesas those in the

most contaminated marine sedimeft 6 Avi gnon. et al ., 2022)
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2. Aims of this work

Despite decades of plastic pollution researchtha marine environment{Bagaev and
Chubarenko, 2017; Murawski et al., 202R)is still in its infancy in limnic environmets
(Figure 2). The majorityof the existing researathealing withmicroplastic transport in lakes
was basedn investigating the behavior pfistine and biofouled microplastimdercontrolled
laboratorysettings(Leiser et al., 2020; Waldschlager and Schuttrumpf, 20183 resulted in

a lack of understanding of the behavior of microplastacrealake water columnThe primary

aims of this wok are to (i) develop a quantitative understanding of the primary factors
influencing microplastic transport in the lake water column such as lake hydrodynamics,
particle physical properties, and biofoulifig understandhow this may influence the exposur

of organsms to this emerging pollutanand (iii) evaluatethe biological pathway of
microplastic through their uptake by filter feeders and how this affects their residence time in

the lake water column.
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Figure 2 Number of studies on microplastic pollution for various waterbody typpsb Avi gnon. et al ., 2022)
Here we combind laboratory experiments, lake incubatiorand lake models with
computational fluid dynamic3 hen, we performed microplastic addition experiments inan in
lake mesocosnduring thermal stratification in sumer and lake turnover in autumn and
compared the resultsith results from a random walk model to quantitatively analyze the
processes governing microplastic transport in lakieglly, we performed virtual experiments

to quantify theresidence times of small microplasiica purelyphysical system controlled by
sinking and mixing and compar¢his to a system where daphnia paclsagéeroplastic into
faecal pelletsWe expectthatthe residence timesf microplastic in the lake water column are
largely controlled byi) density, sizeshape water temperature, arlde hydrophobic adhesion

of microplastic with fine air bubbles existing in the lake water column, (ii) biofilm accumulation
on the surfaces of the pigles, (iii) the hydrodynamiconditions existing in the lake water

column and(iv) packaging of the small particles in tfa@cal pellets of zooplankton.
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3. Materials and methods

This research is divided into two main packadém first packagencludes two studies (study
1 and study 2). Study 1 focuses laboratory experiments and model calculations, vetildy
2 focuseson CFD modeling of the settling velocibased on the results from studyThe
second package also includes two studies (study 3 and study dy. Sfiocuseson field
experiments iran inlake mesocosm and random walk calculatiovis)e study 4 focusesn
modelling the interaction of microplastic particles with daphir&rg a brief description of the

material andnethodsas well as thenainobjectives and structure of each stadgpresented

3.1 Microplastic particles

In studies 1 and,2a wide rangef microplastic particle®f various typessizes and shapes
were usedThe selected polymers captured the most dominant plastics used in the ifichestry.
irregular microplasticparticles used in studigsand2 were producetbhy the Department of
Macromolecular Chemistry at th€niversity of Bayreuth, Germanfrom bio-and non
biodegradabl@olymerswith an equivalent diameter ranging between 150 and 2200 um (Table
1). Thespherichpolystyrene microplastic particlegeresupplied by Cospheric LL@ith sizes

of 1, 10, 500, and 1000 urtudy 2 has also used virtual particles with different shapes and
geometries in the CFD simulations.

Table 1: Aist of all polymers used in studigand 2,and their measured densities.

Polymer Abbreviation  Density Type
[g/lcm?]

Polystyrene PS 1.03 Non-biodegradable
Polyamide 66 PAG6 1.12 Non-biodegradable
Polyvinylchloride PVC 1.38 Non-biodegradable
Polycaprolactoa PCL 1.14 Biodegradable
Polylactide PLLA 1.20 Biodegradable
Polybutylenadipate terephthalate PBAT 1.22 Biodegradable

For studyB, all microspheres were supplied by Cospheric LLC in green fluorescent dry powder
(Table 2) The fluorescent dye had maximum excitation and emission wave lendih4 ahd

414 nm respectivelyThe particlesused in his studywere either polyethylenesfze range
between 2818 and 5363um) or particles froma proprietypolymerwith an unknown chemical

structure (1-5um). Aqueous microplastic solutions Wwitconcentrations of 1.0 §* were
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prepared in the laboratory prior to each experiment. Due to the hydrophobicai&@ospheric
particles, the stock solutions were prepared uslisglled water and mixed with 0.1 g of
surfactant (Tween 20) per 100 ml of water

Table2 A list of polymer names, particle sizes, densities, and amount of the microplastic microspbdriesthe

mesocosmexperiments.

Polymer Density = Amount Diameter Time of
(gen®  (g) (um) experiment
Polyethylene 1.10 20 5363 Summer 2021
Polyethylene 1.10 20 2848 Summer 2021
Unknown (Proprietary Polymer, 1.30 5 1-5 Summer 2022
Unknown (Proprietary Polymer’ 1.30 5 1-5 Autumn 2021

In study4, wet ground 17.7 pnPS fragmentsRS158N/L; INEOS Styrolution Group GmbH,
Germany) and re@ um PS spherefPolybead Polysciences, Inc.; USAyere used in the
feeding experimentf Daphnia magnaAdditionally, spray dried fluorescent labelled
(rhodamine B)10.4 um PS particles wereused to analyze the degree miicroplastic
incorporation into the faeces. In the modellivigiual PSparticles witha density of 1.05/cm®

with particle diameters of 0.5, &nd 15 pnwere used.

3.2Laboratory measurements and lake mode{study 1)

Study 1 focuses ainvestigating the effect of particle properties, biofilm, &mbulentmixing
onthe transporbehaviorand residence timef microplastic particlesThe physicaproperties
of pristine microplastic particlesuch as particlsize, density, and shape weneasuregrior
to each experimen the laboratoryThe shape and size of the particlgere estimated from
their two-dimensionalmagescaptured b light microscope and higltefinition digital single
lens reflex camerahe laminar settling velocitiesf the particlesvere measured in an én
x18 cmx 1.1 mglass column filled with filtered lake water using a tdimensional particle
imaging velocimetry system (PIVLA 5150 (Figure3). The measured settling velocitiegre
then compared to the values calculated usiirgsemiempiricalequation ofDietrich (1982)
To quantify the effect of particle sizend lake hydrodynamicen the residence time of
microplastic particles in a stratified lake water column,rfeasuredettling velocities othe
1, 10, 500and 1000um spherical PS particlesereaddedto a 3box modelto simulatethe
residence times in the epilimnion, metalimnion, and hypolimnion of a hypothetical stratified

lake broadly based on Upper Lake Constance, Germfanglly, the pristine(irregular)

12



particles were incubated in a pond attthmversityof Bayreuth in Germany farp to30 weeks
The potential changes in microplastic properties and settling vetdditye incubated particles
were measured in the laboratoryhe structure of the biofilm and the potertfarmation of

aggregatewverecharacterizedisingconfocal laser scanning microscoffyLSM).

Light source
l e —— =
g - |:

Elevating screen with

| mesh width 5ym

Figure 3 The water column and the setup of the-tlimensional particle image velocimetry system.

3.3 CFD simulations(study 2)

Study 2aims atquantifyingand evaluatinghe effecs of key parameters such as particle size,
polymer densityparticle shape, and water temperatmegheterminalsettling velocity of the
particlesand comparinghis to the settling velocityneasurementom study 1 as well as to
calculations usin@ietrich (1982)andWaldschlager and Schuttrumpf (201%he CFD model

was validated using thresults from théaboratory experiments in studyThe terminal settling
velocitywas simulated using the solver overinterDyMFoam out of the open source C++ toolbox
OpenFOAM v181ZWeller et al., 1998 The shape of the selected particles was meshed using
the SALOME 9.4IEEE Computer Society, 2007)he CFD simulations were run at ambient
conditions for a laminar flow regim&hesimulations were carried out urttileparticle reached

terminal velocity. A schematic of the used setup in all the simulationswsshd-igure 4

“! Image of a microplastic particle from study 1

~— %\\ Initial position of a microplastic particle

zan

\_/// \ Particle is reaching a stable position
s

\//

N\
/ \ Particle is settling with terminal settling velocity
LA

-

Figure 4 Schematic ofhe used setup in all the simulations
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3.4 Mesocosm experiments and random walk modelingtudy 3)

Study 3 aims at understandingand quantifyingthe effect of lakehydrodynamicsand
microplastic sizeon the distribution, concentration, aresidencdimes of microplastien the

lake water columiby performing settling velocity experiments in aHake mesocosm located

at Bronbachsee in the German state of Bavéfigure 5) The Grolér Brombachsee is a 5.1
km long and 2.0 km wide water reseouwr with a maximum depth of- 32.5 m covering an
area of ~8.50 ki The thermal stratification pericgktends from May until the end of October.
Lake turnover typically begins in Novemb&he mesocosm experiments were conducted over
an extent of one year, daping the changes in lake hydrodynamassociated witHake
turnover in autumn and thermal stratifications in sumffiee. microplastic solutiewere add

to the mesocosmimultaneouslyby two peopleusing metal watering carfgted with wide
sprinklers The microplastic concentrationsere measured in a 18 deep and 3m diameter
mesocosn{Aquatic Research Instruments, USésing submersible field fluorometers from
Albillia GGUN-FL24. The residence times of the particles weateulatedrom the measured
microplastic concentrations in the mesocodine residence time in each compartment was
defined as the time elapsed until 95% of the particles are lost from that compaifheent.
turbulence kinet energy and eddy diffusivity were calatéd from thevater velocities inside
the mesocosneaptured bya threedimensional acoustic doppler velocimeter (ADV, Nortek
vector 300). Water temperatures inside and outside the mesocosm were measured using Hobo
TidbiT temperature loggers at 1 m intes/ infer the stability and stratification of the water
column. The mesocosm experiments were thellowed by modelling of microplastic
distributiors and residence tinsan the mesocosmsinga 1D random walk modellhemodel

was run using three charagistic settling velocitiesFirstly, Stokes equation was used to
calculate the settling velocities of the smab 1 epanticles. Secondly, the settling velocities
of particles outside Stokes range {#8and 536 3 ¢ m) wer e measured expe
laminar conditions usinghe PIV systemin study 1 The measured velocities were then
corrected to the water temperatwé each lake compartment in the mesocosm. Finally,
effective settling velocities for all microplastsizeswere calculated using the experimental

data from the mesocosm.
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Figure 5 A sketch of the mesocosm setup at GroRer Brombachsee
3.5Modelling of microplastic interaction with lake organisms(study 4)

Study 4 aims at elucidating how lake sizélaphnia population dynamicsngestion of
microplasticby daphniaand egestion gzart of their faeces influentke settling velocities and
residence timesf microplasticin the water columrHere wecombined laboratorgnd virtual
experimentgo quantify microplastic residence times in a purely physical system controlled by
sinking and mixing and compare thisateystem where daphnia package microplasticimeo
faecal pelletswhich increases the settling velocitfFigure 6) The settling velocity
measurement of the microplastimkbedded faeces was measurethalaboratory in a $mx

3 cmx 12 cm glass chamber using the same PIV system in study 1. The virtual experiments
were conducted using Simulink tdmix MATLAB. This model is an extension of theke
model used in study The simulations werparameterizedising data from Lake Consitze
Germanyand Esthwaite Water, UK as well as from existing literature and our own laboratory

experiments.

Conceptual Model
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Figure & Conceptuaimodel of the primary processeffexctingmicroplastictransport and residence times in a stratified lake

as implemented in the model.
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4. Summary of findings and discussion

4.1 Measurement of microplastic settling velocities and implications for residence
time in thermally stratified lakes (study 1).

https://doi.org/10.1002/In0.12046

In this work we combine laboratory measurements of settling velscitieder laminar
conditions, theoreticalalculationf settling velocitiesand lake incubations withadeling of
microplastic residence time in a stratified lake water colWie.investigated the effects of
particle size, polymer densitlyydrophobicityof the particle surface, biofoulingnd turbulent
mixing on the residence times of microplastic in thake water columnThis aimed at
understanding the transport, behavior, and accumulation of microplastic in the lake water

column.

The experimental investigation of microplastic behavior showed that the settling velocity and
residence time of the microptass aremainly controlled by particle size and particle density.

The settling velocities for theregular particles anged bet ween HYitwas30 and
however difficult toquantify the effectof particle shape on the settling velocagit was
experimentally hard to isolate the effect of particle shape from that of size and density. This
problem wasexacerbatedy the fact that all microplastic particles were similar in shape
(irregular) and no fibers or special geometries such as cdises, or cylinders were used in

this work.

The settling velocities of the pristine microplastic particles seemed taffeeted bythe
hydrophobic adhesion of the particles with the fine air bubbles inside the water column. This is
expected to signifiaatly increase the residence timetloé settlingpristineparticles in the lake
water columrdue to the increase in théuoyancy Therefore, the calculated settling velocities
usingDietrich (1982)were systematically higher than that from the experimesisecially for

the biodegradable particl@BSigure 3, as such processes are not considered in the conventional
sediment transporhodelof Dietrich (1982)
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R2 (1) t he The dashed

The lake incubationshowedno substantial changes in the shapes, sizes, and densities of the

and i s coefficient of determination.
incubated particles even after 30 weeks of incubaliba.biofilm was formed ipatchesather

than coating the whole particle surface with biofilrhese patchedid not cause any significant
changs in the physical properties asdttling velocities of the particles compared to pristine
Ashorto i

st 3

particleseven after 30 weeks of incubatidrhis could be attributed to h e nc
6 , s.The poddvasisaf nrdo z3eOn wWeoerk t he f i r

during the winter season which may explain the small volumes of biofllowever, the

periods of
presence of the extra polymeric substamegscedthe formation of aggregatésigure §. The
settling véocities of the aggregatesre expected tobe higher than that ofthe individual

particles.

Figure8 Conf oc al |l aser of the

scanning

mi croscope image aggrega

incubation. Peanut agglutinin (PNA), wheat germ agglutinin (WGA), and soybean agglutinin (SBA) lectins visualize the EPS
The of the scale bar is 150 e
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The residence times in the lake compartments during thermal stratifisatiatatedwith the
3-box modelsuggested that particle sihasa significant effect on the residence tiwfethe

microplastic partites. For instance, theesidence timgof the 1 and 1000 um particlés the
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100 m lake water columwerein order of10° and 10! daysrespectivelyThe effect of lake
hydrodynamics on the rel@nce times of the microplastiasalsonoticeableTheresidence

time of the microplastiin the metalimnion is relatively short compared to the epilimnion and
hypolimnion due to the lack of mixing processes as watkdisited thickness. The extremely

long residence time fdhe small microplastic partielsin the lake water columsuggests that
theseparticlesshould not be found in the sediment unless some other processes such as
aggregationpackaging ofmicroplastic into faecal pelletsr biofouling increaséheir settling

velocity.

4.2 Systematicevaluation of physical parameters affecting the terminal settling
velocity of microplastic particles in lakes usingCFD (study 2).

https://doi.org/10.3389/fenvs.2022.875220

In this studywe systemécally evaluate the effect of varioufactors, such as partcdensity,
size, shapeandhydrophobicity, as well awater temperaturen theterminal settling velocity.
We conducted83 individual CFD simulationsf settling velocity.We thencompared the
simulation results to two semmpirical equations as well as the laboratory settling
experimentsn study 1 This aimed at understanding the behaviour of microplastic in lake

systems and how this can control their exposure time to |lglemiems.

The CFD results provided an improved evaluation of the relative effects of the different key
factors controlling the residence time of microplastic in the lake water colaraccordance

with study 1, he CFD modepresentedhat particle sizevolume) and particle density are the

most importantfactors controlling the settling velocities of the particles under laminar
conditions.Other factors such as particle shape and water temperature have less effect on the
settling velocity of microplasticander laminar conditions than that of density and de.
doubling the density ddi given patrticle size, theettling velocity was increasdxy ~ 380and

480% for irregular and regular particlesspectivelyIncreases up te 95and225% could be
obtainedby doublingthe volumeof irregular andregularparticles respectivelyrhis could be
attributed to the fact that increasing the density of a given particle increases the mass and thus
the gravitational forcewhile it has no effect othe partick 6 s v ol ume and surf a
would in turn change buoyancy and draye effects of temperaturehangeon thesettling

velocity of microplastic indicated that typical temperature differences between the
compartments of a straefl lake in a temperate climat®uld lead to differencesip to ~ 46%

in the settling velocitiesThe changes in particle roundness only affectedstling velocity
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of particles larger than 1 mm in diameter, while the smallest particles (0.5 mm djanvexter

unaffectedFigure 9)
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Figure 9: Effects of increasing roundness on TSV of MP patrticles for five different particle sizes.

Althoughthe initial and boundary conditiomm$ the CFD modelvere defined according to the
real experimental setughe CFD resultsstill overestimated the settling velocities frahe
laboratory experimentd his was also the same case for the settling velocity results calculated
usingDietrich (1982) Thisis probably due tthe hydrophobic nature of microplastimtwas
notincorporated intdoth modek (Figure 10).
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Figure 10: A comparison between CFEIaboratory result§EXP), and calculations using Dietrich (1982)here he red line

represents the 1:1 line.

4.3 Quantifying microplastic residence times in lakes usig mesocosm
experiments andtransport modelling (study 3)

In this work we conducted a series of microplastiddition experiments to an iake
mesocosmdeployed at Grofier Brombachsee using various microplastic sizes dlieng la
stratification in summer artdrnover in autumn and combined this witimdom walk modeling
This aimedat quantitatively analyzinghe processes governing microplastic transport in the

lake water columisuch as lake ldrodynamics as well as partidees.The experiments were
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conducted over one yeasing threesize ranges of fluorescent microsplee(e5, 2848, and

53-63 pum), capturing stratified and unstable conditions within the mesocosm

The mesocosm experiments showed that changes in the lake hydrodynamics driven by seasonal
temperature changes have a significant effect on the residence dintles microplastic
particles in the lake water column. During thermal stratification in summer, the temperature
gradient, and thus the strong density gradient during lake stratification, formed a very stable
water column inside the mesocosm. In contrdstjng lake turnover in autumn, the water
column inside the mesocosm was unstable. This likely led to the onset of natural convective
mixing in the lake water column, transporting the plastics to the bottom of the mesocosm much
fasterthanthat during summeiThe convective mixing wasupportedoy the high values of
Rayleigh number (>1). Hence, he residence time dghe smallest particles {8um) during

lake turnover in autumnn the mesocosnwas ~ 13 times shorter that during thermal
strdification in summer.The mesocosm experiments also proved that particle siae is
important factor controlling the residence time and thus the exposure time of microplastic in
the lake water column. During summer, the residence time @88 um partcleswas~ 2.7

timeslonger than that for the 583 um patrticles

The simulated residence timekuring thermal stratification in summasinga randomwalk

modelwerelonger tharthe real residendénes in the mesocosm, especially for the simulations

using settling velocity results calculated using Stokes equation. For instance, the simulated

residence times in the mesocosm uStukes velocities fahe 15 pum particles during summer

were~ 10 times longer than the actual residence times in the mesotbseould battributed

to the effect of microplastiparticle interaction (i.e. formation of aggregates) in the mesocosm

caused by the large surface areathedsurface charge of theslumpatticles. Such aggregates

are large and likely to have higher settling velocities compared to the individual pristine

microplastic particles used in Stokes motlecontrastthe simulated residence times of the 1

5em par t ithe éffeciive setlingelgcity valuesduring summer (32 days)ere close

to the actual residence times in the mesocdanng thermal stratificatio24 days)(Figure

11). This is due tdhe fact that the effective settling velocity waerived directly from the

mesocosm data. As sucdhe effective settling velocitymplicitly incorporates processes

influencing settling velocities in the mesocosm such as partiaeoplastic interactions and

hydrodynamic conditiond'hesimulated residece times usin®IV velocitiesfor thelarge 28

48 and 563 em particles were comparable to the

during summewvith a difference of ~ 1.4 and 1.9 timé&shis is likely to be attributed to the

relatively lower surfaceraa of the large particles which subsequently reduces the potential
20



particlemicroplastic interactions and formatiohaggregated-inally, duringlake turnover in
autumn, the modelled residence times of t&epin particles were considerably longieanthe
actual reidence times in the mesocosnheTsimulation results using Stokes and effective
settling velocities were ~113 andb&imes longer than the actuasidence times respectively.
Thiscould beattributed to the complexityf the lake hydrodynaits duringnatural convection

which cannot be represented by the simplified lake physgsenin the random walk model.
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Figure 11: Simulated and measured particle breakthroughs at 0.5, 6 and 10m depth. Shahenraedence time

distribution(RT) for the 15 em particles in the summer experiment using the random walk model in combination with
effective settling velocity.

The residence times calculated from the mesocosm experiments are considered more realistic
than residence times calculatessed on previous modeling and laboratory experiments

existing in the literature. However, the conditions in the mesocosm are still likely to be quite
different from real lake This could be due to various factors such as the boundary effect of

the mesocsm walls, the limited area of the mesocosm (<Y, and the isolation of the water

inside the mesocosm from the rest of the lakes. This is expected to limit the size of turbulent

eddies that can develop in the water column and the influence of other yryamuds.

4.4 Filter feeders are key to residence times of small microplastic particles
stratified lakes: a virtual experiment (study 4)

In this work, we used laboratory and virtual experiments to quantify the residence times of 0.5,
5, and 15 pum PS particles in a purely physical system controlled by sinking and mixing and

compare this to a system where daphnia package microplastic irdal faellets. The
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simulations were parametrized using data from Lake Constance, Germany, and Esthwaite
Water, UK as well as from existing literature and our own laboratory experiments.

The simulation results showed the importance of microplastic uptakbeaesidence time.
Without the biological pathway, the residence times for both 0.5 and 5 um microplastic particles
in the water column of Lake Constance (>15 years) were significantly longer than the retention
time of Lake Constance (4 years). This wgasilar for the Esthwaite Water as the residence
times of the particles were ~ 60 (for the 0.5 um) and 8 (for the 5 pum) times longer than the
retention time of the lake (13 weeks). This suggests that these small pristine particles will
transport through thlake water column and should not be found in lake sediment unless some
other processes will happen such as aggregation, or biofouling. However, the residence times
of the 15 um particles were much shorter than the flushing time for Lake Constance and
Eshwai te Water. This suggests that these 0OI ar
of both lakes and especially in the shallow water column of Esthwaite Water.

After adding daphnia to the model, more than 90% of the particles reached thedehkens

in less than 1 year regardless of lake size and particle size. However, the significance of the
biological pathway is controlled by the number of daphnia present in the epilimnion. For
instance, during winter when daphnia numbers are insignificaidroplastic numbers
increased to their maximum levels, while microplastic bera were significantly reduced
during the clear water phase as most of the water in the epilimniors gjhssegh the model
organisms.These results indicate the significandendcroplastic packaging into the faecal
pellets of lake organisms and how this will affect the residence time of small particles as the

majority of small microplastic can cycle through organisms before reaching the sediment.
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5. Conclusionand outlook

5.1 Conclusion

In order to comprehensively understand the transport and behavior of microplastic in lake
systems, we investigated the key factors controlling the residence times of microplastic in
the lake water column. This is essential as residence time is relaltedexposure time of
microplastic to lake organisms. By combining the results from the laboratory experiments
and lake model (study 1) and CFD modeling (study 2) with the mesocosm experiments and
random walk model (study 3) and virtual experiments (studyedgan draw the following

conclusions:

0 The residence time of microplastic partgdan vary over a very wide range of different
time scaledepending on kefactors such gsarticledensity and sizevhichcan affect
the residence time significantly. Other factors such as particle shape and rowasdness
well as water temperatuhad less effect on the settling velocity and the residence time

thanthat of density and size

o The hydrophobic nature giristine microplasticcan leadto rapid colonization of
microplastic bybiofilm. This means thatrgstine microplastics are unlikely to be found
in natural aquatic environments as they are usually rapidly colonized by biofilms or
adsorb natural material suchdissolved organic carbon or mineral precipitatso,
the biofilm structurecan beformed in dense patches rather tlanniform layer of
biofilm. However, he formation of the EPS matrigan increasahe tendency for
microplastic aggregation &dikely worksas an adhesive. Such aggregates are expected
to sink faser thanindividual particles.

0 Althoughthe initial and boundary condition$ the CFD modelvere defined according
to the real experimental setuhe CFD resultsstill overestimated the sbtig velocities
from the laboratory experiment3his was the same case for the settling velocity
calculations usingdietrich (1982) andNaldschlager and Schittrumpf (2019hese
results show that theydrophobicsurface propemsof the pristine microplastic should
be consider in future modkng.

o Lake hydrodynamics play an important role in microplastic residence time in the lake
water column. The turbulent mixing in the epilimnion during thermal stratification in

summer likdy causes resuspension of the settling particles and increases their residence
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times compared to that in the laminar metalimn@uring lake turnover in autumn, the
residence time of the settling particlean besignificantly shorterthan that during
thermal stratification. This is attributed to instability in the lake water column which
leads to the onset of natural convection resulting in a rapid sinking of microplastic

particles.

o0 The modeled residence time of small pristine microplastic partdieisg thermal
stratificationcan exceed the retention times of the lake. This suggests that these particles
should not be found in the sediment layer unless some other proresseseheir
settling velocityln the real lake water columhowever significantchangsin particle
propertiescaused by several factomich as biofouling, formation of aggregates,
hydrophobic adhesion of microplastic with fine air bubbles, or interaction with lake
organismscan occur during their residence time in theelavater columnThis shows
that microplastic behavior in lake systems is more complex than the simplified
calculations of lake physics used in the models.

o The ingestion of microplastic by filter feeders and their egestion within the feacal pellets
has shan to besignificantwhen investigating microplastic behavior in lake systems
The residence tinsof the micoplastic particlesrabedded in faecal pellets were orders
of magnitude shorter than that of pristine particles. This causes a rapid removal of
microplastic from the lake water columrhis howerer is controlled by the numbef

organisms and the size of the particles

5.2 Researchoutlook

Although we haveresentedn this dissertatiora comprehensive investigation of microplastic
behavior in lake systenthrough laboratory experiments, field experiments, lake models, and

CFD modelling there are remainingpintsthat shold be covered by future studies.

Firstly, in our laboratory experimentae mainly used irregular particles with similar shapes.

This resulted in a knowledge gap about the effect of particle roundness and shape on the settling
velocities and how this controthe residence times of microplastidence, future research
should consideothergeometriesuch as cylinders, cubemndfibers and investigate how this

affects the behavior of microplastictimelake systems.

Secondly, the incubation periods of miglastic in the pond were relatively short. In nature,

microplastic can be exposed for significant periodth&biofilm-building organismsluring
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their residence times the lake water columwhich can change the properties of the particles,
affecting their residence times in the lake water column. Alse, effect of season and
incubation depth should be investigated to understand how these factors can affect the behavior

of microplastic in dke system.

Thirdly, the lake models expected very significant residence times of the small particles
compared to that measured in the mesocosm. These models, however, are highly simplified and
theoretical representatisrof residence times. Real lake &ms are considerably more
complex than these simplified representations of lake physics. In fatdelling factors such

as the potential aggregation of microplastic with existing lake particles should be considered.
Also, the effect of the complex hyattynamic conditions during lake turnover should be

inspected.

Finally, the hydrodynamic conditions in the mesocosm are still likely to be quite different from

a real lake. We suspect that the biological and chemical conditions inside the mesocosm were
different from that in the surrounding lake. Also, there were some limitations caused by th
field instruments. For instancéhe microplastic concentrations and residence times were
calculated depending on the signals detettgdhe fluorometerswith the best case being
measurements at three depths. This resulted in a lack of knowledge about the behavior of the
microplastic particles over the extent of the entire water columaddition we only used
pristine spherical microplastic in the mesocosm erpent anddid not use irregular shapes,
fibers or incubated particlesTherefore, future experiments investigating microplastic
transporting lake systems should be conducted using a wide range of plastics and complex

setups that are capable of represgntnicroplastic transport in real lake systems.
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Abstract

Microplastics residence times in lakes are currently poorly understood. In this work, settling experiments
with pristine and biofilm-colonized microplastic particles were combined with model calculations to evaluate
settling velocities, particle distributions, and residence times in the epilimnion, metalimnion, and hypolimnion
of a hypothetical stratified lake broadly based on Upper Lake Constance. Settling velocities of various biodegrad-
able and nonbiodegradable polymers of various shapes, sizes, and biofilm colonization were measured in a set-
tling column. The settling velocities ranged between ~0.30 and ~50 mms '. Particle sizes and polymer
densities were identified as primary controls on settling rates. Microplastic particles that had been exposed to a
lake environment for up to 30 weeks were colonized by a range of biofilms and associated extracellular poly-
meric substances; surprisingly, however, the settling velocity did not vary significantly between pristine and col-
onized microplastic particles. Simulated microplastic residence times in the model lake varied over a wide range
of time scales (10" to 10° d) and depended mainly on the size of the particles and depth of the lake layer. Long
residence times on the order of 10° d (for 1-um microplastic particles) imply that for small microplastic particles
there is a high probability that they will be taken up at some stage by lake organisms. As the lake retention time
(~ 4.5 years) is considerably shorter than the residence time of small microplastics, negligible quantities of these
microplastic particles should be found in the lake sediment unless some other process increases their settling
velocity.

Over the past 70 years, plastic polymers have established
themselves as cost-effective and durable materials that are
used ubiquitously in industry, agriculture, and domestic appli-
cations. In 2015, global annual production of plastic polymers
reached ~ 322 Mt (Worm et al. 2017). Roughly 50% of the
plastic volume produced is made for single-use applications,
and in particular for packaging purposes (Worm et al. 2017).
By 2015, ~ 6300 Mt of plastic waste had been produced, of
which approximately 9% was recycled, while 79% accumu-
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lated in landfills and the environment (Geyer et al. 2017). The
majority of the plastic debris found in nature are high molar
mass polymers such as polyethylene and polyethylene tere-
phthalate (Agarwal 2020).

Rivers and streams are considered the dominant transport
pathway moving plastic from terrestrial sources to the marine
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sink (Fischer et al. 2016). In contrast to fluvial systems, lakes
and reservoirs are mostly considered as permanent or tempo-
rary sinks for plastics due to their low-energy hydrodynamic
regimes. Plastics in lakes and rivers originate predominantly
from terrestrial sources such as effluents from waste-water
treatment plants (Sun et al. 2019), agriculture, and improper
dumping of plastic waste (Bellasi et al. 2020). During the
transport of plastic in freshwater systems, it is exposed to vari-
ous physical, chemical, and biological degradation processes
(Browne et al. 2007; Meides et al. 2021). Fragmentation and
degradation processes in natural environments transform plas-
tic fragments larger than 5 mm into microplastics <5 mm
(Arthur et al. 2009) and nanoplastics (Toussaint et al. 2019).

As the density of pristine nonbuoyant plastic polymers lies
close to that of water, microplastics are expected to remain in
suspension for a substantial time before sedimentation to lake
sediments. Long residence times in the water column
increases the probability of uptake by organisms such as zoo-
plankton (Nguyen et al. 2020) as such organisms cannot dif-
ferentiate between microplastics and natural particulate
matter used as food (Aljaibachi and Callaghan 2018).

Once microplastics have entered the food chain, organisms
including zooplankton and fish uptake microplastics through
ingestion via predation (Nelms et al. 2018). After microplastics
have been ingested, they can also be egested within fecal pel-
lets (Cole et al. 2016). As fecal pellets are a source of food for
many aquatic organisms, the ingestion of these microplastic-
containing pellets facilitates the transfer of microplastics to
various trophic levels (Nelms et al. 2018). Fecal pellets may
also form a pathway for microplastic sedimentation, removing
them from the lake water column (Cole et al. 2016), although
this remains poorly understood.

Existing studies have proposed that the physical properties
of microplastics such as polymer density, shape, and size con-
trol the settling velocity of pristine microplastics (Khatmullina
and Isachenko 2017; Waldschldger and Schiittrumpf 2019)
and the residence time in the water column (Nguyen
et al. 2020). Since most of microplastics in aquatic systems are
irregularly shaped, they tend to have a larger surface area com-
pared to spherical particles. The high surface area of the irreg-
ular particles leads to increased hydrodynamical friction and
drag forces, resulting in lower settling velocities compared to
ideal spheres (Dietrich 1982).

Pristine microplastics are also exposed to various types of
biofilm-building microorganisms over time scales that are
largely dependent on residence times of the particles in the
water column and polymer properties (Zettler et al. 2013;
Leiser et al. 2020; Ramsperger et al. 2020). Also, the hydropho-
bic nature of pristine microplastics favors biofilm formation
(Zettler et al. 2013; Rummel et al. 2017; Lacerda et al. 2019).
Accumulation of biofilms and attachment of microorganisms
on the surfaces of pristine microplastics can potentially alter
their density (Rummel et al. 2017; Michels et al. 2018) and
thus their settling velocities (Kaiser et al. 2017). While some

Residence time of microplastics in lake systems

studies have suggested that the development of biofilms on
microplastic surfaces increases the settling velocity (Kaiser
et al. 2017), other recent studies have found no substantial
changes in the settling rates (Leiser et al. 2020). However,
there is still very little known about how the physical, biologi-
cal, and chemical conditions in lakes (which are very different
from oceans) affect the formation of biofilm on microplastics
and how this affects their settling behavior (Leiser et al. 2020).
For example, biofilms may make the surface of colonized par-
ticles “stickier,” facilitating the formation of aggregates with
other suspended materials such as mineral sediments or
organic matter (Rummel et al. 2017).

The temperature gradient in the stratified lake water col-
umn is associated with changes in the density and the viscos-
ity of water. As a consequence, drag forces exerted on particles
increase from the relatively warm epilimnion (lower viscosity)
to the cold hypolimnion (higher viscosity). Microplastic trans-
port is also influenced by turbulence occurring in the epilim-
nion, which is mainly driven by wind (Singh et al. 2019), and
in the hypolimnion caused by internal hydrodynamic forces
such as seiches, currents, and bed roughness (Kirillin
et al. 2012; Nishri et al. 2015). Compared to laminar condi-
tions in the metalimnion, turbulent mixing in the epilimnion
and hypolimnion likely causes resuspension of the settling
particles and increases their residence time in these zones
(Reynolds 2006, pp. 70-71). Due to the largely laminar condi-
tions in the metalimnion, the residence time of microplastics
only depends on the settling velocity of the particle and the
thickness of the layer.

In this work, we combine systematic laboratory experi-
ments, lake incubations, and model calculations to under-
stand the effect of microplastic properties on sedimentation
behavior. We then estimate the residence time, accumulation
in, and transfer of microplastics between, lake compartments
via virtual lake simulations. The residence time is presented as
a critical parameter for determining accumulation of micro-
plastics in the water column and potential uptake and transfer
within the lake ecosystem. We anticipate that the residence
times of pristine microplastics are controlled by the physical
properties of the particles, as well as lake properties, such as
turbulent mixing and depth.

Methods

Characterization of microplastic particles

All biodegradable and nonbiodegradable fragments were
provided by the Department of Macromolecular Chemistry at
the University of Bayreuth, Germany. The selected polymers
(Table 1) capture the dominant plastics produced by the plas-
tic industry (Wright et al. 2013; Rocha-Santos and
Duarte 2015). The size of the particles ranged between ~ 150
and ~ 2200 ym. The selection of various particles and polymer
types aimed at assessing the effect of particle size, and poly-
mer density on the settling velocity. The distinction between
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Table 1. Alist of all polymers used during settling velocity experiments and their measured densities.

Polymer Abbreviation Density (g cm %) Type
Polystyrene PS 1.03 Nonbiodegradable
Polyamide 66 PA66 1.12 Nonbiodegradable
Polyvinylchloride PVC 1.38 Nonbiodegradable
Polycaprolactone PCL 1.14 Biodegradable
Polylactide PLLA 1.20 Biodegradable
Polybutylenadipate terephthalate PBAT 1.22 Biodegradable
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Fig. 1. The water column and the setup of the two-dimensional particle
image velocimetry system.

biodegradable and nonbiodegradable polymers was aimed at
assessing the potential effect of polymer surface chemistry and
polymer type on the settling behavior of microplastic particles
in lakes. Also, several recent studies, such as Bagaev et al. (2017)
and Waldschldger and Schiittrumpf (2019), focus mainly on
non-biodegradable polymers. Our work extends the types of
polymers assessed in sinking experiments to a potentially
important class of plastics that may become more prevalent in
the future as society move toward biodegradable plastics.
Particle geometries were determined in the laboratory using
a light microscope and a high definition digital single-lens
reflex camera (Zeiss Axioplan microscope and Cannon EOS SD
respectively). The maximum particle length A [L] and the min-
imum particle length C [L] in the XY-plane of each irregularly
shaped particle were measured based on these images using
Image] software (Schindelin et al. 2012) (Supporting Informa-
tion Fig. S1). The XZ-plane length B [L] was estimated as the
average of A and C as a necessary approximation due to only
being able to acquire two-dimensional images with the micro-
scope available. As all particles used in the experiments were
irregularly shaped (Supporting Information Fig. S1, S2), the
equivalent diameter of each particle was calculated based on
the best-fitting ellipsoid. The equivalent spherical diameter for

each particle D.q [L] was then calculated according to Eq. 1
using the value from the ellipsoid. The Corey shape factor
(CSF) was also calculated as in Eq. 2. The CSF is widely used to
describe the overall shape of the particles and can be calcu-
lated as the thickness of the particle divided by the geometric
average of the other two dimensions. It ranges from 0 to 1.0
and it is correlated with particle flatness.

Deq = V/ABC, (1)
- 8
CSl-_—m. (2)

The density of each nonbuoyant polymer was determined
according to the procedure described in Waldschldger and
Schiittrumpt (2019): Each particle was placed in a S0-mL glass
beaker of distilled water. After the particle had sunk to the bot-
tom, 1 uL of zinc chloride solution was added. This procedure
was repeated until the particle was in a stable suspension. One
milliliter of the solution was then weighed to determine the
density of the particle. This process was repeated three times
for each polymer using three different particles and the aver-
age polymer density was calculated. Some of the particles ini-
tially did not sink, despite their densities exceeding that of
water. This is thought to be due to the hydrophobic surface
chemistry of the pristine plastic. To avoid this, the particles
were pretreated for 20 min in an ultrasonic bath. The hydro-
phobicity effect was particularly noticeable for polystyrene as
its polymer density 1.03 g cm ™2 is very close to that of water.

Settling velocity measurements

Settling velocities of the microplastic particles were mea-
sured in a water-filled glass column with a cross-section of
18 cm x 18 cm and a height of 1.10 m (Fig. 1) based on the
design of Khatmullina and Isachenko (2017). At the bottom of
the column, a filter mesh (width 51 ym) was used to collect
and retrieve the individual particles after each settling experi-
ment. The glass column was also equipped with two ther-
mometers to measure the water temperature during each
experiment. The laboratory was air-conditioned at 20 &+ 1°C.
Settling velocities were measured wusing tap water
(density = 0.998 g cm 2, kinematic viscosity = 0.01 cm? s~ %,
and oxygen content = 9.45 mg L™ !).
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The settling velocity for each microplastic particle was
determined wusing a two-dimensional particle image
velocimetry system iLa 5150. The system consists of a high-
speed camera (80 frames per second), a light source (high-
power light-emitting diodes) with a wavelength = 530 nm,
and hardware for synchronization (Fig. 1). The software can
determine the settling velocities in two dimensions using
the recorded image stream by cross-correlation of sequential
pairs of images. The image pairs were used to analyze the set-
tling path of each particle and the time elapsed. The system
was tested for accuracy and precision. A reference particle
(polyamide 66) with an equivalent diameter of 1.75 mm was
measured seven times under identical conditions. After each
measurement, the particle was collected using the mesh. The
mean and relative standard deviation (RSD%) was
32mms '+ 7%.

Each particle was lowered slowly into the settling column
using tweezers and released a few centimeters below the water
surface. The settling velocity of each particle was measured
after the particle had reached its estimated (Stokes) terminal
velocity and a stable orientation in the water column. The par-
ticle image velocimetry setup was placed at the lowest third of
the settling column. In total, between 60 and 70 settling
experiments were conducted for each polymer amounting to a
total of about 400 settling experiments.

Lake incubations

To measure the effects of biofilm colonization on microplastic
settling behavior, polyamide 66, polystyrene, polyvinylchloride,
polycaprolactone, polylactide, and polybutylenadipate tere-
phthalate particles with a size range from 300 to 2200 ym, used
previously as part of the settling experiments, were incubated in
a pond close to the University of Bayreuth. All incubations
started in January and the incubation periods were 6, 8, 10, and
30 weeks. Each particle was incubated in a separate glass tube
that was sealed at both ends using stainless steel screens with a
mesh size of 51 ym (Supporting Information Fig. S3). This design
allowed microorganisms to enter the tubes and to colonize mic-
roplastic particles but did not allow the particles to be lost from
the tubes. Several polystyrene particles (300 to 350 ym) were
incubated in the same tube for 10 weeks to investigate potential
particle-particle interactions and how this may be influenced by
biofilms. The changes in size, density, and shape of each incu-
bated particle were characterized following the same procedures
as described for the pristine particles.

Colonization of microplastic particle surface with biofilm-
building microorganisms was characterized by confocal laser
scanning microscopy. Colonized microplastic particles were
incubated in 100 xL staining solution for 20 min. All dyes and
lectin-dye conjugates were used in a concentration of
1 ugml ', DNA/RNA was stained using Syto 40. The
DNA/RNA signal was used to visualize microbial cells whereas
lectin-fluorophore conjugates were used to visualize the
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extracellular polymeric substances (wheat germ agglutinin—
Alexa Fluor 555, soybean agglutinin—Alexa Fluor 488, and
peanut agglutinin—Alexa Fluor 647). After incubating the par-
ticles in the dyes, the samples were rinsed three times with tap
water. Aggregates were analyzed in a Petri dish in their origi-
nal hydrated condition. The images were collected with x10
and x20 water immersion lenses with numerical apertures of
0.3 and 0.6, respectively.

Finally, after incubation, the changes in the settling veloc-
ity of each particle were evaluated by comparing the settling
velocity between the pristine and incubated particles. The
density of the incubated particle was determined after the set-
tling velocity measurements to keep the biofilm in its original
state as the zinc chloride solution is likely to destroy the bio-
film structure. In addition, the settling column was filled with
filtered lake water so that changes in osmotic pressure would
not disturb the delicate biofilm structure. The density and the
viscosity of the filtered lake water were determined in the lab-
oratory. The physical properties of the filtered lake water were
essentially the same as tap water.

Settling velocity model

As most of the particles were irregularly shaped and rela-
tively large (> 0.1 mm) (Supporting Information Figs. S1, S2),
the hydrodynamic flow conditions around the particles were
likely to be at Reynolds number > 1.0. To account for the non-
spherical geometry of the particles the semiempirical model of
Dietrich (1982) was used to calculate the theoretical settling
velocities. Rather than expressing the results in the terms of
Reynolds number and drag coefficient, Dietrich (1982) uses
the terms of dimensionless particle size and dimensionless set-
tling velocity (Supporting Information Eq. S4a-f). For small
particles, Dietrich (1982) converges on Stokes’ law (at about a
dimensionless particle size less than 2.0). For the “large” parti-
cles, the model accounts for the progressive growth in the
flow field separation which increases the drag pressure more
rapidly for a given increase in the settling velocity. However,
Dietrich (1982) notes that the equation should not be used for
dimensionless particle size greater than S x 10° as the bound-
ary layer around the particles becomes fully turbulent, reduc-
ing the flow separation and thus pressure drag. The Reynolds
number and dimensionless particle size were checked for each
particle to investigate the flow regime around the particles.
The settling velocity formulas are presented in the Supporting
information (Eq. S4a—f).

Continuum model for microplastic particles in a
stratified lake

The residence times and particle number within a hypo-
thetical lake system and the flux between lake compartments
(epilimnion, metalimnion, and hypolimnion) were modeled
using a generic continuum model for vertical microplastic
transport. The model represents a lumped parameter approach
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consisting of three interacting model sub-systems representing
the epilimnion, metalimnion, and hypolimnion. For the epi-
limnion and hypolimnion, the model assumes fully mixed
(turbulent) conditions represented by exponential transfer
functions (i.e., exponential residence time distributions) as
first implemented by Reynolds and Wiseman (1982) and
Reynolds (1984, pp. 46-50) and summarized by Reyn-
olds (2006, pp. 70-71) and Lampert and Sommer (2010,
pp- 48-49). In this approach, rather than representing the
hydrodynamic conditions of the different lake compartments
explicitly using, for example, an eddy diffusion coefficient
and calculating fluxes in one dimension, the effect of turbu-
lent mixing was simplified using the transfer functions so that
each sub-system could be treated as zero-dimensional. In real-
ity, this means that the eddy diffusion coefficient is large
enough that the system can be treated as well mixed on time-
scales relevant for microplastic transport. For the meta-
limnion, the model assumes laminar flow conditions and
settling behavior, where particles have a single residence time.
The combination of the three lake compartments gives a set of
three differential equations that are solved simultaneously
(Eq. 3a—0):

Residence time of microplastics in lake systems

AN meta

dt :kcpiNepi(t) _kepiNepi(t — Tmeta), (3b)
dNyy
;; P= kepiNepi(t - Tmela) e khypoNhypo (t) : (36)

Equation 3a describes the dynamic change of microplastics in
the epilimnion, where Nin [particles T 1 represents a defined
input flux of particles into the lake (e.g., via an inflowing
river), —KepiNepi(t) [particles T '] is the loss of particles to the
metalimnion, and Kep; [T '] is a first-order exchange coeffi-
cient. Equation 3b calculates the microplastic particles in the
metalimnion where z,,,eta [T] is the residence time of the parti-
cles. The particle flux from the metalimnion into the hypolim-
nion is —KepiNepi(t —Tmera) [particles T~'] while Eq. 3c
represents the dynamic change of particles in the hypolim-
nion. The loss of particles from the lake to the sediments is
KnypoNnypo(t) [particles T~'] where Kiypo [T7'] is a first-order
exchange coefficient similar to that in the epilimnion. The
first-order exchange coefficients ke, and Knypo [T !l were cal-
culated by Kepihypo :ﬁ with 7 [T] being the mean residence
time in each respective layer.

In the well-mixed layers, the residence times 7., [T] and

dNepi R o8 (3a) Thypo [T] were defined as the time required until the particle
dr o TenTete : number was reduced to 1/e~0.368 (i.e., 36%) of the initial
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Fig. 2. Results of the experimentally measured settling velocities vs. equivalent diameter of the polyvinylchloride (PVC), polyamide 66 (PA66), polysty-
rene (PS), polybutylenadipate terephthalate (PBAT), polylactide (PLLA), and polycaprolactone (PCL) fragments, where p is the probability obtained from

(]

Settling velocity (mm s™) @

- N W & W
<

=

0

0'015q19i'vsalenlt'9iianllétscr (lzﬁpn)

2.5

0.0 0.5

1.0 15 20 25
Equivalent diameter (mm)

Settling veloci
N W
S o

—
<

the t-test, R (—) is the coefficient of determination, and the red line represents the regression line.

38

5 20.99x - 1.46

0.5 1.0 1. 2i 2.5
Equivalent diamct%r (mng



Elagami et al.

Residence time of microplastics in lake systems

Fig. 3. Confocal laser scanning microscope images for the extracellular polymeric substances (EPS matrix) and microbial cells (DNA) colonizing the sur-
faces of a polyamide 66 particle after 10 weeks of incubation. (a) Peanut agglutinin (PNA), wheat germ agglutinin (WGA), and soybean agglutinin (SBA)
lectins visualize the EPS matrix in a red, green, and blue overlay; (b) the EPS matrix and DNA are visible on the particle; and (c) the surface of the micro-

plastic is shown in gray scale. The length of the scale bar is 150 um.

Fig. 4. A confocal laser scanning microscope image of the aggregation
of polystyrene particles after 10 weeks of incubation. Peanut agglutinin
(PNA), wheat germ agglutinin (WGA), and soybean agglutinin (SBA)
lectins visualize the EPS matrix in a red, green, and blue overlay. The
length of the scale bar is 150 ym.

particle concentrations (Reynolds 2006, pp. 70-71). The resi-
dence time in the metalimnion 7yea [1] was calculated by
dividing the thickness zyeta [L] Of the layer by the laminar set-
tling velocity of the particle. Values for the mean residence
time were estimated according to Eq. 4, where v, [LT '] repre-
sents the laminar settling velocities for microplastics in the
relevant lake compartment and z [L] is the corresponding
thickness of the epilimnion, metalimnion, or hypolimnion.

_ Zepi,meta,hypo 4
Tepi,meta,hypo = . ( )
Vs_epi,meta,hypo

For simplicity, and to illustrate the effect of microplastic parti-
cle size on residence time, the model was run using settling
velocity data from polystyrene spheres. The laminar settling
velocities of the polystyrene spheres (1, 10, 500, and 1000 ym)
were measured using the same procedures mentioned before.
To account for the changes in the settling velocities of the
microplastics due to the change of the water temperature in
each lake compartment, the settling velocities were corrected
as in Ghawi and Kris (2012) using their eq. S5. The dynamic
model was constructed and solved using the Simulink toolbox
included in MATLAB.

In addition to the dynamic model above, a simplified
steady-state solution for Egs. 3a—c assuming a constant particle
influx N, = const, was derived for the particle number in each
lake compartment:

Nu o
Nepi :k_m':NinTepi, (Sa)
epi
— Ni” )(ku sll’mm)
N = 2 [elboeen) -1], (sb)
Wi
Nhypo = kl—m = NinThyp0~ (5¢)
1ypo

This steady-state solution was used to quantity the relative dis-
tribution of microplastic particles in each lake compartment
of thermally stratified lakes. In particular, the ratio between
particles located in the epilimnion and hypolimnion (Nepi/
Nhypo) Was used as a characteristic parameter to compare lake
systems. This ratio can be used to rapidly determine if most
microplastic particles will be found in the epilimnion or the
hypolimnion, which is important as the epilimnion is where
microplastics are most likely to be taken up by organisms such
as filter feeders. In this model, the ratio Nep/Npypo only
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1000 ym

Fig. 6. Attachment of fine air bubbles on the surfaces of polycaprolactone (PCL), polyamide 66 (PA66), and polyvinylchloride (PVC) particles during the

settling velocity experiments.

depends on 7epi/Thypo, Which can be expressed as “%’%‘
The relationship Nepi/Nhypo = [ (Vs_epi/Vs_nypor Zepi/Znypo) 18 uni-
versally valid for all types of microplastics (independent of
size, shape, and density) as long as the ratio vs_epi/Vs_nypo in a
lake system is constant. This implies that Nepi/Npypo only
depends on lake characteristics such as the temperature and

thickness of each compartment.

Results

Settling velocities of pristine particles

The settling velocities for the six polymers ranged between
~0.30 and ~50mms ' (Fig. 2). Supporting Information
Fig. S6 presents the distribution of the CSF of the microplastic
particles. The results show a clear dependence of the settling
velocities on particle size, with a coefficient of determination
(R?) between 0.70 and 0.81 and a high statistical significance
(p <0.001). In addition, the effect of polymer density on the
settling velocity was clearly visible in the slope of the regres-
sion lines. Polymers with high density were consistently asso-
ciated with a steeper slope, and thus a faster settling velocity.
The calculated Reynolds number for the particles varied

between 0.05 and 130, thus being at the transition between
laminar and the intermediate regimes.

Biofilm-coated particles

No significant changes were observed in the density, shape,
or roundness of the incubated particles, even after 30 weeks of
incubation (Supporting Information Fig. S7). However, the
confocal laser scanning microscope images at 10 weeks incu-
bation clearly showed a varying abundance of biofilms on the
microplastic particle surface (Fig. 3). These were mainly com-
posed of microbial cells and extra polymeric substances. The
surfaces of the particles were only partially covered with bio-
film, where it was concentrated in a few dense spots.

The potential formation of aggregates was investigated by
incubating various polystyrene particles with an average
equivalent diameter between 300 and 350 ym for 10 weeks in
a single tube. The sample shown in Fig. 4 has a high abun-
dance of extra polymeric substances despite the surface of the
particles not being densely colonized by microbial cells. It also
shows that individual polystyrene particles in combination
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systems as a function of the settling velocity (Vs_nhypo/Vs_epi) and depth
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with the extra polymeric substances form a larger aggregate
with the biofilm appearing to act as an “adhesive.”

After 6, 8, 10, and 30 weeks of incubation, no substantial
differences in sedimentation rates between pristine and incu-
bated microplastic particles were observed (Supporting Infor-
mation Fig. $8). The maximum deviation in the mean settling
velocities was + 5% which is within the measurement error of
the particle image velocimetry system. An F-test and paired t-
test confirmed that there was no significant difference
(p > 0.05) before and after incubation in either means or vari-
ance. Both incubated and pristine particles followed much the

Residence time of microplastics in lake systems

same settling trajectories after the
(Supporting Information Fig. S9).

incubation periods

Calculated settling velocity

Despite significant scatter in the data, the measured settling
velocities were systematically lower than those calculated
using Dietrich (1982) (Fig. 5). The nonbiodegradable particles
had significantly less scatter around the 1 : 1 line than biode-
gradable polymers (Fig. 5). During the experiments, it was
observed that fine air bubbles tend to attach to the surfaces of
all polymer types and most obviously on the biodegradable
microplastic particles (Fig. 6), despite all particles being
pretreated in an ultrasonic bath prior to the experiments.

Residence times of microplastics in stratified lakes

The effect of particle size on the mean residence time in the
epilimnion for 13 different lake systems is shown in Fig. 7. The
mean depths of the epilimnion (z;) during summer during
stratified conditions ranged from 2 to 18 m. The modeled epi-
limnic mean residence times for the various lakes depended
strongly on particle size and to a lesser extent on the polymer
type. For the large microplastic particles (100-1000 gm), the
modeled mean residence time was less than 1 d for all lakes. In
contrast, the mean residence times for the smallest microplastic
particles (1-30 ym) were orders of magnitudes higher, with res-
idence times up to 10,000 d for 1-um particles in the Mondsee.

Relative particle abundance (Nepi/Nnypo) for the selected lake
systems during steady-state conditions is shown in Fig. 8. These
lakes show a large variation in the z.,/Zny,, ratios, ranging
between 0.1 and 0.8. As the lake data was measured entirely
during stratification in the summer months, water temperatures
for the hypolimnion were consistently lower than the epilim-
nion, leading to Vs nypo/Vs epi < 1 (higher viscosities in the cold
hypolimnion). The Negi/Nhypo ranged between < 0.1 for the
larger lakes such as Lake Constance in Germany and 0.6 for the
Mondsee in Austria and shows that the proportion of micro-
plastics found in either the epilimnion or hypolimnion scales
with the Zepi/Znypo. Interestingly, the Mondsee has the highest
Nepi/Nhypo 1atio (>0.6), meaning the majority of microplastics
will be found in the epilimnion and the highest mean epi-
limnic residence time (~ 10,000 d for 1-ym particles). This max-
imizes the probability of microplastic uptake by filter feeders
and other organisms at the base of the food chain that are gen-
erally found in the epilimnion. In contrast, for Lake Constance,
Lake Bourget, and Lake Mclaren most of the microplastics
should be found in the hypolimnion (Nepi/Nhypo < 0.1) despite
often substantial residence time in the epilimnion (Fig. 8).

As an example to demonstrate how the redistribution of
particles occurs between the different lake compartments, the
dynamic model was used to calculate the flux of polystyrene
spheres (Supporting Information Fig. $10) with a size range of
1, 10, 500, and 1000 yum to a virtual lake loosely based on
Upper Lake Constance (Fig. 9). One hundred meters of the
stratified lake water column were modeled using the data from
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Fig. 9. Simulation results of 1-, 10-, 500-, and 1000-um polystyrene spheres showing the modeled numbers of the accumulated microplastics in each
lake compartment vs. elapsed time in Upper Lake Constance on Day 319 according to lake data from Appt et al. (2004). The simulations were initiated
with a pulse of 1000 spherical polystyrene particles uniformly distributed in the well-mixed epilimnion.

Appt et al. (2004) (Supporting Information Table S11). The
simulations were initiated with a pulse of 1000 spherical poly-
styrene particles that were uniformly distributed in the well-
mixed epilimnion (Fig. 9). The microplastic numbers in the
epilimnion decreased exponentially following the pulse. In
contrast, in the metalimnion and the hypolimnion, the mic-
roplastic particles initially increased as they received particles
from the overlying lake layer. Microplastic numbers in the
metalimnion and hypolimnion started to decrease after the
loss rate to the underlying layer (or sediment in the case of
the hypolimnion) exceeded the input rate from the overlying
layer. The modeling results showed that the residence time
(d) in each layer was very strongly dependent on particle size,
similarly to the steady-state model.

Discussions

Various factors such as particle size, polymer density,
hydrophobicity of the particle surface, biofouling, water tem-
perature, and turbulent mixing control the residence times of
microplastics in lakes. These factors, combined with high or
constant input of microplastics will increase the probability
that microplastics will be ingested by aquatic organisms and
potentially be transferred within the lake food chain (Nelms
et al. 2018).

The experimentally determined settling velocities showed
that the density and size of the microplastics are the most crit-
ical parameters controlling the settling velocity. Since the

microplastic settling velocity during laminar conditions
depends on their weight, drag forces, and buoyancy forces, all
large and dense particles have significantly higher settling
velocities than the smaller and lighter microplastics.

As the CSF describes the flatness of the particle and it depends
only on the ratio between the three axes of the particles rather
than its size, it was experimentally difficult to isolate the effect
of particle shape on the settling velocity, separating it from that
of density and size. This problem was exacerbated by the fact
that all particles were similar in shape, despite being irregular
(having similar CSF) (Supporting Information Fig. S1, S2) and no
fibers or special geometric objects such as cubes, cylinders, or
discs were used in the experiments.

We originally expected rapid and somewhat uniform coloni-
zation of the particles by biofilms (Zettler et al. 2013; Rummel
et al. 2017). However, the confocal laser scanning microscope
images showed that the biofilm rather forms dense patches with
large parts of the particles left uncolonized. The formation of
biofilm and in particular the presence of a thick extra polymeric
substance increased the tendency for microplastic aggregation,
which is consistent with findings from Rummel et al. (2017).
Such aggregates are larger and likely to have different surface
properties, densities, and shapes compared to the pristine parti-
cles, which should result in different physical behavior within
the water column (Leiser et al. 2020).

The literature suggests that the colonization process alters
the polarity of the plastic surface, changing it from hydropho-
bic to hydrophilic (Michels et al. 2018; Tu et al. 2020; van
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Melkebeke et al. 2020), increases the density of the particle
(Rummel et al. 2017; Michels et al. 2018), and reduces the
attachment of air bubbles on the surface (Renner et al. 2020).
Therefore, it was anticipated that the settling velocity would
increase after incubation. However, no measurable changes in
the physical properties or sedimentation behavior were
observed. This may be due to the “short” incubation periods
of 6, 8, 10, and 30 weeks. Also, the pond was frozen for the
first 3 weeks of incubation during the winter season which
may explain the small volumes of biofilm accumulated on the
particle surface, assuming that the metabolism of the biofilm-
building organisms was affected by the low temperatures
(Farhat et al. 2016).

In accordance with Waldschliager and Schiittrumpf (2019);
van Melkebeke et al. (2020), the settling velocities of the micro-
plastics were not well described using the traditional sediment
settling equation of Dietrich (1982). We believe this is due to the
hydrophobicity of the microplastic surfaces, which is conducive
to the formation of fine air bubbles, which then increased the
buoyancy force exerted on the settling particle and reduced their
settling velocity. Since Dietrich (1982) was originally developed
for mineral particles, the hydrophobic adhesion between micro-
plastics and air bubbles did not play a role in the settling
behavior. Whether microplastic remains hydrophobic in the
environment or not likely depends on microplastic surface prop-
erties, for example, after biofilm colonization. Pristine micro-
plastics are unlikely to be found in natural aquatic environments
as they are usually rapidly colonized by biofilms or adsorb natural
material such as dissolved organic carbon or mineral precipitates
(e.g., iron oxides) (Leiser et al. 2020). Also, measuring the size of
particles from two-dimension images may not properly capture
the third dimension of the particles. This is a potential source of
error in the calculations of the theoretical settling velocities.
These observations suggest, however, that the settling behavior
of microplastic is more complex than in simplified theoretical
models and more advanced methods such as computational fluid
dynamics should be used to investigate this more exactly.

In the lake model, the epilimnion and the hypolimnion
were presented as well-mixed systems to mimic turbulent pro-
cesses within these layers during the thermal stratification. In
contrast, the metalimnion was assumed to be laminar. The
residence time of microplastics in the metalimnion is rela-
tively short compared to the epilimnion and hypolimnion
due to the lack of mixing processes as well as to a limited
thickness. The extremely long residence time for small micro-
plastic particles in the epilimnion in particular forms a high
uptake probability for aquatic organisms such as filter feeders.
This lake model has, however, a highly simplified and theoret-
ical representation of residence times in the three lake com-
partments. Real lake systems are considerably more complex
than these simplified representations of lake physics. In real
lakes, the residence times of the settling microplastics are
likely coupled with the changes in lakes’ hydrodynamics such
as temperature fluctuation, waves, transient turbulence, or

Residence time of microplastics in lake systems

lake mixing in autumn and spring as stratification destabilizes.
Also, lake retention time (flushing time), which is strongly
dependent on the internal physical processes and water fluxes
from the catchment (Ambrosetti et al. 2003), plays a decisive
role in how long the microplastics will actually reside in a
lake, and thus how long organisms have the opportunity to
ingest them. Calculated residence times were on the order of
10°d for the smallest particles, meaning that the flushing
time is significantly shorter than the residence time for most
lakes, and thus is not really a meaningful number for a real
lake system such as Lake Constance, which has a theoretical
average flushing time of 4.5 years (Wessels 2015). It does sug-
gest, however, that there should only be a negligible amount
of microplastics of this size range found in the lake sediments
unless some process increases their settling velocity, for exam-
ple, aggregation with existing lake particles and detritus or
uptake and death of organisms or egestion via fecal pellets. In
addition, the biologically driven mixing of the water column
due to the vertical migration of zooplankton increase turbu-
lence in the water column (Dean et al. 2016) which may cause
resuspension and redistribution of the microplastics, which
may be particularly important in the hypolimnion.

Conclusion

This research aimed to identify the primary controls and
time scales of microplastic residence times in stratified lake
systems. By combining laboratory experiments and modeling,
it was clear that microplastic residence times in the lake water
column highly depend on the size and to a less extent the
density of the particle, varying over many orders of magni-
tude. The comparison between laboratory-measured and cal-
culated settling velocities using Dietrich (1982) showed that
hydrophobic surface properties of the pristine microplastics
are a key factor that needs to be considered when estimating
settling velocities. It is expected that the hydrophobic adhe-
sion between pristine microplastics and fine air bubbles can
increase the buoyancy forces exerted on the particles and
increase their residence time in the lake water column.

The microplastic polymers incubated in a small lake were
effectively and rapidly colonized by biofilm and included bac-
teria cells and extra polymeric substances. However, the set-
tling experiments did not show any substantial differences in
the sedimentation trajectories and velocities between individ-
ual (i.e., not aggregates) pristine and incubated microplastics.
The presence of biofilms on the surfaces of incubated micro-
plastics did tend to favor the formation of aggregates. These
aggregates are expected to sink faster and to have shorter resi-
dence time than individual pristine microplastics because of
their increase in size and changes in surface properties.

Our lumped parameter modeling approach is a simple way to
estimate residence times, fluxes, and numbers of microplastics in
the epilimnion, metalimnion, and hypolimnion during both
steady-state and dynamic conditions. The functional relationship
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Nepi/Nhypo allows a rapid assessment of where most microplastics
will be found in different lakes and is independent of the input
influx to the lake as long as the ratio vy epi/Vs nypo is constant. Also,
the modeling approach was capable of showing the dynamic
redistribution of microplastics in the stratified lake water column.
The accumulated numbers and residence times of microplastics in
the three lake compartments varied over several orders of magni-
tude and were strongly dependent on particle size as well as phys-
ical lake properties such as depth and temperature of the
hypolimnion, metalimnion, and epilimnion. This is crucial for
the uptake of microplastics by, for example, filter feeders, in lake
systems. The simulated residence times suggest that significant
numbers of microplastics should be found in lake sediment as
long as their residence time is shorter than lake flushing time. In
contrast, small microplastics with residence times significantly
longer than lake flushing time are unlikely to be found in large
numbers in lake sediment unless some biological or physical pro-
cesses increase their settling velocity to deliver them to the lake
bottom.

Data availability statement
Data are archived on CRC 1357 cloud storage and available
on request.
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