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0 Abstract 

Lakes are important ecosystems, with an array of organisms that may be sensitive to 

microplastic. One of the primary controls on microplastic uptake is the residence time in the 

water column, which is governed by several physical, biological, and hydrodynamical factors 

existing in the lake. In this dissertation, we combined 4 interrelated studies to investigate the 

behavior of microplastic in lake systems and understand how this can affect their residence 

times in the lake water column, as well as the exposure time to lake organisms.  

Study 1 combines systematic laboratory experiments and lake incubations to understand the 

effect of microplastic properties on the residence times and investigate how this affects their 

exposure time to lake organisms. This was followed by model calculations to estimate 

microplastic residence time, accumulation, and transfer between lake compartments in a 

stratified water column broadly based on Upper Lake Constance, Germany. A wide range of 

biodegradable and non-biodegradable microplastic particles with various sizes and densities 

were used. The laboratory experiments identified particle size and density as the primary 

controls on residence times. The microplastic particles that had been incubated for up to 

30 weeks were colonized by a range of biofilms and associated extracellular polymeric 

substances. Although the settling velocity did not vary between pristine and colonized 

microplastic particles, the biofilms acted as an adhesive and increased the tendency for the 

formation of aggregates. Finally, the modelled residence times varied over a very wide range 

of time scales (10−1 to 105 d), depending on the particle size (1, 100, 500,1000 µm). The long 

residence time for the smallest microplastic suggests that there is a high likelihood that these 

particles will be taken up at some stage by lake organisms.  

Study 2 aims at evaluating the different factors that control the residence time of microplastic 

particles such as particle density, size, and shape as well as water temperature using 

computational fluid dynamics (CFD) simulations. The model was validated using the 

experimental results of study 1. The CFD model presented that particle size and density are the 

most important factors controlling the settling velocities of the particles under laminar 

conditions. By doubling the density of a given particle size, the settling velocity increased by 

~380 and 480 % for irregular and regular particles respectively. Increases up to ~ 95 and 225% 

could be obtained by doubling the volume of irregular and regular particles respectively. Other 

factors such as particle shape and water temperature had less effect on the settling velocity of 
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microplastic than that of density and size. Finally, the CFD results still overestimated the 

settling velocities from the laboratory experiments although the initial and boundary conditions 

of the CFD model were defined according to the real experimental setup. 

Study 3 combines a series of in-lake mesocosm experiments and random walk modelling to 

quantitatively analyze the processes governing microplastic transport in the lake water column. 

The experiments were conducted over one year using three size ranges of fluorescent 

microspheres (1-5, 28-48, and 53-63 µm), capturing stratified and unstable conditions within 

the mesocosm. The measured residence times of the smallest particles during lake turnover 

were ~12 times shorter than that in summer. The residence times from the random walk model 

for the smallest particles during thermal stratification using Stokes velocities were ~10 times 

longer than the measured residence times in the mesocosm. However, the modeled residence 

times using settling velocities measured in the laboratory and mesocosm were comparable to 

the real residence times in the mesocosm. Finally, the modeled residence times during lake 

turnover were 113 times longer than that in the mesocosm. We believe that these discrepancies 

are due to the interactions between small microplastic particles and existing particles, as well 

as the complex hydrodynamic and biological conditions in the lake water column. 

Study 4 uses laboratory and virtual experiments to quantify microplastic residence times in a 

purely physical system controlled by sinking and mixing and compare this to a system where 

daphnia package microplastic into faecal pellets. The 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 simulations showed that when neglecting the 

biological pathway, the residence times for the 0.5 and 5 μm particles (>15 years) have 

exceeded the retention time of both lakes. After adding daphnia to the system, the residence 

times were reduced to ~1 year. The large 15 μm particles had a residence time between 1 and 

2.5 years in the abiotic system and <1.6 years after daphnia was 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 interrelated physical, biological, and hydrodynamic processes are involved in their 

transport process in the lake water column. 
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0 Zusammenfassung 

Seen sind wichtige Ökosysteme mit einer Vielzahl von Organismen, die empfindlich auf 

Mikroplastik reagieren können. Einer der wichtigsten Faktoren für die Aufnahme von 

Mikroplastik ist die Verweilzeit in der Wassersäule, die von mehreren physikalischen, 

biologischen und hydrodynamischen Faktoren abhängig ist. In dieser Dissertation haben wir 

vier zusammenhängende Studien kombiniert, um das Verhalten von Mikroplastik in Seen zu 

untersuchen und herauszufinden, wie dies die Verweilzeit in der Wassersäule des Sees und die 

Expositionszeit für Seeorganismen beeinflussen kann.  

Studie 1 kombiniert Laborexperimente mit Mikroplastikinkubationen, um die Auswirkungen 

der physikalischen Eigenschaften von Mikroplastik auf die Verweilzeit und die Expositionszeit 

für Seeorganismen zu verstehen. Darauf folgten Modellsimulationen zur Ermittlung der 

Verweilzeit von Mikroplastik, der Akkumulation und des Transfers zwischen den 

Seekompartimenten in einer geschichteten Seewassersäule, die grundsätzlich auf dem Obersee 

(Bodensee) in Deutschland basiert. Verschiede biologisch und nicht biologisch abbaubare 

Mikroplastikpartikel mit unterschiedlichen Größen und Dichten wurden verwendet. Von 

Laborexperimenten wurden die Partikelgröße und -dichte als die wichtigsten Einflussfaktoren 

auf die Verweilzeit ermittelt. Die Mikroplastikpartikel, die bis zu 30 Wochen lang inkubiert 

wurden, wurden von einer von Biofilmen und extrazellulären polymeren Substanzen besiedelt. 

Obwohl die Sinkgeschwindigkeit zwischen fabrikneuen und inkubierten Mikroplastikpartikeln 

nicht signifikant variierte, wirkte der Biofilm als Klebstoff und führte zur Bildung von 

Aggregaten. Schließlich variierten die modellierten Verweilzeiten je nach Partikelgröße (1, 

100, 500, 1000 µm) über einen sehr weiten Bereich von Zeitskalen (10-1 bis 105 d). Die extrem 

langen Verweilzeiten von kleinen Mikroplastikpartikeln zeigen, dass sie mit hoher 

Wahrscheinlichkeit von den Seeorganismen aufgenommen würden.  

Studie 2 bewertet die verschiedenen Faktoren, die die Verweilzeit von Mikroplastikpartikeln 

steuern, wie z. B. Partikeldichte, -größe und -form sowie die Wassertemperatur mit Hilfe von 

numerischen Strömungsmechanik (CFD) Modellierung. Das Modell wurde anhand von 

experimentellen Ergebnisse von Studie 1 validiert. Das CFD-Modell zeigte, dass Partikelgröße 

und -dichte die wichtigsten Faktoren sind, die die Sinkgeschwindigkeiten der Partikel unter 

laminaren Bedingungen steuern. Eine Verdoppelung der Dichte eines Partikels führte zu einer 

Erhöhung der Absetzgeschwindigkeit um 480 bis 380 % für regelmäßige bzw. unregelmäßige 

Partikel. Eine Verdoppelung des Partikelvolumens führte zu einer Steigerung von 225 bzw. 95 
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% für regelmäßige und unregelmäßige Partikel. Andere Faktoren wie die Form der Partikel und 

die Wassertemperatur hatten einen geringeren Einfluss auf die Sinkgeschwindigkeit von 

Mikroplastik als die Dichte und Größe. Auch die Ergebnisse der Sinkgeschwindigkeit aus dem 

CFD-Modell lagen nahe an den im Labor gemessenen Geschwindigkeiten aus Studie 1. Das 

liegt daran, dass die Anfangs- und Randbedingungen des CFD-Modells entsprechend dem 

realen Laboraufbau definiert wurden.  

In Studie 3 wurde eine Reihe von Mesokosmen-Experimenten im See mit einer Random-Walk-

Modellierung kombiniert, um die Prozesse, die den Mikroplastiktransport in der Wassersäule 

des Sees bestimmen, quantitativ zu analysieren. Die Experimente wurden über ein Jahr mit drei 

Größenbereichen von fluoreszierenden Mikrosphären (1-5, 28-48 und 53-63 µm) durchgeführt, 

wobei Temperaturschichtung im Sommer und Wasserzirkulation (Durchmischung) im Herbst 

innerhalb des Mesokosmos erfasst wurden. Die gemessene Verweilzeit der kleinsten Partikel 

während der Vollzirkulation der Wassersäule im Herbst war ~12 Mal kürzer als die im Sommer. 

Die Modellierungsergebnisse für die kleinsten Partikel während der Temperaturschichtung 

unter Verwendung des Stokes Modells waren ~10 Mal länger als die realen Verweilzeiten im 

Mesokosmos. Die modellierten Verweilzeiten unter Verwendung der im Labor und im 

Mesokosmos gemessenen Sinkgeschwindigkeiten waren jedoch mit den realen Verweilzeiten 

im Mesokosmos vergleichbar. Schließlich waren die modellierten Verweilzeiten für die 

kleinsten Partikel während der Vollzirkulation des Sees 113 Mal länger als die im Mesokosmos. 

Wir vermuten, dass diese Unstimmigkeiten von den Wechselwirkungen zwischen kleinen 

Mikroplastikpartikeln und vorhandenen Partikeln sowie von den komplexen 

hydrodynamischen und biologischen Bedingungen in der Wassersäule abhängig sind. 

Studie 4 verwendet Labor- und virtuelle Experimente, um 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 Daphnien kleinen 

Mikroplastikpartikel in Fäzes verpacken. Die Simulationen basieren auf den Literaturdaten aus 

dem Bodensee (Deutschland) und dem Esthwaite Water (Vereinigtes Königreich) sowie aus 

unseren eigenen Laborexperimenten parametrisiert. Die Simulationen zeigten, dass bei 

Vernachlässigung des biologischen Weges die Verweilzeiten für die 0,5 und 5 μm großen 

Partikel (>15 Jahre) die Wasseraustauschzeit von beiden Seen überschritten haben. Nach der 

Zugabe von Daphnien ins System wurden die Verweilzeiten auf ~1 Jahr reduziert. Die großen 

15 μm Partikel hatten im abiotischen System eine Verweilzeit zwischen 1 und 2,5 Jahren und 

<1,6 Jahre, nachdem die Daphnien hinzugefügt wurden. Diese Ergebnisse heben die 
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Wichtigkeit der Berücksichtigung der Seeökologie bei der Ermittlung der Verweilzeiten von 

Mikroplastik hervor.  

Die Ergebnisse der vier Studien zeigen, wie komplex der Transport von Mikroplastik in 

Seesystemen ist, da viele zusammenhängende physikalische, biologische und hydrodynamische 

Prozesse am Transportprozess in der Wassersäule des Sees beteiligt sind. 
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Chapter 1: Introduction 

1. Current state of knowledge 

1.1 Sources of microplastic  

Innovations in the plastic industry have led to novel and low-cost synthetic polymers that are 

incorporated into all industrial and commercial applications. As of 2015, global plastic 

production has grown to ~322 million metric tons per year (Worm et al., 2017) and is likely to 

increase in the future. The majority of this plastic production is typically designed for single 

use, particularly as packaging (Geyer et al., 2017). After use, the plastic should be recycled, 

and reenter the production stream. However, life cycle studies estimated that a small portion of 

the plastic produced was recycled, while the majority of the produced plastic that was turned 

into waste was either incinerated or accumulated in landfills and the environment (Figure 1) 

(Geyer et al., 2017; Worm et al., 2017). This plastic waste is able to migrate through different 

environmental compartments carried by wind, erosion, and surface runoff (D’Avignon et al., 

2022). During the transport of plastic debris in the environment, it is exposed to various 

physical, chemical, and biological degradation processes (Meides et al., 2021). The 

fragmentation and degradation processes in natural environments transform the large plastic 

debris (> 5 mm) into ‘secondary’ microplastic (100 nm to 5 mm) and /or nanoplastics (< 100 

nm). While secondary microplastic results from the breakdown of macroplastic, primary 

microplastics are pellets designed for commercial purposes such as cosmetics. Surprisingly, a 

significant share of plastic debris found in the environment belongs to the microplastic fraction 

(Barnes et al., 2009; D’Avignon et al., 2022). 

 

Figure1: Cumulative plastic waste generation and disposal (in million metric tons). Solid lines show historical data from 

1950 to 2015; dashed lines show projections of historical trends to 2050 (Geyer et al., 2017). 
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1.2 Microplastic in lake systems 

Lakes are often used for drinking water, food supplies, recreational purposes, traffic, and active 

flood protection. They also play a vital role as a habitat for a wide range of organisms and are 

characterized by complex food webs which are related to biological, chemical, and 

hydrodynamic conditions in lake systems (Scherer et al., 2017). Microplastic pollution in lake 

systems originates predominantly from terrestrial sources such as effluents from sewage 

treatment plants (Sun et al., 2019), surface runoff (Wang et al., 2022), agriculture (Bigalke et 

al., 2022), and improper disposal of plastic waste. Due to the low-energy hydrodynamic regimes 

of lakes compared to that in river systems, lakes are considered permanent sinks for 

microplastic when microplastic is buried into lake sentiment, or temporary sinks when the 

settled particles resuspend into the lake water column (D’Avignon et al., 2022). Once 

microplastic enters lake systems, it can reside for significant periods in the lake water column 

before it either reaches lake sediment or before being flushed out through outlets. This is 

attributed to the fact that microplastic particles are small in size (< 5mm), irregular in shape, 

and usually have polymer density close to that of lake water, allowing them to have a 

considerably low settling velocity and reside for substantial periods in the lake water column 

(months or even years) (Elagami et al., 2022). During microplastic residence time in the lake 

water column, it is exposed to a very wide range of lake organisms at various trophic levels 

(D’Avignon et al., 2022). Long residence times of pristine microplastic, especially in the 

complex food web in the epilimnion during thermal stratification increase the probability of 

uptake through filter feeders such as daphnia (Aljaibachi and Callaghan, 2018). This uptake 

probability by filter feeders is expected to be significant during the clear water phase when 

these organisms filter substantial portions of particulate organic carbon out of the lake 

epilimnion (Effler et al., 2015). Also, recent studies have shown that filter feeders are not able 

to distinguish between their food and microplastic (Aljaibachi and Callaghan, 2018). Once 

microplastic has entered the food chain, it can migrate to higher trophic levels either through 

direct or indirect ingestion by predators (D’Avignon et al., 2022; Nelms et al., 2018).  

1.3 Factors controlling microplastic behavior in lakes 

The current understanding is that the settling velocity and the residence times of microplastic 

in lake systems are controlled by several key factors such as particle properties (Waldschläger 

and Schüttrumpf, 2019), interaction with biofilm-building organisms as well as the formation 

of aggregates (Leiser et al., 2020; Rummel et al., 2017), interaction between microplastic and 

lake organisms such as daphnia and fish (D’Avignon et al., 2022; Cole et al., 2016;), and lake 
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hydrodynamics (Elagami et al., 2022). The following section discusses in detail the key factors 

affecting the transport and behavior of microplastic in lake systems that are investigated in this 

work, and how this affects the residence times of microplastic in lake systems. 

1.3.1. Physical properties of pristine microplastic particles   

Various studies have shown that the physical properties of pristine microplastic control the 

settling velocities of the particles and thus their residence times in the lake water column 

(Elagami et al., 2022; Leiser et al., 2020; Waldschläger and Schüttrumpf, 2019). Polymer 

density and particle size were identified as the most significant factors controlling the settling 

velocities of microplastic (Ahmadi et al., 2022; Waldschläger and Schüttrumpf, 2019). Also, 

microplastic particles are usually irregularly shaped and have large surface areas compared to 

that of perfect spheres. This leads to an increase in the hydrodynamical friction exerted on the 

sinking particle and thus an increase in the residence times of microplastic compared to that of 

spherical particles (Ahmadi et al., 2022). In addition, recent studies have shown that the 

hydrophobic nature of pristine microplastic increases the potential attachment of fine air 

bubbles existing in the water column to the surface of microplastic, increasing the buoyancy 

and residence time of the settling particles (Renner 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 metalimnion (Elagami et al., 2022; Reynolds 

and Wiseman, 1982). This is attributed to the presence of turbulent mixing which is mainly 

caused by wind (Singh et al., 2019) in the epilimnion and by seiches in the hypolimnion caused 

(Kirillin et al., 2012). Turbulent mixing in the epilimnion and hypolimnion likely causes 

entrainment of the settling particles and increases their residence time in these zones (Reynolds 

and Wiseman, 1982). In the metalimnion, however, the residence times of the settling particles 

depend on 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 significantly shorter 

than that during thermal stratification. This is due to the instability in the lake water column 

which leads to the onset of lake convection (Cannon et al., 2021). Also, the variations in water 

temperature within the lake water column are associated with changes in the density and the 

viscosity of water. This changes the drag forces exerted on the settling microplastic particles 

and influences their settling velocities and residence time (Ahmadi et al., 2022). 
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1.3.3 Biofilms 

The hydrophobic nature of pristine microplastic favors biofilm formation (Lacerda et al., 2019; 

Rummel et al., 2017; Zettler et al., 2013). Various studies showed that the accumulation of 

biofilms on the surface of pristine microplastic can potentially alter the density of the particles 

and their settling velocities (Michels et al., 2018; Rummel et al., 2017). Other studies found 

non-significant differences between pristine and incubated particles (Elagami et al., 2022; 

Leiser et al., 2020). Recent studies have also shown that incubated microplastic particles tend 

to form aggregates as the extra polymeric substances (EPS matrix) act likely as an adhesive and 

favor the formation of aggregates (Elagami et al., 2022; Rummel et al., 2017). The settling 

velocities of the aggregates are expected to be higher than that of individual incubated particles 

(Michels et al., 2018). However, more research has to be done to investigate the biofouling 

process of microplastic, since this process varies between lakes depending on several factors 

such as water temperature that affects the metabolism of the biofilm-building organisms (Farhat 

et al., 2016).  

1.3.4 Interaction between microplastic and lake organisms and natural particles   

Filter feeders are very important for the nutrient cycle in lake systems (Sánchez et al., 2016) as 

they play a vital role in food webs, controlling primary production, and nutrient cycling 

(Bastviken et al., 1998; Stein et al., 1995). Using daphnia as an example of lake organisms, they 

do not selectively filter nutrients from the water column (Aljaibachi and Callaghan, 2018). 

During the clear water phase, when population densities of daphnia in the lake water column 

reach their maximum, most of the water in the epilimnion pass through these organisms (Effler 

et al., 2015). Once microplastic has been ingested, it can migrate to higher trophic levels 

through direct or indirect ingestion by predators (D’Avignon et al., 2022; Nelms et al., 2018). 

Ingested microplastic particles are also egested within the faecal pellets (Cole et al., 2016). 

Since fecal pellets are a source of food for organisms, the ingestion of microplastic-containing 

pellets of daphnia facilitates the transport of microplastic to higher trophic levels (Nelms et al., 

2018), and subsequently, microplastic end up in large faecal material and sink faster than 

daphnia pellets (Pérez-Guevara et al., 2021). Also, some additional processes such as 

aggregation of microplastic with natural lake particles can significantly increase their settling 

velocity and lead to the rapid removal of microplastic from the lake water column, transporting 

microplastic to lake sediment. Recent studies have demonstrated that microplastic has been 

found in lake sediment in significant numbers, reaching the same magnitudes as those in the 

most contaminated marine sediments (D’Avignon et al., 2022).  
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2.  Aims of this work  

Despite decades of plastic pollution research in the marine environment (Bagaev and 

Chubarenko, 2017; Murawski et al., 2022), it is still in its infancy in limnic environments 

(Figure 2). The majority of the existing research dealing with microplastic transport in lakes 

was based on investigating the behavior of pristine and biofouled microplastic under controlled 

laboratory settings (Leiser et al., 2020; Waldschläger and Schüttrumpf, 2019). This resulted in 

a lack of understanding of the behavior of microplastic in a real lake water column. The primary 

aims of this work 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 biofouling (ii) understand how this may influence the exposure 

of organisms to this emerging pollutant, and (iii) evaluate the biological pathway of 

microplastic through their uptake by filter feeders and how this affects their residence time in 

the lake water column. 

 

Figure 2: Number of studies on microplastic pollution for various waterbody types (D’Avignon et al., 2022). 

Here we combined laboratory experiments, lake incubations, and lake models with 

computational fluid dynamics. Then, we performed microplastic addition experiments in an in-

lake mesocosm during thermal stratification in summer and lake turnover in autumn and 

compared the results with results from a random walk model to quantitatively analyze the 

processes governing microplastic transport in lakes. Finally, we performed virtual experiments 

to quantify the residence times of small microplastic in a purely physical system controlled by 

sinking and mixing and compared this to a system where daphnia packages microplastic into 

faecal pellets. We expect that the residence times of microplastic in the lake water column are 

largely controlled by (i) density, size, shape, water temperature, and the hydrophobic adhesion 

of microplastic with fine air bubbles existing in the lake water column, (ii) biofilm accumulation 

on the surfaces of the particles, (iii) the hydrodynamic conditions existing in the lake water 

column, and (iv) packaging of the small particles in the faecal pellets of zooplankton.     
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3. Materials and methods 

This research is divided into two main packages. The first package includes two studies (study 

1 and study 2). Study 1 focuses on laboratory experiments and model calculations, while study 

2 focuses on CFD modeling of the settling velocity based on the results from study 1. The 

second package also includes two studies (study 3 and study 4). Study 3 focuses on field 

experiments in an in-lake mesocosm and random walk calculations, while study 4 focuses on 

modelling the interaction of microplastic particles with daphnia. Here, a brief description of the 

material and methods, as well as the main objectives and structure of each study are presented.  

3.1 Microplastic particles 

In studies 1 and 2, a wide range of microplastic particles of various types, sizes, and shapes 

were used. The selected polymers captured the most dominant plastics used in the industry. The 

irregular microplastic particles used in studies 1 and 2 were produced by the Department of 

Macromolecular Chemistry at the University of Bayreuth, Germany from bio-and non-

biodegradable polymers with an equivalent diameter ranging between 150 and 2200 µm (Table 

1). The spherical polystyrene microplastic particles were supplied by Cospheric LLC with sizes 

of 1, 10, 500, and 1000 µm. Study 2 has also used virtual particles with different shapes and 

geometries in the CFD simulations. 

Table 1: A list of all polymers used in studies 1and 2, and their measured densities. 

Polymer Abbreviation Density 

[g/cm3] 

Type 

Polystyrene PS 1.03 Non-biodegradable 

Polyamide 66 PA66 1.12 Non-biodegradable 

Polyvinylchloride PVC 1.38 Non-biodegradable 

Polycaprolactone PCL 1.14 Biodegradable 

Polylactide PLLA 1.20 Biodegradable 

Polybutylenadipate terephthalate PBAT 1.22 Biodegradable 

 

For study 3, all microspheres were supplied by Cospheric LLC in green fluorescent dry powder 

(Table 2). The fluorescent dye had maximum excitation and emission wave lengths of 514 and 

414 nm respectively. The particles used in this study were either polyethylene (size range 

between 28-48 and 53-63µm) or particles from a propriety polymer with an unknown chemical 

structure (1-5µm). Aqueous microplastic solutions with concentrations of 1.0 g l-1 were 
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prepared in the laboratory prior to each experiment. Due to the hydrophobic nature of Cospheric 

particles, the stock solutions were prepared using distilled 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 microspheres used in the 

mesocosm experiments. 

Polymer Density 

(g cm-3) 

Amount 

(g) 

Diameter 

(µm) 

Time of 

experiment 

Polyethylene 1.10 20 53-63 Summer 2021 

Polyethylene 1.10 20 28-48 Summer 2021 

Unknown (Proprietary Polymer) 1.30 5 1-5 Summer 2022 

Unknown (Proprietary Polymer) 1.30 5 1-5 Autumn 2021 

 

In study 4, wet ground 17.7 µm PS fragments (PS158N/L; INEOS Styrolution Group GmbH, 

Germany) and red 3 µm PS spheres (Polybead, Polysciences, Inc.; USA) were used in the 

feeding experiments of Daphnia magna. Additionally, spray dried fluorescent labelled 

(rhodamine B) 10.4 µm PS particles were used to analyze the degree of microplastic 

incorporation into the faeces. In the modelling, virtual PS particles with a density of 1.05 g/cm3 

with particle diameters of 0.5, 5, and 15 µm were used.  

3.2 Laboratory measurements and lake model (study 1) 

Study 1 focuses on investigating the effect of particle properties, biofilm, and turbulent mixing 

on the transport behavior and residence time of microplastic particles. The physical properties 

of pristine microplastic particles such as particle size, density, and shape were measured prior 

to each experiment in the laboratory. The shape and size of the particles were estimated from 

their two-dimensional images captured by a light microscope and high-definition digital single-

lens reflex camera. The laminar settling velocities of the particles were measured in an 18 cm 

x18 cm x 1.1 m glass column filled with filtered lake water using a two-dimensional particle 

imaging velocimetry system (PIV) ILA 5150 (Figure 3). The measured settling velocities were 

then compared to the values calculated using the semi-empirical equation of Dietrich (1982). 

To quantify the effect of particle size and lake hydrodynamics on the residence time of 

microplastic particles in a stratified lake water column, the measured settling velocities of the 

1, 10, 500, and 1000 µm spherical PS particles were added to a 3-box model to simulate the 

residence times in the epilimnion, metalimnion, and hypolimnion of a hypothetical stratified 

lake broadly based on Upper Lake Constance, Germany. Finally, the pristine (irregular) 
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particles were incubated in a pond at the University of Bayreuth in Germany for up to 30 weeks. 

The potential changes in microplastic properties and settling velocity of the incubated particles 

were measured in the laboratory. The structure of the biofilm and the potential formation of 

aggregates were characterized using confocal laser scanning microscopy (CLSM).  

 

Figure 3: The water column and the setup of the two-dimensional particle image velocimetry system. 

3.3 CFD simulations (study 2)  

Study 2 aims at quantifying and evaluating the effects of key parameters such as particle size, 

polymer density, particle shape, and water temperature on the terminal settling velocity of the 

particles and comparing this to the settling velocity measurements from study 1 as well as to 

calculations using Dietrich (1982) and Waldschläger and Schüttrumpf (2019). The CFD model 

was validated using the results from the laboratory experiments in study 1. The terminal settling 

velocity was simulated using the solver overInterDyMFoam out of the open source C++ toolbox 

OpenFOAM v1812 (Weller et al., 1998). The shape of the selected particles was meshed using 

the SALOME 9.4 (IEEE Computer Society, 2007). The CFD simulations were run at ambient 

conditions for a laminar flow regime. The simulations were carried out until the particle reached 

terminal velocity. A schematic of the used setup in all the simulations is shown in Figure 4. 

 

Figure 4: Schematic of the used setup in all the simulations 
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3.4 Mesocosm experiments and random walk modeling (study 3)  

Study 3 aims at understanding and quantifying the effect of lake hydrodynamics and 

microplastic size on the distribution, concentration, and residence times of microplastic in the 

lake water column by performing settling velocity experiments in an in-lake mesocosm located 

at Brombachsee in the German state of Bavaria (Figure 5). The Großer Brombachsee is a 5.1 

km long and ~ 2.0 km wide water reservoir with a maximum depth of ~ 32.5 m covering an 

area of ~8.50 km2. The thermal stratification period extends from May until the end of October. 

Lake turnover typically begins in November. The mesocosm experiments were conducted over 

an extent of one year, capturing the changes in lake hydrodynamics associated with lake 

turnover in autumn and thermal stratifications in summer. The microplastic solutions were add 

to the mesocosm simultaneously by two people using metal watering cans fitted with wide 

sprinklers. The microplastic concentrations were measured in a 12 m deep and 3m diameter 

mesocosm (Aquatic Research Instruments, USA) using submersible field fluorometers from 

Albillia GGUN-FL24. The residence times of the particles were calculated from the measured 

microplastic concentrations in the mesocosm. The residence time in each compartment was 

defined as the time elapsed until 95% of the particles are lost from that compartment. The 

turbulence kinetic energy and eddy diffusivity were calculated from the water velocities inside 

the mesocosm captured by a three-dimensional acoustic doppler velocimeter (ADV, Nortek 

vector 300). Water temperatures inside and outside the mesocosm were measured using Hobo 

TidbiT temperature loggers at 1 m intervals to infer the stability and stratification of the water 

column. The mesocosm experiments were then followed by modelling of microplastic 

distributions and residence times in the mesocosm using a 1D random walk model. The model 

was run using three characteristic settling velocities. Firstly, Stokes equation was used to 

calculate the settling velocities of the small 1-5 μm particles. Secondly, the settling velocities 

of particles outside Stokes range (28-48 and 53-63μm) were measured experimentally under 

laminar conditions using the PIV system in study 1. The measured velocities were then 

corrected to the water temperature of each lake compartment in the mesocosm. Finally, 

effective settling velocities for all microplastic sizes were calculated using the experimental 

data from the mesocosm.  
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Figure 5: A sketch of the mesocosm setup at Großer Brombachsee 

 

3.5 Modelling of microplastic interaction with lake organisms (study 4)  

Study 4 aims at elucidating how lake size, daphnia population dynamics, ingestion of 

microplastic by daphnia, and egestion as part of their faeces influence the settling velocities and 

residence times of microplastic in the water column. Here we combined laboratory and virtual 

experiments to quantify microplastic residence times in a purely physical system controlled by 

sinking and mixing and compare this to a system where daphnia package microplastic into their 

faecal pellets which increases the settling velocity (Figure 6). The settling velocity 

measurement of the microplastic embedded faeces was measured in the laboratory in a 3 cm x 

3 cm x 12 cm glass chamber using the same PIV system in study 1. The virtual experiments 

were conducted using Simulink toolbox MATLAB. This model is an extension of the lake 

model used in study 1. The simulations were parameterized using data from Lake Constance, 

Germany, and Esthwaite Water, UK as well as from existing literature and our own laboratory 

experiments. 

 

Figure 6: Conceptual model of the primary processes affecting microplastic transport 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/lno.12046 

In this work, we combine laboratory measurements of settling velocities under laminar 

conditions, theoretical calculations of settling velocities, and lake incubations with modeling of 

microplastic residence time in a stratified lake water column. We investigated the effects of 

particle size, polymer density, hydrophobicity of the particle surface, biofouling, and turbulent 

mixing on the residence times of microplastic in the lake water column. This 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 microplastics are mainly controlled by particle size and particle density. 

The settling velocities for the irregular particles ranged between ~ 0.30 and ~ 50 mm s−1. It was 

however difficult to quantify the effect of particle shape on the settling velocity as it was 

experimentally hard to isolate the effect of particle shape from that of size and density. This 

problem was exacerbated by the fact that all microplastic particles were similar in shape 

(irregular) and no fibers or special geometries such as cubes, discs, or cylinders were used in 

this work.  

The settling velocities of the pristine microplastic particles seemed to be affected by the 

hydrophobic adhesion of the particles with the fine air bubbles inside the water column. This is 

expected to significantly increase the residence time of the settling pristine particles in the lake 

water column due to the increase in their buoyancy. Therefore, the calculated settling velocities 

using Dietrich (1982) were systematically higher than that from the experiments, especially for 

the biodegradable particles (Figure 7), as such processes are not considered in the conventional 

sediment transport model of Dietrich (1982). 

 

https://doi.org/10.1002/lno.12046
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Figure 7: A comparison between the experimental settling velocities and Dietrich model, where E is the relative error (%), 

and R2 (−) is the coefficient of determination. The dashed line presents the 1:1 line. 

The lake incubations showed no substantial changes in the shapes, sizes, and densities of the 

incubated particles even after 30 weeks of incubation. The biofilm was formed in patches rather 

than coating the whole particle surface with biofilm. These patches did not cause any significant 

changes in the physical properties and settling velocities of the particles compared to pristine 

particles even after 30 weeks of incubation. This could be attributed to the “short” incubation 

periods of 6, 8, 10, and 30 weeks. The pond was also frozen for the first 3 weeks of incubation 

during the winter season which may explain the small volumes of biofilm. However, the 

presence of the extra polymeric substances induced the formation of aggregates (Figure 8). The 

settling velocities of the aggregates are expected to be higher than that of the individual 

particles. 

 

Figure 8: 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 μm. 

The residence times in the lake compartments during thermal stratification simulated with the 

3-box model suggested that particle size has a significant effect on the residence time of the 

microplastic particles. For instance, the residence times of the 1 and 1000 µm particles in the 
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100 m lake water column were in order of 105 and 10-1 days respectively. The effect of lake 

hydrodynamics on the residence times of the microplastic was also noticeable. The residence 

time of the microplastic in the metalimnion is relatively short compared to the epilimnion and 

hypolimnion due to the lack of mixing processes as well as its limited thickness. The extremely 

long residence time for the small microplastic particles in the lake water column suggests that 

these particles should not be found in the sediment unless some other processes such as 

aggregation, packaging of microplastic into faecal pellets, or biofouling increase their settling 

velocity. 

4.2 Systematic evaluation of physical parameters affecting the terminal settling 

velocity of microplastic particles in lakes using CFD (study 2). 

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

In this study, we systematically evaluated the effect of various factors, such as particle density, 

size, shape, and hydrophobicity, as well as water temperature on the terminal settling velocity. 

We conducted 683 individual CFD simulations of settling velocity. We then compared the 

simulation results to two semi-empirical equations as well as to the laboratory settling 

experiments in study 1. This aimed at understanding the behaviour of microplastic in lake 

systems and how this can control their exposure time to lake organisms.  

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 column. In accordance 

with study 1, the CFD model presented that particle size (volume) and particle density are the 

most important factors 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 microplastics under laminar conditions than that of density and size. By 

doubling the density of a given particle size, the settling velocity was increased by ~ 380 and 

480% for irregular and regular particles respectively. Increases up to ~ 95 and 225% could be 

obtained by doubling the volume of irregular and regular particles respectively. This could be 

attributed to the fact that increasing the density of a given particle increases the mass and thus 

the gravitational forces while it has no effect on the particle’s volume and surface area, which 

would in turn change buoyancy and drag. The effects of temperature changes on the settling 

velocity of microplastic indicated that typical temperature differences between the 

compartments of a stratified lake in a temperate climate would lead to differences up to ~ 46% 

in the settling velocities. The changes in particle roundness only affected the settling velocity 

https://doi.org/10.3389/fenvs.2022.875220
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of particles larger than 1 mm in diameter, while the smallest particles (0.5 mm diameter) were 

unaffected (Figure 9).  

 

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

Although the initial and boundary conditions of the CFD model were defined according to the 

real experimental setup, the CFD results still overestimated the settling velocities from the 

laboratory experiments. This was also the same case for the settling velocity results calculated 

using Dietrich (1982). This is probably due to the hydrophobic nature of microplastic that was 

not incorporated into both models (Figure 10).  

 

Figure 10: A comparison between CFD, laboratory results (EXP), and calculations using Dietrich (1982), where the red line 

represents the 1:1 line.  

4.3 Quantifying microplastic residence times in lakes using mesocosm 

experiments and transport modelling (study 3) 

In this work, we conducted a series of microplastic addition experiments to an in-lake 

mesocosm deployed at Großer Brombachsee using various microplastic sizes during lake 

stratification in summer and turnover in autumn and combined this with random walk modeling. 

This aimed at quantitatively analyzing the processes governing microplastic transport in the 

lake water column such as lake hydrodynamics as well as particle sizes. The experiments were 
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conducted over one year using three size ranges of fluorescent microspheres (1-5, 28-48, and 

53-63 µm), 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 times of the 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 contrast, during 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 

faster than that during summer. The convective mixing was supported by the high values of 

Rayleigh number (>109). Hence, the residence time of the smallest particles (1-5µm) during 

lake turnover in autumn in the mesocosm was ~ 13 times shorter that during thermal 

stratification in summer. The mesocosm experiments also proved that particle size is an 

important factor controlling the residence time and thus the exposure time of microplastic in 

the lake water column. During summer, the residence time of the 28-48 µm particles was ~ 2.7 

times longer than that for the 53-63 µm particles.  

The simulated residence times during thermal stratification in summer using a random walk 

model were longer than the real residence times in the mesocosm, especially for the simulations 

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

residence times in the mesocosm using Stokes velocities for the 1-5 µm particles during summer 

were ~ 10 times longer than the actual residence times in the mesocosm. This could be attributed 

to the effect of microplastic-particle interaction (i.e. formation of aggregates) in the mesocosm 

caused by the large surface area and the surface charge of the 1-5 µm particles. Such aggregates 

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

microplastic particles used in Stokes model. In contrast, the simulated residence times of the 1-

5μm particles using the effective settling velocity values during summer (32 days) were close 

to the actual residence times in the mesocosm during thermal stratification (24 days) (Figure 

11). This is due to the fact that the effective settling velocity was derived directly from the 

mesocosm data. As such the effective settling velocity implicitly incorporates processes 

influencing settling velocities in the mesocosm such as particle-microplastic interactions and 

hydrodynamic conditions. The simulated residence times using PIV velocities for the large 28-

48 and 53-63μm particles were comparable to the actual residence times in the mesocosm 

during summer with a difference of ~ 1.4 and 1.9 times. This is likely to be attributed to the 

relatively lower surface area of the large particles which subsequently reduces the potential 
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particle-microplastic interactions and formation of aggregates. Finally, during lake turnover in 

autumn, the modelled residence times of the 1-5 µm particles were considerably longer than the 

actual residence times in the mesocosm. The simulation results using Stokes and effective 

settling velocities were ~113 and 8.5 times longer than the actual residence times respectively. 

This could be attributed to the complexity of the lake hydrodynamics during natural convection, 

which cannot be represented by the simplified lake physics present in the random walk model.  

 

Figure 11: Simulated and measured particle breakthroughs at 0.5, 6 and 10m depth. Shown are the residence time 

distribution(RT) for the 1-5 μm 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 calculated based 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 lakes. This could be due to various factors such as the boundary effect of 

the mesocosm walls, the limited area of the mesocosm (~7 m2), 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 hydrodynamics.  

4.4 Filter feeders are key to residence times of small microplastic particles in 

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 µm PS particles in a purely physical system controlled by sinking and mixing and 

compare this to a system where daphnia package microplastic into faecal pellets. 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 uptake for the residence time. 

Without the biological pathway, the residence times for both 0.5 and 5 µm microplastic particles 

in the water column of Lake Constance (>15 years) were significantly longer than the retention 

time of Lake Constance (4 years). This was similar for the Esthwaite Water as the residence 

times of the particles were ~ 60 (for the 0.5 µm) and 8 (for the 5 µm) times longer than the 

retention time of the lake (13 weeks). This suggests that these small pristine particles will 

transport through the lake 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 µm particles were much shorter than the flushing time for Lake Constance and 

Esthwaite Water. This suggests that these ‘large’ particles could be found in the sediment layer 

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 the lake sediment 

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 insignificant, microplastic numbers 

increased to their maximum levels, while microplastic numbers were significantly reduced 

during the clear water phase as most of the water in the epilimnion passes through the model 

organisms. These results indicate the significance of microplastic 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. Conclusion and 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 related to the exposure 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 (study 4) we can draw the following 

conclusions:  

o The residence time of microplastic particles can vary over a very wide range of different 

time scales depending on key factors such as particle density and size, which can affect 

the residence time significantly. Other factors such as particle shape and roundness as 

well as water temperature had less effect on the settling velocity and the residence time 

than that of density and size.  

o The hydrophobic nature of pristine microplastic can lead to rapid colonization of 

microplastic by biofilm. This means that pristine microplastics 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. Also, 

the biofilm structure can be formed in dense patches rather than a uniform layer of 

biofilm. However, the formation of the EPS matrix can increase the tendency for 

microplastic aggregation as it likely works as an adhesive. Such aggregates are expected 

to sink faster than individual particles. 

o Although the initial and boundary conditions of the CFD model were defined according 

to the real experimental setup, the CFD results still overestimated the settling velocities 

from the laboratory experiments. This was the same case for the settling velocity 

calculations using Dietrich (1982) and Waldschläger and Schüttrumpf (2019). These 

results show that the hydrophobic surface properties of the pristine microplastic should 

be considered in future modeling. 

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 likely causes resuspension of the settling particles and increases their residence 
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times compared to that in the laminar metalimnion. During lake turnover in autumn, the 

residence time of the settling particles can be significantly shorter than 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. 

o The modeled residence time of small pristine microplastic particles during thermal 

stratification can exceed the retention times of the lake. This suggests that these particles 

should not be found in the sediment layer unless some other processes increase their 

settling velocity. In the real lake water column, however, significant changes in particle 

properties caused by several factors such as biofouling, formation of aggregates, 

hydrophobic adhesion of microplastic with fine air bubbles, or interaction with lake 

organisms can occur during their residence time in the lake water column. This 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 shown to be significant when investigating microplastic behavior in lake systems. 

The residence times of the microplastic particles embedded in faecal pellets were orders 

of magnitude shorter than that of pristine particles. This causes a rapid removal of 

microplastic from the lake water column. This however is controlled by the number of 

organisms and the size of the particles.  

5.2 Research outlook 

Although we have presented in this dissertation a comprehensive investigation of microplastic 

behavior in lake systems through laboratory experiments, field experiments, lake models, and 

CFD modelling, there are remaining points that should be covered by future studies. 

Firstly, in our laboratory experiments, we 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 controls the residence times of microplastic. Hence, future research 

should consider other geometries such as cylinders, cubes, and fibers and investigate how this 

affects the behavior of microplastic in the lake systems.  

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

microplastic can be exposed for significant periods to the biofilm-building organisms during 
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their residence times in the lake water column which can change the properties of the particles, 

affecting their residence times in the lake water column. Also, the effect of season and 

incubation depth should be investigated to understand how these factors can affect the behavior 

of microplastic in lake 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 representations of residence times. Real lake systems are considerably more 

complex than these simplified representations of lake physics. In future modelling, factors such 

as the potential aggregation of microplastic with existing lake particles should be considered. 

Also, the effect of the complex hydrodynamic 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 the 

field instruments. For instance, the microplastic concentrations and residence times were 

calculated depending on the signals detected by the fluorometers, with 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 column. In addition, we only used 

pristine spherical microplastic in the mesocosm experiment and did not use irregular shapes, 

fibers, or incubated particles. Therefore, future experiments investigating microplastic 

transporting lake systems should be conducted using a wide range of plastics and complex 

setups that are capable of representing microplastic transport in real lake systems.   
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S1) Characterization of microplastics from various polymer types 

   

   

Figure S1: An example of polystyrene (PS), polyamide 66 (PA66), polyvinylchloride (PVC), polycaprolactone 

(PCL), polylactide (PLLA), and polybutylenadipate terephthalate (PBAT) particles investigated under the 

camera.  

S2) Polystyrene fragments investigated under scanning electron microscope  

   

Figure S2: An example of the polystyrene fragments used in the settling velocity experiments under scanning 

electron microscope. 

  



 

48 

 

S3) The glass tubes used during the lake incubations 

  

Figure S3: Example of the glass tubes used to incubate microplastic fragments in the lake. 

S4) Dietrich (1928) settling velocity model  

The theoretical settling velocity of each microplastic particle was calculated using the 

following equations: 

𝑊 = (
⍴𝑠 − ⍴

⍴
𝑔𝑣𝑊 ∗)

1/3

 
a 

𝑊∗ = 𝑅310𝑅1+𝑅2 b 

𝑅1 = −3.76715 + 1.92944(𝑙𝑜𝑔 𝐷∗) − 0.09815(𝑙𝑜𝑔𝐷∗)
2.0 −

0.00575(𝑙𝑜𝑔𝐷∗)
3.0+0.00056(𝑙𝑜𝑔𝐷∗)

4.0 

c 

𝑅2 = (𝑙𝑜𝑔 (1 −
1 − 𝐶𝑆𝐹

0.85
)) − (1 − 𝐶𝑆𝐹)2.3 𝑡𝑎𝑛ℎ(𝑙𝑜𝑔𝐷∗ − 4.6) 

+0.3(0.5 − 𝐶𝑆𝐹)(1 − 𝐶𝑆𝐹)2.0(𝑙𝑜𝑔𝐷∗ − 4.6) 

d 

𝑅3 = (0.65 − (
𝐶𝑆𝐹

2.83
tanh(𝑙𝑜𝑔𝐷∗ − 4.6)))

(1+
(3.5−𝑃)

2.5
)

 

e 

𝐷∗ =
(⍴𝑝 − ⍴𝑤)𝑔𝐷𝑒𝑞

3

⍴𝑤𝑣2
 

f 

where W*  [-] is the dimensionless settling velocity, W [L T-1] is the settling velocity of the 

particle, ⍴s [M L-³] is the density of the particle, ⍴ [M L-³] is the density of the fluid, 𝑣 [L²T-1] 

is the kinematic viscosity of the fluid, R1 [-] is a size factor, R2  [-] is a shape factor, R3 [-] is a 
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roundness factor, D*
 [-] is the dimensionless diameter, CSF [-] is Corey shape factor, Deq [L] 

is the equivalent particle diameter, and P [-] is Powers roundness. 

S5) Correction of settling velocity according to water temperature in each layer 

The experimental settling velocities were corrected according to (Ghawi and Kris, 2012b) 

using the following equation: 

𝑉𝑆𝑇2
= 𝑉𝑆𝑇1

(
10[

247.8
𝑇1+133.15

]

10[
247.8

𝑇2+133.15
]
) 

 

  

where 𝑉𝑆𝑇1
 [LT-1], 𝑉𝑆𝑇2

 [LT-1], T1 [
0C], and T2 [

0C] are the settling velocity measured in the 

laboratory at 200C, the corrected settling velocity in the lake compartments, water temperature 

in the laboratory, and the temperature of the lake compartment respectively. 

S6) Spread of the Corey shape factor of the particles used in the settling velocity 

experiments  

   

   

Figure S6: Distribution of Corey shape factor (CSF) of the polystyrene (PS), polyamide 66 (PA66), 

polyvinylchloride (PVC), polycaprolactone (PCL), polylactide (PLLA), and polybutylenadipate terephthalate 

(PBAT) particles across the experimental samples. 
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S7) Accumulation of biofilm on the surfaces of the incubated microplastics 

 

 

10 weeks 

  

 

 

30 weeks 

  

Figure S7: Comparison between pristine and biofilm-coated polyamide 66 particles after 10 and 30 weeks of 

incubation. 

S8) Settling velocities of pristine and incubated microplastics 

  

  

Figure S8: Comparison between experimentally determined the settling velocity of the pristine and incubated 

microplastics after different lake incubations. The dashed line presents the 1:1 line. 
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S9) Tracking the settling paths before and after incubation 

   

   

Figure S9: The sinking trajectories of 6 different particles after 30 weeks of incubation. The red trajectories and 

the green trajectories represent pristine and colonized microplastics respectively. The size of the frame is 30cm 

X 30cm. 

S10) An example of the polystyrene spheres used in the lake model 

 

 

Figure S10: A scanning electron microscope image of a 1000 µm polystyrene sphere used in the lake model.  
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S11) Residence time the polystyrene spheres in each lake compartment 

Table S11: Layer depth (m), water temperatures T ( 0C), and the residence time 𝜏 (𝑑) of the microplastics in the 

epilimnion, metalimnion, and hypolimnion of Upper lake Constance on day 319 according to Appt et al. (2004). 

The residence times 𝜏 (𝑑) of the microplastics in each individual compartment were calculated according to 

equation 4. 

Layer Depth (m) T (0C) 𝝉 1µm (d) 𝝉 10µm (d) 𝝉 500µm (d) 𝝉 1000 µm (d) 

Epilimnion 30 9.0 30750 200 0.08 0.04 

Metalimnion 20 7.5 21400 140 0.06 0.03 

Hypolimnion 50 5.5 56695 370 0.16 0.07 
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Abstract 

Microplastic residence time in lakes is a key factor controlling uptake by lake organisms. In 

this work, we have used a series of in-lake mesocosm experiments combined with random walk 

modeling to quantify microplastic residence times in the lake water column. Three size ranges 

of fluorescent microplastic (1-5, 28-48, and 53-63 µm) were added to a 12m deep mesocosm 

and detected using high resolution in-situ fluorescence detectors. Experiments were conducted 

over one year capturing stratified and unstable conditions within the water column. The 

measured residence times in summer ranged between ~1 and 24 days, and depended largely on 

particle size. The modeled residence time for the smallest particles using Stokes velocity 

(>200d) was considerably longer than the measured residence times in the mesocosm (~24d). 

We believe that the discrepancy during the summer is due to interactions between the small 

microplastic particles and existing particles in the lake. In contrast, large Rayleigh numbers 

during autumn suggest that instabilities in the water column likely led to turbulent convective 

mixing and rapid microplastic transport within the mesocosm. This work shows that 

microplastic transport within lakes is complex, especially for the smallest plastic sizes, and 

involves interactions between physical, physicochemical and biological processes.   

1. Introduction 

Plastic production has increased rapidly since the middle of the 20th century, with an estimated 

total global production of 8300 million Mt in 2015 (Worm et al., 2017). This will likely increase 

owing to innovations in the plastic industry which lead to novel and low-cost synthetic polymers 

combined with an increase in consumer demand (Lebreton and Andrady, 2019). The majority 

of the global plastic volume produced is typically made for single-use, particularly as packaging 

(D’Avignon et al., 2022). Ideally, after use, the polymer is recycled and reenters the production 

stream. However, evidence from life cycle studies (Lavoie et al., 2021; Woods et al., 2021) 

show that improper disposal of plastic is significant, leading to its migration and accumulation 

in the environment (e.g., in inland waters) before it reaches the ocean (Cai et al., 2021). For 
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example, it is estimated that roughly 5% of the plastic produced in 2015 was recycled, while 

91% was either incinerated or accumulated in landfills and the environment (Worm et al., 

2017).  

Plastic transport through inland waters is an important pathway between environmental 

compartments and ultimately is responsible for delivering plastic debris to the ocean (Yan et 

al., 2021). Plastic debris is classified according to size into macro plastics (>5 mm), 

microplastics (1 µm to 5 mm), and nano plastics (<1µm) (SAPEA, 2019). As macro plastic is 

exposed to a wide range of physical and biological degradation processes during its transport 

through catchments, it tends to lose its structure and physical integrity over time and degrade 

also into micro-and nano plastic (D’Avignon et al., 2022). 

Since non-buoyant pristine microplastic particles are small in size and have polymer densities 

close to that of water, they are expected to have significant residence times in lake systems 

(Elagami et al., 2022). During their residence in the lake water column, they are exposed to a 

wide range of lake organisms (e.g., zooplankton, fish). This results in a high likelihood of 

uptake by lake organisms before the plastic reaches the lake sediment, or before they are flushed 

from the lake via outlets (Canniff and Hoang, 2018; D’Avignon et al., 2022). Recent studies 

have shown that lake organisms such as zooplankton have a limited ability to distinguish 

between their food, which is usually composed of natural particulate organic carbon either from 

the lake or its catchment, and microplastic particles (Aljaibachi and Callaghan, 2018). Once 

microplastic particles have entered the food web, they can migrate to higher trophic levels 

through direct ingestion or indirect ingestion of microplastic containing organisms by predators 

(D’Avignon et al., 2022; Nelms et al., 2018).  

The settling velocity of microplastic is controlled by key physical particle properties such as 

density and size (Ahmadi et al., 2022; Elagami et al., 2022; Khatmullina and Isachenko, 2017; 

Waldschläger and Schüttrumpf, 2019). Physical-chemical factors such as hydrophobic adhesion 
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between pristine particles and fine air bubbles, formation of aggregates with existing lake 

particles, as well as biofouling can affect the buoyancy of the microplastic, modify its settling 

velocity and thus also influence its residence time in lakes (Elagami et al., 2022; Leiser et al., 

2020; Renner et al., 2020). 

Lake hydrodynamics can also influence the residence times of microplastic within the water 

column. For instance, turbulent mixing in the epilimnion during summer is expected to cause a 

significant increase in the residence times of sinking particles compared to particles in the 

‘laminar’ metalimnion (Elagami et al., 2022; Kirillin et al., 2012; Reynolds and Wiseman, 

1982). However, the behavior of microplastic during lake turnover is expected to be very 

different from that during the stratification period. This is due to the instability of the lake 

column which leads to the onset of natural (turbulent) convective mixing (Cannon et al., 2021). 

The role that such complex hydrodynamic processes play in determining residence time is 

currently poorly understood.  

Despite the growing number of studies focusing on understanding microplastic behavior in lake 

systems, the majority of existing research is mainly based on laboratory experiments and 

modeling (Ahmadi et al., 2022; Elagami et al., 2022; Khatmullina and Isachenko, 2017; 

Waldschläger and Schüttrumpf, 2019). Unlike laboratory experiments which are conducted in 

artificial settings, field experiments are conducted in conditions similar to reality and 

encompass the many of the complexities of real lake settings.  

In this work, we have performed microplastic addition experiments in a 3 x 12 m mesocosm 

located in lake Großer Brombachsee, Germany. Experiments were conducted for one year 

encompassing various lake conditions and microplastic sizes to understand microplastic 

transport processes in lakes. The results from the mesocosm experiments were compared with 

results from a random walk model to quantitatively analyze the underlying processes affecting 

microplastic transport in lakes and determine how well physical transport processes can explain 
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observations from the complex experimental mesocosm system. The primary aim was to 

develop and quantitative understanding of the primary processes influencing microplastic 

transport in the lake water column, and how this may influence the exposure of organisms to 

this emerging pollutant.  

2. Methodology 

2.1. Study region  

All field experiments were conducted at lake Großer Brombachsee in the German federal state 

of Bavaria. The Großer Brombachsee is a 5.1 km long, 2.0 km wide water reservoir with a 

maximum depth of 32.5 m covering an area of ~8.50 km2. The thermal stratification period 

extends from May until the end of October. Lake turnover typically begins in November. The 

lake has an intermediate level of productivity and is classified as mesotrophic. According to 

long term monitoring data of the Water Management Authority Office, the average annual total 

nitrogen and phosphorus concentrations over lake depth are ~ 0.95 and 0.025 mg l-1 

respectively. The experimental site was situated at the border of a nature reserve, located on the 

southwestern side of the lake (Figure 1). The water depth at the mesocosm site varied between 

10 and 12 m depending on the season extraction for water supply.  

 

Figure1: A map showing the location of the experimental setup at Großer Brombachsee in Bavaria, Germany 



 

84 

 

2.2. Mesocosm setup 

The mesocosm setup (Aquatic Research Instruments (USA)) consists of a 12 m long and 3 m 

diameter impermeable polyethylene plastic enclosure with 80% light transmittance, reinforced 

with nylon fibers (Figure 2 and Figure S1). The enclosure was also fitted with side loops at 3m 

intervals to stabilize the mesocosm. The upper end of the mesocosm was fitted with a 3m 

diameter ring buoy constructed from a foam-filled corrugated drain pipe. The bottom of the 

enclosure was fixed to the sediment layer using 5x20 kg concrete ballasts. The enclosure was 

freely open from the top, but partially sealed from the bottom with a mesh. The mesocosm was 

lowered slowly into the lake before the mesh was installed shortly after the mesocosm. No 

filling (pumping) was required. A U-shaped pontoon was fixed around the mesocosm and 

adopted as a platform for fixing the instruments. The whole setup was anchored to the lake bed 

with 4 anchors and the ropes were tensioned to prevent the setup from drifting and rotating. The 

mesocosm was deployed in May 2021 and left for two months to allow the water column to 

equilibrate with the surrounding lake water before conducting the first experiment. 

 

 

Figure 2: A sketch of the mesocosm setup at Großer Brombachsee  

2.3. Microplastic particles  

All microspheres were supplied by Cospheric LLC in green fluorescent dry powder. The 

fluorescent dye had maximum excitation and emission wave lengths of 414 and 514 nm 
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respectively. Microspheres were used exclusively during the experiments due to the limited 

availability of fluorescent microplastic. Table 1 shows the polymers, their densities, particle 

sizes and the amounts of the microplastic used in each experiment. The 1-5 µm particles were 

composed of a propriety polymer of unknown chemical structure, whereas the larger particles 

were polyethylene. Aqueous microplastic solutions with concentrations of 1.0 g l-1 were 

prepared in the laboratory prior to each experiment. Due to the hydrophobic nature of Cospheric 

particles, the stock solutions were prepared using distilled water and mixed with 0.1 g of 

surfactant (Tween 20) per 100 ml of water. This also prevented the microplastic from 

agglomerating or floating on the surface of the water while preparing the solution. The solutions 

were then preserved in clean sealed buckets in a cool room before transportation to the lake.  

Table1: A list of polymer names, particle sizes, densities, and amount of the microplastic microspheres used in 

the experiments. 

Polymer Density (g 

cm-3) 

Amount 

(g) 

Diameter 

(µm) 

Time of 

experiment 

Polyethylene 1.10 20 53-63 Summer 2021 

Polyethylene 1.10 20 28-48 Summer 2021 

Unknown (Proprietary Polymer) 1.30 5 1-5 Summer 2022 

 Unknown (Proprietary Polymer) 1.30 5 1-5 Autumn 2021 

 

2.4. Microplastic addition to the mesocosm 

Prior to each experiment, the surface of the water inside the mesocosm was cleaned using fine 

nets. The stock solutions were stirred until all settled particles were resuspended and uniformly 

distributed in the solution. The particles were then added as a pulse from the top of the 

mesocosm simultaneously by two persons using two metal watering cans fitted with wide 
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sprinklers to ensure a uniform distribution of the microplastic in the mesocosm (Figure S2). 

The particle additions are estimated to have lasted a maximum of five minutes.  

2.5. Field measurements  

Water temperatures were measured in the center of the mesocosm at the start and during each 

experiment using Hobo TidbiT temperature loggers at 1 m intervals and with a sampling 

resolution of 30 minutes. Temperature profiles were also taken outside the mesocosm before 

the start of each experiment. The temperature data were used to infer the stability and 

stratification of the water column. 

A 3D acoustic doppler velocimeter (ADV, Nortek vector 300) was used to measure 3D water 

velocities inside the mesocosm, and infer the turbulent kinetic energy and turbulent diffusion. 

The ADV was fixed in the center of the mesocosm at 1m below the water surface. The 

instrument was set to sample at burst intervals of 600 Sec with 100 samples per burst at 8 Hz. 

The ADV was set to detect flow velocities in the East-North-Up (ENU) directions in a sampling 

volume of ~ 1.5 cm3. The instrument is equipped with a magnetometer and tilt sensors to correct 

measured velocities for movement of the instrument in the water column. 

The fluorescent microplastic was measured in the center of the mesocosm using submersible 

field fluorometers from Albillia GGUN-FL24 (Bailly-Comte et al., 2018). The fluorometers 

used an excitation wavelength of 470 nm to excite the green microplastic particles and the 

fluorescent intensity was measured in the ‘uranine’ channel. The fluorometers were calibrated 

in the laboratory following the same procedures as presented in Boos et al. (2021). At least 8 

calibration points were used. The only difference to Boos et al. (2021) is that calibration 

solutions were prepared using filtered lake water rather than distilled water. The calibrations 

are presented in Figure S3. The minimum detection limits of the 1-5, 28-48, and 53-63 µm 

particles were approximately 2, 100, and 200 µg l-1 respectively. The fluorometers were less 

sensitive to the 28-48 and 53-63 µm microspheres due to the lower particle abundance and 
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higher scattering in the measuring cell (Figure S3). The measurement frequency of the 

fluorometers in the mesocosm was selected according to the expected residence times of the 

particles based on their laminar settling velocities. Thus, the sampling interval was fixed at 2 

and 120 seconds for the large (fast) and the small (slow) particles, respectively. During lake 

stratification, the fluorometers were positioned at 0.5 m below the water surface, the 

epilimnion-metalimnion interface, and 1m from the bottom of the mesocosm. During lake 

turnover in autumn, the fluorometers were only positioned at 0.5 m below the water surface and 

1 m over lake sediment. 

2.6. Microplastic settling velocity  

In this work we have used three characteristic settling velocities for the microplastic particles. 

Firstly, Stokes equation was used to calculate the settling velocities of the small 1-5 µm particles 

(vs_Stokes) [LT-1]. Secondly, the settling velocities of particles outside Stokes range (28-48 and 

53-63µm) were measured experimentally under laminar conditions using particle image 

velocimetry system (PIV). The measured velocities were then corrected to the water 

temperature of each lake compartment in the mesocosm. The corrected settling velocities were 

denoted as vs_PIV [LT-1]. Finally, effective settling velocities for all microplastic particles were 

calculated using the experimental data from the mesocosm (vs_eff) [LT-1].  

Stokes settling velocities were calculated according to: 

𝑣𝑠_𝑆𝑡𝑜𝑘𝑒𝑠 = 
2

9

(⍴𝑝 − ⍴𝑤)

µ
 𝑔𝑅2 

1 

Where ⍴𝑝 [M L-3] is the density of the particle, ⍴𝑤 [M L-3] is the density of the lake water, R 

[L] is the radius of the particle, g [LT-2] is the acceleration due to gravity, and µ [M L-1 T-1] is 

the dynamic viscosity of the water. 

The laminar settling velocities of the large 28-48 and 53-63µm microspheres were measured in 

the laboratory using the same two-dimensional iLa 5051 PIV system used by Elagami et al. 

(2022). The system consists of a high-speed camera (40 frames per second) and a light source 
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(high-power light-emitting diodes) with a wavelength of 530 nm. The settling velocities were 

measured in a 10 cm x10 cm x 40 cm glass column filled with filtered lake water based on the 

design of Khatmullina and Isachenko (2017). The room temperature was kept constant at 20°C. 

Approximately 1 ml of the stock microplastic solution was added carefully at the top of the 

column as a pulse (cloud) in the water column. The average settling velocity of each particle 

cloud was calculated based on the PIV images. The laboratory-measured settling velocities 

were corrected as in Ghawi and Kris (2012a) using the water temperature of each lake 

compartment using equation S4. 

The effective settling velocities from the mesocosm experiments were calculated for all 

microplastic sizes by dividing the depth of each compartment (i.e. epilimnion or metalimnion) 

by the time required until 50% of the particles were lost from the compartment:  

𝑣𝑠_𝑒𝑓𝑓𝑒𝑐𝑡 . =
𝑧

𝜏50%
 2 

Where z [L] is the depth of the compartment, and τ50% [T] is the time elapsed until 50% of 

particles was lost from that compartment.  

2.7. Hydrodynamic calculations   

The temperature data inside the mesocosm was used to calculate the Rayleigh number to 

elucidate if natural convection was occurring in the water column during the autumn 

experiment. The Rayleigh number was calculated according to equation 3 (Weeraratne and 

Manga, 1998): 

𝑅𝑎 =
αgΔT𝑧3

νβ
 

3 

where α is the thermal expansion coefficient of water (210 x10-6 C-1), g is the acceleration due 

to gravity, ΔT [oC] is the temperature difference between the bottom and top boundaries, z is 

the thickness of the compartment, ν [L2 T-1] is the kinematic viscosity of water, and β [L2 T-1] 

is thermal diffusivity of water. 
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The 3D water velocity data were used to calculate the turbulence kinetic energy (TKE) [L2 T-2] 

in the mesocosm. The time series for TKE of each burst was calculated using equation 4 as in 

Wüest and Lorke (2003): 

𝑇𝐾𝐸 =
1

2
 (σ𝐸𝑎𝑠𝑡

2 + σ𝑁𝑜𝑟𝑡ℎ
2 + σ𝑈𝑝

2 ) 
4 

Where, 𝜎𝐸𝑎𝑠𝑡  , 𝜎𝑁𝑜𝑟𝑡ℎ, and 𝜎𝑢𝑝 [L T-1], are the standard deviations of the fluctuations in velocity 

components during each burst.  

The vertical component of the velocity data was also used to calculate the vertical eddy 

diffusivity (D) [L2 T-1] for each burst. Since velocities were measured in the Eulerian frame of 

reference, where the flow moves past the velocity sensor fixed at 1m below the water surface, 

D can be estimated from Taylor’s approach using (Holtappels and Lorke, 2011)  

𝐷 = 𝑤′. 𝐿𝐸 5 

𝐿𝐸 = ∫ 𝐸𝑟 . 𝑑𝑟

∞

0

 
6 

Where, 𝑤′ is the standard deviation of the vertical velocities [L T-1], LE  [L] is the Eulerian 

integral length scale, Er [-] is the spatial correlation coefficient, and r [L] is the spatial distance. 

For simplification, LE  [L] was assumed to be equal to the Lagrangian length scale (LL ) [L] as 

also done by Holtappels and Lorke (2011). Hence, D [L2T-1] was calculated as follows: 

𝐷 = 𝑤′. 𝐿𝐿 7 

𝐿𝐿 = 𝑤′. 𝑇𝐿 8 

𝑇𝐿 = ∫ 𝑅𝐿 . 𝑑𝜏

∞

0

 
9 

Where TL [T] is the Lagrangian time scale, RL [-] is the Lagrangian velocity autocorrelation, 

and τ [T] is the time interval between two velocity measurements (0.125 s). 
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2.8. Calculation of residence times in the mesocosm  

The residence time of the microplastic in each compartment was calculated as the delay between 

the time required for 95% of the microplastics to be lost from the compartment and the time of 

microplastic input to that compartment. For instance, the residence time in the epilimnion (τepi) 

[T] was calculated as the difference between the time required until 95% of the particles were 

lost from the epilimnion and the time when the microplastic was added to the mesocosm. The 

residence time in the metalimnion (τmeta) [T] was calculated as the delay between the time where 

95% of the particles was lost from the metalimnion and the start of the pulse detected by the 

fluorometer positioned at the epilimnion-metalimnion interface. During lake turnover in the 

autumn, the mesocosm was treated as one mixed compartment and thus the residence time was 

calculated for the whole mesocosm (τtot) [T]. The total residence times in the mesocosm during 

autumn (τtot) and summer experiments were calculated as the difference between the time 

required until 95% of the particles passed the deepest fluorescence detector and the time of 

adding the microplastic to the mesocosm. 

2.9. Modelling of microplastic sinking trajectories and residence times 

Particle sinking trajectories and residence times in the mesocosm were modeled using a 

Lagrangian particle tracking technique based on the Huret et al. (2007); Visser (1997) scheme 

which was later modified and applied by Rowe et al. (2016) and Ross (2006) to simulate the 

vertical distribution of bacteria and plankton under turbulent conditions in lakes. The effect of 

turbulent motion on particle trajectories and residence times in the water column is represented 

by a 1D random walk assuming a vertically heterogeneous turbulence field:   

𝑧(𝑡 + 𝛥𝑡) = 𝑧(𝑡) + 𝑣𝑠𝛥𝑡 + 𝐷′(𝑧(𝑡))𝛥𝑡 + 𝑅√
2𝐷(�̃�)𝛥𝑡

𝑟
 

10 

where the vertical particle trajectory z(t+Δt) [L] for a time increment  Δt [T] can be estimated 

based on the current particle location z(t) [L], the depth specific particle settling velocity vs [LT-
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1], the depth gradient of the turbulent diffusivity 𝐷′ =
ⅆ𝐷

ⅆ𝑧
 [LT-1], a normally distributed random 

number R [-] in the range of 𝑅𝜖[−1,1] with zero mean and a variance of 𝑟 = 1/3 and the turbulent 

diffusivity 𝐷(�̃�) [L² T-1] at an intermediate location  �̃� = 𝑧(𝑡) + 0.5
ⅆ𝐷(𝑧(𝑡))

ⅆ𝑧
 𝛥𝑡.  

For representation of the vertical turbulent diffusivity, a power a law model similar to Kirillin 

et al. (2012) was used:     

  𝐾(𝑧) = {
𝐷𝑠

(1−𝑧/𝐻𝐸)𝐷𝑀
𝑧/𝐻𝐸     

𝐷𝑀 

𝐷𝑀
(𝐻−𝑧/𝐻𝐻)𝐷𝐻

𝑧−(𝐻𝑀+𝐻𝐸)/𝐻𝐻     

𝑎𝑡 𝑧 ≤ 𝐻𝐸

𝑎𝑡 𝐻𝐸 < 𝑧 < 𝐻𝑀 
𝐻𝑀 < 𝑧 < 𝐻𝐻

 11 

Where DS, DM and DH [L²T-1] are the turbulent diffusivities at the lake surface, the interface to 

the metalimnion and the lake bottom respectively. HE, HM and HH [L] denote the thickness of 

the epilimnion, the metalimnion and the total depth of the lake respectively. Turbulent 

diffusivity at the lake surface Ds was estimated using the Taylor’s approach based on the ADV 

data. Diffusivities at the interface to the metalimnion and the lake bottom were estimated by 

fitting the measured particle curves at each depth to an Advection-Dispersion-Model (A-D). 

The A-D model represents an analytical solution to the one-dimensional advection dispersion 

equation for a semi-infinite system with an instantaneous injection of a tracer (in our case 

microplastic particles) in the fluid flux (Kreft and Zuber, 1978; Małoszewski and Zuber, 1982). 

From the A-D fitting, the depth specific Peclet number Pe=vsz/D [-] can be derived, relating 

the effect of gravitational settling and turbulent diffusion for a specific depths z where 

microplastic concentrations were measured (Ross 2006). D values can then be derived from the 

Pe-number using the settling velocity (i.e. vs_Stokes, vs_PIV, vs_eff). A detailed description of the A-

D fitting procedure is provided as part of the supplementary information. Each breakthrough 

experiment was represented using 2500 particles in the random walk simulations. All 

parameters used to run the random walk model are provided in the supplementary information 

(S5 and S9). 



 

92 

 

3. Results 

3.1. Mesocosm temperature profiles   

The measurements at the start of the experiments showed that the water column inside and 

outside the mesocosm were near to identical and during summer was thermally stratified and 

divided into an epilimnion and metalimnion (Figure S6). The thickness of the epilimnion inside 

the mesocosm over the extent of the experiments were ~8, 9, and 6m for the first, second and 

third summer experiment, respectively (Figure 3). The thickness of the metalimnion during the 

three summer experiments were ~ 3, 2, and 4m. The water temperatures varied between 18 and 

25oC for the epilimnion and 12 to 14oC for the metalimnion.  

Prior to and during the autumn experiment, the temperature tended to be warmer at depth than 

at the surface. The differences between the lower (the warmer) and the upper (the cooler) layer 

inside and outside the mesocosm at the start of the experiment were ~ 0.80 and 0.85oC 

respectively (Figure S6). Also, the average temperature difference between the lower and the 

upper layer inside the mesocosm during the whole autumn experiment was ~ 0.8oC (over an 

extent of 11m). The Rayleigh number (equation 3) was calculated using investigate the 

propensity for natural convection in the mesocosm. The time series for the Rayleigh numbers 

is presented in Figure S7. The minimum Rayleigh number was ~ 4 x1012, considerably 

exceeding the critical value of ~1700 (Reid and Harris, 1958). The Rayleigh number also 

indicated that the convection was turbulent (Ra>109). 
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Figure 3: Temperature profiles inside the mesocosm for all experiments. Figures a), b), and c) show the 

temperature profiles during summer while figure d) shows the temperature profile during autumn. The horizontal 

lines show the location of the fluorometers which also define the lake epilimnion and hypolimnion. The vertical 

dashed lines represent midnight.  

3.2. Turbulence kinetic energy  

There were substantial fluctuations in the TKE in the epilimnion during summer experiments, 

especially for the experiment with the 1-5 µm particles (Figure 4). The maximum values for 

TKE during the summer experiments were ~ 2.7x10-3, 5x10-3, and 6.6x10-3 m2 s-2 for the first, 

second, and third experiments respectively. The average TKE values were 3.5x10-4, 5x10-4, and 

1x10-4 m2 s-2. During autumn, however, the fluctuations in the TKE values were much lower, 

showing much flatter TKE time series than that during summer experiments. The maximum 

and the average TKE values during autumn were 1.8 x10-4 and 2x10-5 m2 s-2 respectively.    
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Figure 4: Time series of TKE for all experiments. Figures a), b), and c) present TKE during summer for the 53-

63, 28-48, and 1-5 µm particles respectively. Figure d) shows TKE during autumn for the 1-5 µm microspheres. 

The gray intervals represent the night times. The red lines show the average TKE values. Note the logarithmic 

scale. 

3.3. Microplastic concentrations in the mesocosm 

Figures 5a, b, and c show the abundance and distribution of the microplastic in the mesocosm 

during the summer experiments. The maximum microplastic concentrations measured at 0.5m 

were approximately 15,000, 11,000, and 400 µg l-1 during the first (53-60µm), second (28-

48µm), and third (1-5µm) experiments, respectively. The maximum concentrations at the 

epilimnion-metalimnion interface were approximately 10,000, 5000, and 200 µgl-1 during the 

first, second, and third experiments respectively. At the bottom of the metalimnion, the 

maximum microplastic concentrations were approximately 2,500, 7,000, and 50 µgl-1 for the 

first, second, and third experiments. The time required until 95% of the particles was lost from 

the epilimnion (τepi) was 0.8, 1.9, and 19.5 days for the first, second, and third summer 

experiments (Figures 5). For the metalimnion, τmeta was 0.6, 1.4, and 22 days for the first, 

second, and third experiments (Figure 5). The total residence times in the mesocosm were 1, 

2.5, and 24.7 days.  
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The measured particle concentrations during autumn are presented in Figure 5d. Surprisingly, 

the upper and the lower pulses showed an overlap of ~ 1 day. The maximum microplastic 

concentration detected by the upper fluorometer was ~ 80 µg l-1. The lower pulse was divided 

into large initial and small subsequent pulses with maximum concentrations of ~ 55 and 25 µg 

l-1 respectively. The time until 95% of the particles had passed the lowest detector 1m over lake 

sediment (τtot) 1.9 days. 

 

Figure 5: The measured concentrations of microplastic in the mesocosm. Figures a), b), and c) show particle 

concentrations during summer experiments. Figure d) shows particle concentrations during autumn. The gray 

intervals represent the night times. The blue, orange and green pulses represent the microplastic concentrations 

at 0.5 m below the water surface, epilimnion-metalimnion interface (in summer), and deepest fluorometer 

(bottom of the metalimnion in summer) respectively. 

3.4. Settling velocity  

Table S8 shows the values of the characteristic settling velocities (vs_Stokes, vs_PIV, and vs_eff) 

used in the random walk model. For the 1-5µm particles, the lowest velocities were estimated 

using Stokes Law (0.079 m d-1) while the highest settling velocities were the vs_eff  (1.09 m d-

1). Also, for the 53-63µm particles, vs_eff was the highest (50 m d-1), while vs_PIV was the lowest 
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(17 m d-1). In contrast, for the 28-48µm particles vs_PIV was the highest (8.7 m d-1) while vs_eff 

was the lowest (0.16 m d-1).  

 3.5 Eddy diffusivity 

The A-D fitting routine provided estimates for the turbulent diffusivities that were comparable 

to those derived using Taylor’s approach and the ADV data for the summer experiments using 

the 1-5 µm particles (Figure S9). The turbulent diffusivities ranged between DH =1.12x10-6 and 

Ds = 6.7 x10-6 m² s-1 (Table S10). For the summer experiments using 28-48 and 53-63 µm the 

A-D fitting was less successful so that the random walk modelling relied primarily on D values 

derived from Taylors approach. This ranged from 3x 10-6 to 1x 10-5 m2 s-1 depending on 

experiment and depth (Table S10). During autumn, our modeling depended exclusively on the 

D values calculated from Taylor’s approach.   

3.6. Random walk model 

The random walk model was run using the three different settling velocities vs_Stokes, vs_PIV and 

vs_eff depending on the experiment being simulated. The distribution in residence times of the 

individual simulated particles (i.e. microplastic residence time distribution) where then used to 

calculate the time until 95 % of particles had passed a specified depth in the water column. This 

is defined as the virtual microplastic residence time. The simulations using vs_Stokes (summer 

experiment 1-5 µm) are shown in Figure 6, and have a rapid rise as the particle pulse reaches 

the measurement depth, and then a long tail as particles are transported by a combination of 

settling and turbulence from the water column. The simulated residence times were 

considerably longer than the measured values, with ~ 135 days for the first 0.5 m, 225 days for 

the epilimnion (6 m) and 239 days for the whole mesocosm water column (10 m).   
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Figure 6: Simulated residence time distribution (RT) at 0.5, 6 and 10 m depth for the 1-5 µm particles of the 

summer experiment using vs_Stokes. 

When using vs_eff for the same model run, the simulated microplastic residence times of the 1-

5µm particles in summer were similar to that inferred from microplastic concentrations in the 

mesocosm (Figure 7). All distributions showed the characteristic shape of the A-D model with 

a fast increase, a local maxima and a slowly decaying tail (Figure S9). The only parts that could 

not accurately be represented by the random walk model were the initial peak in particle 

concentrations at 0.5 m and the rapidly decaying tails at 0.5 and 10m depth (Figure 7). Using 

vs_eff, the residence times were 4 days for 0.5 m, 11 days for the epilimnion (6 m) and 32 days 

for the whole 10 m water column.   
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Figure 7: Simulated and measured particle breakthroughs at 0.5, 6 and 10m depth. Shown are the residence time 

distribution (RT) for the 1-5 µm particles in the summer experiment using the random walk model in combination 

with vs_eff. The measured particle concentrations are presented as a concentration (secondary Y-axis) and as 

normalized data (primary Y-axis). Data normalization (described in detail as part of the supplement) was 

necessary to compare the output of the random walk model to the measured particle breakthrough curves.  

Results from simulations for the 28-48 and 53-63µm particles in summer and the 1-5µm 

particles in autumn experiment are summarized in Table 2. As the vs_eff   method did not work 

well for the larger particle sizes (28-48 µm) due to a noisy signal from the detectors, the random 

walk simulations for this size class were parameterize using vs_PIV only. The results show that 

while the random walk model can reproduce the measured residence times for the larger 

particles relatively well (e.g. 0.8 vs. 0.62 days for the 53-63 µm particles), it significantly over 

estimated the residence times for the small particles in the autumn experiments independent of 

the settling velocity used (2 vs. 17-225 days).  
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Table 2: A comparison between actual residence times in the mesocosm and simulated residence times using 

vs_Stokes, vs_PIV   vs_eff .  

Experiment Depth (m) 

Residence time in days calculated from 

Mesocosm (actual) vs_Stokes vs_PIV vs_eff. 

Summer 53-63 µm 11  0.9 - 0.62 - 

Summer 28-48µm 11 2.5 - 1.39 - 

Summer 1-5µm 10 24 239 - 32 

Autumn 1-5µm 10 2 225 - 17 

 

4. Discussions  

Microplastic abundance in lake systems is associated with negative impacts on lake organisms 

and ecosystem functioning (Aljaibachi and Callaghan, 2018; D’Avignon et al., 2022). Uptake 

from the water column by lake organisms such as filter feeders is highly dependent on the 

residence time in the water column, and particularly in the epilimnion where most organisms 

reside. Several factors such as particle size, polymer density, water temperature, and lake 

hydrodynamics affect the residence times of microplastic (Waldschläger and Schüttrumpf 

2019; Elagami et al. 2022; Ahmadi et al. 2022). These factors coupled with the abundance of 

microplastic in lakes control the uptake probability of microplastic by lake organisms and their 

potential transfer through the food web (D’Avignon et al., 2022; Nelms et al., 2018).  

The temperature gradient, and thus the strong density gradient during lake stratification, formed 

a very stable water column inside the mesocosm. The water column was divided into a turbulent 

epilimnion and a more-or-less laminar metalimnion. This shows maximum TKE values at the 

1 m below the water surface (top of the epilimnion) of ~ 2.7x10-3, 5x10-3, and 6.6x10-3 m2 s-2 

for the first, second and third experiments respectively. The major source of the high TKE in 
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the surface layer during turbulent mixing is the wind (Cannon et al., 2021; Singh et al., 2019). 

The waves in the lake impacting directly on the mesocosm walls and the platform could also 

have contributed to the relatively high TKE in the surface layer. The D values calculated from 

the A-D fitting for the 1-5µm particles during summer experiments were similar to those 

calculated from ADV data and Taylor’s approach (~10-6 m2 s-1). The calculated DS, DM, and DH 

values were in a similar range, but at the lower end of typical D values in stratified lakes (10-7 

to 10-2 m2 s-2) (Wüest and Lorke, 2009)        

In contrast to the summer experiments, the average temperature difference between the bottom 

part of the mesocosm and the water surface was ~ 0.8oC. This temperature difference and 

subsequently the density difference, combined with the 11m depth of the water column and the 

temperature fluctuations in the water column resulted in a highly unstable water column. This 

instability resulted in Rayleigh numbers (>1012) which were significantly higher than the 

critical values, suggesting that the water column was mixed by turbulent convection. The 

maximum TKE values at 1m below the water surface during this period was one order of 

magnitude lower than that during summer (~ 1.8 x10-4 m2 s-2). The major source of TKE is 

convection during autumn which results in the sinking of the upper (cool) water parcels. Finally, 

the calculated D values in autumn (in the range of 10-7 m2 s-1) were considerably lower than 

during the summer and at the lower end of the compilation of D values in Wüest and Lorke 

(2009).  

Microplastic concentrations were affected by the hydrodynamic conditions in the mesocosm. 

For instance, the maximum microplastic concentrations during summer were ~5 times higher 

than that in autumn for the same 1-5µm particles (Figure 5c and d). The distribution of 

microplastic inside the mesocosm was also affected by season. Unlike the summer experiment, 

the upper pulse at 0.5 m below water surface and the lower pulse at 1m over sediment during 

autumn experiment had an overlap of ~1day (Figure 5c and d). Furthermore, the fluorometer at 

1m over the lake sediment detected two subsequent microplastic pulses during autumn 
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experiment. The maximum concentration of the two pulses at 1m over sediment were 55 and 

25 µgl-1. Surprisingly however, the measurements suggest that turbulent convection seemed to 

be not strong enough to start resuspension of settled microplastic, as neither fluorometer 

detected any microplastic after the end of the pulse. These differences between microplastic 

behaviors during summer and autumn experiments are to be attributed to the instability in the 

water column that likely led to turbulent convective mixing and rapid microplastic transport 

within the mesocosm.  

As also found in modelling studies by Elagami et al. (2022), the microplastic residence times 

were significantly affected by the size of the particles in the stratified water column. When 

increasing the particle size from 1-5 to 53-63, the residence time in the whole column decreased 

by ~25 times. By comparing the residence times in the mesocosm for the particle group 1-5µm 

during summer (thermal stratification) with that during autumn (lake convection), the total 

residence time in summer was ~ 13 times longer than that during autumn. This shows that in 

addition to size, hydrodynamics can play a critical role in microplastic transport, especially for 

the smallest particle sizes.  

The simulated residence times using the random walk model differed from the actual residence 

times in the mesocosm, especially for the simulations using vs_Stokes for the smallest particle 

sizes (Table 2). The simulated residence time of the 1-5 µm particles in summer using vs_Stokes
 

was ~ 10 times higher than that actual residence time in the mesocosm (Table2). This could be 

due to the effect of microplastic-particle interaction (i.e. formation of aggregates) in the 

mesocosm caused by the large surface area and the surface charge of the small microplastic 

particles. Such aggregates are large and likely to have higher settling velocities compared to the 

individual pristine microplastic particles used in Stokes calculations.  

The simulated residence times of the 1-5µm particles using vs_eff. values were very close to the 

actual residence times in the mesocosm. This is due to vs_eff. and D being derived directly from 
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the mesocosm data. As such vs_eff implicitly incorporates processes influencing settling 

velocities in the mesocosm such as particle-microplastic interactions and hydrodynamic 

conditions. Such processes are not included in the laminar settling velocities in vs_Stokes or v_PIV. 

The only part of the measured data that could not be represented by the random walk model for 

the 1-5 µm particles during summer using vs_eff. were the peak height and the rapidly decaying 

tail of the pulse at 0.5m below the water surface as well as the width of the pulse at the bottom 

of the metalimnion (Figure 7). This is likely due to the simplified way the random walk 

represents the complexities of real-world microplastic transport particularly that the model 

assumes one dimensional transport and uses predefined and stationary D values. In reality the 

TKE time series shows that the turbulent strength is transient and likely depends many 

interrelated factors such as winds, currents and waves that impact on the mesocosm.  

For the summer experiments using the large 28-48 and 53-63µm particles, the simulated 

residence times using vs_PIV values were comparable to the actual residence times in the 

mesocosm with a difference of ~ 1.4 and 1.9 times. This is likely to be attributed to the relatively 

lower surface area of the large particles which subsequently reduces the potential particle-

microplastic interactions and aggregation formation with organic matter (e.g. live and dead 

phytoplankton) inside the mesocosm.  

During autumn, the modeled residence times of the 1-5µm particles were considerably longer 

than those derived from the mesocosm. The simulation results using vs_Stokes. and vs_eff. were 

~113 and 8.8 times higher than the actual residence time, respectively. These significant 

differences are likely due to the complex hydrodynamic conditions caused by the high 

instability in the lake water column, and particularly the initiation of natural convection which 

cannot be represented by the simplified lake physics used in the random walk model. Also 

during lake turnover, organic materials, cyanobacteria, and iron particles could resuspend and 

attach to the microplastic particles either increasing their density or building aggregates , both 
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of which would increasing their settling velocity and reducing residence time in the mesocosm 

(D’Avignon et al., 2022). It is clear from the autumn experiment that the processes controlling 

microplastic settling velocities and residence times in lake systems during highly unstable 

hydrodynamic conditions need to be more deeply studied in future research. 

The residence times calculated from the mesocosm experiments are considered more realistic 

than residence times calculated based on previous modelling or laboratory experiments, as 

mesocosm experiments more closely represent the complexities existing in lake systems. 

However, the conditions in the mesocosm are still likely to be quite different from a real lake. 

This could be due to several factors such as the boundary effect of the mesocosm walls, the 

small surface area of the mesocosm (~7 m2), and the isolation of the water inside the mesocosm 

from the rest of the lakes. This will limit the size of turbulent eddies that can develop in the 

water column and the influence of other hydrodynamic processes such as seiches and currents 

that only develop in lake basins. We also noticed that the productivity in the mesocosm was 

higher than in the surrounding lake, making the likelihood and effect of interactions with 

plankton larger than in the real lake system. Also, there were some limitations caused by the 

field instruments. For example, microplastic concentrations and residence times were 

calculated depending solely on the signals detected in the measuring cells of the fluorometers, 

with the best case being 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 column. 

Finally, our understanding of the hydrodynamics inside the water column depended largely on 

the velocity measurements by the ADV at a single point fixed at 1m below the water surface. 

This also limits our understanding of the hydrodynamics conditions over the entire extent of 

the water column. 
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5. Conclusion 

In this work we have, for the first time, conducted microplastic residence time experiments in 

a mesocosm deployed in a real lake system. The mesocosm setup and the detection and tracking 

methods have proven to be useful in quantifying the residence times of microplastic in lake 

systems under hydrodynamic conditions close to real conditions in lakes. The limitation of the 

model has also highlighted where real lake microplastic transport processes are more complex 

than pure physical transport based on sinking and turbulent diffusion.  

Our field experiments have confirmed that particle size has a significant impact on the residence 

time during stratified summer conditions. The small microplastic particles had considerably 

longer mesocosm residence times than large particles. However, the residence times of these 

small particles were still 1 to 2 orders of magnitude shorter than predicted using a random walk 

model parameterized using the Stokes sinking velocities and turbulent dispersivities from the 

mesocosm. This was thought to be due to processes such as aggregation of the microplastic 

with existing lake particulate matter, and potentially the interactions with biota. 

 Lake hydrodynamics driven by seasonal temperature changes affected the residence time and 

distribution of microplastic in the mesocosm in autumn. The microplastic residence times were 

significantly shorter than during the summer experiment and the random walk simulations. It is 

thought that this was induced by the initiation of turbulent convection in the water column. This 

shows that the behavior of microplastic in real lake systems and the uptake probability by lake 

biota such as zooplankton is still poorly understood. Future work needs to incorporate processes 

such as heteroaggregation, biofouling, and uptake by lake organisms as well as lake 

hydrodynamics to quantitatively understand microplastic residence times and associated 

ecological effects of microplastic in these sensitive environments.   
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Supplementary information 

 

S1) Mesocosm enclosure and mesocosm setup   

 

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

S2) Adding microplastics to the lake 

  

Figure S2: Adding microplastics to the mesocosm using watering cans.  
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S3) Calibration lines 

 

 

 

Figure S3: Calibration lines of the fluricence detectors.  

S4) Corrected settling velocities 

𝑉𝑆_𝑃𝐼𝑉 = 𝑉𝑆𝑇1
(
10[

247.8
𝑇1+133.15

]

10[
247.8

𝑇2+133.15
]
) 

 

 

where 𝑉𝑆𝑇1
 [LT-1], 𝑉𝑆_𝑃𝐼𝑉 [LT-1], T1 [

0C], and T2 [
0C] are the settling velocity measured in the 

laboratory at 200C, the corrected settling velocity for the lake compartments, water 

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

𝑝𝑑𝑓𝐴𝐷(𝑡 − 𝑎)

=
1

𝜏𝑠√4𝜋𝑃𝑒− 𝑡 − 𝑎
𝜏𝑠

𝑒

−
(1−

𝑡−𝑎
𝜏𝑠

)
2

4𝑃𝑒−𝑡−𝑎
𝜏𝑠  

 

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

τs [T] is the mean residence time of microplastic and Pe=vsz/D [-] the Peclet-Number, relating 

vertical settling of particles vs [LT-1] for a given length scale z [L] (in our case the observation 

depths in the mesocosm) to the turbulent diffusivity D. Assuming that the vertical particle 

settling velocities vs are known, Pe from a fitted A-D Model can be used to estimate the 

corresponding turbulent diffusivity D. For fitting the observed particle concentrations c(t) [ML-

³] to the A-D Model, the concentrations first have to be transformed into a corresponding 

probability frequency f(t) [T-1]:  

𝑓(𝑡) =
𝑐(𝑡)

∑ 𝑐(𝑡)∆𝑡
 

 

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

experiment and ∆𝑡 [T] is the corresponding measurement resolution. 
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S6) Temperature profiles inside and outside the mesocosm 

 

Figure S6: temperature profiles inside and outside the mesocosm before the start of each experiment. figures 5a, 

b, and c represent the remperature profiles during summer, while figure d repredsents the tepmeratue profile 

during autumn.  

S7) Calculated reyliegh numbers during autumn experiemnt 

 

 Figure S7: Calculated reyliegh numbers during autumn experiemnt at 30 minutes resolution. 
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S8) Characteristic settling velocities 

Experiment Settling 

velocity 

Epi. 

Settling 

velocity 

Metal. 

Settling 

velocity 

Hypo. 

 [m/d] [m/d] 

 

[m/d] 

 

1-5 µm Summer 0.0981 

1.092 

 

0.0861 

0.52 

0.0791 

0.52 

1-5 µm Autumn 0.0771 

0.782 

0.0771 

0.782 

0.0771 

0.782 

28-48 µm Summer 0.162 

8.73 

4.112 

8.03 

5.152 

8.03 

53-63 µm Summer 50.02 

19.03 

50.02 

17.03 

50.02 

17.03 

                                               1vs_Stokes 
2vs_eff 

3vs_PIV 
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S9) A detailed description of the A-D fitting procedure 

a) Summer 1-5 µm 

 

depth Pe-1 a τs 

[m] [-] [days] [days] 

0.5 0.63 0.028 0.29 

6 0.22 2.10 3.19 

10 0.019 0 19.37 
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b) Autumn 1- 5µm 

depth Pe-1 a τs 

[m] [-] [days] [days] 

0.5 1.27 0 0.31 

6 0.5 0.72 0.24 

10 - - - 
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c) Summer 28-48µm 

depth Pe-1 a τs 

[m] [-] [days] [days] 

0.5 5.762 0.34 0.37 

6 1.68 1.16 0.24 

11 0.0102 0 2.14 
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d) Summer 53-63µm 

depth Pe-1 a τs 

[m] [-] [days] [days] 

0.5 1.41 0.0021 0.0048 

6    

11    
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S10) Random Walk Model Parametrization  

Experiment HE
 HM HH 

 

Ds DM DH 

 [m] [m] [m] [m²/s] [m²/s] 

 

[m²/s] 

1-5 µm Summer 8 2 11 6.7x10-61 6.7x10-61 1.12x10-62 

1-5 µm Autumn 9 1 11 9.2x10-71 9.2x10-71 9.2x10-71 

28-48 µm Summer 8 3 11 1.07x10-51 3x10-62 3x10-62 

53-63 µm Summer 8 3 11 4.6x10-61 4.6x10-61 4.6x10-61 

           Taylor’s approach1, AD fitting2 
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Abstract 

 

Microplastic (MP) poses an uncertain risk to lake ecosystems. Its uptake is largely controlled 

by its residence time. Here we use laboratory and virtual experiments to quantify small MP 

(<15µm) residence times in a large (Lake Constance) and small (Esthwaite Water) lake. The 

aims were to quantify MP residence times in a purely physical system controlled by sinking 

and mixing and compare this to a system where Daphnia additionally package MP into faecal 

pellets. The laboratory experiments showed that settling velocities increased from ~5x10-6-10-

3 mm/s for pristine MP to ~1 mm/s for the faeces. Modeled 0.5 and 5 µm particles had very 

long lake residence times (>15 years) in the abiotic simulations but were reduced to ~1 year in 

the biotic model. The 15 µm particles had a residence time of 1-2.5 years in the abiotic system 

and <1.6 years once Daphnia were included. The ratio of the MP uptake velocity to the sinking 

velocity (v_up/vs_epi) was used to compare the biological and physical systems. For the 0.5 and 

5 µm particles v_up/vs_epi was >>1 in all cases for both lakes, while for the 15 µm MP there was 

a transition between biological and physical processes dominating depending on Daphnia 

numbers. These virtual experiments show that the packaging of small MP in faecal pellets by 

zooplankton will control its residence time in lakes. Moreover, the majority of small MP will 

cycle through organisms before reaching the sediment, increasing the likelihood of negative 

ecological effects and transfer in the food web.  

Introduction 

Microplastic (MP) is of growing concern for lake ecosystems as organisms can consume and 

transfer MP particles at all ecological levels with only poorly understood effects that potentially 

range from the individual to whole populations (Elizalde-Velázquez et al. 2020; Schwarzer et 

al. 2022; Trotter et al. 2021). Uptake by lake organisms and transfer within the food web is 

closely coupled with the MP cycle in lakes, which involves a number of complex interrelated 

processes such as transport within the water column, sedimentation to the lake sediments, 

uptake by biota, transfer within the food chain, and potentially degradation and colonisation of 

MP by biofilms (D’avignon et al. 2022). There is a growing body of literature that has 

documented the quantity and characteristics of MP polymers found in lake water (Tamminga 

and Fischer 2020), lake sediments (Su et al. 2016) as well as within lake organisms (Michler-

Kozma et al. 2022; Yıldız et al. 2022). Although it is difficult to generalise MP numbers in 

lakes due to the large diversity of lake types and geographical settings as well as differing 

sampling and quantification techniques (e.g., lower MP size cut-off often differs between 

studies, (Stock et al. 2019)), recent reviews have estimated that MP numbers in the water 

column typically vary between 0.1 and 10 MP particles m-3 (D’avignon et al. 2022; Tanentzap 
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et al. 2021). While the highest MP numbers are usually found in highly populated industrialised 

areas (e.g. 15,000 MP particles m-3 in the water column of Lake Tai Hu, China (Su et al. 2016)), 

MP can also be found in regional (Tamminga and Fischer 2020) and remote areas in remarkably 

high numbers (e.g. Negrete Velasco et al. (2020) identified ~2600 MP particles m-3 in the water 

column and outlet of a frozen Swiss mountain lake), demonstrating the importance of long-

range transport and local sources far from industrialised areas (Dong et al. 2021). 

Lakes are often considered as MP sinks as MP numbers in their sediment are typically 

significantly higher than the water column (see data compilation in D’avignon et al. 2022).  The 

lake serves as a permanent sink when MP is buried in lake sediments, or as a transitory storage 

when resuspension from the sediment releases MP back into the lake water column, or when 

there is a long residence time (RT) within the water column. The current understanding is that 

particle properties, lake properties and lake hydrodynamics largely determine whether a MP 

particle will be transported conservatively through a lake or be lost to the sediments (Elagami 

et al. 2022).  Large dense particles (>10’s of µm) tend to sink rapidly, and thus are expected to 

have short RTs within the water column and accumulate in the lake sediments (Ahmadi et al. 

2022; Khatmullina and Isachenko 2017; Waldschläger and Schüttrumpf 2019). In contrast 

small, low density particles (< few µm) have slower settling velocities, longer RTs, and are 

more likely to be flushed through the lake before they can enter long-term storage in the 

sediments (Elagami et al. 2022). Due to limitations in sampling and analysis, the smallest MP 

particles are still able to be measured in lake water or sediments, although this is starting to 

change with the availability of ultra-high resolution FT-IR and Raman spectroscopy (Vinay 

Kumar et al. 2021).  

The microplastic RT in the water column, and especially in the epilimnion, is an important 

parameter for evaluating the probability of ingestion by lake organisms. Lakes host a range of 

organisms from various trophic levels, with the potential for uptake either directly via filter-

feeding (Scherer et al. 2017) or ingestion of MP-containing prey (Chae et al. 2018) with 

subsequent transfer within the aquatic food web (Yıldız et al. 2022). Long RTs in the 

epilimnion, where the majority of lake organisms reside, leads to a higher likelihood of uptake, 

especially by planktonic filter feeders such as Daphnia.  In contrast, short RTs will give 

organisms a limited time to ingest MP particles. Uptake will also be influenced by MP size, as 

larger particles cannot pass the feeding apparatus (Ebert 2005). Filter feeders are central for MP 

entering into the food web, as they feed by consuming particulate organic carbon (POC) from 

the water column as their primary food source. This POC is typically phytoplankton, live or 

dead, and bacteria but also includes other POC sources such as detritus from the catchment 
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(Bell and Ward 1970; Mcmahon and Rigler 1965). At the population maximum zooplankton 

can remove most of the POC from the epilimnion in the ‘clear water phase’, where most, if not 

all water in the epilimnion passes through these organisms (Effler et al. 2015). This is followed 

by a rapid population decline due to the depleted food source and an increase in predation 

pressure. There is still very little known about how MP uptake affects freshwater aquatic 

organisms at concentrations relevant for real lake systems (O'connor et al. 2020). However, 

there are numerous studies that have shown detrimental effects of MP on lake biota at elevated 

MP concentrations and transfer within the lake food web (O'connor et al. 2020). However, there 

is little known about what uptake and release of MP imbedded in faeces means for MP transport 

within the water column. It seems reasonable to assume that once imbedded in zooplankton 

faeces the hydrodynamic properties of the MP should be controlled largely by the faeces 

properties rather than by those of the individual plastic particles, as has been observed in the 

ocean (Cole et al. 2016; Pérez-Guevara et al. 2021).Thus, the role of filter feeders in the lake 

MP cycle may be critical, particularly in determining microplastic RTs within the lake water 

column and the availability of MP for uptake by lake organisms.  

In this work we use a series of generic virtual lake experiments to quantitatively study the role 

of Daphnia, a key lake zooplankton species, on microplastic cycling in lakes. The simulations 

are parametrised using data from a large (Lake Constance, Germany) and a small lake 

(Esthwaite Water, UK) as well as from existing literature and our own laboratory experiments. 

The aim is to elucidate how lake size and Daphnia population dynamics effect MP RTs in the 

lake water column. We focus on how ingestion of MP by Daphnia and egestion as part of their 

faeces influences the settling velocities and residence times in the water column of these two 

lakes. Essentially, we quantify (i) how long organisms will likely be exposed to MP in the lake 

water column, (ii) if lakes act as long-term sinks for MP particles or if they are only a transient 

storage before being transported out of the lake, and (iii) the role of filter feeding organisms 

such as Daphnia play in these processes.   

Materials and Methods 

 

Model Lake System  

The transport and accumulation of MP particles with and without Daphnia was studied using 

an array of generic virtual experiments, using Lake Constance, Germany, to represent large 

lakes and Esthwaite Water, UK, to represent small lakes. The full mathematical description of 

the model can be found in the supplement. In the following we give a description of the most 

pertinent aspects of the model. Each model represents a stratified lake with a well-mixed (fully 
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turbulent) epilimnion and hypolimnion and a laminar Metalimnion similar to that described in 

Elagami et al. (2022) (Figure 1).  Model parameters such as lake area, water residence time, 

mean depth and temperature for each lake layer are based on literature data (Achterberg et al. 

1997; Isf 2016) (Table 1).  

Table 1: Lake parameters used in the virtual experiments. 

 Lake Constance Esthwaite Water 

Lake Area [km²] 472 1.0 

Water Residence Time 4 years 13 weeks 

Depth [m]   

Epilimnion  15 6 

Metalimnion  10 2 

Hypolimnion  65 4 

Mean Temperature [°C]   

Epilimnion 15 15 

Metalimnion 10 11 

Hypolimnion 4.5 8 

 

The abiotic model system includes an exponential RT distribution in the epilimnion and 

hypolimnion and one unique RT in the metalimnion based on its depth and the MP sinking 

velocity vs (i.e. t=depth/vs). The influence of Daphnia on MPs residence times was analysed for 

the epilimnion, metalimnion and hypolimnion simultaneously. The primary parameters were 

the Daphnia MP ingestion rate in the epilimnion, the MP RT in the Daphnia intestinal tract, the 

egestion rate of MP in Daphnia faeces, the settling velocity of these faeces and the Daphnia 

population numbers in the lake during the year. While we do not explicitly model ecosystem 

processes such as grazing or predator-prey relationships, these processes are implicitly included 

due to the use of measured population data from the two lakes.  

Due to the lack of literature data for individual Daphnia species, we were required to pool data 

from various species for each model parameter. For example, only the total numbers of 

Cladocera were available from monthly monitoring at Lake Constance (Isf 2016) and Esthwaite 

Water (Talling 2003), while the Daphnia MP ingestion rates were specifically for Daphnia 

magna (Scherer et al. 2017). This mix of parameters introduces an inherent uncertainty in the 

model results as each species is likely to have a characteristic set of representative parameters. 



 

124 

 

This was addressed using an uncertainty analysis described in section 2.6. Each model lake 

system was run in two ways: 1) by exclusively simulating physical MP transport within the 

water column (abiotic system, Figure 1B), and 2) by accounting for physical MP transport and 

ingestion and egestion by Daphnia (biotic system, Figure 1A). Uptake of MP by Daphnia was 

assumed to occur only during night in the epilimnion as part of the diel vertical migration, with 

the model using a 12h day-night cycle. This is another simplification of reality, as real lakes are 

populated an array of Daphnia species with individual migration patterns that are often 

responding to predator (fish) behaviour and day length (Ringelberg 1999). However, this seems 

to be the most realistic way of simply representing the most important aspects of Daphnia 

feeding habits into the model. MP particles are released as part of Daphnia faeces into the 

epilimnion which then sink with a characteristic sinking velocity. Once the MP particles reach 

the lake sediments they were assumed to be permanently immobilized. For both model systems 

we further assume 1) both lakes are perpetually stratified and 2) once particles enter the lake 

they are uniformly distributed in the epilimnion. These are necessary simplifications as 

simulating the full hydrodynamics of the two lakes is not possible with our simplistic 

representation of the lake system as a series of transfer functions.    

 

Figure 1: Conceptual model of the primary processes effecting MP transport and residence 

times in a stratified lake as implemented in the model. A) the model containing biological 

uptake and excretion by Daphnia plus physical transport, B) purely physical transport in the 

water column.  
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2.3 Settling Velocities for MP particles  

Microplastic settling velocities for the different lake compartments were estimated using Stokes 

law for polystyrene (ρ=1.050 kg m-³) with particle diameters of 0.5 µm, 5 µm and 15 µm. 

Settling velocities of the particles were corrected for water temperature based on mean annual 

temperatures in each of the lake compartments by applying an empirical relationship that is 

dependent water density and dynamic viscosity (Elagami et al. 2022).   

2.4 Uptake and Egestion of MP by Daphnia  

Ingestion of particles into the digestive tract of Daphnia was represented by assuming 

proportionality between the particle uptake rate and MP numbers in the epilimnion (Eq. S1). 

k2(t) represents the time dependent MP uptake parameter for the entire population of Daphnia 

and essentially represents the proportion of the epilimnic water that passes through the Daphnia 

population per day. It requires 1) a representative filtration rate for a single daphnid individual 

m, 2) the total volume of the epilimnion Vepi, 3) the Daphnia population per lake area P as a 

function of time and 4) the corresponding lake area A. Data used to derive the filtration rate 

(Supplementary Figure S1A) were taken from MP feeding experiments presented in Scherer et 

al. (2017) while the population densities of Cladocera for Lake Constance and Esthwaite Water 

are based on Isf (2016) and Talling (2003)  respectively (Supplementary Figure S1B). 

𝑘2(𝑡) =
𝑚

𝑉𝑒𝑝𝑖
𝐴 𝑃(𝑡) (3) 

The faeces excretion rate (supplementary Eq S1) controlling the release of MP from the 

Daphnia into the epilimnion, was estimated from D. magna feeding experiments presented in 

Rosenkranz et al. (2009). An exponential model was used to represent the experimental data 

shown in Supplementary Figure 1C. The exponential model showed a very good fit (r²=0.99), 

providing an estimate for the excretion rate of 14.5 d-1 which translates to a RT in the Daphnia 

of about 5 h for 95% of particles to leave the organism.  

2.5 Faeces sinking velocities 

There is currently no data available on the sinking velocities of Daphnia facies containing MP 

from fresh water lakes. To quantify the sinking velocities of these MP imbedded faeces, 

experiments were conducted in the laboratory of Animal Ecology, University of Bayreuth, 

using the D. magna clone BL2.2 that originated from a small pond in Leuven (Belgium) (Imhof 

et al. 2017). Prior to the experiment, female Daphnia were cultured in 1.5 L jars containing 1 

L artificial M4 medium at 20 ± 0.5 ◦C and a 16 h:8 h light:dark regime with half an hour dusk 

and dawn respectively (Elendt and Bias 1990). Daphnia were fed ad libitum with the unicellular 
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green algae Acutodesmus obliquus three times a week. To avoid crowding effects, neonates of 

the first and second broods were removed within 24 h after release. 

Microplastic used in the feeding experiments were wet ground PS fragments (diameter ~17.7 

µm, PS158N/L; INEOS Styrolution Group GmbH, Germany) and red PS spheres (diameter ~3 

µm; Polybead®, Polysciences, Inc.; USA). Additionally, spray dried fluorescent labelled 

(rhodamine B) PS (Ø 10.4 µm; Europäisches Zentrum für Dispersionstechnologien, Germany) 

was used to analyze the degree of MP incorporation into the faeces. Stock suspensions of PS 

particles were prepared following the protocol of Schür et al. (2020) ensuring that particles 

were well dispersed. Approximately 50 mg of the respective particles were suspended in 50 ml 

autoclaved M4 medium and shaken for 48 h at 100 rpm. Stock suspensions were then stored at 

4 ◦C and continuously stirred before dilution. Finally, the particle concentration of stock 

suspensions was evaluated using a hemocytometer (Brand GmbH) prior to the experiments.  

Third brood age synchronized primiparous D. magna were separated in 150 ml beakers 

containing 50 ml of the M4 medium, 2 mg C l-1 of A. obliquus and 5000 particles ml-1 of the 

respective MP particles. After 24h of exposure to the particles, Daphnia faeces were collected 

from the bottom of the beakers and gently transferred with 5 ml plastic pipettes to a plexiglass 

chamber (3 x 3 x 12 cm) filled with M4 medium for settling velocity measurements. Faeces 

settling velocities were measured using particle image velocimetry (PIV) (Elagami et al. 2022). 

Velocities were subsequently determined using the TrackMate plugin (Ershov et al. 2021) in 

ImageJ (Schindelin et al. 2012). 

To determine if the MP were incorporated into the Daphnia faeces, the animals were exposed 

to the rhodamine B labelled PS as described above. After 24h, faecal pellets were collected, 

gently washed three times in ultrapure water, transferred to microscope slides, dried in a 

desiccator and imaged using a Leica M205 FCA fluorescence stereo microscope (excitation: 

553 nm; emission: 627 nm; Leica Microsystems; Germany).  

2.6 Physical sinking vs biological uptake 

To determine if MP transport in the lake epilimnion is dominated by abiotic or biotic transport 

processes we calculate the ratio between the mean MP residence time in the epilimnion τepi, and 

a characteristic Daphnia ingestion time τup (Eq. 4). τup is the inverse of 𝑘2(𝑡).  vup is m P(t) and 

by using the definition of the mean residence time in the epilimnion (Supplementary equation 

2a), the ratio in equation 4 can also be expressed in terms of the particle settling velocities and 

uptake velocities. When v_up/vs_epi ratio is ~1 both uptake/excretion by Daphnia and physical 

sinking are equally important for MP residence times within the epilimnion, while at 
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v_up/vs_epi>>1 biological uptake dominate, while v_up/vs_epi <<1 indicate that physical transport 

dominate. 

𝜏𝑒𝑝𝑖

𝜏𝑢𝑝
=

𝑚 𝑃(𝑡)

𝑣𝑠_𝑒𝑝𝑖
=

𝑣𝑢𝑝

𝑣𝑠_𝑒𝑝𝑖
 

(4) 

2.6 Parameter Uncertainty 

Data on MP uptake and excretion rates of MP by filter feeding organisms such as Daphnia are 

sparse, especially at the species level. We have been restricted to data from a limited number 

of sources and usually to one single Daphnia species, which also varies from parameter to 

parameter. To account for the uncertainty introduced into the simulation we performed an 

uncertainty analysis using a bootstrapping method. Egestion, filtration rates and Daphnia 

population dynamics were randomly selected as model input from a range of ± 50 % of the 

original values, assuming the original values represent the mean of a normal distribution. This 

changes the absolute numbers of each parameter, but not the temporal development of the 

population. In total 200 unique parameter sets for each lake system were generated and run 

through the model. All simulations were evaluated for the time it takes for 95% of the MP 

particles to reach the lake sediments, referred to as the lake residence time.  

Results 

The settling velocities of the MP-containing Daphnia faeces had a mean and standard error of 

1.04 ± 0.07 (n=14) and 0.93 ± 0.13 mm s-1 (n=13) for the 17.4 µm and 3 µm MP particles, 

respectively (Figure 2). In comparison, the Stokes sinking rates of pristine plastic of the same 

size was 7.5 x 10-3 and 2.2 x 10-4 mm s-1.  This shows that the sinking velocity of Daphnia 

faeces controlled the MP sinking rate, while the effect of MP size was only of minor importance 

in the faeces. The MP particles were clearly imbedded in the Daphnia faeces pellets (Figure 2). 

A sinking velocity of 1 mm s-1 was used for all subsequent modelling of faeces sinking 

velocities, except for the sensitivity analysis where it was varied by ± 50 %, as described above.  
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Figure 2: Settling velocities of Daphnia magna faeces containing PS MP (fragments n = 14; 

spheres n = 13). Mean settling velocities (± SE): fragments 1.04 ± 0.07 mm/s; spheres: 0.93 ± 

0.13 mm/s. Inset is an image of D. magna faeces containing MP. Scale bar of inset faeces is 

100 µm.  

Initially the model particle flux to both lakes was kept constant for one full year at 107 particles 

per day, which amounted to a total MP input to both lakes of 3.65x109 particles (Figures 3&4). 

Thereafter MP particle numbers in the epi-, meta-, and hypolimnion were solely controlled by 

in-lake processes. During the first year MP numbers increased rapidly in the epilimnion of both 

lakes. In the Lake Constance abiotic model MP numbers in the water column reached ~3.6 x 

109 particles for the 0.5 µm MP, 2.1x109 particles for the 5 µm MP, and 0.3 x 109 particles for 

the 15µm MP (Figure 3). In the biotic system containing Daphnia the number of particles in 

the epilimnion were only 5-10 % of the abiotic system, with a maximum of 0.4x109 particles 

for both the 0.5 and 5 µm MP and ~0.2x109 particles for the 15 µm MP. The maximum in MP 

numbers were not found at the end of the first year as in the abiotic system, but shortly before 

the maximum in the Daphnia populations. In the abiotic simulations for the smaller lake 

Esthwaite Water MP numbers in the epilimnion were similar to Lake Constance for the 0.5 µm 

particles, but where considerably lower for the 5 µm (~1.1 x109) and especially the 15 µm 

(~0.1x109) particles (Figure 4). In the Esthwaite Water biotic model the highest MP numbers 

in the epilimnion were not found at the end of the first year, as also seen in Lake Constance, 

but slightly before the maximum in the Daphnia population, with ~0.5x109 particles for the 0.5 

µm, 0.4x109 for the 5µm particles, and 0.1x109 for the 15 µm particles. This is 14 %, 45% and 
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~100 % of the maximum particle numbers found in the abiotic system for the three particle 

sizes, respectively.  

 

Figure 3: Comparison between simulated abiotic and biotic MP numbers and percent of total 

input in Lake Constance epilimnion, entering the sediments and in the Daphnia biomass.   
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Figure 4: Comparison between simulated abiotic and biotic MP numbers and percent of total 

input in the Esthwaite Water epilimnion, entering the sediments and in the Daphnia biomass.  

In the abiotic simulations, once the MP flux ceased the numbers of 0.5 µm particles decreased 

very slowly in the epilimnion of both lakes; ~95 % of the particles remained in the Lake 

Constance and ~87 % in the Esthwaite Water epilimnion after 5 years simulation time (Figures 

3&4). The 5 µm and especially the 15 µm particles exited the epilimnion considerably faster 

than the 0.5 µm particles in both lakes, with 95 % of these larger particles lost <1-3.5 years.  

In contrast to the epilimnion, the time required for 95% of the particles to exit the entire lake 

water column and reach the sediments (MP lake residence time, τ) for the abiotic systems was 

in excess of 15 years for the 0.5 µm and 5 µm particles and ~2.4 years for the 15 µm particles 
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in Lake Constance (Table 2). In contrast the residence times for 5 µm and 15 µm particles in 

Esthwaite Water where only ~2.15 and 1.03 years due to the shallower lake depth. The 0.5 µm 

particles were calculated to have a residence time of >15 years, with no noticeable flux to the 

sediments over the entire 15 year simulated period. Only a very small proportion of MP was 

found in the Daphnia biomass at any one time, with a maximum of 0.15 % of the total MP 

added to the lake, and usually around 0.05 % (Figures 3&4). There were a larger number of the 

0.5 µm and 5 µm particles stored in biomass than 15 µm particles.  

Table 2: Microplastic residence time and uncertainties (from the sensitivity analysis) in the 

two lakes, defined as the time for 95 % of the particles to leave the lake and enter the 

sediments.  

 Lake Constance 

residence time [years] 

(confidence interval) 

Esthwaite Water 

residence time [years] 

(confidence interval) 

0.5 µm   

bitotic system 1.02 (0.99-1.15) 1.19 (0.98-1.26) 

abiotic system >15 >15 

   

5.0 µm   

bitotic system 1.1 (1.01-4.04) 1.2 (1.02-1.37) 

abiotic system >15 2.15  

   

15.0 µm   

bitotic system 1.58 (1.33-1.9) 1 (0.98-1.01) 

 

Apart from the 15 µm particles for Esthwaite Water, the MP residence times for both lake 

systems were significantly shorter in the biotic than in the abiotic simulations (Table 2). The 

largest difference in residence times were observed for the 0.5 µm particles, where 95% of the 

MP particles reached the sediments after ~1 year for both lakes in the biotic model while in the 

abiotic model it was >15 years. The reduction in residence time caused by introducing Daphnia 

into the model decreased with particle size, and lake depth, to the point where there was little 

(a few %) difference between abiotic and biotic residence times for the 15 µm particles in the 



 

132 

 

shallow Esthwaite Water. The temporal dynamics in particle numbers in both lakes was largely 

controlled by the Daphnia population dynamics, with the minimum MP numbers in the water 

column during the clear water phase when the Daphnia population was at its maximum. The 

highest numbers were in the winter months when there was nearly no Daphnia in both lakes. 

There was little noticeable effect of the dial feeding cycle on MP numbers.  

The parameter uncertainty analysis for the biotic Lake Constance model indicated that the 

residence times of 0.5 µm, 5 µm and 15 µm particles were only  minimally affected by 

parameters associated with ingestion and egestion of MP and Daphnia population dynamics 

(Table 2 & supplementary Figure 3). The estimated 95 % confidence intervals for residence 

times ranged between 0.99-1.15  years for 0.5 µm, 1.01-4.04 years for 5 µm and 1.33-1.9 years 

for 15 µm particles (Table 2). In the Esthwaite Water model parameter uncertainty only had a 

significant effect for the 0.5 µm and 5 µm particles. The 95 % confidence intervals ranged 

between 0.98-1.26 (0.5 µm), 1.02-1.37 (5 µm) and 0.98-1.01 years (15 µm). As would be 

expected, the combined effect of the filtering rate and the total numbers of Daphnia in the lake 

had the largest effect on MP residence times in the simulations. The combination of these two 

parameters quantifies the total amount of water, and thus also number of particles, that passes 

through the Daphnia population. The egestion rate has less of an effect on the residence times 

but controls the amount of MP stored in the organisms. The parameters associated with particle 

settling were not subject to the bootstrapping analysis, as the model uncertainty is assumed to 

be predominantly associated with the poorly constrained and often lumped biological 

parameters taken from the literature.   

The ratio between the MP uptake rate by Daphnia and the sinking velocity of pristine MP in 

epilimnion (v_up/vs_epi) was calculated as a dimensionless number to characterize the importance 

of the biotic versus abiotic pathways for MP residence times in the lake water column. A 

v_up/vs_epi ratio of 1 indicates that sinking and uptake are of equal importance, >>1 indicates the 

biological pathway dominates while a value <<1 indicates that the abiotic sinking dominates. 

We define the transition zone to be from 0.1 to 10. This analysis showed that v_up/vs_epi scales 

with the Daphnia population and particle size; and that the smaller the MP particle the more 

dominant is the biological pathway (Figure 5). For the 0.5 µm particles the biological pathway 

is always the dominant way for MP to leave the lake water column and enter long term storage 

in the sediments (as faeces), while for the 5 µm and 15 µm particles the biological pathway 

becomes dominant (>10) at Daphnia populations of 10,000 and 100,000 individuals per m2 

respectively. The 5 µm particles remain >1 for Daphnia numbers >1000 individuals per m2 and 

v_up/vs_epi is never below 0.1 for the populations recorded in both lakes. Only the 15 µm particles 
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produced a v_up/vs_epi value smaller than 1 for the Daphnia populations measured in the lakes 

while the abiotic pathway becomes dominant (<0.1) at populations below 1000 individuals per 

m2.  

 

Figure 5: Ratio of Daphnia uptake vs. physical sediment as a function of the Daphnia 

population as an indicator of physically vs. biologically controlled MP removal from lake 

systems.  

Discussion 

Despite decades of plastic pollution research in the world’s oceans, it is still in its infancy in 

limnic environments. Microplastic is of growing concern in these systems due to is ubiquitous 

presence, transfer within the food web and potentially adverse effects range from individual 

organisms to whole ecosystem scales (D’avignon et al. 2022; O'connor et al. 2020). The amount 

of plastic, and MP in particular, entering the terrestrial environment is expected to increase in 

the future (Lebreton and Andrady 2019), making it imperative to more deeply understand its 

transport through and between terrestrial compartments including aquatic environments.  

Microplastic transport processes in the lentic water column control MP residence times, but 

these processes are poorly understood because of the complexity of various interacting factors. 

Residence time is important to quantify, however, as it controls the probability of uptake by 

filter feeding aquatic organisms such as Daphnia. The longer such organisms are exposed to 

MP, the higher the chance that it will be ingested and enter the lentic food web, and possibly be 

transferred between trophic levels (Yıldız et al. 2022). Previous research has focused 



 

134 

 

predominately on physical transport processes such as sinking velocities (Kaiser et al. 2019; 

Waldschläger and Schüttrumpf 2019) and mixing (Elagami et al. 2022) and how this is 

influenced by particle properties such as plastic polymer type, size and shape. There is currently 

little, if anything, known about the role of lake organisms for MP residence times in lakes. 

Evidence from the marine environment suggests that faeces can have a significant effect on 

settling velocities, but even these experiments assume laminar conditions which is a large 

simplification of reality (Pérez-Guevara et al. 2021).  

The simulations performed here show that when neglecting the biological pathway residence 

times for small (0.5 and 5 µm) MP particles in Lake Constance are very long for both the 

epilimnion and the entire lake water column (both >15 years). The residence time for these 

particles was considerably longer than the lake flushing time (~4 years, defined as river 

discharge leaving lake divided by the lake volume), suggesting that MP will be transported 

conservatively through the lake rather than deposited in the sediments. This is similar for the 

Esthwaite Water, with the MP residence time ranging between >60 (0.5 µm) and ~8 (5 µm) 

times the flushing time (13 weeks) despite shorter MP residence times in this small lake. These 

results suggest that lakes will not act as a sink for small MP particles unless additional 

processes, such as uptake by filter feeders or possibly aggregation of MP with existing lake 

particles (Long et al. 2015; Schmidtmann et al. 2022), significantly increases their settling 

velocities. The 15 µm particles are expected to reach the sediments as their residence times are 

only a fraction of the lake flushing time for both lakes, with this being more evident in Esthwaite 

Water due to its shallow depth.  

When MP ingestion and egestion by Daphnia was introduced into the model structure the 

residence times for the small particles were drastically reduced for both the epilimnion and the 

entire lake water column. More than 90 % of MP, regardless of particle size and lake size, 

reached the sediments in less than a year. The importance of the biological pathway is also 

highlighted by particle numbers in the epilimnion being purely controlled by the number of 

Daphnia present. During winter when Daphnia numbers are low MP numbers increased to their 

highest levels, while they sank to near-zero in the clear water phase when Daphnia filter a 

significant portion of the POC, including MP, out of the lake epilimnion.  The proportion of 

epilimnic water that passes through the Daphnia (k2 in Eq.  3) each day controls MP uptake. At 

the height of the clear water phase in Lake Constance (~ 106 Daphnia individuals m-2), the 

whole of the epilimnic water volume passes through the organisms 2.5 times per day. This is a 

very high filtering capacity. To evaluate if this is plausible, we have conducted a simple 

calculation based on measured Daphnia filter rates from the literature (0.1-5 ml h-1 individual-
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1, depending largely on Daphnia size (Burns 1969)), the Daphnia numbers in Supplementary 

Figure 1 (max. 106 individuals m-2) and lake area and epilimnion depth given in Table 1. This 

calculation suggests that between 0.2 and 8 times the volume of the epilimnion can pass through 

the Daphnia population per day. While this calculation has several assumptions, such as 

uniform Daphnia numbers across the lake, our value for k2 is in reasonable agreement with 

literature values. The sensitivity analysis supports this conclusion as it showed that the 

residence times are only minimally influenced by the selection of the biological parameters 

used, and the same interpretation would be made by varying the biological uptake rate, 

population density and excretion rate from 50-150 % of the original value. 

The dominance of the biological pathway for the 0.5 µm and 5 µm MP particles is also clearly 

shown by the value of v_up/vs_epi. In all cases the biological pathway dominates (>10) for the 

0.5 µm MP, while it is dominant for the 5 µm particles for all but the winter Daphnia 

populations (<10,000 individuals m-2).  For the largest particles, the value of v_up/vs_epi is 

consistently in the transition zone (ratio 0.1-10) where both biologically mediated transport and 

physical transport are important for MP residence times in the epilimnion.  

Model Uncertainties 

 

The model presented here is a highly simplified representation of reality, both in terms of the 

data used and the model physics. Parameter uncertainty is addressed to some extend by the 

sensitivity analysis, so that the largest uncertainties probably stem from the simplified way the 

model represents lake physics. For example, the model assumes that the virtual lakes are 

permanently stratified rather than mixing one or more times per year as is typical for mid 

latitude lakes such as Lake Constance and Esthwaite Water. These simplifications were 

necessary to avoid a full simulation of lake hydrodynamics, and then coupling the 

hydrodynamic model to a biological module and a particle transport module, all of which is not 

trivial. Lake turnover would have distributed the MP throughout the lake water column, rather 

than it being confined to the individual compartments where the residence time is controlled by 

the sinking velocity. It is difficult to predict what this mixing would imply for MP residence 

times, as MP from the epilimnion would be mixed into the hypolimnion, which may reduce the 

total residence time. Concurrently, MP from the hypolimnion would also be mixed back into 

the epilimnion, increasing the residence time, and leading to an enhanced exposure to organisms 

such as Daphnia with the potential for ingestion and egestion imbedded in faeces at the start of 

spring. In general, more MP is found in the hypolimnion at steady state in abiotic models 

(Elagami et al. 2022), suggesting that the mean RT may be increased by lake turnover.  
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We also assumed that the sediments act as a permanent sink. Given the low density of many 

plastic polymers and shear forces acting on the lake bed, especially in large lakes (Lorrai et al. 

2011), it is possible that MP will be re-suspended back into the lake. This is expected to be 

enhanced during turnover due to the highly turbulent conditions induced by mixing events, even 

in the hypolimnion (Cannon et al. 2021). This would render these re-suspended particles 

available for uptake, effectively increasing their RT in the lake.  

A potentially important biological assumption not directly related to transport is that the faecal 

pellets are assumed to undergo no changes while sinking to the sediments. It is known that 

Daphnia faecal pellets are fragile and are colonized by bacteria that can decompose the pellets 

in the water column (He and Wang 2006; Pérez-Guevara et al. 2021). This would reduce the 

sinking velocity of the pellets as mass is lost and they become smaller both of which would 

extend residence times. Pellets can also form a food source for higher organisms such as fish, 

in which case the MP would likely end up in large faecial material and sink more rapidly than 

in the Daphnia pellets (Pérez-Guevara et al. 2021). Finally, we have only used Daphnia as our 

‘model’ filter feeding organism. Lakes host an array of filter feeding zooplankton, such as 

Copepods and rotifers, meaning that there is a large potential for more MP to enter the food 

web than predicted by the model. This MP would also be packed in faecal pellets and sink to 

the sediments. Despite uptake likely being somewhat species specific (e.g. general vs. selective 

feeders) we believe that our uptake rates are at the lower end of the expected range in nature as 

we have concentrated exclusively on Daphnia as a representative filter feeding organism. 

Despite these model uncertainties, we believe that our simplified model captures the most 

salient transport and uptake processes controlling the residence times of MP in lakes.  

Conclusions 

These virtual experiments highlight the importance of including lake ecology into calculations 

when estimating MP transport processes in physical models and in particular when assessing 

residence times. The model predicts that the residence time of small MP imbedded in faecal 

pellets with be orders of magnitude shorter than pristine plastic and is likely to play a critical 

part in determining MP residence times and uptake by zooplankton in lakes and ponds. It also 

shows that the vast of majority of small MP will cycle through lake organisms rather than 

sinking to the sediments via physical transport processes, with potential negative effects to these 

organisms and ecosystems. It will be vital in the future to test these first model predictions with 

experimental data, and we hope these virtual experiments will stimulate both discussions and 

experiments to this effect.  
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Supplementary Information 

 

Mathematical Transport Model 

A dynamic lake model was developed to represent the transport behaviour of MP for the biotic 

and abiotic systems. Similarly to  Elagami et al. (2022) the model represents a lumped 

parameter approach that uses transfer functions to represent the behaviour of MP-particles in 

each lake compartment. The transfer functions represent transport, mixing and uptake processes 

occurring in the two lake water columns (Figure 1B). Particle numbers Ni in free suspension 

(N1 = epi- , N2 = meta-, N3 = hypolimnion) in lake sediment (N4) and within zooplankton faeces 

(N5 = epi- , N6 = meta-, N7 = hypolimnion and N8 = lake sediments) were simulated for each of 

the lake compartments as well as within the digestive tract of the zooplankton (N9) in the 

epilimnion. For the epi- and hypolimnion, the model assumes fully mixed (turbulent) conditions 

that are represented by exponential transfer functions (i.e., exponential residence time 

distributions) . For the metalimnion, the model assumes laminar conditions, where particles 

have a single residence time, mathematically represented by a Delta-Dirac transfer function that 

is similar to a ’piston flow’ type model. For all compartments the governing equations can be 

combined into a set of nine coupled ordinary differential equations:  

𝑑

𝑑𝑡
�⃑⃑� = 𝑀 ∙ �⃑⃑� + �⃑�  

(S1) 

In Equation S1 
ⅆ

ⅆ𝑡
�⃑⃑�  [particles T-1] represents the change of MP numbers in time for each 

model compartment �⃑⃑� = (𝑁1 … 𝑁9) , M [T-1] represents a matrix containing first order 

transfer coefficients k1-k6 [T
-1] defining the exponential transfer functions used to represent 

the effect of turbulent mixing for the epi- and hypolimnion as well as the uptake and 

excretion by Daphnia (Equation S2).  
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𝑀

=

[
 
 
 
 
 
 
 
 
 
−𝑘1 − 𝑘2(𝑡) 0 0 0 0 0 0 0 0

𝑘1 0 0 0 0 0 0 0 0
0 0 −𝑘3 0 0 0 0 0 0
0 0 𝑘3 0 0 0 0 0 0
0 0 0 0 −𝑘5 0 0 0 𝑘4

0 0 0 0 𝑘5 0 0 0 0
0 0 0 0 0 0 −𝑘6 0 0
0 0 0 0 0 0 𝑘6 0 0

𝑘2(𝑡) 0 0 0 0 0 0 0 −𝑘4]
 
 
 
 
 
 
 
 
 

 

(S2) 

 

�⃑�  [particles T-1] is a vector containing information about the input of MP into the epilimnion 

I(t) [particles T-1] and fluxes associated with the laminar settling of MP and MP containing 

faeces in the metalimnion (Equation S3).  

 

�⃑� =

[
 
 
 
 
 
 
 
 

𝐼(𝑡)
−𝑘1𝑁1(𝑡 − 𝜏1)
𝑘1𝑁1(𝑡 − 𝜏1)

0
0

−𝑘5𝑁5(𝑡 − 𝜏2)

𝑘5𝑁5(𝑡 − 𝜏2)
0
0 ]

 
 
 
 
 
 
 
 

 

(S3) 

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

to the definition of the mean lifetime of an exponential function 𝑘 =
1

𝜏𝑒𝑝𝑖,ℎ𝑦𝑝𝑜
 where𝜏𝑒𝑝𝑖,ℎ𝑦𝑝𝑜 

[T] are mean residence times of MP and MP containing faeces in the turbulent epi- and 

hypolimnion. Values for the mean residence times τepi, τmeta and τhypo were calculated using 

equation S4a-c, where vs [LT-1] represents the laminar settling velocities for MP in each lake 

compartment and z [L] is the corresponding thickness of the epi- meta- and hypolimnion. 

The final set of coupled differential equations (shown in Figure S2) was solved 
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simultaneously for every timestep by using the SIMULINK toolbox in MATLAB. For both 

lake systems the model was run for a period of tend = 15 years with variable time stepping. 

𝜏𝑒𝑝𝑖 =
𝑧𝑒𝑝𝑖

𝑣𝑠_𝑒𝑝𝑖
 (S4a) 

𝜏𝑚𝑒𝑡𝑎 =
𝑧𝑚𝑒𝑡𝑎

𝑣𝑠_𝑚𝑒𝑡𝑎
 (S4b) 

𝜏ℎ𝑦𝑝𝑜 =
𝑧ℎ𝑦𝑝𝑜

𝑣𝑠_ℎ𝑦𝑝𝑜
 (S4c) 

 

 

 

 

Supplementary S1: A) relationship between particle concentrations and uptake rate of MP 

for Daphnia Magna from Scherer et al. (2017). B) Daphnia population dynamics in Lake 

Constance and Esthwaite Water are from ISF (2016) and Achterberg et al. (1997), C) Data 
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used to calculate MP excretion rates of Daphnia faeces, and D) Daphnia filtration rate as a 

proportion of the epilimnion water volume.  

 

 

 

Supplementary Figure S2: Graphical representation of the mathematic lake model including 

the most important parameters used in the calculations.  
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Supplementary Figure S3: Sensitivity analysis of the fraction of MP particles entering the 

sediments (residence times) in Lake Constance and Estwaite Water. Sedimentation rate, 

population density, egestion and filtration rates was varied from 50-150 % of their average 

values to quantify the effects of parameter selection on residence time estimates.  
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