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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 (10ī1 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 ɛm 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 ɛm 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 ɛm 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 ɛm 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 mill ion 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 (DôAvignon 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 ósecondaryô 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; DôAvignon 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 (DôAvignon 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 

(DôAvignon 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 (DôAvignon 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 (DôAvignon 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 (DôAvignon 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 (DôAvignon 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 (DôAvignon 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 ɛm particles. Secondly, the settling velocities 

of particles outside Stokes range (28-48 and 53-63ɛm) 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 sī1. 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 (ī) 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 ñshortò 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 ɛm. 

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 particleôs 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-

5ɛm 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 53-63ɛm 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 



 

21 

 

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 ɛm 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 ólargeô 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 



 

24 

 

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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