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Abstract
Microplastics residence times in lakes are currently poorly understood. In this work, settling experiments

with pristine and biofilm-colonized microplastic particles were combined with model calculations to evaluate
settling velocities, particle distributions, and residence times in the epilimnion, metalimnion, and hypolimnion
of a hypothetical stratified lake broadly based on Upper Lake Constance. Settling velocities of various biodegrad-
able and nonbiodegradable polymers of various shapes, sizes, and biofilm colonization were measured in a set-
tling column. The settling velocities ranged between ~ 0.30 and ~ 50 mm s�1. Particle sizes and polymer
densities were identified as primary controls on settling rates. Microplastic particles that had been exposed to a
lake environment for up to 30 weeks were colonized by a range of biofilms and associated extracellular poly-
meric substances; surprisingly, however, the settling velocity did not vary significantly between pristine and col-
onized microplastic particles. Simulated microplastic residence times in the model lake varied over a wide range
of time scales (10�1 to 105 d) and depended mainly on the size of the particles and depth of the lake layer. Long
residence times on the order of 105 d (for 1-μm microplastic particles) imply that for small microplastic particles
there is a high probability that they will be taken up at some stage by lake organisms. As the lake retention time
(~ 4.5 years) is considerably shorter than the residence time of small microplastics, negligible quantities of these
microplastic particles should be found in the lake sediment unless some other process increases their settling
velocity.

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

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

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

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

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

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

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

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

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

Methods
Characterization of microplastic particles

All biodegradable and nonbiodegradable fragments were
provided by the Department of Macromolecular Chemistry at
the University of Bayreuth, Germany. The selected polymers
(Table 1) capture the dominant plastics produced by the plas-
tic industry (Wright et al. 2013; Rocha-Santos and
Duarte 2015). The size of the particles ranged between ~ 150
and ~ 2200 μm. The selection of various particles and polymer
types aimed at assessing the effect of particle size, and poly-
mer density on the settling velocity. The distinction between
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biodegradable and nonbiodegradable polymers was aimed at
assessing the potential effect of polymer surface chemistry and
polymer type on the settling behavior of microplastic particles
in lakes. Also, several recent studies, such as Bagaev et al. (2017)
and Waldschläger and Schüttrumpf (2019), focus mainly on
non-biodegradable polymers. Our work extends the types of
polymers assessed in sinking experiments to a potentially
important class of plastics that may become more prevalent in
the future as society move toward biodegradable plastics.

Particle geometries were determined in the laboratory using
a light microscope and a high definition digital single-lens
reflex camera (Zeiss Axioplan microscope and Cannon EOS 5D
respectively). The maximum particle length A [L] and the min-
imum particle length C [L] in the XY-plane of each irregularly
shaped particle were measured based on these images using
ImageJ software (Schindelin et al. 2012) (Supporting Informa-
tion Fig. S1). The XZ-plane length B [L] was estimated as the
average of A and C as a necessary approximation due to only
being able to acquire two-dimensional images with the micro-
scope available. As all particles used in the experiments were
irregularly shaped (Supporting Information Fig. S1, S2), the
equivalent diameter of each particle was calculated based on
the best-fitting ellipsoid. The equivalent spherical diameter for

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

Deq ¼
ffiffiffiffiffiffiffiffiffiffi
ABC3

p
, ð1Þ

CSF¼ Cffiffiffiffiffiffiffiffi
A:B

p : ð2Þ

The density of each nonbuoyant polymer was determined
according to the procedure described in Waldschläger and
Schüttrumpf (2019): Each particle was placed in a 50-mL glass
beaker of distilled water. After the particle had sunk to the bot-
tom, 1 μL of zinc chloride solution was added. This procedure
was repeated until the particle was in a stable suspension. One
milliliter of the solution was then weighed to determine the
density of the particle. This process was repeated three times
for each polymer using three different particles and the aver-
age polymer density was calculated. Some of the particles ini-
tially did not sink, despite their densities exceeding that of
water. This is thought to be due to the hydrophobic surface
chemistry of the pristine plastic. To avoid this, the particles
were pretreated for 20 min in an ultrasonic bath. The hydro-
phobicity effect was particularly noticeable for polystyrene as
its polymer density 1.03 g cm�3 is very close to that of water.

Settling velocity measurements
Settling velocities of the microplastic particles were mea-

sured in a water-filled glass column with a cross-section of
18 cm � 18 cm and a height of 1.10 m (Fig. 1) based on the
design of Khatmullina and Isachenko (2017). At the bottom of
the column, a filter mesh (width 51 μm) was used to collect
and retrieve the individual particles after each settling experi-
ment. The glass column was also equipped with two ther-
mometers to measure the water temperature during each
experiment. The laboratory was air-conditioned at 20 � 1�C.
Settling velocities were measured using tap water
(density = 0.998 g cm�3, kinematic viscosity = 0.01 cm2 s�1,
and oxygen content = 9.45 mg L�1).

Table 1. A list of all polymers used during settling velocity experiments and their measured densities.

Polymer Abbreviation Density (g cm�3) Type

Polystyrene PS 1.03 Nonbiodegradable

Polyamide 66 PA66 1.12 Nonbiodegradable

Polyvinylchloride PVC 1.38 Nonbiodegradable

Polycaprolactone PCL 1.14 Biodegradable

Polylactide PLLA 1.20 Biodegradable

Polybutylenadipate terephthalate PBAT 1.22 Biodegradable

Fig. 1. The water column and the setup of the two-dimensional particle
image velocimetry system.
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The settling velocity for each microplastic particle was
determined using a two-dimensional particle image
velocimetry system iLa 5150. The system consists of a high-
speed camera (80 frames per second), a light source (high-
power light-emitting diodes) with a wavelength = 530 nm,
and hardware for synchronization (Fig. 1). The software can
determine the settling velocities in two dimensions using
the recorded image stream by cross-correlation of sequential
pairs of images. The image pairs were used to analyze the set-
tling path of each particle and the time elapsed. The system
was tested for accuracy and precision. A reference particle
(polyamide 66) with an equivalent diameter of 1.75 mm was
measured seven times under identical conditions. After each
measurement, the particle was collected using the mesh. The
mean and relative standard deviation (RSD%) was
32 mm s�1 � 7%.

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

Lake incubations
To measure the effects of biofilm colonization on microplastic

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

Colonization of microplastic particle surface with biofilm-
building microorganisms was characterized by confocal laser
scanning microscopy. Colonized microplastic particles were
incubated in 100 μL staining solution for 20 min. All dyes and
lectin-dye conjugates were used in a concentration of
1 μg ml�1. DNA/RNA was stained using Syto 40. The
DNA/RNA signal was used to visualize microbial cells whereas
lectin-fluorophore conjugates were used to visualize the

extracellular polymeric substances (wheat germ agglutinin—
Alexa Fluor 555, soybean agglutinin—Alexa Fluor 488, and
peanut agglutinin—Alexa Fluor 647). After incubating the par-
ticles in the dyes, the samples were rinsed three times with tap
water. Aggregates were analyzed in a Petri dish in their origi-
nal hydrated condition. The images were collected with �10
and �20 water immersion lenses with numerical apertures of
0.3 and 0.6, respectively.

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

Settling velocity model
As most of the particles were irregularly shaped and rela-

tively large (> 0.1 mm) (Supporting Information Figs. S1, S2),
the hydrodynamic flow conditions around the particles were
likely to be at Reynolds number > 1.0. To account for the non-
spherical geometry of the particles the semiempirical model of
Dietrich (1982) was used to calculate the theoretical settling
velocities. Rather than expressing the results in the terms of
Reynolds number and drag coefficient, Dietrich (1982) uses
the terms of dimensionless particle size and dimensionless set-
tling velocity (Supporting Information Eq. S4a–f). For small
particles, Dietrich (1982) converges on Stokes’ law (at about a
dimensionless particle size less than 2.0). For the “large” parti-
cles, the model accounts for the progressive growth in the
flow field separation which increases the drag pressure more
rapidly for a given increase in the settling velocity. However,
Dietrich (1982) notes that the equation should not be used for
dimensionless particle size greater than 5 � 109 as the bound-
ary layer around the particles becomes fully turbulent, reduc-
ing the flow separation and thus pressure drag. The Reynolds
number and dimensionless particle size were checked for each
particle to investigate the flow regime around the particles.
The settling velocity formulas are presented in the Supporting
information (Eq. S4a–f).

Continuum model for microplastic particles in a
stratified lake

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

dNepi

dt
¼ _Nin�kepiNepi tð Þ, ð3aÞ

dNmeta

dt
¼ kepiNepi tð Þ�kepiNepi t� τmetað Þ, ð3bÞ

dNhypo

dt
¼ kepiNepi t� τmetað Þ�khypoNhypo tð Þ: ð3cÞ

Equation 3a describes the dynamic change of microplastics in
the epilimnion, where _Nin [particles T�1] represents a defined
input flux of particles into the lake (e.g., via an inflowing
river), �kepiNepi tð Þ [particles T�1] is the loss of particles to the
metalimnion, and kepi [T�1] is a first-order exchange coeffi-
cient. Equation 3b calculates the microplastic particles in the
metalimnion where τmeta [T] is the residence time of the parti-
cles. The particle flux from the metalimnion into the hypolim-
nion is �kepiNepi t� τmetað Þ [particles T�1] while Eq. 3c
represents the dynamic change of particles in the hypolim-
nion. The loss of particles from the lake to the sediments is
khypoNhypo tð Þ [particles T�1] where khypo [T�1] is a first-order
exchange coefficient similar to that in the epilimnion. The
first-order exchange coefficients kepi and khypo [T�1] were cal-
culated by kepi,hypo ¼ 1

τepi,hypo
with τ [T] being the mean residence

time in each respective layer.
In the well-mixed layers, the residence times τepi [T] and

τhypo [T] were defined as the time required until the particle
number was reduced to 1/e≈0.368 (i.e., 36%) of the initial

Fig. 2. Results of the experimentally measured settling velocities vs. equivalent diameter of the polyvinylchloride (PVC), polyamide 66 (PA66), polysty-
rene (PS), polybutylenadipate terephthalate (PBAT), polylactide (PLLA), and polycaprolactone (PCL) fragments, where p is the probability obtained from
the t-test, R2 (�) is the coefficient of determination, and the red line represents the regression line.
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particle concentrations (Reynolds 2006, pp. 70–71). The resi-
dence time in the metalimnion τmeta [T] was calculated by
dividing the thickness zmeta [L] of the layer by the laminar set-
tling velocity of the particle. Values for the mean residence
time were estimated according to Eq. 4, where vs [LT

�1] repre-
sents the laminar settling velocities for microplastics in the
relevant lake compartment and z [L] is the corresponding
thickness of the epilimnion, metalimnion, or hypolimnion.

τepi,meta,hypo ¼
zepi,meta,hypo

vs_epi,meta,hypo
: ð4Þ

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

In addition to the dynamic model above, a simplified
steady-state solution for Eqs. 3a–c assuming a constant particle
influx _Nin ¼ const, was derived for the particle number in each
lake compartment:

Nepi ¼
_Nin

kepi
¼ _Ninτepi, ð5aÞ

Nmeta ¼
_Nin

kepi
e kepiτmetað Þ �1
h i

, ð5bÞ

Nhypo ¼
_Nin

khypo
¼ _Ninτhypo: ð5cÞ

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

Fig. 3. Confocal laser scanning microscope images for the extracellular polymeric substances (EPS matrix) and microbial cells (DNA) colonizing the sur-
faces of a polyamide 66 particle after 10 weeks of incubation. (a) Peanut agglutinin (PNA), wheat germ agglutinin (WGA), and soybean agglutinin (SBA)
lectins visualize the EPS matrix in a red, green, and blue overlay; (b) the EPS matrix and DNA are visible on the particle; and (c) the surface of the micro-
plastic is shown in gray scale. The length of the scale bar is 150 μm.

Fig. 4. A confocal laser scanning microscope image of the aggregation
of polystyrene particles after 10 weeks of incubation. Peanut agglutinin
(PNA), wheat germ agglutinin (WGA), and soybean agglutinin (SBA)
lectins visualize the EPS matrix in a red, green, and blue overlay. The
length of the scale bar is 150 μm.
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depends on τepi/τhypo, which can be expressed as vs_epi
vs_hypo

� zepi
zhypo

.
The relationship Nepi/Nhypo = f (vs_epi/vs_hypo, zepi/zhypo) is uni-
versally valid for all types of microplastics (independent of
size, shape, and density) as long as the ratio vs_epi/vs_hypo in a
lake system is constant. This implies that Nepi/Nhypo only
depends on lake characteristics such as the temperature and
thickness of each compartment.

Results
Settling velocities of pristine particles

The settling velocities for the six polymers ranged between
~ 0.30 and ~ 50 mm s�1 (Fig. 2). Supporting Information
Fig. S6 presents the distribution of the CSF of the microplastic
particles. The results show a clear dependence of the settling
velocities on particle size, with a coefficient of determination
(R2) between 0.70 and 0.81 and a high statistical significance
(p < 0.001). In addition, the effect of polymer density on the
settling velocity was clearly visible in the slope of the regres-
sion lines. Polymers with high density were consistently asso-
ciated with a steeper slope, and thus a faster settling velocity.
The calculated Reynolds number for the particles varied

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

Biofilm-coated particles
No significant changes were observed in the density, shape,

or roundness of the incubated particles, even after 30 weeks of
incubation (Supporting Information Fig. S7). However, the
confocal laser scanning microscope images at 10 weeks incu-
bation clearly showed a varying abundance of biofilms on the
microplastic particle surface (Fig. 3). These were mainly com-
posed of microbial cells and extra polymeric substances. The
surfaces of the particles were only partially covered with bio-
film, where it was concentrated in a few dense spots.

The potential formation of aggregates was investigated by
incubating various polystyrene particles with an average
equivalent diameter between 300 and 350 μm for 10 weeks in
a single tube. The sample shown in Fig. 4 has a high abun-
dance of extra polymeric substances despite the surface of the
particles not being densely colonized by microbial cells. It also
shows that individual polystyrene particles in combination

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

Fig. 5. A comparison between the experimental settling velocities and Dietrich model for the nonbiodegradable polyvinylchloride (PVC), polyamide
66 (PA66), polystyrene (PS), and biodegradable polybutylenadipate terephthalate (PBAT), polylactide (PLLA), and polycaprolactone (PCL) particles, where
E is the relative error (%), and R2 (�) is the coefficient of determination. The dashed line presents the 1 : 1 line.
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with the extra polymeric substances form a larger aggregate
with the biofilm appearing to act as an “adhesive.”

After 6, 8, 10, and 30 weeks of incubation, no substantial
differences in sedimentation rates between pristine and incu-
bated microplastic particles were observed (Supporting Infor-
mation Fig. S8). The maximum deviation in the mean settling
velocities was � 5% which is within the measurement error of
the particle image velocimetry system. An F-test and paired t-
test confirmed that there was no significant difference
(p > 0.05) before and after incubation in either means or vari-
ance. Both incubated and pristine particles followed much the

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

Calculated settling velocity
Despite significant scatter in the data, the measured settling

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

Residence times of microplastics in stratified lakes
The effect of particle size on the mean residence time in the

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

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

As an example to demonstrate how the redistribution of
particles occurs between the different lake compartments, the
dynamic model was used to calculate the flux of polystyrene
spheres (Supporting Information Fig. S10) with a size range of
1, 10, 500, and 1000 μm to a virtual lake loosely based on
Upper Lake Constance (Fig. 9). One hundred meters of the
stratified lake water column were modeled using the data from

Fig. 7. Dependency of the mean residence time τ (d) on the particle size
of the polystyrene (PS) particles, and depth of the epilimnion Zepi (m).
Note the logarithmic scale.

Fig. 8. Relative abundance for microplastics (Nepi/Nhypo) in the epilim-
nion and hypolimnion assuming steady-state conditions for different lake
systems as a function of the settling velocity (vs_hypo/vs_epi) and depth
(zepi/zhypo) ratios.
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Appt et al. (2004) (Supporting Information Table S11). The
simulations were initiated with a pulse of 1000 spherical poly-
styrene particles that were uniformly distributed in the well-
mixed epilimnion (Fig. 9). The microplastic numbers in the
epilimnion decreased exponentially following the pulse. In
contrast, in the metalimnion and the hypolimnion, the mic-
roplastic particles initially increased as they received particles
from the overlying lake layer. Microplastic numbers in the
metalimnion and hypolimnion started to decrease after the
loss rate to the underlying layer (or sediment in the case of
the hypolimnion) exceeded the input rate from the overlying
layer. The modeling results showed that the residence time τ

(d) in each layer was very strongly dependent on particle size,
similarly to the steady-state model.

Discussions
Various factors such as particle size, polymer density,

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

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

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

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

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

The literature suggests that the colonization process alters
the polarity of the plastic surface, changing it from hydropho-
bic to hydrophilic (Michels et al. 2018; Tu et al. 2020; van

Fig. 9. Simulation results of 1-, 10-, 500-, and 1000-μm polystyrene spheres showing the modeled numbers of the accumulated microplastics in each
lake compartment vs. elapsed time in Upper Lake Constance on Day 319 according to lake data from Appt et al. (2004). The simulations were initiated
with a pulse of 1000 spherical polystyrene particles uniformly distributed in the well-mixed epilimnion.
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Melkebeke et al. 2020), increases the density of the particle
(Rummel et al. 2017; Michels et al. 2018), and reduces the
attachment of air bubbles on the surface (Renner et al. 2020).
Therefore, it was anticipated that the settling velocity would
increase after incubation. However, no measurable changes in
the physical properties or sedimentation behavior were
observed. This may be due to the “short” incubation periods
of 6, 8, 10, and 30 weeks. Also, the pond was frozen for the
first 3 weeks of incubation during the winter season which
may explain the small volumes of biofilm accumulated on the
particle surface, assuming that the metabolism of the biofilm-
building organisms was affected by the low temperatures
(Farhat et al. 2016).

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

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

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

Conclusion
This research aimed to identify the primary controls and

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

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

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

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

on request.
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