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ABSTRACT

Low-density microplastics are frequently found in sediments of many lakes and reservoirs. The processes
leading to sedimentation of initially buoyant polymers are poorly understood for inland waters. This study
investigated the impact of biofilm formation and aggregation on the density of buoyant polyethylene
microplastics. Biofilm formation on polyethylene films (4 x 4 x 0.15 mm) was studied in a eutrophic
reservoir (Bautzen, Saxony, Germany). Additionally, aggregation dynamics of small PE microplastics (~85
pm) with cyanobacteria were investigated in laboratory experiments. During summer phototrophic sessile
cyanobacteria (Chamaesiphon spp. and Leptolyngbya spp.) precipitated calcite while forming biofilms on
microplastics incubated in Bautzen reservoir. Subsequently the density of the biofilms led to sinking of
roughly 10% of the polyethylene particles within 29 days of incubation. In the laboratory experiments
planktonic cyanobacteria (Microcystis spp.) formed large and dense cell aggregates under the influence
of elevated Ca2t concentrations. These aggregates enclosed microplastic particles and led to sinking of a
small portion (~0.4 %) of polyethylene microplastics. This study showed that both sessile and planktonic
phototrophic microorganisms mediate processes influenced by calcium which facilitates densification and
sinking of microplastics in freshwater reservoirs. Loss of buoyancy leads to particle sedimentation and

could be a prerequisite for the permanent burial of microplastics within reservoir sediments.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Microplastics (MP) are frequently found in freshwater envi-
ronments raising concerns about distribution pathways and eco-
logical impacts of this novel contaminant. High loadings of MP
are present in lake (Ballent et al, 2016) and reservoir sedi-
ments (Di and Wang, 2018), which may act as permanent sinks
(Corcoran et al., 2015). The largest share of MP in sediments is of-
ten comprised of polyethylene (PE) which has a lower density than
water (Ballent et al., 2016). Due to its physical properties this poly-
mer type is expected to stay afloat in the water column instead of
settling to the ground (Chubarenko et al., 2016).

After release into the environment, MP density, size and shape
can be changed by biofouling (Kaiser et al., 2017) or aggrega-
tion with natural particles and planktonic cells (Lagarde et al.,
2016). The term biofouling describes the attachment of microor-
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ganisms (biofilm formation) and macro-organisms to submerged
surfaces (Rosenhahn et al., 2010). In the oceans where calcare-
ous macro-foulers such as mussels (Kaiser et al., 2017), bryozoans
(Edlin et al., 1975) or barnacles (Fazey and Ryan, 2016) are com-
monly found on plastics, biofouling may lead to sinking of buoyant
polymers within weeks. The conditions in freshwater lakes differ
from the marine environment resulting in fouling films dominated
by more soft-bodied organisms (Leiser et al.,, 2020). Still, forma-
tion of cyanobacteria dominated biofilms can lead to the sinking
of buoyant polymers (Chen et al., 2019). However, the ballasting
effects of cyanobacteria (p: 0.990 to 1.055 g cm~3) are considered
being insufficient to sink buoyant MP (Li et al., 2016). Therefore it
was hypothesized that the density increase originated from miner-
als trapped or formed inside the biofilm matrix (Chen et al., 2019).

Sessile cyanobacteria as component of aquatic biofilms play a
major role in the precipitation of calcite (CaCO3) (Jansson and
Northen, 2010) and the subsequent lithification of biofilms
(Macintyre et al., 2000) or formation of biogenic tufa (Zippel and
Neu, 2011). The finding that dense biofilms (Pgiofiim > Pwater) May
form in lakes (Chen et al., 2019) suggests that sinking of buoyant
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MP may be facilitated by biogenic calcite precipitation. Whether
the ballasting effects of freshwater biofilms are derived from the
microbial biomass or from minerals was investigated in a field
study.

Planktonic cyanobacteria are present in many reservoirs
(Li et al., 2016) and lakes (Ortiz-Caballero et al., 2019) forming ex-
tensive blooms during late summer. Microcystis spp. are the most
abundant phototrophs in Bautzen reservoir during July and August
(Kamjunke et al., 1997). In lake water Microcystis spp. are aggregat-
ing to large and sinking colonies (Chen and Liirling, 2020) under
the influence of dissolved Ca?+ (Xu et al., 2016a). These cell aggre-
gates are often exceeding 500 um in diameter (Feng et al., 2019),
possibly enclosing small inorganic particles (Xu et al., 2016b). The
question whether such Microcystis aggregates form under the influ-
ence of Ca2* and subsequently could enclose or sink buoyant MP
was studied in lab experiments.

Therefore we investigated interaction of sessile and planktonic
cyanobacteria with calcium in regards of their impact on the buoy-
ancy of PE in freshwater reservoirs.

We hypothesized that i) biofilms form on large PE in a eu-
trophic reservoir leading to a loss in buoyancy ii) buoyancy loss
is caused by calcite precipitation iii) planktonic cyanobacteria sink
small PE MP through Ca2* induced aggregation. These hypothe-
ses were tested by conducting a field experiment in the eutrophic
Bautzen reservoir (Saxony, Germany) and laboratory batch experi-
ments with calcifying cyanobacteria.

2. Material and methods
2.1. Study site

Bautzen reservoir is a freshwater body in the eastern part of
Germany, providing water for cooling of coal-fired power stations,
fish farming, and agricultural irrigation. It is a large (5.3 km?)
but rather shallow (mean depth 7.4 m) reservoir (Kasprzak et al.,
2007), often experiencing strong winds, which sometimes even
destroy the summer stratification (Kerimoglu and Rinke, 2013).
Bautzen reservoir is eutrophic, with extensive blooms of Microcys-
tis spp. (Kamjunke et al., 1997) occurring during summer which
results in pH values up to 9.5 in the surface water. One sediment
trap (Uwitec, Austria) collecting settling matter was deployed near
the deepest point of the reservoir (depth: 12 m) during the year
2018 from May to December and sampled in monthly intervals.

2.2. Plastic material, exposition, and sampling procedure

Squares (4 x 4 x 0.15 mm) made from low-density polyethy-
lene (Goodfellow ET311251, p: 0.924 g cm~3) were incubated near
the deepest point of the reservoir within a cylindrical stainless
steel cage (200 particles, diameter 10 cm, length 25 cm, mesh
width 3 mm) (Kettner et al, 2017). The cages had a shading
effect which reduced the incoming sunlight intensity by ~33%
(Leiser et al., 2020). Particles were sterilized by treatment with
ethanol (70% v/v, 10 min) prior to the experiment. The cage was in-
cubated from July 23 to August 21, 2019 (29 days) in 0.5 m depth.
Profiles of oxygen concentrations, chlorophyll a, pH, temperature
(multi-parameter probe, Sea & Sun Technologies, Germany) were
measured on both dates (Figure S1).

2.3. Biofilm characterization and sampling procedures

Particles were gently removed from the cage by tweezers or by
flushing with reservoir water. Particles for confocal laser scanning
microscopy (CLSM) analysis were fixed in 4% v/v formalin solu-
tion right after removal from the cage. The other particles were
stored in pre-combusted (450°C, 4 h) glass Petri dishes in filtered

Water Research 189 (2021) 116582

reservoir water. Additional biofilm samples were taken from the
inner wall of the cage and stored in reservoir water as well. These
samples were used to characterize the biofilms in regards of dry
mass, mineral composition and elemental content. The PE parti-
cles were in close proximity to or even enclosed by biofilms grow-
ing on the inner cage walls. Given their visual appearance biofilms
on PE were not different from biofilms from the inner cage walls
(Figure S2). Therefore cage walls biofilms were considered being
comparable to PE biofilms in regards of the above mentioned pa-
rameters. Most samples (except samples for DNA extraction) were
stored at 8°C in the dark until processing. The densities and vol-
umes of three fresh biofilm sub-samples from the inner walls of
the cage (300 - 400 mg) and three pooled sunken PE particles
were analysed with pycnometers at 25°C. Dry weight (60°C, 24
h) and ash mass (450°C, 24 h) were determined for three indi-
vidual cage walls biofilm samples. The cell volume of microorgan-
isms (biovolume) within the biofilms of ten buoyant and five sink-
ing PE-particles was analysed via CLSM and image analysis. Parti-
cles were examined at five (floating) or ten (sinking) random loca-
tions resulting in a total sample size of 50 for each. Calcein assay
(Zippel and Neu, 2011) was used to visualize Ca carbonate miner-
als within the biofilms of two sinking PE particles. Twenty particles
for 16S amplicon sequencing were carefully rinsed with DNA-free
phosphate-buffered saline (pH 7.4) and stored in liquid nitrogen.
Calcium content within the cage walls biofilm dry mass was anal-
ysed by ICP-OES (detection limit: 0.1 mg 1-1). X-ray diffraction was
used to analyse the mineral phase of cage walls biofilm dry mass.

2.4. CLSM imaging

Plastic particles with biofilms were prepared for CLSM as de-
scribed elsewhere (Leiser et al.,, 2020). In brief: Particles were
mounted and stained (SybrGreen, calcein) in Petri dishes. Imag-
ing was done using a TCS SP5X upright microscope equipped with
white laser and 63x NA 0.9 lens (Leica). Calcein staining (1 ng
1-1; 2 h, room temperature) was used to visualize divalent cations
such as Ca?t and Ca carbonate minerals (Zippel and Neu, 2011).
Calcein staining is not specific for Ca2* ions or calcite, and may
also react with other divalent cations present in the solution.
The calcein stain did not bind to pristine PE particles (data not
shown). PE particles were stained with non-toxic iDye PolyPink fol-
lowing established protocols (Karakolis et al., 2019). Bacteria, al-
gae and cyanobacteria were identified via SybrGreen staining, aut-
ofluorescence of chlorophyll a or phycobilins, respectively (Table
S1 for excitation |/ emission wavelengths). Images were visualised
and projected by Imaris (Bitplane) and presented by Photoshop
(Adobe). An adaptation of Image] was used to semi-quantitatively
calculate the biovolumes of algae, bacteria and cyanobacteria cells
(Staudt et al., 2004).

2.5. Cyanobacteria cultures and laboratory aggregation experiments

The effect of dissolved Ca?t on the aggregation of MP with
cyanobacteria was investigated using non-axenic cultures of Mi-
crocystis sp. strain BM25 (Schwarzenberger et al., 2013) grown in
WC media (Guillard and Lorenzen, 1972) without vitamin solution
and silicate. Pre-cultures were grown on a rotary shaker (110 rpm)
at room temperature and ambient daylight for 4 weeks prior to
the experiment. PE powder (p: 0.920 g cm~3; Alfa Aesar 9002-88-
4) was sieved through 100 pm and 10 pm stainless steel sieves
(Retsch, Germany) to obtain a defined size range of 100 - 10 pm.
The mean equivalent spherical diameter (ESD) of the sieved par-
ticles was 85 + 14 pm (n: 60). Particles were stained with iDye
PolyPink (Karakolis et al., 2019). Three different Ca%t concentra-
tions (10 mg 1-1, 60 mg 1-! and, 220 mg 1-!) were tested for their
potential to aggregate Microcystis sp. strain BM25.
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Experiments were conducted in triplicates by inoculating 500
ml WC-media with 10 % v/v cyanobacteria pre-culture in airtight
1-liter flasks. Cell concentrations (~107 cells ml~!) were chosen
to reflect the concentration of Microcystis spp. in Bautzen reser-
voir during summer (-3 -5 x 107 cells ml~!, data provided by the
state reservoir administration of Saxony / Landestalsperrenverwal-
tung des Freistaates Sachsen (LTV)). Right after inoculation, sam-
ples for pH, Ca?* and cell counts were taken. Directly afterwards
pH was measured using a pH meter (PP-50, Sartorius). Calcium
samples were filtered (0.2 pm) and stored at 4°C. Cyanobacteria
cells were fixed in Lugol’s iodine (5 % w/v iodine) until cell count-
ing. Afterwards 10 mg (6.3 x 10* particles I-!) of PE were added to
the flasks. The cultures were then incubated at 23.5°C under con-
stant light (70 W m~2) on roller incubators (10 rpm) until visible
aggregates formed. Depending on the Ca?t concentration, aggre-
gates formed within hours to days. Experiments showing no ag-
gregation were stopped after 7 days. Upon termination, samples
for Ca?*, pH and cell counts were taken as described above. Ag-
gregates formed within the flasks were photographed and counted
employing Image] cell counter plugin (Rueden et al., 2017). Fur-
thermore visible aggregates were gently removed using an inverted
glass pipette. Twelve aggregates per Ca%* condition (4 per tripli-
cate) were transferred into a coverwell chamber (Thermo Fisher
Scientific) for CLSM. Ca?* and fluorescent MP within the sink-
ing aggregates were visualized via CLSM. Density measurements
were conducted with 9 aggregates per Ca2t condition (3 per trip-
licate) in a temperature controlled chamber at 20°C. Aggregates
were transferred to ultrapure water (20°C) and titrated with Nal
(2 g ml~1, p: 1.690 g cm—3) until neutral buoyancy was achieved.
The density of the resulting solution was measured with pycnome-
ters. Sinking velocities of 30 individual aggregates (10 per tripli-
cate) were determined in a column (diameter 5 cm) filled with tap
water (20°C) and recorded with a camera (13 megapixel, 30 fps).
Afterwards the same aggregates were removed from the column
and checked for their plastic content under a light microscope. The
ESDs of sinking aggregates were calculated from the recorded im-
ages using Image]. Sunken biomass/aggregates remaining after ag-
gregate selection and sampling were filtered onto a stainless steel
sieve (47 mm, pore size 10 pm) to remove non-aggregated cells.
The filters were subsequently rinsed three times with ultrapure
water. The biomass was dried (60°C, 24 h) and analysed for its
mineral content using XRD. Cell concentrations were determined
by epifluorescence microscopy after SybrGreen staining. Calcium
concentrations in the media were measured via ICP-OES.

2.6. X-ray diffraction

X-ray diffraction was performed using a PANalytical Empyrean
diffractometer, equipped with a Co-tube, automatic divergence slit
and PIXcel 3D detector. Field samples were sieved (< 4 mm) to re-
move PE squares and filled into 27 mm sample holders. Measure-
ments were performed from 5 to 80 °26 with a stepsize of 0.0131
°260 and total measurement time of 2 h 30 min. The irradiated area
on the sample was kept constant at 12 x 15 mm by means of
respective mask and the automatic divergence slit. Samples from
laboratory experiments showing low mass on stainless steel filters
were prepared on silicon low background holders and measured
under the same conditions. Data were evaluated by the use of PAN-
alytical’'s HighScore software and the BGMN/Profex package v4.0.2
(Doebelin and Kleeberg, 2015).

2.7. DNA extraction, Illumina sequencing and bioinformatics

Total DNA was extracted using the DNA Power Soil Pro Kit (Qi-
agen) with modifications. Biofilm covered plastic particles were
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transferred into the PowerBead Pro Tubes containing 800 nl of so-
lution CD1. The tubes were fixed horizontally to a vortex adapter
and shaken for one hour for mechanical disruption of bacteria. Af-
terwards samples were incubated for one hour with 25 ul pro-
teinase K (22 mg ml~!) at 37°C. The extraction was continued fol-
lowing the instructions given by the supplier. Libraries, sequenc-
ing and data analysis were performed by Microsynth AG (Balgach,
Switzerland). To assess the bacterial diversity, the V4-V5 region of
the bacterial 16S rRNA gene was amplified by two-step PCR us-
ing the primer pair 515F-Y and 926R (Parada et al., 2016). Libraries
were sequenced using a v2 500 cycle kit and the Illumina MiSeq
platform. The raw data were submitted to the ENA (European Nu-
cleotide Archive) database and were assigned the BioProject ID:
PRJEB38919. Standard statistical analysis and bioinformatics were
employed to obtain relative abundance of the bacterial phyla (S3).
The OTUs assigned to Cyanobacteria were further classified using
BLAST analysis (Altschul et al., 1990) using nucleotide database
(nt/nr) with uncultured and environmental sample sequences ex-
cluded.

2.8. Statistical analysis and programs

Visual MINTEQ (Version 3.1, Royal Swedish Academy of Sci-
ence) was employed to calculate the saturation indices of calcite
(Slcarcite) in Bautzen reservoir for the years 2018 and 2019 using
the default thermodynamic database. The dataset used for mod-
elling contained major water anions, cations, pH, temperature and
chlorophyll content of Bautzen reservoir and has been provided by
the LTV. Data normality was checked via Q-Q Plots and histograms.
F-test was used to test for variance homogeneity prior to conduct-
ing t-tests and ANOVA. Differences between datasets were seen as
statistically significant for p < 0.05. Akaike information criterion
method was used to select the best fitting multiple linear models.
Residual plots were examined for the validity of the linear models.
Non-parametric rank-based tests and median statistics were used
for non-normally distributed data. R (R Core Team, 2018) was used
for statistical analysis and for the graphs.

3. Results & discussion
3.1. Calcite precipitation in Bautzen reservoir

Summer blooms of phototrophic microorganisms accompanied
by high pH values and the decline of dissolved Ca%* in surface wa-
ter (Figure S3) were observed in 2018 and 2019. Calcium made
up between 0.9% and 6.3% of the settling matter during June-
July and July-August 2018 (Table S2). Assuming that this Ca was
present solely in the form of calcite this mineral accounted for
0.24 - 223 g m~2 d~! or up to 16.7% of the total settling mat-
ter during this time. Bautzen reservoir has a lower potential for
calcite precipitation in the surface water compared to lakes such
as Baldeggersee (Luzern, Switzerland) producing 10 - 20 g calcite
m~2 day~! (Teranes et al., 1999) or Lake Constance (Switzerland,
Germany, Austria) with 14 g m~2 d=! (Stabel, 1988). Calcite precip-
itation is of high importance for matter flux in many eutrophic and
mesotrophic lakes, whereas being less intense in hyper-eutrophic
and oligotrophic water bodies (Koschel et al., 1983).

3.2. Field biofilms and microplastic biofouling in Bautzen reservoir

The incubation cage and PE-particles were covered by dense
brownish biofilms after the incubation period of 29 days. Whitish
minerals (Fig. 1a) covered the biofilms surfaces and calcein stain-
able minerals were found in close proximity to cyanobacterial cells
(Fig. 1b).
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(b)

Fig. 1. Binocular image (white bright field, 10x magnification) (a) showing the
biofilm covered PE particles and white mineral precipitation within the covering
biofilms. CLSM image (b) showing cyanobacteria, (red, purple) and calcite (green)
within the biofilms on PE particles. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.).

This mineralized appearance of the biofilm was reflected by the
high dry mass (19.5 + 3.6%, n: 3) and ash content (91.2 + 1.9%,
n: 3). Mineral phases of the cage walls biofilms were comprised of
98% pure calcite and 2% quartz as shown by XRD analysis (Figure
S4). The contents of major elements within the cage walls biofilms
dry mass were 0.2% Al, 31.1% Ca, 0.3% Fe, 0.4% Mg, 0.1% Mn, and
0.12% Si. As Ca appeared solely in the form of calcite (CaCO3) this
mineral accounted for ~78% of the biofilms dry mass. The cal-
cite content of Bautzen reservoir biofilms was higher compared to
biofilms found in Lake Velence (30% calcite) (Zaray et al., 2005)
and the Sanjiadian reservoir (20 - 40%) (Tianzhi et al., 2014). Thus
calcite seems to be a common and major component of biofilms in
lakes of different trophic states and water chemistry. The respec-
tive wet density of the calcified biofilms was 1.18 g cm~3 + 0.012
(n: 3, 20°C). Given the similarity of cage walls biofilms and PE
biofilms (Figure S2) results might be extrapolated to the MP parti-
cles. However, it cannot be excluded that biofilm properties slightly
differed, which should be considered while interpreting the results.

Water Research 189 (2021) 116582

The community composition within the biofilms of buoyant and
sunken PE particles was examined via CLSM and 16S amplicon
sequencing. CLSM analysis showed that the sunken particles had
significantly higher cell volumes of bacteria (0.43 to 0.007 pm3
pm~—2), cyanobacteria (0.09 to 0.0002 pm? um~—2) and algae (0.03
to 0 pm?® pm~2) if compared with the buoyant particles (Fig. 2).
Cyanobacteria occurred either as filamentous colonies of elongated
thin cells which were found in 85% of the analysed images (n:
50) or as colonies of rounded cells found in 28% of the images
(n: 50). Classification of the 16S rRNA gene sequences revealed
a dominance of non-phototrophic bacteria (66% of all sequences,
Fig. 3). Still a significant abundance (34%) of cyanobacteria was
detected within the calcifying biofilms. Only 12 different bacterial
phyla were found on the particles. Such low OTU richness has been
described previously as a common feature of microbial biofilms
on MP (Amaral-Zettler et al., 2020). The non-phototrophic phyla
found in this study have already been described by other authors
to colonize MP exposed to river or lake water (Hoellein et al., 2014;
Wang et al.,, 2020; Wu et al., 2019).

Within the cyanobacteria Gpl were the most abundant group
(26%), followed by GpV (7%), and Gplla (1%) (Fig. 3). Based
on further classification of the sequences using BLAST analysis
(Altschul et al., 1990) the groups Gpl and GpV could be as-
signed to Chamaesiphon spp. and Leptolyngbya spp. According to
their morphology, the colonies of rounded cells could belong to
Chamaesiphon spp. (Kurmayer et al., 2018) whereas the filamentous
colonies, which were found in most of the images, resembled Lep-
tolyngbya spp. (Arp et al., 2010) cells. Both genera, Chamaesiphon
spp. (Peraza Zurita et al., 2005) and Leptolyngbya spp. (Zippel and
Neu, 2011), are common members of calcifying freshwater biofilms
(Arp et al., 2010). Especially Leptolyngbya spp. has been associated
with an increase of Slc, e and calcite precipitations within stream
biofilms (Brinkmann et al., 2015). Further, calcite grains are often
found in close proximity or even encrusting cyanobacterial cells
(Martinez et al., 2010), which was also observed in our study us-
ing calcein staining (Fig. 1b). Hence it is likely that calcite was pre-
cipitated by cyanobacteria leading to densification of the biofilms
and subsequent sinking of the PE particles. Still heterotrophic bac-
teria might have influenced the calcite precipitation by providing
nucleation sites or releasing Ca2t bound to the organic biofilm
matrix (Lopez-Garcia et al., 2005). As algae and diatoms were
scarce throughout, occurring in only 10% of the image datasets
(n: 50), their influence on calcite precipitation might have been
minor.

PE particle buoyancy was tested by observing their upward or
downward movement in water. Approximately 20 to 30 particles
(10 - 15%) lost their buoyancy at the end of the field experiment.
For a minor fraction of PE particles physical disturbance by the
sampling procedure led to a certain loss of biofilm and conse-
quently to regaining of their buoyancy. The interior of the cage was
covered with biofilms entrapping and hiding some of the PE par-
ticles. As a consequence the proportion of sunken particles could
not be estimated precisely leading to the conservative number of
20 to 30 sunken particles. The density of the sunken PE-particles
was 1.19 g cm~3 at 20°C (n: 1), which implies a sharp density in-
crease compared to pristine particles (p: 0.924 g cm~3). Biofilm
formation has already been reported to sink buoyant MP within 18
days in shallow and high productive lakes (Chen et al., 2019). The
authors hypothesized that minerals (calcite, clays) trapped within
the biofilms rather than the microbial cells induced sinking of the
MP (Chen et al.,, 2019). In the present study a biofilm volume of
2.68 x 1072 cm? (n: 1) was bound to the sunken MP from Bautzen
reservoir of which only ~ 1.85 x 1076 cm3 (n: 50) was accounted
for by cells. The main part of the fouling film (collected from cage
walls) was comprised of water (around 77% of the weight), organic
material (around 2%) and inorganic components (around 21%) with
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calcite constituting 17% of the total biofilm weight. Therefore it can
be assumed that the contribution of organic matter and microbial
cells to the overall biofilm density was minor compared to biogenic
calcite.

In marine environments similar studies found that buoyant MP
will sink within 2 to 6 weeks (Fazey and Ryan, 2016; Kaiser et al.,
2017) due to the development of fouling films on their surfaces.
Results of different studies are not easily transferable since the
effect of biofouling on MP density is related to particle surface
to volume ratio, which is influenced by particle specific size and
shape (Chubarenko et al., 2016). MP films are more susceptible to-
wards biofouling than fibers or spheres (Chubarenko et al., 2016),
while small particles will lose buoyancy faster than large parti-
cles (Fazey and Ryan, 2016). However, the effect of biofouling has
only been described for large particles yet. Given by their small
size, sub-millimeter MP particles will be colonized by different or-
ganisms compared to large plastics (Rogers et al., 2020). There-
fore it remains uncertain if findings made for larger plastics can
be transferred to small MP (< 1 mm). Hence our finding that cal-
cite formation reduces the buoyancy of large PE films might not
be extrapolated to particles smaller than 1 mm. Furthermore it
should be considered that the used PE films represented only a
small part of the different shapes and size classes of MP found
in freshwater. As size and shape influence the surface to vol-
ume ratio, these parameters have to be carefully taken into ac-
count when transferring the results of this study to other types of
particles.

3.3. Calcium, cyanobacteria and MP aggregation in lab experiments

Sinking aggregates of Microcystis spp. cells formed under the in-
fluence of 220 mg 1-! and 60 mg I-! Ca2* after < 2 h and 2 days,
respectively, while no aggregates formed under 10 mg I-! Ca%*+
within 7 days. Each of the experimental approaches reached pH ~
9.7 at the end of the experiment. Declining of Ca%* concentration
was not detected during the experiments. Calcite or other mineral
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Fig. 4. CLSM images of an aggregate formed during precipitation experiments (60 mg 1! Ca2*), different laser channels are displayed showing a) total reflection (white), b)
calcein (green), c) cyanobacteria (purple) and PE (red) and d) the resulting composite image. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.).

phases were not found within the aggregates employing XRD anal-
ysis.

PE particles were incorporated into the matrix (Figure S5) or
attached to the outer side of the aggregates. Some of the polymer
particles were encrusted by calcein stainable matter (Fig. 4). The
aggregates formed in 60 mg I-! and 220 mg 1-! Ca2* incorporated
on average 2 MP particles (mean, n: 60) and subsequently trans-
ported them to the bottom of the incubation flasks (Fig. 5). Each
flask contained approximately 65 aggregates (mean, n: 5) which in
sum incorporated ~130 PE particles (~0.4% of added particles).

Aggregation and settling of MP with eukaryotic algae
(Lagarde et al., 2016) and diatoms (Long et al., 2015) have been
reported before. So freshwater algae Chlamydomonas reinhardtii
formed dense aggregates (p: 12 g cm3) with polypropylene
MP readily sinking in culture media (Lagarde et al., 2016). The
aggregates in our study were denser than water (p: 11 g cm—3
for 60 mg 1-! Ca?t; 1.05 g cm~3 for 220 mg 1! Ca2*) (Fig. 5)
and slightly exceeded the density ranges previously reported for
cyanobacterial aggregates (1.01 -1.05 g cm=3) (Li et al, 2016).
Aggregate densities might be influenced by strain specific excre-
tion of extracellular polymeric substances (EPS) (Li et al., 2016)
or formation of gas vacuoles (Xu et al.,, 2016a). Furthermore, the
density of such aggregates strongly depends on other external
factors such as the seasons (Li et al., 2016). Under favourable envi-
ronmental conditions such as high temperature, nutrient loadings
or light intensities (Li et al., 2016) cyanobacterial aggregates may

stay afloat instead of sinking to the sediments. Multiple linear
regression modelling revealed that sinking speed of the aggregates
was dependent solely on their size, with larger colonies settling
faster than smaller ones. Aggregates in 60 mg I-! Ca?t were
significantly larger (mean: 1519 pum, n: 30) than the aggregates
formed in 220 mg 1-! Ca?* (mean 1262 um, n: 30). Therefore
they were settling approximately 25 % faster than the smaller
aggregates (Fig. 5). Regarding the longer incubation time (2 days
for 60 mg I-! Ca?* and 1 day for 220 mg 1-! Ca?*t) this might
have been a temporal effect rather than depending on the Ca*+
concentration. Considering the sinking velocity of the aggregates
(0.0036 m s~! for 60 mg 1=! Ca2* and 0.0029 m s~! for 220 mg
1-1 Ca%t), aggregation with cyanobacteria may transport buoyant
small PE to the sediment of Bautzen reservoir within 34 to 42
minutes. However, this might only hold true for MP particles
being smaller than the enclosing cyanobacterial aggregates. Large
particles (1- 5 mm), such as the PE films used in the field study,
are unlikely to be incorporated into the cyanobacterial aggregates
(~1 - 1.5 mm). Therefore the results might only be applicable for
MP smaller than 100 pm.

Most likely aggregation of cyanobacterial cells was induced by
the elevated Ca?t concentrations used in our study. Ca%* ions
are suspected to form bridges between the negatively charged
cyanobacteria or EPS (Xu et al., 2016a), leading to the formation
of cell aggregates (Chen and Liirling, 2020). Furthermore elevated
Ca%* concentrations can increase the production of cyanobacteria
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Fig. 5. Properties of cyanobacterial aggregates formed under high (220 mg I'!) and intermediate (60 mg 1-') Ca?* concentrations. Significant differences are displayed as

asterisks ***: p < 0.001 and *: p < 0.05.

EPS (Wang et al., 2011), which plays a crucial role in aggregation
processes by providing a sticky, flexible and robust matrix in which
cells are embedded (De Oliveira et al., 2020). The assumed bridg-
ing role of Ca%* can be supported by the presence of calcein stain-
able matter within the aggregates (Fig. 4) connecting the cyanobac-
terial cells. Ca2* concentrations >20 mg I-! are required to in-
duce aggregation of cyanobacterial cells (Chen and Liirling, 2020).
Bautzen reservoir has a median Ca?* concentration of 35 mg 1!,
which lies in the usual range (10 -120 mg 1-! Ca2*) of freshwater
bodies (Wang et al., 2011). Correspondingly, large cyanobacterial
aggregates | colonies were observed in Bautzen reservoir during
the samplings in 2018 and 2019 (Figure S6). This leads to the as-
sumption that the aggregation of cyanobacteria through Ca bridg-
ing might be relevant for the fate of small MP in Bautzen reservoir.
The Ca?* concentrations used in the lab experiments did not re-
flect the actual concentrations found in Bautzen reservoir. Still we
could show that Microcystis spp. aggregate with MP under environ-
mentally relevant Ca2t concentrations (60 mg 1-1).

Field and lab experiments described two distinct processes
leading to sinking of buoyant PE microplastics in the context of
cyanobacterial interaction with calcium. Apparently the formation
of biofilms sank proportionally more particles (~ 10 -15%) than
the aggregation of small PE with cyanobacteria. However, the low
removal efficiency rather resulted from the low concentration of
cyanobacterial aggregates (mean: 130 aggregates 1-') than from
the number of PE particles incorporated into each of the aggre-
gates (mean: 2). Taking into account that, during cyanobacteria
blooms concentrations of 3.5 x 10° aggregates 1= can be reached
(Feng et al., 2019), aggregation governs a high potential for MP re-
moval in productive lakes.

4. Conclusions
o A proportion of polyethylene microplastics (~10 - 15% of par-

ticles) lost its buoyancy due to biofilm formation after being
exposed for 29 days in a eutrophic reservoir
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e Biofilms were rich in calcite. Apparently the mineral had a
greater effect on biofilm density compared to organic matter
or cells

o Cyanobacteria Chamaesiphon spp. and Leptolyngbya spp. were
abundant biofilm members probably facilitating calcite forma-
tion in the biofilms

o Planktonic cyanobacteria formed sinking aggregates with small
polyethylene microplastics (enclosing ~0.4% of particles) under
elevated Ca concentrations
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