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Summary

The presented study investigated the influence of microbial and biogeochemical pro-

cesses on the physical transport related properties and the fate of microplastics in

freshwater reservoirs. The overarching goal was to elucidate the mechanisms leading

to sedimentation and deposition of microplastics in such environments. This is of

importance, as large amounts of initially buoyant microplastics are found in reservoir

sediments worldwide. However, the transport processes which lead to microplastics

accumulation in sediments, were up to now understudied.

The impact of biofilm formation on the density and subsequent sedimentation of

microplastics was investigated in the eutrophic Bautzen reservoirs (Chapter 2).

Biofilms are complex microbial communities fixed to submerged surfaces through a

slimy organic film. The mineral calcite was detected in the biofilms, which led to the

sinking of the overgrown microplastic particles. The calcite was of biogenic origin,

most likely precipitated by sessile cyanobacteria within the biofilms.

Biofilm formation was also studied in the mesotrophic Malter reservoir. Unlike in

Bautzen reservoir, biofilm formation did not govern the sedimentation of different

microplastics in Malter reservoir (Chapter 3). Instead autumnal lake mixing led to

the formation of sinking aggregates of microplastics and iron colloids. Such colloids

form when anoxic, iron-rich water from the hypolimnion mixes with the oxygenated

epilimnetic waters. The colloids bind organic material from the lake water, which

leads to the formation of large and sinking iron-organo flocs.

Hence, iron-organo floc formation and their influence on the buoyancy or burial of

microplastics into sediments of Bautzen reservoir was studied in laboratory experi-

ments (Chapter 4). Microplastics of different shapes (fiber, fragment, sphere) and

sizes were readily incorporated into sinking iron-organo flocs. By this initially buoy-

ant polyethylene microplastics were transported on top of sediments from Bautzen

reservoir. Shortly after deposition, the microplastic bearing flocs started to subside

and transported the pollutants into deeper sediment layers. The microplastics were

not released from the sediments within two months of laboratory incubation.

vi
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The stability of floc microplastic deposition was further investigated employing ex-

periments with the iron reducing model organism Shewanella oneidensis (Chapter

5). It was shown, that reduction or re-mineralization of the iron minerals did not

affect the integrity of the iron-organo flocs. The organic matrix was stable under

iron reducing conditions. Hence, no incorporated microplastics were released from

the flocs. As similar processes are likely to take place in natural sediments, this

might explain the previous described low microplastic release from the sediments.

This thesis introduced different mechanisms leading to the sedimentation of initially

buoyant microplastics and to their subsequent deposition in freshwater reservoirs.

Novel processes such as the aggregation with iron-organo flocs were identified and the

understudied issue of biofilm densification through biogenic mineral formation was

further investigated. The findings might have implications for the fate of microplas-

tics within the river-reservoir system and outline the role of freshwater reservoirs

as important accumulation zone for microplastics. Microplastics deposited in the

sediments of reservoirs might not be transported further by through flowing river.

Hence the study might contribute to better risk assessment and transport balances

of these anthropogenic contaminants.



Zusammenfassung

Die vorliegende Arbeit befasst sich mit dem Einfluss mikrobiologischer und biogeo-

chemischer Prozesse auf die physikalischen Transporteigenschaften und den Verbleib

von Mikroplastik in Stauseen. Ein Schwerpunkt lag auf der Untersuchung von Mech-

anismen, welche die Sedimentation von Mikroplastik einleiten. Dies ist von hoher

Relevanz, da große Mengen eigentlich schwimmfähigen Mikroplastiks in Stauseesed-

imenten gefunden werden, aber die Transportprozesse vom Wasser in das Sediment

bislang unbekannt waren.

In der eutrophen Talsperre Bautzen wurde der Einfluss der Biofilmbildung auf die

Dichte und Sedimentation von Mikroplastik untersucht (Kapitel 2). Biofilme sind

komplexe mikrobielle Lebensgemeinschaften, welche sich in Form schleimiger Filme

auf im Wasser befindlichen Oberflächen bilden. Es konnte ein Zusammenhang zwis-

chen der starken Dichtezunahme beziehungsweise dem Absinken der bewachsenen

Partikel und dem Vorhandensein des Minerals Calcit innerhalb des aufwachsenden

Biofilms festgestellt werden. Das Calcit war biogenen Ursprungs und wurde infolge

der Photosynthese sessiler Cyanobakterien gebildet.

In der mesotrophen Talsperre Malter wurde ebenfalls die Biofilmbildung auf Mikro-

plastik untersucht (Kapitel 3). Dort veränderte die Bildung von mikrobiellen

Biofilmen das Sedimentationsverhalten von verschiedenen Mikroplastik-Polymeren

nicht. Stattdessen wurde beobachtet, dass die Herbstzirkulation des Sees zur Bil-

dung von Aggregaten aus Mikroplastik und mineralischen Eisenkolloiden führte.

Diese Eisenkolloide bilden sich durch die Mischung von eisenreichen, sauerstofffreien

Tiefenwasser mit sauerstoffhaltigem Oberflächenwasser. Die Kolloide verbinden sich

mit organischem Material aus dem See und formen dadurch größere Flocken.

Da die Bildung von eisenhaltigen Flocken ein für geschichtete Stauseen wichtiger

Prozess ist, wurde ihr Einfluss auf die Schwimmfähigkeit von Mikroplastik und den

darauffolgenden Einbau in die Sedimente untersucht (Kapitel 4). In Laborver-

suchen konnten verschiedene Formen (Fasern, Fragmente, Kugeln) und Größen-

klassen von Mikroplastik in die Flocken eingebaut werden. Da die Flocken imWasser

viii
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absinken, können sie zuvor schwimmfähiges Polyethylen-Mikroplastik zur Sedimen-

toberfläche transportieren. Dort angekommen, beginnen die Flocken zusammen

mit dem Mikroplastik langsam in das Sediment einzusinken und transportieren es

dadurch in tiefere Sedimentschichten. Im Labor konnte innerhalb von zwei Monaten

keine signifikante Freisetzung des so transportierten Mikroplastiks aus den Sedi-

menten beobachtet werden.

Die Transformation der Flocken und welchen Einfluss dies auf die Freisetzung von

Mikroplastik hat, wurde in Versuchen mit dem eisenreduzierenden Modelorganis-

mus Shewanella oneidensis untersucht (Kapitel 5). Hierbei zeigte sich, dass die

Auflösung oder Umwandlung des Eisens beziehungsweise der Eisenminerale inner-

halb der Flocken, nicht zur Zerstörung der Flocken führte. Die organische Matrix

der Flocken blieb unverändert stabil und umschloss auch weiterhin das eingebaute

Mikroplastik. Da im Sediment ähnliche Abbauprozesse ablaufen, gibt dies einen

möglichen Hinweis darauf, warum abgelagertes Mikroplastik nicht mehr aus Sedi-

menten freigesetzt wird.

Im Rahmen dieser Arbeit konnte gezeigt werden, dass in Talsperren unterschiedliche

Prozesse zum Absinken und zur Deposition von Mikroplastik führen. Es wurden

neuartige Prozesse wie die Aggregation mit eisenhaltigen Flocken identifiziert und

ungewöhnliche Aspekte wie die biogene Mineralbildung näher beleuchtet. Dadurch

können wichtige Implikationen hinsichtlich des Transports von Mikroplastik in Fluss-

Stausee-Systemen abgeleitet werden. Aufgrund der beschriebenen Sedimentation-

sprozesse sind Stauseen wichtige Akkumulationszonen für Mikroplastik. Im Stausee

sedimentierendes Mikroplastik wird potentiell nicht vom aufgestauten Fluss weiter-

transportiert. Daher könnten die hier beschriebenen Prozesse zu einer Verbesserung

von Risikoabschätzungen und Transportbilanzen dieser anthropogenen Belastung

führen.





Chapter 1

Introduction

1.1 Background and motivation

Microplastics (MP, plastic particles smaller than 5 mm), are globally distributed

contaminants found in earths biosphere (Hermsen et al., 2018), hydrosphere (Van

Sebille et al., 2020), lithosphere (Dioses-Salinas et al., 2020), atmosphere (Dris et al.,

2017) and cryosphere (Kanhai et al., 2020), which raised concerns in both science (see

Figure 1) and society (e.g. #plasticfree, 3.7 million uses on Instagram, 28.04.2021)

over the past decade. The entry paths of intentionally manufactured (primary) or

fragmented (secondary) MP into the environment are diffuse, ranging from waste

water treatment effluents over sewage sludge application to washouts from landfills

and general littering (reviewed in Waldschläger et al., 2020).

Lotic and lentic systems are widely recognized to facilitate the transport of MP

produced on land to the oceans (Schmidt et al., 2020), which are considered as

terminal sinks for these contaminants (Woodall et al., 2014). Models hypothesized,

that rivers convey 0.8 - 12.7 million tons plastics a-1 to the worlds oceans (Jambeck

et al., 2015; Meijer et al., 2021). However, only a minor fraction (˜1 %) of this

”hypothetical” environmental plastic pollution can be found in water and sediment

samples from the oceans (Koelmans et al., 2017). The reasons for this might be the

still inadequate, non-harmonized sampling and analyzing procedures used for MP

detection (Primpke et al., 2020). But also the lacking knowledge on environmental

transport behaviour might result in poor MP finding rates and model estimates. It

is likely that MP accumulate in environmental compartments usually overlooked by

sampling campaigns and transport models.

1
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Figure 1: Annual number of peer reviewed publications on plastics in different envi-

ronmental systems per year since 2004 until 2020. Search words, MP in general:

"micro" AND "plastic*", Oceans: "marine" AND "*plastic*", Rivers: "river*"

AND "*plastic*", Lakes: "lake*" AND "*plastic*", Reservoirs: "*reservoirs*" AND

"freshwater" AND "*plastic*", from Web of Science (search on 26.04.2020).

Impoundments, dams and reservoirs are such accumulation points for riverine

transported plastics, as they reduce flow velocity, which leads to enhanced settling

rates of particulate matter. Hence, these man made structures have a high impact

on the MP loads of rivers flowing through them (Hübner et al., 2020; Watkins et al.,

2019), and may ultimately even act as permanent sinks for these particles (Turner

et al., 2019). In comparison to other freshwater environments, such as lakes and

rivers, reservoirs are understudied (see Figure 1). The few data on MP distribution

in water and sediments of reservoirs (summarized in Table 1 and citations therein)

indicate their high potential to accumulate and store MP.
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Table 1: MP in the surface waters and bottom sediments of freshwater reservoirs.

Size refers to lower and upper border of the used sampling devices. MP concen-

trations are biased by the used sampling device, with increasing lower border size

resulting in decreasing particle numbers. Studies employing manta trawling, provid-

ing area related MP concentrations were intentionally excluded. In addition, studies

on plastics in beach sediments were also excluded from this list.

Surface water

Location
Size [mm] Concentration Most common

Source
min max min max mean Unit Shape Polymer

China, Danjiangkou Reservoir 0.048 5 467 15017 2594 MP m-3 Fiber PP (Di et al., 2019)

China, Danjiangkou Reservoir 0.075 5 530 24798 7205 MP m-3 - PA (Lin et al., 2021)

China, Qing River (dam) 0.01 5 0.07 0.45 0.17 MP l-1 Fragment - (Wang et al., 2020)

China, Shuikou Reservoir 0.3 5 - - 0.42 MP l-1 Fiber - (Huang et al., 2020)

China, Three Gorges Reservoir 0.048 5 1597 12611 4703 MP m-3 Fiber PE (Di and Wang, 2018)

Turkey, Sureyyabey dam lake 0.1 5 4.09 5.25 - MP m-3 Fiber - (Tavşanoğlu et al., 2020)

Sediment

Location
Size [mm] Concentration Most common

Source
min max min max mean Unit Shape Polymer

China, Danjiangkou Reservoir - 5 15 40 24 MP kg-1 Fiber PP (Di et al., 2019)

China, Danjiangkou Reservoir - 5 708 3237 1818 MP kg-1 Fiber PP (Lin et al., 2021)

China, Huangjinxia reservoir <0.1 5 233 870 558 MP kg-1 Fiber PE (Li et al., 2020)

China,Three Gorges Reservoir 0.045 5 25 300 82 MP kg-1 Fiber PS (Di and Wang, 2018)

Serbia, Iron gate I 0.02 5 - - 150 MP kg-1 Fiber - (Pojar et al., 2021)

South Africa, Nandoni Reservoir 0.063 5 5 6417 77.5 MP kg-1 - PE (Mbedzi et al., 2020)

With MP concentrations in sediments exceeding the particle concentrations in

water roughly 208 times (comparing means), reservoir sediments can be seen as im-

portant sinks of riverine MP. In Germany alone, 311 large reservoirs (after criteria

of the International Commission on Large Dams) are listed, which impound most of

the larger German rivers (Danube, Elbe, Oder, Rhine, Saale and Spree)(Köngeter,

2013). This exemplifies the widespread importance of reservoirs for the retention of

riverine transported MP.

Interestingly polyethylene (PE) is among the most commonly found polymer type

in reservoir sediments (Table 1). This is surprising, as PE is expected to float in

water, given by its low density (Table 2). Mechanisms facilitating the sinking and

burial of initially buoyant MP in freshwater reservoirs were previously not studied.

Therefore the main goal of the presented work was to elucidate how initially buoy-

ant MP end up in the sediments of German freshwater reservoirs. Emphasis was
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given to biogeochemical processes which influence particle properties and govern the

sedimentation of MP.

In the next section, it will be reported how MP particle properties influence their

environmental transport. This is followed by sections on how biogeochemical pro-

cesses in reservoirs may alter these properties and by this affect the environmental

transport of MP.

Table 2: European usage of different plastic polymer types in the year 2019. 1:

PlasticsEurope, 2020, 2: Duis and Coors, 2016.

Polymer Abbreviation Demand in Europe [Mt a-1]1 Density range [g cm-3]2

Low density polyethylene LD-PE 8.5 (17.40 %) 0.89-0.93

High density polyethylene HD-PE 6.2 (12.40 %) 0.94-0.98

Polypropylene PP 9.9 (19.40 %) 0.83-0.92

Polystyrene PS 1.5 (3.05 %) 1.04-1.1

Expanded polystyrene EX-PS 1.55 (3.15 %) 0.01-0.05

Polyvinylchlorid PVC 5.0 (10.00 %) 1.16-1.58

Polyethylene terephthalate PET 3.9 (7.90 %) 0.96-1.45

Polyurethane PUR 4.00 (7.9 %) 1.2

1.2 Microplastic properties and their relation to

transport behaviour

MP are particles with complex properties, which exacerbates the investigation of

their transport behaviour in aquatic systems. Density, shape and size have been

identified as the most important parameters to describe MP movement in water

(Khatmullina and Chubarenko, 2019).

Density is mainly influenced by plastic type (Andrady, 2017) and the amount of

additive or fillers (Ateia et al., 2020) added to the polymer matrix. Typical densities

range from 0.01 g cm-3 for expanded polystyrene (Duis and Coors, 2016) to 2.3 g

cm-3 for polytetrafluoroethylene (Khatmullina and Chubarenko, 2019). Accordingly

MP can be divided into polymers which initially float (ρ < 1 g cm-3) such as PE,

PP and EX-PS or polymers which sink in water (ρ > 1 g cm-3) including PET, PS

and PMMA (Linders et al., 2018). In 2019 around 52 % of all produced plastics
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was made up of low density polymers PE, PP and EX-PS, while negatively buoyant

PET, PS and PUR made up 28 % (Table 2). Initially buoyant polymer types might

to be transported over wide distances in the water phase (Van Sebille et al., 2020),

while dense polymer types are expected to accumulate in the sediments (Daily and

Hoffman, 2020) or to be transported as bed loads (Waldschläger and Schüttrumpf,

2019b).

The size of plastic particles do not only influence their behaviour in water, but is also

the only parameter which defines them as MP (Khatmullina and Chubarenko, 2019).

No universal or exact size limits are defined, but in the past decade most researchers

agreed on 5 mm as the upper border for particles referred to as MP (Andrady, 2017).

Recently the opinion to define particles 1000 - 5000 µm as mesoplastics or large MP

and 10 - 1000 µm as MP became increasingly popular (Hartmann et al., 2019).

Assuming uniform density and shape, the settling or rising velocity of particles

increase with their size (Dietrich, 1982). Hence, large and negatively buoyant MP

(> 500 µm) are assumed to settle quite fast (10 - 100 m d-1), while small particles (<

5 µm) might not sink at all (Linders et al., 2018). This is expressed in equations 1.1

& 1.2 where the settling velocity Ws [m s-1] of a particle in semi-turbulent flow (Re <

2 x 105) is mainly influenced by its diameter D [m] (Zhiyao et al., 2008). Further Ws

is depending on the kinematic viscosity ν [m2 s-1] and the density gradient between

particle ρ0 [kg m-3] and water ρw [kg m-3] (Chubarenko et al., 2016). Still the settling

velocity is mostly affected by the diameter of the particle (Chubarenko et al., 2016).

d∗ =

(
(ρ0−ρw)
ρw

∗ g
ν2

) 1
3

∗D (1.1)

Ws =
ν

D
∗ d3∗

[
38.1 + 0.93d

12
7
∗

]− 7
8

(1.2)

MP come in quite different shapes, roughly divided and generalized as quasi

one-dimensional fibers or lines, quasi two-dimensional films or sheets, and three-

dimensional fragments, beads or spheres (Khatmullina and Chubarenko, 2019).

Fibers are usually the most abundant shape of MP found in freshwater (González-

Pleiter et al., 2020), but also fragments, spheres or films are frequently detected

(Kooi and Koelmans, 2019). The shape influences the drag coefficient of the MP

particles, by this changing rising or settling velocity (Kowalski et al., 2016). Fur-
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ther irregular shaped particles (fragments, fibers) (Waldschläger and Schüttrumpf,

2019a) tend to secondary movements, such as tumbling, rotating or oscillating

(Kowalski et al., 2016), thereby influencing settling velocity and direction of move-

ment (Khatmullina and Isachenko, 2017).

The presented insights on how density, size and shape of MP change their rising and

settling behaviour are the fundamentals to understand the environmental transport

of these particles. However, all presented results were deducted from laboratory

studies excluding important biogeochemically mediated processes possibly altering

the MP properties in nature. For example the relation between size and settling

velocity might not be as straightforward, as indicated by the equations 1.1 & 1.2.

Experimental studies indicated that with decreasing size, the collision frequency

between the MP particles and other natural particles (Quik et al., 2014) increases,

which lead to the formation of heteroaggregates. These heteroaggregates are larger

in size and increase the settling velocity of the incorporated MP particles (Besseling

et al., 2017). Under natural conditions MP particles < 10 µm will rapidly form

aggregates, leading to high settling velocities, regardless of their initial small size

(Besseling et al., 2017). Hence, secondary processes possible altering the three basic

parameters density, shape and size need to be quantified in order to holistically

approach MP transport in the environment. Furthermore this topic is currently

under debate and other, yet not investigated, particle properties (e.g. surface hy-

drophobic), might also be relevant for MP transport in the environment.

In the upcoming section relevant biogeochemical processes influencing the set-

tling and deposition of MP in aquatic environments with emphasis on freshwater

reservoirs, will be discussed.

1.3 Aggregation based transport of microplastics

The term aggregation summarizes a variety of different processes leading to the

formation of larger particles from smaller particles by merging together through col-

lision or intermolecular forces (Wang et al., 2021). Aggregation of particles relies on

various parameters, involving particle surface chemistry (hydrophobicity, roughness)

(Zhang et al., 2019), water chemistry (ionic strength, pH, organic matter) (Li et al.,
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2018) and physical processes (Brownian motion, turbulent or laminar water flow)

(Sun et al., 2021). The fundamental aspects of nanoplastics and MP aggregation in

aqueous solutions have been studied and reviewed extensively (Alimi et al., 2018;

Wang et al., 2021; Yan et al., 2021). Working with highly artificial systems, such

as water with low ionic strength (Shams et al., 2020), non-mixed ions (Cai et al.,

2018), no organic matter or organisms, small particles sizes (< 10 µm) (Sun et al.,

2021) and high particle concentrations (Li et al., 2019b), these studies revealed novel

insights towards the factors driving homoaggregation of nanoplastics/MP. However,

these findings cannot be transferred to ”real” freshwater systems, where water chem-

istry, biological parameters, particles properties and abundance differ vastly from

the conditions applied in these laboratory experiments.

Therefore, this section will rather summarize the implications of MP heteroag-

gregation with naturally occurring particles for their environmental transport. In

freshwater reservoirs a large variety of natural particles which govern the potential

to aggregate MP can be encountered. Potential relevant particles are transpar-

ent expolymeric particles (TEP), cells (bacteria, phyto-, and zooplankton), organic

macromolecules, inorganic particles (carbonates, clay, hydroxides, oxides, quartz) or

macroscopic flocs (lake snow, iron snow) typically ranging from 10-9 to 10-2 m in size

(Grossart et al., 1997; Linders et al., 2018; Reiche et al., 2011). MP can be expected

to coagulate with such particles by laminar or turbulent shear, differential settling

or through biogenic aggregation processes (McCave, 1984). Differential settling and

laminar or turbulent flow will physically cause particle collision. Depending on their

properties, particles have a certain chance of sticking together each time they col-

lide, by this forming larger aggregates (Linders et al., 2018). Due to their stickiness,

particles of organic origin, such as algae cells (Lagarde et al., 2016) or TEP (Drago

et al., 2020) are expected to aggregate more readily with MP than inorganics such

as iron oxides (Li et al., 2019a).

Biogenic aggregation processes involve the active uptake of MP by macroorganisms,

followed by excretion and incorporation into (pseudo)feces and fecal pellets. This

displays an important mechanisms and is observed for different marine organisms

such as copepods (Cole et al., 2016), crabs (Watts et al., 2014), sea cucumbers (Bul-

leri et al., 2021) or mussels (Moreschi et al., 2020).
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MP incorporation into aggregates is seldom reported from real environmental sam-

ples, as sampling procedures often destroy the embedding organic matrix (Wang

et al., 2021). Still, MP have been observed in sinking aggregates from the pacific

ocean (Zhao et al., 2017; Zhao et al., 2018) and the Mediterranean sea (de Haan

et al., 2019). MP was found in 73 % of all macroaggregates (marine snow, mean size:

˜500 µm) with buoyant PP as the most abundant polymer type in samples from the

Pacific ocean (Zhao et al., 2018). Further aggregation seems to be size selective,

favoring the incorporation of small particles into marine aggregates (de Haan et al.,

2019; Zhao et al., 2018).

MP in freshwater aggregates have not been reported, yet. Still their presence in

freshwater systems and especially in reservoirs seems to be likely, as comparable ag-

gregate types (lake snow) can be found in most larger lakes or freshwater reservoirs

(Grossart and Simon, 1993; Grossart et al., 1997).

Several laboratory studies showed the aggregation of small and intermediate MP

of variable shapes (fibers, fragments, beads) into sinking aggregates reassembling

marine snow (see Table 3).
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Table 3: Summary of laboratory experiments describing MP forming sinking hetero-

aggregates with natural particles. Studies with plastic particles < 1 µm or focusing

on homo-aggregation of MP were excluded from this summary.

Polymer Particle size [µm] Shape
Particle Aggregation

Source
concentration partner

PVC 63 - 125 Fragment 1 - 10 mg l-1 Sediment (Andersen et al., 2021)

PMMA
106-250 Fragment 12.5 -125 mg l-1 Phytoplankton (Cunha et al., 2019)

PS

PS 1 - 6 Sphere 106 - 1010 particles l-1 TEP (Drago et al., 2020)

PS 10 Sphere 5 g l-1 Phytoplankton (De Oliveira et al., 2020)

PP
400 -1000 Fragment 1 g l-1 Phytoplankton (Lagarde et al., 2016)

HDPE

PS 2 Sphere 10-4 particles l-1 Phytoplankton (Long et al., 2015)

PS 2 Sphere 3.96 g l-1 Phytoplankton (Long et al., 2017)

PS 1 Sphere 100 mg l-1 Phytoplankton (Liu et al., 2021)

PS 1 Sphere 100 mg l-1 Phytoplankton (Mao et al., 2018)

PS 700 - 900 Sphere 50 particles l-1 TEP (Michels et al., 2018)

PA 10 x 50 Fiber

50 particles l-1 Marine snow (Porter et al., 2018)

PS 7 - 30 Sphere

PE 9 - 11 Sphere

PVC 115 - 156 Fragment

PA 6 - 30 Fragment

PP 23 x 3000 Fiber

PS 0.5 - 1 Sphere 5 µg l-1 Marine snow (Summers et al., 2018)

Further also freshwater microalgae (e.g. Chlamydomonas reinhardii) form large

(several mm) and sinking colonies (ρ: 1.2 g cm-1) with large HDPE and PP fragments

(> 400 µm) (Table 3, Lagarde et al., 2016).

Given the large spectrum of different aggregates found to incorporate MP, it is

likely that aggregation will influence MP transport in freshwater systems. However,

appropriate laboratory or even field studies to elucidate the role of aggregation for

MP transport in freshwater reservoirs are still lacking.
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1.4 Biofilms and biofouling on microplastics

Shortly after submerging in water, the surfaces of MP particles will become colonized

by various kinds of different micro-, (Amaral-Zettler et al., 2020) and macroorgan-

isms (Kaiser et al., 2017). This greatly impacts density, size and surface properties

(stickiness, roughness, hydrophobicity) of the colonized particles. Therefore colo-

nization or biofouling (Rosenhahn et al., 2010) is considered as key process governing

MP transport in freshwaters.

Bacteria are usually the first colonizer, adhering to the polymer surface by forming

slimy films comprised of sticky proteins (Flemming et al., 2007), polysaccharides

(Neu et al., 2001), lipids or nucleic acids (Flemming and Wingender, 2010) sum-

marized under the term extracellular polymeric substances (EPS). This slimy film

matures into a complex three-dimensional, structured biofilm, which provides differ-

ent ecological niches (Battin et al., 2016) and protection for bacterial cells (Romaní,

2010) or other microbial biofilm members such as cyanobacteria, eukaryotic algae,

protozoans, fungi and nematodes (Romaní, 2010; Weitere et al., 2018). The com-

munity composition is mainly driven by light availability, nutrient concentrations,

temperature, pH, oxygen (Salta et al., 2013), grazing pressure (Weitere et al.,

2018) and the shear forces experienced within the water bodies (Battin et al., 2003;

Risse-Buhl et al., 2017). These factors are often controlled by geographical location

(Oberbeckmann et al., 2016) and season (Chen et al., 2019).

MP exhibit surface properties (roughness, free energy, hydrophobicity) distinct from

natural particles found in freshwater (Ogonowski et al., 2018). Therefore, microbial

community composition on MP might differ from the communities found on natural

particles (glass, wood, leaves) originating from the same location (Hoellein et al.,

2014). Surface specific attachment of certain bacteria was shown in laboratory

studies with limited numbers of bacterial strains (Hossain et al., 2019) or during

initial surface colonization (Ogonowski et al., 2018). In addition it has been stated

that microbial communities of biofilms growing on MP are enriched with pathogens

such as Vibrio spp. (McCormick et al., 2014; Wu et al., 2019). However, Vibrio

spp. are common early colonizers, which are found in high abundance on other

surfaces as well (Kesy et al., 2021; Kesy et al., 2019), which questions the statement
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of MP as carriers for pathogens in the environment as raised by some authors

(Amaral-Zettler et al., 2020; Wu et al., 2019). It remains uncertain whether MP

are a unique niche in which specialized bacterial communities, specific to certain

polymer types develop. A large meta-analysis indicated that PE particles, collected

from various marine locations throughout the world, share at least 13 common and

unique (not found on other surfaces) operative taxonomic units (OTU) including

members of the families Microbacteriaceae and Sphingomonadaceae (Oberbeckmann

and Labrenz, 2020). However, these unique OTUs only comprised on average 0.47

% of the relative bacterial abundance. Therefore, it is questionable if microbial

biofilms found on MP should be called "plastisphere" (Zettler et al., 2013), as this

implies differences to biofilms formed on natural surfaces, which could not been

shown in a conclusive manner, yet.

After this brief summary on how particle properties shape the MP biofilm commu-

nity, the viewpoint will be inverted, on how in turn the formation of biofilms affects

the properties of MP particles. Under this viewpoint, colonization of submerged

surfaces is rather termed biofouling instead of biofilm formation (Rosenhahn et al.,

2010). Biofouling covers the process of biofilm formation, followed by the attach-

ment of larger macrofoulers (e.g. mussels, crustaceans). The secondary colonization

depends on the properties of the initial biofilms, which provide nutrition and an-

choring sites for the macrofoulers (Artham et al., 2009).

Biofouling might alter the transport behaviour of MP by increasing the density

(Ye and Andrady, 1991), changing the shape (Shang et al., 2014) or increasing the

stickiness of the surface (Michels et al., 2018). The most commonly investigated

process is the alteration of density by biofouling. This is facilitated by ballasting

material of biogenic origin (e.g. mussels, bryozoans, biofilms, see Table 4) tightly

adhering to the particle surface. If sufficient matter is accumulated, even initially

buoyant materials such as PE (Kaiser et al., 2019), PP (Chen et al., 2019) or

wood (Hess et al., 1999) might start sinking in water. However, this is only pos-

sible with ballasting materials having higher densities than the surrounding water

and the MP particles. For dense MP polymer types, biofouling with low density

biogenic matter might even decrease their settling velocity in water (Ha et al., 2020).
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Table 4: Examples for sinking of initially buoyant objects caused by organisms

overgrowth (biofouling). Note that the example for the logs (reported by Hess et al.,

1999), comes from the Lower Jurassic (185 Ma yrs. ago), were wood was supposed

to stay afloat in water for longer time periods compared to modern times. This is

often explained by the lacking of shipworms Teredo spp. which developed later in

the Lower Cretaceous period (Evans and Todd, 1997).
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The effects of biofouling on initially buoyant materials such as MP was mostly

studied in marine settings (see Table 4 for a summary). Biofouling usually leads to

settling within few weeks after the object submerged in water. Depending on the
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trophic state (Lobelle et al., 2021) and the temperature of water body (Edlin et al.,

1975) or the size and shape of the particle (Chubarenko et al., 2016) settling onset

might be extended up to several months or years (Hess et al., 1999; Khatmullina

and Chubarenko, 2019). Smaller particles are considered as more prone to biofouling

due to higher surface to volume ratio (Figure 2, Fazey and Ryan, 2016). Regarding

MP shape, spheres are supposed to sink more readily than films or fibers once they

are fully covered by a fouling film (see Figure 2).
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Figure 2: Density increase of PE caused by overgrowth with a uniform biofilm cover

(assuming ρbiofilm: 1048 kg m-3 from Ha et al., 2020) calculated by iterating (100

times, step size 1 µm) equations provided by Chubarenko et al., 2016. Red dashed

line indicates at which biofilm thickness PE of different shapes and sizes become

negatively buoyant. Size refers to radius for spheres and fibers or diameter for films.

The calculations start with a biofilm coverage of 1 µm thickness. This causes that

the smallest particles have a density higher than the density of pristine PE (920 kg

m-3) right from the beginning.

The extent of biofouling decreases with water depth (Tu et al., 2020), subse-

quently defouling and regaining of buoyancy might occur for particles sinking or

dispersing out of the euphotic zone (Kooi et al., 2017; Ye and Andrady, 1991). The

presence of calcareous macrofoulers was often perceived as prerequisite for the sink-
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ing of MP particles (Fazey and Ryan, 2016), as they add substantial biomass with

high densities (shells, skeletons) to the fouling film (Kaiser et al., 2017). Common

calcareous freshwater biofoulers such as bivalves (Dreissena, Corbicula), bryozoans

and snail or non-calcareous but siliceous sponges can be considered to influence MP

in lakes, reservoirs or rivers (Nakano and Strayer, 2014), but have not been reported

within plastic associated freshwater biofilms (see Figure 3).

(a) True color binocular image (10x),

scale bar: 1000 µm

(b) True color binocular image (40x),

scale bar: 1000 µm

(c) False color CLSM image (200x),

scale bar: 75 µm

Figure 3: Example for an freshwater biofilm developed on a PE plastic film incubated

for 2 years in the hypertrophic Beetzsee (Brandenburg an der Havel, Germany).

Incubation experiment and image recording were conducted by the author of this

thesis. Color coding (C): green (bacteria), pink/purple (cyanobacteria), blue (algae),

white (reflection).
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In addition, the residence time of MP particles in freshwater reservoirs might not

be sufficient for the development of complex biofouling communities with calcareous

macrofoulers. Still, the sinking of PP MP after exposure in a freshwater lake and

development of microalgae biofilms have been reported recently (Chen et al., 2019).

It remains unclear, how the described colonization by small numbers of low density

organisms (ρ: 1080 kg m-3) (Guerrero et al., 1985) facilitated the sinking of buoyant

MP (Chen et al., 2019). Biofilms might entrap suspended solids (see Figure 3b)

from the surrounding water, or biogenic activities could precipitate minerals within

the biofilm, which leads to the increased particle density (Chen et al., 2019).

In summary, the extend of biofouling relies mostly on temperature (influenced by

seasons) (Chen et al., 2019), water chemistry (trophic state) (Lobelle et al., 2021),

hydrodynamic conditions (Risse-Buhl et al., 2017) and presence of specific organisms

(Kaiser et al., 2017). Freshwater reservoirs differ with all of these aspects from

marine environments. As most studies were conducted in marine settings, a large

knowledge gap towards the impact of biofouling on MP in freshwaters, especially

freshwater reservoirs was identified. Elucidating the role of biofouling by taking

reservoir specific aspects, such as stratification and changing redox conditions, into

account, was one of the major challenges of this thesis.
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1.5 Iron and calcium mineral formation

The previously mentioned mechanisms aggregation and biofouling are important to

understand how biogeochemical processes influence the transport of MP in freshwa-

ter reservoirs. In this context the formation of iron and calcium minerals under the

influence of reservoir specific redox conditions will be discussed and linked to the

aforementioned processes.

The precipitation of iron minerals (mainly iron (oxyhydr)oxides) (Cornell and Schw-

ertmann, 2003)) is a process specific for stratified lakes or freshwater reservoirs. Pre-

requisite for this is a stable stratification separating the surface water (epilimnion)

from the profundal (hypolimnion) by a thermocline (Ladwig et al., 2021). This al-

lows the bottom water to become anoxic due to oxygen consuming processes, such

as mineralization of organic matter through respiration. Consequently, ferrous iron

(Fe(II)) is released from the sediments via microbial iron reduction (Kappler et

al., 2021; Melton et al., 2014) and enriched in the anoxic hypolimnion (Mortimer,

1942). Under neutral to alkaline pH, dissolved ferrous iron will be rapidly oxidized

to ferric iron (Fe(III)), when coming into contact with oxygen (Barry et al., 1994).

Ferric iron is unstable in water (Sigg and Stumm, 2016), consequently precipitates

as amorphous iron (oxyhydr)oxides (Tipping et al., 1981) and forms large, sink-

ing flocs with organic material (iron-organo flocs) originating from the lake water

(Deppe and Benndorf, 2002). During stratification this process takes place directly

above the pycnocline (Bravidor et al., 2015), but might extend to the whole wa-

ter column, when the stratification is disrupted by currents or winds (Mortimer,

1942; Oliver et al., 1985). Iron-organo flocs are capable to sorb or enclose dissolved

nutrients, such as phosphorus and subsequently transport them down to the sedi-

ment through gravitational settling (Deppe and Benndorf, 2002; Sigg and Stumm,

2016). It was found that initially buoyant Microcystis spp. colonies also aggregate

with sinking iron-organo flocs originating from autumnal lake mixing (Oliver et al.,

1985). This indicates the potential of iron flocculation to not only remove dissolved,

but also particulate matter from the water column. MP are in the same size range

and having similar densities (Chen and Lürling, 2020), compared to cyanobacterial

colonies. Hence, they might be prone to iron mediated aggregation and settling in
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lakes or reservoirs. This could be even more important for biofouled MP, whose

sticky surfaces enhance aggregation processes (Michels et al., 2018). However, the

iron (oxyhydr)oxides inside of the flocs are prone to microbial iron redcution, once

laying on top of the sediments (Kappler et al., 2021). The dissolution of iron oxides

in the sediments is often accompanied by the release of organic matter (Patzner

et al., 2020), nutrients (NO3
-, PO4

3-) and pollutants (metals, organics), formerly

bound to the minerals. Whether particulate pollutants such as MP can also be

released due to dissolution of the enclosing iron mineral coating, has so far not been

investigated.

Calcite precipitation is another important biogenic process in freshwater reservoirs

(Dittrich and Koschel, 2002), leading to the formation of dense, calcified biofilms

(Merz-Preiß and Riding, 1999) or to release of microcrystals (Thompson et al., 1997)

into the water phase. In freshwater reservoirs calcite precipitation is often induced

by phototrophs, in particular cyanobacteria, under carbon limiting conditions (Rid-

ing, 2006). Carbon limitation might occur during extensive planktonic blooms or

inside of biofilms (Riding, 2006), which forces cyanobacteria to take up HCO3
- in-

stead of the depleted CO2 for their carbon fixation cycle. In the cytoplasm HCO3
-

is transformed to CO2, and OH- is released from the cells into the water (Badger

and Price, 2003). This increases the pH in the vicinity of the cells, shifting the

carbonic acid equilibrium towards carbonate (CO3
2-) (Lee et al., 2004). As Ca2+

originating from the water phase accumulates in associated sheets or surface layers

of the cells, formation of calcite ([Ca2+](aq) + [CO3
2-](aq) −−→ [CaCO3](s)) becomes

thermodynamically feasible (Riding, 2006).

Calcite is precipitated in proximity to the phototrophic organism, but remains only

loosely associated with the cells and can be shed from the cell surface into the water

(Martinez et al., 2010). The released sub-micron calcite crystals can reach concen-

trations up to 2.8 x 107 particles l-1 (Vanderploeg et al., 1987) in surfaces waters of

mesotrophic water bodies (Ortíz-Caballero et al., 2019; Stabel, 1986; Teranes et al.,

1999). The minerals are often associated with organic matrices (Riding, 2006) and

aggregate with cells or organic material in the lake (Küchler-Krischun and Kleiner,

1990). This leads to flocculation of floating cells or particles and their subsequent

transport to the sediments inside of calcite-organo aggregates (Osman-Sigg, 1982).
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Calcite formed within biofilms by sessile cyanobacteria is often not released to the

surrounding water. Instead minerals might stick to the EPS of the biofilms or en-

crust the non-motile cyanobacterial cells (Zippel and Neu, 2011). Subsequently

calcite can make up 20 - 40 % (Tianzhi et al., 2014; Záray et al., 2005) of freshwater

biofilms masses. It can be assumed that calcite rich biofilms (ρCalcite: 2.7 g cm-3),

have a substantial ballasting effect on particles in freshwater reservoirs.

The aggregation of MP particles with mineral flocculants, such as the presented iron

hydro(oxides) and calcite crystal might display unique processes influencing the fate

of these contaminants in stratified standing freshwater bodies. Further the precip-

itation of minerals inside of biofilms growing on plastics might also important for

governing the sedimentation of initially buoyant polymers.
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1.6 Research questions and objectives

The objective of the presented work was to investigate how biogeochemical processes

govern the MP transport in freshwater reservoirs. In particular the question, whether

biofilm formation and aggregation in combination with mineral precipitation could

initiate the sinking of buoyant MP was addressed, by this possibly explaining the sur-

prisingly high concentrations of light density polymers in reservoir sediments. The

overarching objective of this work was to further elucidate the potential of standing

freshwater bodies to facilitate permanent deposition of MP in their sediments. The

objectives can be further summarized into the research questions:

• Does biofilm calcification increase the density of buoyant PE in eutrophic

freshwater reservoirs and can calcifying planktonic cyanobacteria aggregate

small MP particles?

• Does biofilm formation influence the settling velocity of MP in mesotrophic

freshwater reservoirs and is the biofilm formation redox/ depth dependent?

• Lead the aggregation with iron-organo flocs to permanent deposition of MP in

reservoir sediments and does the stability of MP in sediments depend on the

prevailing redox conditions?

• Is the disintegration of iron-organo flocs connected to microbial iron reduction

and subsequently to the release of PE MP?

1.7 Methodological approach

This cumulative dissertation consists of two scientific peer-reviewed papers (Chap-

ter 2 & 3 ), which have been published in the Journal Water Research and one

manuscript (Chapter 4) currently under review in Nature Scientfic Reports (on June

11th 2021). Further one manuscript (Chapter 5) has been submitted (11th of June)

to Limnology and Oceanography Letters.

The dissertation opens with a study elucidating the impact of cyanobacterial cal-

cite precipitation on MP buoyancy (Chapter 2), which was studied working with
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biofilms grown on MP incubated in the eutrophic Bautzen reservoir, in combination

with laboratory experiments employing Microcystis spp. cultures under varying cal-

cium concentrations.

This is followed by the investigation of biofilm development and sorption of

metals on MP exposed in different depths of the mesotrophic Malter reservoir, dur-

ing and after the summer stratification (Chapter 3). In this study the importance

of iron precipitates for the buoycancy of MP became apparent. Hence, the role of

iron-organo flocs for the sedimentation and subsequent burial of initially buoy-

ant PE MP in sediments, was investigated employing laboratory experiments with

natural sediment cores from Bautzen reservoir (Chapter 4) and pure culture batch

experiments with iron reducing bacteria Shewanella oneidensis (Chapter 5).

In the last chapter the major findings and their implications for MP in reservoirs

are resumed. Further, knowledge gaps, additional research questions, and possible

directions of future research are discussed. All practical work was conducted in

the Helmholtz-Zentrum für Umweltforschung GmbH - UFZ in Magdeburg. The au-

thor of this thesis was involved in the project MikroPlaTas (BMBF: 02WPL1448A),

which gave the framework and motivation for the presented investigations.
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a b s t r a c t 

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 × 4 × 0.15 mm) was studied in a eutrophic 

reservoir (Bautzen, Saxony, Germany). Additionally, aggregation dynamics of small PE microplastics (~85 

μm) 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 Ca 2 + 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- 

∗ Corresponding author. 

E-mail address: rico.leiser@ufz.de (R. Leiser). 

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 ( ρ: 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 (CaCO 3 ) ( Jansson and 

Northen, 2010 ) and the subsequent lithification of biofilms 

( Macintyre et al., 20 0 0 ) or formation of biogenic tufa ( Zippel and 

Neu, 2011 ). The finding that dense biofilms ( ρBiofilm 

> ρWater ) may 

form in lakes ( Chen et al., 2019 ) suggests that sinking of buoyant 

https://doi.org/10.1016/j.watres.2020.116582 
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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 ( Ortíz-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 Lürling, 2020 ) under 

the influence of dissolved Ca 2 + ( Xu et al., 2016a ). These cell aggre- 

gates are often exceeding 500 μm 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 Ca 2 + 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 Ca 2 + 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 

2 ) 

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 × 4 × 0.15 mm) made from low-density polyethy- 

lene (Goodfellow ET311251, ρ: 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 

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 l −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 μg 

l −1 ; 2 h, room temperature) was used to visualize divalent cations 

such as Ca 2 + and Ca carbonate minerals ( Zippel and Neu, 2011 ). 

Calcein staining is not specific for Ca 2 + 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 ImageJ 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 2 + 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 ( ρ: 0.920 g cm 

−3 ; Alfa Aesar 9002-88- 

4) was sieved through 100 μm and 10 μm stainless steel sieves 

(Retsch, Germany) to obtain a defined size range of 100 – 10 μm. 

The mean equivalent spherical diameter (ESD) of the sieved par- 

ticles was 85 ± 14 μm (n: 60). Particles were stained with iDye 

PolyPink ( Karakolis et al., 2019 ). Three different Ca 2 + concentra- 

tions (10 mg l −1 , 60 mg l −1 and, 220 mg l −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 (~10 7 cells ml −1 ) were chosen 

to reflect the concentration of Microcystis spp. in Bautzen reser- 

voir during summer (~3 -5 × 10 7 cells ml −1 , data provided by the 

state reservoir administration of Saxony / Landestalsperrenverwal- 

tung des Freistaates Sachsen (LTV)). Right after inoculation, sam- 

ples for pH, Ca 2 + and cell counts were taken. Directly afterwards 

pH was measured using a pH meter (PP-50, Sartorius). Calcium 

samples were filtered (0.2 μm) 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 × 10 4 particles l −1 ) 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 2 + concentration, aggre- 

gates formed within hours to days. Experiments showing no ag- 

gregation were stopped after 7 days. Upon termination, samples 

for Ca 2 + , pH and cell counts were taken as described above. Ag- 

gregates formed within the flasks were photographed and counted 

employing ImageJ cell counter plugin ( Rueden et al., 2017 ). Fur- 

thermore visible aggregates were gently removed using an inverted 

glass pipette. Twelve aggregates per Ca 2 + condition (4 per tripli- 

cate) were transferred into a coverwell chamber (Thermo Fisher 

Scientific) for CLSM. Ca 2 + and fluorescent MP within the sink- 

ing aggregates were visualized via CLSM. Density measurements 

were conducted with 9 aggregates per Ca 2 + condition (3 per trip- 

licate) in a temperature controlled chamber at 20 °C. Aggregates 

were transferred to ultrapure water (20 °C) and titrated with NaI 

(2 g ml −1 , ρ: 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 ImageJ. Sunken biomass/aggregates remaining after ag- 

gregate selection and sampling were filtered onto a stainless steel 

sieve (47 mm, pore size 10 μm) 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 °2 θ with a stepsize of 0.0131 

°2 θ and total measurement time of 2 h 30 min. The irradiated area 

on the sample was kept constant at 12 × 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 

transferred into the PowerBead Pro Tubes containing 800 μl 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 μl pro- 

teinase K (22 mg ml −1 ) 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 

(SI calcite ) 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 2 + 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 – 2.23 g m 

−2 d 

−1 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 −1 ( Teranes et al., 1999 ) or Lake Constance (Switzerland, 

Germany, Austria) with 14 g m 

−2 d 

−1 ( 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. 1 a) covered the biofilms surfaces and calcein stain- 

able minerals were found in close proximity to cyanobacterial cells 

( Fig. 1 b). 
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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 (CaCO 3 ) 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) ( Záray 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. 

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 μm 

3 

μm 

−2 ), cyanobacteria (0.09 to 0.0 0 02 μm 

3 μm 

−2 ) and algae (0.03 

to 0 μm 

3 μm 

−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 GpI were the most abundant group 

(26%), followed by GpV (7%), and GpIIa (1%) ( Fig. 3 ). Based 

on further classification of the sequences using BLAST analysis 

( Altschul et al., 1990 ) the groups GpI 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 SI Calcite 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. 1 b). 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 Ca 2 + bound to the organic biofilm 

matrix ( López-García 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 ( ρ: 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 × 10 −2 cm 

3 (n: 1) was bound to the sunken MP from Bautzen 

reservoir of which only ~ 1.85 × 10 −6 cm 

3 (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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Fig. 2. Biovolumes of bacteria, cyanobacteria and algae cells in biofilms on PE particles retrieved from Bautzen reservoir after 29 days of incubation. Biovolumes were 

semiquantitatively measured via CLSM followed by image analysis. Significant differences are displayed by asterisks ∗∗∗: p < 0.001. 

Fig. 3. Bacterial community composition (phylum level) on PE particles exposed in 

Bautzen reservoir as obtained via 16S sequencing. GpI: Chamaesiphon spp.; GpV: 

Leptolyngbya spp.; GpIIa: Synechococcus spp. 

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 l −1 and 60 mg l −1 Ca 2 + after < 2 h and 2 days, 

respectively, while no aggregates formed under 10 mg l −1 Ca 2 + 

within 7 days. Each of the experimental approaches reached pH ~

9.7 at the end of the experiment. Declining of Ca 2 + 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 l -1 Ca 2+ ), 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 l −1 and 220 mg l −1 Ca 2 + 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 ( ρ: 1.2 g cm 

−3 ) with polypropylene 

MP readily sinking in culture media ( Lagarde et al., 2016 ). The 

aggregates in our study were denser than water ( ρ: 1.1 g cm 

−3 

for 60 mg l −1 Ca 2 + ; 1.05 g cm 

−3 for 220 mg l −1 Ca 2 + ) ( 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 l −1 Ca 2 + were 

significantly larger (mean: 1519 μm, n: 30) than the aggregates 

formed in 220 mg l −1 Ca 2 + (mean 1262 μm, 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 l −1 Ca 2 + and 1 day for 220 mg l −1 Ca 2 + ) this might 

have been a temporal effect rather than depending on the Ca 2 + 

concentration. Considering the sinking velocity of the aggregates 

(0.0036 m s −1 for 60 mg l −1 Ca 2 + and 0.0029 m s −1 for 220 mg 

l −1 Ca 2 + ), 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 μm. 

Most likely aggregation of cyanobacterial cells was induced by 

the elevated Ca 2 + concentrations used in our study. Ca 2 + 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 Lürling, 2020 ). Furthermore elevated 

Ca 2 + concentrations can increase the production of cyanobacteria 
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Fig. 5. Prop erties of cyanobacterial aggregates formed under high (220 mg l -1 ) and intermediate (60 mg l -1 ) Ca 2+ 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 2 + can be supported by the presence of calcein stain- 

able matter within the aggregates ( Fig. 4 ) connecting the cyanobac- 

terial cells. Ca 2 + concentrations > 20 mg l −1 are required to in- 

duce aggregation of cyanobacterial cells ( Chen and Lürling, 2020 ). 

Bautzen reservoir has a median Ca 2 + concentration of 35 mg l −1 , 

which lies in the usual range (10 -120 mg l −1 Ca 2 + ) 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 2 + 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 Ca 2 + concentrations (60 mg l −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 l −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 × 10 5 aggregates l −1 can be reached 

( Feng et al., 2019 ), aggregation governs a high potential for MP re- 

moval in productive lakes. 

4. Conclusions 

• 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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• Biofilms were rich in calcite. Apparently the mineral had a 

greater effect on biofilm density compared to organic matter 

or cells 
• Cyanobacteria Chamaesiphon spp. and Leptolyngbya spp. were 

abundant biofilm members probably facilitating calcite forma- 

tion in the biofilms 
• Planktonic cyanobacteria formed sinking aggregates with small 

polyethylene microplastics (enclosing ~0.4% of particles) under 

elevated Ca concentrations 
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a b s t r a c t

Microplastic particles entering aquatic systems are rapidly colonized by microbial biofilms. The presence
of microbial biomass may cause sinking of particles and as a consequence prevent their transport to the
oceans. We studied microbial colonization of different polymer particles exposed in the epi-, meta- and
hypolimnion of a freshwater reservoir during late summer for 47 days. Parameters measured included
biofilm formation, metal sorption and sinking velocities. Microbial biofilms contained bacteria, cyano-
bacteria and algae as well as inorganic particles such as iron oxides. Regardless of biofilm thickness and
biovolumes of different biofilm constituents, single polyethylene (PE) particles stayed buoyant, whereas
the sinking velocity of single polystyrene (PS) and polyethylene terephthalate (PET) particles did not
change significantly compared to initial values. During exposition, a mixing event occurred, by which
anoxic, iron-rich water from the hypolimnion was mixed with water from upper layers. This induced
aggregation and sinking of hypolimnetic PE particles together with organic matter, cyanobacteria col-
onies and iron minerals.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Microplastics (MP) are one of the widely distributed man-made
pollutants, found in nearly any place of the earth. Zones with
reduced flow velocities such as point bars, impoundments and
reservoirs allow particles to settle down to the sediment (Watkins
et al., 2019), reducing the plastic load of streams (Casta~neda et al.,
2014). As a consequence, high concentrations of MP are found in
sediments of natural lakes (Anderson et al., 2017) and man-made
reservoirs (Zhang et al., 2015), which may even act as permanent
sink (Corcoran et al., 2015). Elucidating the factors governing par-
ticle settling in zones with reduced flow, such as reservoirs, is
therefore crucial for a comprehensive understanding of MP trans-
port in the environment.

Microplastic particles are rapidly colonized by various micro-
organisms like bacteria, cyanobacteria and microalgae when sub-
merged in freshwater. This leads to the development of a biofilm
comprising microbial communities distinct from the surrounding
water (Zettler et al., 2013). Environmental conditions such as pH,

temperature, light/oxygen availability or dissolved nutrientsmainly
determine which organisms may occur within a biofilm; whereas
the surface properties seem to be less influential than these
external factors (McCormick et al., 2014; Oberbeckmann et al.,
2016). However, if incubated under the same environmental con-
ditions, differences between microbial community composition
and biofilm density can be observed among different surfaces
(Parrish and Fahrenfeld, 2019).

The settling of particles is influenced by their shape, size and
density (Chubarenko et al., 2016; Kowalski et al., 2016). Particles
denser than water and above 5 mm in diameter will eventually
settle down by gravitational force within a few meters after being
submerged in water. Particles less dense than water or below 5 mm
in size may stay buoyant or even float at the surface if not altered by
environmental processes (Besseling et al., 2017). For further
transport, aggregation with natural materials and colonization by
organisms play a crucial role by increasing the size and density of
these particles. In oceans, the aggregation of buoyant MPwith algae
(Long et al., 2015) and marine snow (Michels et al., 2018) leads to
rapid settling. Coverage of larger particles with calcareous macro-
organisms, which is often referred to as biofouling, also sinks
buoyant plastic polymers (Kaiser et al., 2017).* Corresponding author.
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Conditions in freshwater differ from the marine environment
with regard to physical (currents/waves, tides, wind, temperature),
chemical (pH, salinity, oxygen availability, nutrients/metals) and
biological parameters. Additionally, the residence time in fresh-
water reservoirs is by magnitudes lower than in the ocean, leading
to the assumption that extensive aging and biofouling by heavy
calcareous organisms is unlikely to take place. Transfer of buoyant
MP to reservoir sediments may therefore rely rather on mecha-
nisms distinct from those observed in marine environments
(Besseling et al., 2017). During summer, many reservoirs become
stratified and partly anoxic, leading to the reduction of iron oxides
to ferrous iron. Lakemixing leads to the autoxidation of ferrous iron
and formation of iron oxide colloids in the water column (Tipping
et al., 1981). These colloids are known to sink together with algae
and cyanobacteria by forming sticky agglomerates with the cells
(Oliver et al., 1985).

We hypothesize that this aggregation may also be relevant for
MP during mixing. Stratified reservoirs, which exhibit gradients of
redox potential and oxygen availability, may therefore provide an
ideal setting to study the factors governing biofilm development
and plastic sedimentationwhich are presently notwell understood.
We characterized biofilm formation on PE, PET and PS in the
stratified mesotrophic Malter reservoir during late summer. Other
factors such as aggregation with freshwater algae and cyanobac-
teria or sorption of metals were considered as well. The following
hypotheses were tested: i) incubation depth and time influence
biofilm composition; ii) biofilm covered MP sorb metal oxides; iii)
aggregation or biofouling influence MP settling in stratified
reservoirs.

2. Materials and methods

2.1. Location

The mesotrophic Malter reservoir (0.84 km2, 335 m above sea
level) is located in eastern Germany (Dippoldiswalde, Saxony). Its
maximum depth is 16e20 m and the maximum storage capacity is
9.6 million m3. Due to continuous discharge during summer, the
water level may drop by several meters. In summer the water
column is stratified with an anoxic hypolimnion separated from the
oxic epilimnion by a thermocline at 8 m depth in 2018 (Fig. S1 and
Table S1). Autumnal mixing usually occurs during September
restoring oxic conditions near the bottom (Müller et al., 2000).

2.2. Plastic material and incubation conditions

Three different polymer foils in research quality and free of
stabilizers, PE (r: 0.924 g cm�3, contact angle: 99.2 ± 4.1�,
ET311251), PS (r: 1.05 g cm�3, contact angle: 91.7 ± 4.6�, ST311125),
and PET (r: 1.4 g cm�3, contact angle: 84.3 ± 3.4�, ES301425) were
purchased from GoodFellow (Hamburg, Germany). Foil thicknesses
were 0.125 mm for PS/PET and 0.15 mm for PE. Polymer squares
(4 � 4 mm) were obtained employing a multiple puncher (Pavo HD
Wire Binder), using sterile techniques (ethanol-sterilized puncher
and lab cloths, laminar flow bench). PS particles exhibited a curved
shape, whereas PE and PET particles were even. The cutting edges
of the particles were rougher compared to the uncut foil. The
squares and foils were stored at 20 �C in a dry, dark place.

In order to incubate the particles in Malter reservoir, 500 par-
ticles of each polymer (PE, PS, PET) were transferred to individual
closed stainless steel cages (cylindrical shape, diameter 10 cm,
length 25 cm, mesh width 3 mm) each containing just a single
polymer type (Arias-Andres et al., 2018). Particles were distributed
to the cages as follows: 3 � 500 particles (three individual cages
containing PE, PET or PS) in the epilimnion, 3 � 500 in the

metalimnion and 9 � 500 (in 3 � 3 cages with PE, PET or PS) in the
hypolimnion (Fig. S2). Cages were incubated from August 30 to
October 16, 2018, with three samplings after 6 days (09/05), 22 days
(09/21) and 47 days (10/16). Three incubation depths at 0.5 m
(epilimnion, O2 saturation > 100%, light), 8 m (metalimnion, O2
saturation 80%, no light) and 16 m (hypolimnion, O2 saturation 0%,
no light) were chosen according to prevailing oxygen concentra-
tions (multi-parameter probe, Sea & Sun Technologies, Germany)
and light intensities (Licor 1400, Li-cor Biosciences, Germany) on
August 30 (Fig. S1a). Cages were lifted to the surface for sampling
and particles were gently transferred using tweezers or flushing
with reservoir water to pre-combusted (450 �C, 4 h) glass Petri
dishes filled with water from the incubation depth. The hypolim-
nion was anoxic during the initial stage of the experiment (Fig. S1).
To avoid repeated oxygen exposure of anaerobic organisms during
lifting of the cages for sampling, additional cages on separate ropes
were deployed in the hypolimnion so that for each sampling pre-
viously un-sampled cages were used. Some PS particles were
flushed out of the cages, leading to missing values of crystal violet
staining in the epilimnion and metalimnion for day 47. All samples
were stored in the dark at 4 �C until processing in the laboratory.
Samples for confocal laser scanning microscopy (CLSM) were pre-
served in 4% formalin solution, and particles for iron/manganese
measurement were directly placed in glass vials with hydroxyl
ammonium chloride-hydrochloric acid (0.5 M/1 M). Particles used
to determine the sinking velocity and for conducting crystal violet
staining were transported in reservoir water.

2.3. CLSM imaging

At every sampling date 10 randomly chosen particles per poly-
mer were taken from each incubation depth, and 5 random loca-
tions on each of them were examined via CLSM. Samples were
washed in tap water and mounted in a 5 cm Petri dish. For this
purpose the plastic squares were glued with silicone adhesive to
the bottom of the dish. Nucleic acid staining was done with Sybr-
Green (dilution 1:1000). After staining for 5 min the Petri dish was
flooded with tap water. For CLSM a TCS SP5X with upright micro-
scope and super continuum light source was available. The system
was controlled by LAS AF version 2.4.1. Samples were examined by
using a long working distance 63x NA 0.9 water immersible
objective lens. Excitationwas at 490, 561 and 633 nm. Emissionwas
recorded sequentially from 480 to 500 nm (reflection),
510e580 nm (SybrGreen) together with 650e720 nm (auto-
fluorescence of chlorophyll a) and separately from 575 to 650 nm
(autofluorescence of phycobilins). Datasets were recorded without
average and a step size of 1 mm. For visualisation Imaris (Bitplane)
version 9.3 was employed. Projected image data sets were printed
from photoshop (Adobe). Calculations of cell biovolumes contained
in the digital images were done with an adapted version of ImageJ
(Staudt et al., 2004). Extracellular polymeric substances (EPS) were
visualized by the glycoconjugate binding lectin AAL-A568 (Vector
Laboratories, Burlingame, USA).

2.4. Iron and manganese analysis

Iron and manganese were determined by extracting 15 pooled
particles per sampling date, depth, and polymer type with 2 ml
hydroxyl ammonium chloride-hydrochloric acid solution (0.5/1 M)
for 24 h in an overhead shaker (120 rpm). Iron was subsequently
measured by ferrozine assay (Stookey, 1970) at 562 nm using a
spectrophotometer (Agilent Cary 60 UV-VIS). Briefly, 50 ml of acidic,
centrifuged sample (10 min, 15000 rpm) was added to 950 ml fer-
rozine solution (50 mM HEPES, 1 mg ml�1 ferrozine, pH 7.0) and
incubated for 10 min prior to the measurement. If optical density
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exceeded 1.0 the remaining sample was diluted with acidified
ultra-pure H2O prior to the addition of ferrozine. Manganese was
measured using the formaldoxime method adapted from Burlage
et al. (1998), Goto et al. (1962) and Brewer and Spencer (1971).
The following solutions were prepared: (1) TRIS-Buffer (5 M TRIS-
HCl, pH 9.0 adjusted with H2SO4), (2) formaldoxime (20 g hy-
droxyl ammonium chloride in 450 ml ultrapure H2O, addition of
10 ml 10% formaldehyde, filled up to 500 ml), (3) 0.1 M EDTA in
water and (4) 10% hydroxyl ammonium chloride inwater. Oneml of
TRIS solutionwas added to an Eppendorf tube followed by addition
of 100 ml supernatant from the centrifuged sample. Then 100 ml of
formaldoxime was added, followed by 2 min of incubation at room
temperature. To remove dissolved ferrous iron, 100 ml EDTA and
200 ml hydroxyl ammonium chloride solution were added sepa-
rately, subsequently the solution was incubated at room tempera-
ture for 10 min and measured at 450 nm (Agilent Cary 60 UV-VIS).

2.5. Crystal violet staining

Crystal violet staining was conducted to quantify total biofilm
mass (Arias-Andres et al., 2018), as the dye stains both cells and the
biofilm EPS (Xu et al., 2016). On each sampling date 8 particles from
each depth and of every polymer type were stained. During the
procedure some particleswere lost leading to lower sample numbers
(Fig. 2). Briefly, particles were dried (60 �C, 24 h), stained with 250 ml
crystal violet (0.3% in ultrapure water) for 15 min, washed 4 times
with ultrapure water and de-stained with 200 ml ethanol (97%). The
ethanol-crystalviolet solutionwasmeasured at595nm(OD595) using
a multiplate reader (Thermo Fisher Multiscan RC). Samples showing
optical densities higher than 1.00 were diluted with 97% ethanol.

2.6. Measurement of sinking velocities

Sinking velocities were determined within 12 h after sampling.
A sinking column (0.15 m � 2 m) filled with deionized water and
placed in a climate chamber (20 �C) was used. The water was filled
2e3 days in advance to avoid currents and temperature differences
in the column. The time needed to settle 50 cm through the column
was measured using a stop watch (Kaiser et al., 2017). Particles
were placed carefully beneath the water surface using tweezers
and then allowed to settle for 30 cm in order to reach their terminal
velocity before measurement was started. Particles settling close to
the tube walls were excluded from data analyses. Multicellular
organisms attached to sinking polymers were identified via
binocular and a field guide (Streble and Krauter, 1988) to the family
level.

2.7. Analysis of iron colloids

Iron colloids resulting from reservoir mixing were obtained by
centrifuging twowater samples retrieved on September 21 (10min,
15000 rpm). The resulting pellets were dried (60 �C for 24 h) and
iron and manganese were analysed according to methods
described in 2.4. The remaining solids were washed three times
with acidified water (pH 1.8) and centrifuged/dried again (60 �C,
24 h) to determine the acid soluble fraction. Afterwards the ash
content was determined by combusting the sample at 450 �C for
24 h. One aggregate formed by PE and iron colloids was treated
similarly and analysed for its iron and manganese content.

2.8. Data analysis

The critical thickness and mass of an attached fouling film in
order to overcome a PE squares buoyancy was calculated following
Chubarenko et al. (2016):

dfilm ¼ h
2
*
rw � r0
rf � rw

(1)

mf ¼ a2*d*rf (2)

With r0: Density of unfouled PE particle (920 kg m�3); rf :
Density of the fouling film (different densities, Table S2); rw Density
of water (1000 kg m�3); h : Height of the particle (1.5 � 10�4 m);
dfilm: Thickness of the fouling film;mf : Mass of fouling film needed
to sink PE; a: Length of LDPE particle (4 � 10�3 m).

Results were compared among sampling dates and depths using
non-parametric bootstrapping (Efron and Tibshirani, 1986) because
assumptions of the ANOVAwere not satisfied. For each comparison,
we reported the median difference of 10000 bootstrapped samples
with 95% confidence intervals. Differences in medians containing
values other than zerowere regarded as significantly different from
each other by 95% chance. Software R (R Core Team, 2018) was used
for all statistical analysis.

3. Results

3.1. Biovolumes analysed by CLSM

Biovolumes of three phylogenetic groups (bacteria, cyanobac-
teria and algae) were analysed for three different reservoir depths
(epilimnion, metalimnion and hypolimnion) and time intervals
(day 6, day 22 and day 47). Cages from the epilimnionwere covered
with visible biofilms after 47 days, whereas no visible biofilm for-
mation was observed on cages from the metalimnion and
hypolimnion.

The cellular components of the biofilms on day 6 consisted
predominantly of bacteria (Fig.1). PET had fewer bacteria compared
to PS/PE in the metalimnion and to PE in the epilimnion, while PS
had significantly more bacteria than PE and PET in the hypolim-
nion. Cyanobacteria and algae were scarce throughout, nonetheless
small but statically significant differences among the polymers
were found (Fig. 1b and c).

On day 22 (Fig. 1) biofilms were again dominated by bacteria. PE
showed the highest bacterial biovolume of all polymers in each
incubation depth (Fig. 1a). PS had higher values than PET in the
epilimnion and metalimnion, but lower bacterial biovolumes in the
hypolimnion compared to PET. Cyanobacteria biovolumes were
again negligible. Some algae were found on PS exceeding PE and
especially PET in the epi- and metalimnion. In the hypolimnion PE
had remarkably higher algae biovolumes than PET and PS.

Biovolumes on day 47 were distinct from the previous sampling
dates, and characterized by higher shares of phototrophic organ-
isms in the epilimnion. Bacterial biovolume showed less pro-
nounced differences between the surfaces than before.
Cyanobacteria in the epilimnion made up a significant proportion
of the phototrophic biovolume. Comparing the surfaces, PET and PS
showed the highest volumes, while PE only reached around 5% of
the cyanobacteria biovolume found on PET or PS. In the metal-
imnion cyanobacteria were scarce throughout. In the hypolimnion
cyanobacteria biovolume was low but significantly different be-
tween surfaces (Fig. 1c). Substantial algae biovolumes were found
on all polymers in the epilimnion with PET/PS significantly
exceeding PE. Few algae occurred in the metalimnion and hypo-
limnion although some significant differences were found (Fig. 1b).

The biovolumes of bacteria, cyanobacteria and algae increased
over time on all polymers in each of the incubation depths.
Remarkably, algal biovolumes increased by at least one order of
magnitude between day 22 and day 47 in the epilimnion. No
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general differences regarding the final bacterial biovolumes were
found at day 47. However, PE tended to have lower biovolumes of
phototrophic organisms than the other surfaces.

3.2. Biofilms analysed by crystal violet staining

On day 6 the biofilmwas not well established, with OD595 values
being low for all polymers (Fig. 2), but still significantly higher than
the pristine particles used as blanks. Differences between the
polymers were scarce with only PET exhibiting lower OD595 values
than PE in all samples on day 22 and day 47. Biofilm mass on PS on
day 22 was equal to that on PE in the epilimnion and metalimnion
but lower than on PE in the hypolimnion. PS values were equal to
PET values on day 22 except for the epilimnion. OD595 was highest
at day 47 for all sampled polymers, which indicates an increase of
stainable molecules over the incubation time.

The OD595 values showed a positive linear correlation with their
respective total biovolumes (sum of algae, bacteria and

cyanobacteria) derived from CLSM imaging. The increase of OD595
per biovolume was higher for PE than for PET, as expressed by a
steeper regression line. Therefore higher OD595 values would result
from similar or lower biovolume on PE compared to PET (Fig. S3,
Table S3).

3.3. Metal concentrations on MP

Iron and manganese (detection limit 0.3 mg mg�1) were found
on all tested biofilm-covered MP. On day 6 and 22 no manganese
was detected, but after 47 days manganese was found on every
polymer in most incubation depths. PE showed the highest man-
ganese sorption, exceeding 0.63 mg mg�1 in the epilimnion.

In contrast, iron was detected from day 6 on at all polymers. On
day 22 substantial iron sorption was observed in the hypolimnion
(Fig. 3). The highest iron concentration occurred on PE on day 47 in
the epilimnion (1.64 mg mg�1).

At least for PE metal concentrations increased substantially over

a) b)

c)

Fig. 1. Biovolumes of bacteria (a), algae (b) and cyanobacteria (c) in epilimnion (E), metalimnion (M) and hypolimnion (H) over 47 days of exposure. Sample sizes were 50 for each
polymer. Groups significantly different from each other (with 95% confidence) are highlighted with letters in alphabetical order beginning with the highest value in each individual
panel.

R. Leiser et al. / Water Research 176 (2020) 1157484

Rico Leiser Manuscript 2 35



the incubation time. Sorption of iron exceeded that of manganese
on all polymers. As the data display an integrated mean of 15
particles per measurement no statistical analysis was conducted.

3.4. Sinking velocity of particles

During the experiment no sinking of single PE particles
regardless of incubation depth or time occurred and so no sinking
velocities were recorded.

The terminal sinking velocities of PET squares were roughly
three times higher than those of PS, with values of 0.028 m s�1

compared to 0.0075 m s�1 respectively (Fig. 4). No substantial
differences between incubated particles and the control pristine
particles of PET and PS were observed (Table S4). Small differences
between some incubation depths or sampling dates were occurring
(Table S4). On day 47, larger organisms such as hydras and cla-
docerans were attached to the surface of 9% of the PS particles and
10% of the PET particles used in the sinking experiment. These or-
ganisms influenced the sinking speed of PS slightly by accelerating
the sinking speed by 4% (median of particles with attached multi-
cellular organisms: 0.008 m/s, n: 4) and decreased the sinking
speed of PET by 1% (median: 0.0276, n: 6) compared to particles
with no attached larger organisms. On day 6 and day 22 no such
organisms were observed on the particles.

3.5. Mixing event and aggregation of MP with iron colloids

Oxygen intruded into the anoxic hypolimnion of the stratified
Malter reservoir between September 5 (day 6) and September 21
(day 22) (Fig. S1b and c). Substantial amounts of brownish-red iron

Fig. 2. Effect of incubation depth and exposure time on the total biofilm mass (crystal violet staining, OD595). Pristine particles were used as blanks. Values for PS are missing on day
47 for the epilimnion and metalimnion due to sample loss. Letter display significant differences (with 95%confidence) between the surface in each panel in horizontal direction,
stars (with * > **) mark significant difference between the incubation depths of a single polymer in vertical direction.

Fig. 3. Iron concentrations on plastic polymers during exposure in Malter reservoir.
Missing values indicate no measurable iron present at the particular time point or
depth. The values were calculated by dividing the measured concentrations by particle
weight (15 particles weighing 1.93 (PS), 2.63 (PET) and 2.2 mg (PE) each).
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flocs (Fig. 5a) floated freely in the whole water column on
September 21. These reservoir-borne iron colloids consisted of
approximately 12% per weight iron, 40% per weight organics, and
38% per weight ash content referring to the dry mass. The acid
soluble fraction was 26% per weight which corresponds well to the
mass of 27% Fe2O3 x 0.5 H2O stoichiometrically calculated from the
measured iron content. The colloids were not observed at day 47
(October 16). Aggregation of four PE particles with iron colloids was
observed in the hypolimnion (Fig. 5a and b). The formed aggregate
was stable enough for being transferred by tweezers without
breaking apart. Its density was higher than water; subsequently it
sank down to the bottom of a water filled storage container. Non-
agglomerated PE particles retrieved from the hypolimnion on
that day remained buoyant. The biofilm on the aggregate showed
higher biovolumes of bacteria, algae and cyanobacteria compared
to any other surface (Fig. 5c). The agglomerate was of brownish
color, indicating the presence of ironwhichmade up approximately
3% Fe (11 mg mg�1) of the total dry mass. Small amounts of man-
ganese reaching <1% (0.07 mg mg�1) of the total dry mass were
measured as well.

4. Discussion

In this study we measured biofilm formation and sorption of
metals to different polymers in MP size in order to investigate the
effects on their sinking behavior. Employing CLSM, crystal violet
staining and spectrophotometric methods, we found microbial
biofilm formation to be not sufficient for promoting the sinking of
single MP particles in Malter reservoir during late summer. Sinking
through aggregationwith iron colloids and biomass (cells/EPS) was
observed after reservoir mixing in a single case.

Contrary to our findings, biofouling with cyanobacteria was

found to sink polypropylene particles in a eutrophic tropical lake
(Chen et al., 2019). The authors hypothesized that the binding of
inorganicmaterial contributedmore significantly to themass of the
fouling film than the phototrophic cells (Chen et al., 2019). Differ-
ences to our results can be explained by distinct environmental
conditions in Malter reservoir such as lower concentrations of
chlorophyll a (41 mg/l vs. 120 mg l-1), phosphate (0.03 vs.
0.214mg l�1), ammonia (0.07 vs. 0.41mg l�1), and suspended solids
(4 vs. 35 mg l�1). Regarding the different conditions, biofouling will
be more intense in warm, nutrient-rich, shallow lakes compared to
temperate, nutrient-poor, deep reservoirs. The absence of calcar-
eous macrofoulers which is considered as a major factor promoting
sinking of MP in marine environments (Kaiser et al., 2017) may also
explain low impact of biofouling on the particle densities in this
study.

However it cannot be excluded that more extensive biofouling
occurs during different seasons and may facilitate MP sinking in
Malter reservoir. Biofilm formation may strongly influence aggre-
gation dynamics and subsequently the sinking of MP by increasing
the stickiness, surface charge or altering themorphology (e.g. lobes,
filaments) of the particles. Aggregation with inorganic and organic
particles is considered as another important process that de-
termines the environmental fate of MP (Besseling et al., 2017).
Sticky organic material such as marine snow (Porter et al., 2018),
biogenic particles (Michels et al., 2018), EPS (Summers et al., 2018),
organo-mineral particulate matter (M€ohlenkamp et al., 2018) and
marine (Long et al., 2015) or freshwater microalgae (Lagarde et al.,
2016) can sink buoyant MP through formation of large hetero-
aggregates. Most studies used laboratory set-ups employing con-
ditions favoring aggregation such as low shear stress and high
particle concentrations (101-104 particles ml�1) (M€ohlenkamp
et al., 2018) which may not reflect natural conditions. Currents,

Fig. 4. Sinking velocity of PET and PS in deionized water (20 �C) after incubation in Malter reservoir. The control displays settling velocities of unexposed (pristine) particles.
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grazing, microbial degradation and ingestion by larger organisms
could lead to rapid break-up or consumption of such aggregates in
nature (Cole et al., 2016). In this study aggregation of PE with
organo-mineral matter was observed. The formation right after
mixing indicates that iron oxide containing colloids induced the
aggregation of PE with organic matter and cells of cyanobacteria,
algae and bacteria. Iron colloid formation is an important process
capable to aggregate and sink buoyant cyanobacteria in natural
lakes after mixing (Oliver et al., 1985). Given that only 4 large
microplastic particles aggregated with such colloids; this study
cannot provide sufficient data on the importance and implications
of this mechanisms for the fate of MP in reservoirs. Furthermore it
should be considered that reservoir mixing is no prerequisite for
the aggregation and subsequent settling of MP in the environment.

Considering the oxic conditions of the hypolimnion prevailing at
least since day 22, the majority of iron and manganese should have
been present as metal oxides. Oxide minerals such as ferrihydrite
(Fe5HO8 x 4 H2O), magnetite (Fe3O4) or manganese (IV) oxide
(MnO2) exhibit a high specific density and may influence the
density of MP particles. The density change of PE particles
(4 � 4 � 0.15 mm) covered by a “fouling film” was calculated by
using the specific density of these minerals as input variable

(Chubarenko et al., 2016). Afterwards the mass of fouling films
comprising ferrihydrite, magnetite, manganese oxide or bacteria
needed to sink the PE particle (rPE > rWater) were determined
following equation (2). Accordingly, the mass concentrations
needed to sink PE are 54 mg mg�1 magnetite, 58 mg mg�1 ferrihy-
drite, 55 mg mg�1 manganese oxide and 131, 156 or 218 mg mg�1

bacteria (with different rBacteria, Table S2). The maximum iron
concentration found on buoyant PE (1.64 mgmg�1) corresponded to
2.2 mg mg�1 ferrihydrite or 2.1 mg mg�1 magnetite whereas the
maximum manganese concentration (0.64 mg mg�1) corresponded
to 0.94 mg mg�1 manganese oxide. Therefore, the mass concen-
tration of metals bound to freely floating PE particles was at least
one order of magnitude too low to overcome their buoyancy. The
sinking aggregated PE particles showed iron concentrations of
11 mg mg�1 corresponding to 16.4 mg mg�1 ferrihydrite or
15.2 mg mg�1 magnetite. Biovolume (in mm3 mm�2) of bacteria,
cyanobacteria and algae can be converted to cells mass per particle
by multiplying with the particle surface area (1.6 � 107 mm2) and
the specific density of microbial biomass (Table S2). Buoyant PE
particles contained approximately 8 mg mg�1 total biomass (for
rBiomass: 1500 kg m�3) while the microbial biomass on the sunken
PE agglomeratemade up 149,138 or 124 mgmg�1 depending on the

Fig. 5. Images and biovolumes of PE aggregate from hypolimnion at day 22. a) bright light microscopy (10x magnification), b) CLSM image stained with lectin to visualize EPS, c)
biovolumes of algae, bacteria and cyanobacteria within the aggregate. Coding for CLSM: green (bacterial cells), purple (cyanobacteria), blue (algae), and red (EPS). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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specific density of microbial biomass applied. The biomass calcu-
lated for the sunken agglomerated PE was in good agreement with
the 131 mg mg�1 (for rBiomass: 1500 kg m�3) (Chubarenko et al.,
2018) theoretically needed to sink buoyant PE particles. Assuming
lower rBacteria the results deviated slightly (156 mgmg�1 for rBiomass:
1388 kgm�3) (Besseling et al., 2017) or moderately (218 mgmg�1 for
rBiomass: 1250 kg m�3) (Kooi et al., 2017) from the biomass theo-
retically required for sinking. However it should be considered that
most of the aggregate organic mass was not quantified via CLSM as
EPS was not assessed with the used technique. Nonetheless bal-
lasting effects of microorganisms considerably exceeded the effect
of metal oxides, comprising a likely reason for the observed loss in
buoyancy. This leads to the assumption that the aggregation of
freshwater microorganisms can sink MP if sufficient biomass is
provided. However, under low bio-productivity or low temperature
conditions the critical mass to sink the MP may not be reached
within reasonable timescales.

The extent of EPS production within the biofilms seemed to
differ between the polymers, as shown via crystal violet assay.
Algae and cyanobacteria cells were present in lower densities on PE
compared to PET and PS as seen from CLSM imaging. This may
indicate that these organisms had to put more effort into attach-
ment to PE surfaces than to PET/PS. Lowattachment efficiency leads
to environmental stress (Vosshage et al., 2018) and ultimately to
more EPS production by the stressed cells (Scott et al., 2014).
Therefore the fewer but stressed cells on PE could have produced
more EPS than the cells on PET.

Regarding the occurrence of metals on biofilm covered MP, PE
showed higher concentrations of iron and manganese compared to
the other polymers. Concentrations of Fe and Mn exceeded up to
100 times (Fe) or 10 times (Mn) the concentrations found on
beached plastic pellets at British shores (Ashton et al., 2010;
Holmes et al., 2012) and plastics exposed to seawater for several
months (Rochman et al., 2014). Lower ionic strength and the higher
abundance of Fe/Mn in freshwater water may explain the higher
MPmetal concentrations found in this study. According to previous
studies long-term metal sorption to plastics does not differ be-
tween polymer types (Rochman et al., 2014). The metal sorption is
rather controlled by the biofilm thickness and the available binding
places therein (Rochman et al., 2014; van Hullebusch et al., 2003).
In our study, PE showed the highest crystal violet stainable biomass
of all polymers. PE may therefore have provided more binding
places for metals within the EPS matrix, leading to the highest
measured iron and manganese concentrations.

The polymers were enclosed in steel cages during the experi-
ment. For PS and PET this produces artificial conditions, as particles
of the used size will settle down to the sediment within 10 (PET) to
30 min (PS) assuming a mean water depth of 16 m and no other
currents or mixing. However, polymers with mechanically changed
properties such as PET bottles with trapped air inside or expanded
PS may stay afloat for a longer time-span than the particles used in
this experiment. This makes the description of biofilm formation on
PS and PET in the upper reservoir parts environmentally relevant
even though the particles are not buoyant. Conditions for biofilm
formation may differ between the interior of the cages and the
open reservoir water, as larger grazing organisms were excluded by
the mesh size. Furthermore the cages had a shading effect reducing
the light intensity by 33%. Due to biofilm formation on the cages
this shading effect could have been even stronger than the 33%
measured for blank cages. Reservoirs and especially their hypo-
limnia experience very low currents. For this reason, biofilms are
only loosely bound to their carriers, making biofilm loss due to
shear stress likely. This may partly explain the high variability of
biovolumes on particles of the same material and exposure time.
Formation of hetero-aggregates between PE and organo-mineral

matter was only observed in the hypolimnion. Therefore, the
possible sinking of PE floating at the water surface could not be
proven directly. Only one aggregate with four PE particles has been
observed hence coincidence cannot be excluded. The experiment
was conducted from late summer to autumn which includes
lowering of temperatures and light intensities during this time. As
the extent of biofouling depends on season (Chen et al., 2019), it
cannot be excluded that biofouling-induced sinking may occur
during other times of the year.

5. Conclusions

� Late summer biofilm development within a temperate meso-
trophic reservoir was not sufficient to facilitate sinking of
buoyant MP or increasing the settling velocity of dense MP

� Biofilms grown on PET and PS microplastics in the mesotrophic
reservoir contained more phototrophic microorganisms than
those on PE microplastics

� Manganese and iron sorbed to biofilm covered microplastics in
substantial amounts
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Abstract

Microplastics are ubiquitous in standing freshwater bodies, subsequently lakes and

reservoirs may be important sinks for these contaminants. However, the mechanisms

governing microplastics deposition and their interactions with the sediments are un-

derstudied. We demonstrate how aggregation-based transport facilitates the sinking

and infiltration of buoyant microplastics into freshwater reservoir sediments by em-

ploying experiments with intact sediment cores. Buoyant polyethylene microplastics

were rapidly (1 - 4 hours) incorporated into sinking iron-organic aggregates, followed

by swift deposition into sediments. Ingression of microplastic bearing flocs into sed-

iments was completed within 6 days and led to stable deposition of the incorporated

particles for at least 2 months. Most microplastics were deposited in the top 2 cen-

timeter of the sediments and few particles (5 - 15 %) were re-released into the water.

Our results show at least 85 % burial of microplastics, indicating the significant role

of standing freshwaters in reducing microplastic loads to the oceans.

Introduction

Microplastics (MP) are particulate anthropogenic pollutants (< 5 mm) frequently

found in the sediments of many lakes (Turner et al., 2019) and reservoirs (Di and

Wang, 2018) worldwide. Most of these plastics originate from rivers, flowing into

the standing water bodies. The reduction of flow velocity leads to the settling of MP

(Watkins et al., 2019), alongside with other particulate matter (Franzen, 1985) into

the sediments (Enders et al., 2019). However, this only holds true for MP particles

with high densities (ρ > 1.0 g cm-3) allowing sedimentation in water (Chubarenko

et al., 2016). Still, initially floating, low density (ρ < 1.0 g cm-3) polymer types such

as polyethylene (PE) are among the most common MP retrieved from freshwater

sediments (Merga et al., 2020). This implies the existence of processes governing

the sedimentation of buoyant MP in freshwater lakes and reservoirs.

Such processes are aggregation (Michels et al., 2018), biofouling (Kaiser et al., 2017)

and mineral formation (Leiser et al., 2021) affecting both high and low density

MP. The MP particles may aggregate with microalgae cells (Lagarde et al., 2016),
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cyanobacteria (Leiser et al., 2021), diatoms (Long et al., 2017) or transparent ex-

opolymeric particles (Michels et al., 2018) (TEP) leading to the sinking of initially

buoyant polymers.

Large sinking aggregates (> 1 mm) comprised of organic debris and inorganic par-

ticles (Grossart et al., 1997) are commonly found in lakes referring to as lake snow

(Grossart and Simon, 1993). Depending on the prevailing biogeochemical conditions

“lake snow” may contain high proportions of iron oxy(hydroxides) (Elliott and War-

ren, 2014; Reiche et al., 2011). The organic matter in such flocs consists of microbes

(Plach et al., 2011) and of co-precipitated dissolved or particulate organic carbon

from the water (Pizarro et al., 1995). Especially during lake stratification (Bravidor

et al., 2015) or autumnal lake mixing (Oliver et al., 1985) such iron-organo aggre-

gates can be present in the water column.

Iron-rich aggregates are usually formed at the upper part of the oxycline where

anoxic water rich in ferrous iron comes into contact with oxic water. This leads to

the oxidation of the ferrous to ferric iron (Cornell and Schwertmann, 2003) which

subsequently precipitates in the form of amorphous iron oxy(hydroxides) colloids

(Tipping et al., 1981). These colloids form large and sinking flocs by aggregating

with the organic material present in lake water (Reiche et al., 2011). Such flocs may

also be formed by the rapid breakdown of lake summer stratification (Mortimer,

1942). This results in the complete mixing of the anoxic hypolimnion with the oxic

epilimnion. The resulting iron-organo flocs are dispersed through the whole water

column and co-precipitate microbial cells (Oliver et al., 1985), nutrients (Deppe and

Benndorf, 2002) or heavy metals (Díez et al., 2007). It was previously reported that

lake mixing leads to aggregation of buoyant planktonic Microcystis colonies with

iron flocs, transporting them to the sediment (Oliver et al., 1985). These mixing

events might even aggregate and sink buoyant MP through aggregating with iron

containing colloids (Leiser et al., 2020). However the fate of the MP particles in the

sediment is not known.

Iron flocs formed in lakes are susceptible to microbial iron reduction (Elliott and

Warren, 2014) especially once they reach the sediment(Venkateswaran et al., 1999).

Reduction might lead to the dissolution of the ballasting iron oxy(hydroxides), fol-

lowed by floc disintegration (Oliver et al., 1985) and, if MP is enclosed, to MP
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liberation. Hence post-deposition floc stability might be crucial for the permanent

removal of MP from the water-column. Iron reduction is more intense during summer

anoxia compared to times in which the hypolimnion is oxygenated (Wendt-Potthoff

et al., 2014). Therefore iron floc stability and MP release might depend on the

prevailing redox condition in the hypolimnion.

In this study, we explored how the aggregation of PE MP into sinking iron-organo

flocs affect their long-term deposition in freshwater reservoir sediments, which is

a crucial step for the complete understanding of this globally important MP sink.

We hypothesized that iron-organo floc formation can be simulated in lab and that

the incorporation of PE MP into such aggregates leads to sinking of this buoyant

polymer. In addition, we assumed that size and shape of the particles govern their

enclosure rate into iron flocs. This was tested by amending surface water from a

eutrophic reservoir with the iron flocculent Fe(II)SO4 and PE MP of three different

shapes (fragments of 4 different size classes, fibers and spheres). Further we tried

to elucidate the fate of such MP bearing iron-organo flocs once reaching the sedi-

ments of the water body. The first few mm of sediments and the over-laying water

column of lakes and reservoirs might be anoxic or oxic, depending on the season.

With iron being a redox-sensitive element, we hypothesized that iron-organo-flocs

containing PE MP laying on-top of sediments will be stable under oxic conditions,

while being disintegrated under anoxic conditions leading to MP release. This was

tested with sediment cores from a eutrophic reservoir, which allow lab simulation of

natural sediment processes due to their intact sediment surfaces. By addition of MP

bearing iron-organo flocs to these sediment cores, we aimed to reassemble the route

of MP initially floating in the water-body, into the sediments via an aggregation

based transport mechanism.
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Results

Iron-organo flocs formed by FeSO4 oxidation and their char-

acteristics

The addition of 100 or 300 µM FeSO4 to filtered Bautzen reservoir water led to the

formation of large and sinking iron containing flocs within < 1 h. (300 µM Fe) to

3-4 h. (100 µM Fe) (Figure S 1). The flocs formed by 100 µM Fe were generally

fewer, smaller and had a lower density (Table 1) than the 300 µM Fe flocs. They

were of reddish color emphasizing the high content of Fe (oxy)hydroxides (Figure

S2).

Table 1: Properties of flocs formed after addition of 100 µM and 300 µM Fe. In-

organic, organic and Fe contents refer to the wet mass of the flocs. Displayed are

the means and standard deviation of 6 replicates, except for equivalent spherical

diameter (ESD) (Kaiser et al., 2019) which was calculated from 30 individual flocs.

Parameter 100 µM Fe(II) 300 µM Fe(II)

Water content [%] 94.41 ± 0.9 96.1 ± 0.8

Dry mass [%] 5.6 ± 0.9 3.9 ± 0.8

Inorganics [%] 3.0 ± 0.5 2.6 ±0.6

Organics [%] 2.6 ± 0.5 1.3 ± 0.2

Fe [%] 2.1 ± 0.7 2.9 ± 0.4

ESD [µm] 502 ± 132 3919 ± 700

Density [g cm-3] 1.005 ± 0.0006 1.015 ± 0.0016

The main component was water (>90 %), while dry mass consisted of similar

ratios of organic to inorganic components. The 300 µM Fe flocs had a significantly

lower content of organics compared to the 100 µM flocs (ANOVA, p < 0.05). The

inorganic content of the flocs was mainly comprised of Fe, the organics consisted

primarily of extracellular polymeric substances (EPS) enclosing microbial cells and

minerals (Fig. 1). The sticky EPS can be considered as binding agent gluing the cells

and iron minerals together, thereby shaping the flocs’ gel-like appearance (Figure

1a). Most cells within the flocs were identified as bacteria using Confocal Laser

Scanning Microscopy (CLSM) technique, but also small numbers of eukaryotic algae
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and cyanobacteria were present (Fig. 1b).
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Figure 1: Results of floc analysis via CLSM, with a) a representative iron-organo

floc image showing bacteria (green), EPS (purple), cyanobacteria (pink) and algae

(blue) and b) the biovolumes of different microbial groups and EPS within 300 µM Fe

flocs.The biovolumes were semi-quantitatively calculated from 50 individual images.

Statistically significant differences (non-parametric bootstrapping, 95 % confidence)

are displayed by small letters.

Aggregation of different MP shapes into iron-organo flocs

Flocs formed by the addition of 300 µM Fe aggregated PE MP irrespective of their

shape (Figure 2a). Spheres and small fragments (10 - 100 µm) were incorporated

more readily than fibers (Table S3 Figure 2a). Only very few of the mid-sized

fragments (100 - 250 µm) and almost none of the two largest fragment fractions

(250 - 500 µm and > 500 µm) were taken up by the iron flocs (Table S3 Figure 2a).

The floc sizes showed high variability with means ranging from 2632 ± 1666 µm

(median 2263 µm, n: 30) for spheres to 6270 ± 1666 µm (median 5650 µm, n: 30)

for fibers (Figure 2b). Flocs formed with fibers had a pronounced elongated shape

and contained macroscopic structures of entangled fibers (Figure S4). Beside this

there were no clear differences in size between flocs with MP or without MP (Figure
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2b). By contrast, the presence of MP significantly reduced the sinking velocity of

the flocs (Figure 2c). The mean sinking velocities of the flocs ranged from 0.006

± 0.0018 m s-1 (median 0.0059 m s-1, n: 30) for fragments 10 – 100 µm to 0.01

± 0.0017 m s-1 (median 0.0101 m s-1, n: 30) for no MP. However, given the high

variability of the data the absolute difference between the sinking velocities can be

considered as minor, although being statistically significant. Flocs formed by 100

µM Fe also aggregated PE spheres but showed lower precipitation of MP (28 % of

added spheres, mean, n: 3) compared to the 300 µM Fe flocs (99 %, mean, n: 3).

The lower aggregation efficiency was linked to the lower amount of flocs which were

precipitated by this treatment (Table S3). Normalized to the total mass of flocs the

aggregation efficiency was similar for the 100 µM Fe (7.4 spheres per mg floc, mean,

n:3) compared to the 300 µM Fe treatment (7.3 spheres per mg floc, mean, n: 3).
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Figure 2: Plastic content, size and sinking velocity of flocs formed by addition of 300

µM Fe to Bautzen water containing different types of MP. Thirty individual flocs of

each MP type were characterized. Letters indicate significant differences tested by

using ANOVA (floc size, p < 0.05) or non-parametric bootstrapping (plastic content

and sinking velocity, 95 % CI).

Floc mediated MP transport into sediments

The sediment appeared soft and unconsolidated (Table S4) with grain sizes referring

to clay (˜3 %), sand (˜11 %) and silt (˜86 %) (Table S5). The sediment had a

homogeneous appearance showing no visible layering. The water content decreased

from 92.97 ± 0.36 % (mean ± SD, n: 10) in the top 2 cm to 86.431 ± 0.52 %
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(mean ± SD, n: 10), while density increased from 1.079 ± 0.018 g cm-3 (mean ±

SD, n: 10) to 1.132 ± 0.024 g cm-3 (mean ± SD, n: 10) (Table S5) from the top (0

– 2 cm) to bottom layer (8 – 11 cm). To distinguish MP released or retained from

small flocs generated at 100 µM Fe from that of large flocs formed at 300 µM Fe,

initially buoyant spheres with different fluorescence labels were used (yellow: small

flocs, red: large flocs). Experiments were started by adding iron flocs with PE to

the overlying water of the sediment cores. Approximately 11775 red spheres inside

of 300 µM Fe flocs and 3231 yellow spheres inside of 100 µM Fe flocs were added to

each core (Table S3). The flocs settled through the water column and accumulated

shortly at the sediment surface (Figure S5). Then they continued sinking through

the sediment surface. Flocs were completely buried into the sediments and no longer

visible at the surface after 24 h in the anoxic and 6 days in the oxic treatments

(Figure S5). The anoxic cores showed extensive gas formation, which resulted in

bubble release from the sediment. No obvious gas formation took place in the oxic

cores, but bioturbation by burrowing chironomid larvae down to a depth of ˜24 cm

was observed.
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Figure 3: : Bar plots showing the results of weekly water phase samplings. Means

and standard deviations are reported with 5 (anoxic) or 6 (oxic) replicates (July and

October joined) for Fe and Mn concentrations, pH and release of red spheres from

large 300 µM Fe flocs. 3 replicates (October) are reported for the yellow spheres

released from small 100 µM Fe flocs. The red framing indicates the last sampling

date, where the values for spheres are obtained by sampling the whole water phase

above the sediment.

Iron reduction took place in the anoxic cores, while it was less pronounced in

the oxic cores (Figure 3). MP release from the sediment was low throughout the

whole experiment and not linked (Spearman’s rank correlation, red spheres rho:

0.45, yellow spheres rho: -0.28) to the iron release (Figure 3). By the end of the

experiment, a total of 63 ± 27 (mean ± SD, n: 5) red spheres initially added within

300 µM Fe flocs and 35 ± 20 (mean ± SD, n: 3) yellow spheres initially added within

100 µM Fe flocs were released from the anoxic cores, while 34 ± 56 (mean ± SD, n:



Rico Leiser Manuscript 3 51

6) red spheres and 117 ± 42 (mean ± SD, n: 3) yellow spheres were released from

the oxic cores. The number of spheres retained within the sediments of the core

exceeded the number of spheres released into the water phase by far. In the anoxic

cores 3234 ± 487 (mean ± SD, n: 5) red spheres and yellow spheres 298 ± 404 (mean

± SD, n: 3) and in the oxic cores 6108 ± 721 (mean ± SD, n: 6) red spheres and 1641

± 1063 (mean ± SD, n: 3) yellow spheres were found in the sediments at the end

of the experiment (Table S6). Approximately 85 % of the recovered yellow spheres

and > 95 % of the red spheres were found within the sediment (Figure 4a). Hence

the majority of MP were retained within the sediments (Figure 4a). Significantly

more spheres (yellow and red; non-parametric bootstrapping, 95 % confidence) were

recovered from the oxic compared to anoxic cores, indicating a sampling bias (Table

S6). Most spheres were found within the uppermost 2 cm of the sediments (Figure

4b). However, spheres were also detected in deeper layers. In the anoxic cores low

numbers of spheres were present in the 2 – 5 cm layer. Their abundance decreased

sharply with depth with only very few spheres recovered from 5 – 8 cm depth and

no spheres recovered from the 8 – 11 cm layer of the anoxic cores. In the oxic cores,

spheres were found even in the deepest layer of 8 -11 cm depth, indicating a deeper

burial compared to the anoxic cores. Comparatively high numbers of spheres were

recovered from the 2 -5 cm and 5 -8 cm layer of the oxic cores. Similar patterns were

also observed for the cores from July (Figure 4 ). Chironomid burrows were found

throughout all layers of the oxic cores, averaging on 2 - 5 visible burrows per layer.
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Figure 4: Recovery of PE spheres from sediment core experiments, with a) ratio

of released and retained spheres within the cores (July October) and b) relative

depth distribution of spheres (October). Results from the experiments in October

and July are combined for the large flocs (red spheres) whereas only results from

October are presented for the small flocs (yellow spheres).
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Discussion

In this study we presented evidence that PE MP are aggregated into sinking flocs

formed by iron precipitates and organic material, irrespective of their shape. These

flocs rapidly transported initially buoyant PE micro-spheres deep into freshwater

sediments, leading to stable deposition given the long incubation time of 63 days

Iron-mediated aggregation and settling of MP

The addition of ferrous iron sulfate to surface water of Bautzen reservoir induced the

formation of sinking flocs. This iron flocculation is a well-known process described

in nature (Tipping et al., 1981) or employed in the context of water treatment tech-

nologies (Teh et al., 2016). Flocs formed in our study were comparatively large,

ranging from approximately 500 to > 3000 µm, whereas iron-organo lake aggregates

are typically smaller with sizes from 60 µm (Reiche et al., 2011) to 350 µm (Elliott

and Warren, 2014). However, organic and iron contents were comparable to nat-

ural flocs (Elliott et al., 2012; Reiche et al., 2011). Iron-floc formation is usually

considered being a complex process involving the interaction of different microbial

consortia forming complex 3-dimensional structures of EPS (Mori et al., 2017) which

enclose biogenic iron mineral grains and bacterial cells (Elliott and Warren, 2014).

However, floc formation might also occur rapidly during seasonal lake mixing events

without the involvement of complex microbial consortia (Oliver et al., 1985). This

mode of formation might be more similar to the technically used iron coagulation

processes (Ma et al., 2019) and to the experimental procedure used in the presented

study. Even though we attempted to mimic natural conditions by using reservoir

water, natural pH and partly natural iron concentrations (Elliott and Warren, 2014),

the formed flocs will differ from natural ones. This should be considered when dis-

cussing the potential impact of iron flocculation in lakes on the fate of MP.

Further we could show that the iron-organo flocs readily incorporated buoyant MP.

The incorporation was depended on the size of the plastics. This is in line with other

studies showing an increasing aggregation potential with decreasing MP particle size

(Shams et al., 2020), which might be explained by the higher collision frequency of

smaller particles (Quik et al., 2014). The overall removal efficiency of 300 µM Fe
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was higher for spheres compared to fragments or fibers, which might be explained by

differences in size or polymer density. In another study iron concentrations of 370

µM were found to remove up to 90 % of small polystyrene MP from waster-effluents

(Rajala et al., 2020), emphasizing the high potential of iron-organo flocs to remove

MP.

The iron-organo flocs investigated in our study can be considered as a relevant type

of aggregate capable to incorporate and sink buoyant MP in freshwater. Previous

studies showed that iron flocs formed during lake mixing could precipitate buoyant

cyanobacteria (Oliver et al., 1985) colonies (size: 63 µm) and large PE (Leiser et al.,

2020) MP (size: 4 x 4 x 0.15 mm). Although not proven in field experiments, it is

likely that comparable aggregates forming in stratified lakes are capable to precipi-

tate buoyant PE MP (Bravidor et al., 2015). This is in line with many studies show-

ing the removal of MP from the water column via aggregation mechanisms (Kvale

et al., 2020). The iron-organic flocs are similar to other MP bearing aggregates such

marine (Maggi, 2013) or lake snow (Grossart and Simon, 1993), phytoplankton-

(Long et al., 2015), EPS-(Möhlenkamp et al., 2018), and TEP-(Michels et al., 2018)

based flocs regarding their sizes, sinking velocities and densities. However the fate

of aggregated MP once reaching the sediment surface is largely unknown.

Redox-independent burial of MP

Using long-termed sediment core experiments we could show that iron-organic ag-

gregates containing initially buoyant MP rapidly subside into sediments and are not

re-mobilized within 63 days. Hence we conclude that the aggregation followed by

sedimentation onto muddy sediments might lead to relatively stable deposition of

MP in stagnant water bodies.

Contrary to our initial hypothesis, anoxic conditions and iron reduction did not lead

to a significant re-mobilization of MP from the sediments. Although more MP was

released from anoxic compared to oxic cores, the majority of PE spheres remained

in the sediments. This might be explained by the rapid downward transport of the

iron flocs from the sediment surface into the sediments, by which MP was most

likely trapped within the sediment matrix. Hence unlike iron oxide bound solutes
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such as pollutants or nutrients (Mortimer, 1942), MP are not re-mobilized by anoxic

conditions.

Sediments from the deepest part of Bautzen reservoir were used for our study. They

were fine-grained, organic rich and rather unconsolidated. These are common prop-

erties of muddy sediments found in low current zones such as deeper parts of lakes

(Håkanson, 1981) and reservoirs (Abraham et al., 1999) or the basin of the Baltic

sea (Näkki et al., 2019). Recent studies showed that MP is preferentially deposited

in such low flow zones, making muddy sediments a likely depository of these an-

thropogenic particles (Zobkov et al., 2020). In comparable deep-sea sediments from

the Rockall Trough, MP was found in undisturbed layers with an approximate age

of > 150 years (Courtene-Jones et al., 2020). This can only be explained by re-

distribution of MP in the sediments after their deposition. Our results showed that

aggregates containing MP can indeed easily penetrate the first cm of sediments.

This offers a possible explanation for the unexpected appearance of MP in sediment

layers deposited before the industrial production of the detected polymer types.

The penetration of large particles through muddy sediments has been attributed to

their gravitational force (Huettel et al., 1996) overcoming the cohesive force of the

sediment particles (Wheatcroft, 1992). The cohesiveness and density of sediments

increase with depth, which will stop the downward movement of the flocs. It has

been reported that large flocs formed by aluminum flocculation will accumulate in

a depth of 10 cm in muddy lake sediments (Łopata et al., 2020). However in our

study most PE spheres, which can be considered as proxy for the flocs, accumu-

lated within the first 2 cm of the sediment. This is in line with findings indicating

that phytoplankton aggregates accumulate and degrade within the upper few cm of

lake sediments (Schulz and Conrad, 1995). Still a minor fraction has been trans-

ported deeper into the sediment reaching a depth of at least 11 cm. Interestingly the

smaller 100 µM Fe flocs reached deeper layers than the larger 300 µM Fe flocs, which

is contradictory to the settling model driven by gravitational force. This might be

explained by the higher potential of small flocs to migrate through small channels or

cavities (Rusch and Huettel, 2000). In conclusion, results from other studies already

indicated the subsiding of MP (Courtene-Jones et al., 2020) or of metal-organo flocs

(Lewandowski et al., 2003; Łopata et al., 2020) into sediments. We could show that
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the rapid transport of buoyant PE into freshwater sediments can be facilitated by

low density iron-rich organic aggregates. As the fate of aggregates strongly depends

on the properties of the underlying sediment, generality of our results is limited.

Still, our findings should be applicable to most reservoirs and lakes because the type

of sediment we investigated is typical for them. More studies are needed to deter-

mine the response of other sediment types.

Apparently PE spheres were transported deeper into the sediments of oxic cores com-

pared to anoxic cores. This might be caused by the presence of chironomid larvae

in the oxic cores building long burrows (Figure S6). It has been previously reported

that bioturbation by invertebrates will transport MP in fine-grained muddy sedi-

ments rather down-, than upwards (Näkki et al., 2017; Näkki et al., 2019). Therefore

the burrowing and biodiffusive (Baranov et al., 2016) activity of the chironomids

might explain the deeper distribution of spheres in the oxic cores. Our experimental

set-up excluded bioturbation by larger animals such as macroinvertebrates and ben-

thivorous fish which exert complex and diverse modes of re-mobilization (Adámek

and Maršálek, 2013). Based on our results the possible effect of bioturbation on MP

distribution in Bautzen reservoir cannot be evaluated completely.

Different limitations of the sediment core experiments need to be mentioned. Firstly,

lower numbers of spheres were recovered from the anoxic compared to the oxic cores.

This is particularly striking for the yellow spheres bound to 100 µM Fe flocs. It can-

not be ruled out that the spheres or flocs were transported even deeper than the 11

cm layer used as lowest boundary. Extensive gas bubbles formed within the anoxic

cores, which produced large voids in the deeper layers of the sediment. PE spheres

might have fallen through these voids which brought them deeper into the cores than

the sampled 11 cm layer. Considering that the missing spheres were not liberated

from the sediments, but rather incorporated deeper than expected, this does not

affect most of our statements. However, the assumption that spheres were trans-

ported deeper into the sediments of the oxic cores compared to the anoxic might not

be justified.

Freshwater systems could play a substantial role for the retention of MP transported

from land to sea, as indicated by the presented results. Once initially buoyant MP
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is incorporated into sinking aggregates and reaches the sediment, they will rapidly

be deposited inside the sediment matrix. Excluding other processes such as current

driven sediment re-suspension or bioturbation by larger organisms, this deposition

might be stable even for longer time periods. Deposition of MP during summer

stratification could lead to permanent deposition, as no bioturbation takes place

under anoxia, while several mm of sediments are settling over the MP during this

time. Comparable conditions have been described leading to excellent fossilization of

organic tissue or carcasses in stratified lakes(Franzen, 1985), for which undisturbed

deposition over geological time-scale is required. This indicates that permanent and

undisturbed deposition of MP in freshwater sediments might be possible under cer-

tain conditions. The stability of this deposition or possible mechanisms leading to

MP release needs to be investigated in further studies. This could contribute to

a better understanding of MP fate in freshwaters.Freshwater systems might play a

bigger role in the permanent deposition of MP into sediments and prevent transport

to the oceans, which are having a lower capacity to immobilize MPs given their low

Fe concentration.

Material and methods

Study site and sampling

Study site and sampling Bautzen reservoir, located in the eastern part of Germany,

is a rather large (5.3 km2) and moderately deep (mean depth 7.4 m) water body

(Kasprzak et al., 2007). It shows a labile summer stratification (June-September),

with an anoxic hypolimnion frequently disrupted by strong winds(Kerimoglu and

Rinke, 2013). Sediment cores and surface water samples were taken at the deepest

point (˜11 m) of the reservoir. Sediment cores were retrieved on 30th of July and

19th of October 2020 using a gravity corer (UWITEC, Austria and PVC liners of

60 x 9 cm). Hence two replicate experiments with sediment cores obtained during

different seasons were conducted. Profiles of chlorophyll a, pH, oxygen concentration

and temperature (Figure S1) were recorded using a multiparameter probe (Sea Sun

Technologies, Germany). Additional water chemistry data was provided by the state
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reservoir administration of Saxony / Landestalsperrenverwaltung des Freistaates

Sachsen (LTV).

MP specification and preparation

We used PE spheres (d: 118 ± 6 µm, ρ: 0.98 g cm-3) spiked with fluorescent red

Rhodamine B (RHBPMS-0.98 106-125 µm) or yellow stain (UVBGPMS-0.98 106-

125 µm) from Cospheric, USA. PE fragments (ρ: 0.92 g cm-3, Alfa Aesar 9002-88-4)

were passed through a sieving cascade of 500 µm, 250 µm, 100 µm and 10 µm stainless

steel sieves (Retsch, Germany), to obtain four defined size ranges of fragments: >500

µm ( (ESD)(Kaiser et al., 2019): 727 ± 118 µm, n: 30), 500 - 250 µm (ESD: 466 ±

90 µm, n: 30), 250 - 100 µm (ESD: 234 ± 55 µm, n: 30) and 100 – 10 µm (ESD:

86 ± 26 µm, n: 30). The fragments were stained with fluorescent iDyePolyPink

following established methods (Karakolis et al., 2019). PE fibers (4600 x 24 µm, ρ:

0.92 g cm-3) were kindly provided by Baumhueter extrusion GmbH, Germany (PB

Eurofiber F-2106).

Floc formation and investigation of MP aggregation potential

Whether the formation of iron-rich lake snow (“iron flocs”) might aggregate and sink

buoyant MP was tested by mixing surface water from Bautzen reservoir (Table S1)

with MP and varying concentrations of Fe(II)SO4. Bautzen water was stored at

20° C in the dark and used for experiments within 2 weeks after sampling. Prior

to use, the water was filtered through 10 µm stainless steel sieves and the filtrate

was adjusted to pH 9.5 by adding small quantities of NaOH (1 M). This high pH

was chosen to reflect the alkaline conditions of the surface water during the time of

summer stratification (Figure S1). Experiments were conducted in triplicates per

MP type by amending 500 ml filtrate with 300 µl (final concentration: 300 µM) or

100 µl (final concentration: 100 µM) FeSO4 x 7 H2O stock-solution (500 mM, pH 1.8)

inside of airtight 1-liter bottles. Thereafter 10 mg l-1 of MP fibres (9.0 x 103 particles

l-1), spheres (2.4 x 104 particles l-1) or fragments (either fragments 10 – 100 µm: 6.6

x 104 particles l-1, fragments 100 -250 µm: 3.2 x 103 particles l-1, fragments 250 –

500 µm: 2.2 x 102 particles l-1 or fragments > 500: 1.1 x 103 particles l-1) were added
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separately to the respective bottles. Additionally, triplicates without added MP were

used as control. The bottles were incubated on tumbling roller incubators (3-4 rpm,

20° C, RM5, M. Zipperer GmbH, Germany ) in ambient daylight for 24 h. Sinking

velocity, size and plastic content of 10 individual flocs out of each bottle (triplicates

per plastic type, n: 30) formed by 300 µM Fe were recorded following established

methods Leiser et al., 2021. Total amount of precipitated MP was quantified by

repeating the bottle incubations, but recovering all flocs formed within the respective

bottles. The flocs were gently washed with tap water, centrifuged (3000 rpm),

weighted and extracted through incubation (1 h, room temperature) with 10 ml

HCl (1 M) followed by vigorous shaking (1 min) on a vortex mixer. The resulting

solution was filtered onto stainless-steel filters and examined for their total plastic

content employing a light microscope. Sinking velocity of flocs formed by 100 µM Fe

could not be assessed due to their small size. Therefore solely total plastic content

and average floc size (n: 30) were recorded.

Floc characterization

The properties of iron flocs produced by 100 µM and 300 µM Fe without additional

MP were further characterized by different methods. Density of 6 individual flocs

was determined by titrating with NaCl solution (20 % m/v) until neutral buoyancy,

followed by pycnometer measurement of the resulting solution at 20° C (Leiser et

al., 2021). Water content, dry mass, loss on ignition and total mass of flocs were

measured by centrifuging (3000 rpm, 20 min) all flocs formed within bottles (n: 6)

in pre-weighted conical centrifuge tubes. Subsequently the flocs were transferred

into aluminum weighing pans and mass was weighted in wet state, after drying

(60° C, 24 h) and after burning (550° C, 24 h). Fe content of the flocs’ wet mass

was determined by dissolving defined, centrifuged (3000 rpm, 20 min) fractions (n:

6) in hydroxylamine hydrochloride-HCl (0.5 / 1 M) followed by measurement via

ferrozine assay (Stookey, 1970). Confocal laser scanning microscopy (CLSM) was

used to examine 5 randomly chosen spots each on 10 individual flocs produced

with 300 µM Fe. The biovolumes of algae, bacteria, cyanobacteria and EPS were

calculated from the resulting CLSM imaging data-sets (n: 50).
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Experimental set-up of sediment incubation experiment

Whether MP can be released from iron-organo flocs laying on-top of natural fresh-

water sediments was tested with sediment cores from Bautzen reservoir. Cores were

grouped into two different treatments (oxic and anoxic condition) with 3 replicates

each. The anoxic triplicates were bubbled with N2 until depletion of O2 as measured

via an internal oxygen optode (Pyroscience, Germany). Afterwards the anoxic cores

were closed with custom-made covers preventing intrusion of oxygen and allowing

anoxic sampling (Dadi et al., 2017). The oxic triplicates were closed with the same

covers and bubbled constantly by air to maintain oxic conditions. The O2 levels in

the cores was permanently recorded and adjusted on daily basis by N2 or O2 bubbling

if necessary. Flocs formed by 300 µM Fe and containing red-fluorescent Rhodamine

B PE spheres were produced as already described. In addition, for the experiment

conducted in October, flocs formed by 100 µM Fe aggregating yellow-fluorescent PE

spheres were prepared. The flocs were gently washed with tap water (three times)

to remove non-aggregated MP spheres. Subsequently, they were carefully added to

the cores, allowing them to settle to the sediment surface. The October cores were

first supplemented with flocs from 300 µm Fe solutions (red spheres) and afterwards

with flocs from 100 µm Fe solutions (yellow spheres). The overlying water was ex-

changed by bottom to top through-flow of approximately 2 L of Bautzen surface

water to remove spheres released by physical breakage of the flocs. Cores were pho-

tographed in 24 h intervals in the first week after floc application and in weekly

intervals thereafter.

Sampling procedure of sediment incubation experiment

Water samples for Fe(II), Mn, pH and released MP were taken in weekly intervals

using syringes. Fe(II) was measured using ferrozine assay (Stookey, 1970), while

Mn was measured using formaldoxime method (Burlage et al., 1998). The plastics

were sampled by removing 120 ml (corresponding to 2 cm) of the uppermost part of

the water-column using a syringe. Sampled water was not replaced. The water was

filtered over stainless steel filters (10 µm) and retained spheres were counted under

a light microscope. The experiments were run for 63 days at 16° C in the dark, after
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which the whole water phase of sediment cores was removed and examined for their

plastic content. Afterwards the cores were sliced into sections of 0-2 cm, 2-5 cm,

5-8 cm and 8-11 cm using a sediment core cutter (Uwitec, Austria). The sections

were transferred into centrifugation tubes and extracted by sonication followed by

addition of NaCl (20 %, ρ: 1.56 g cm-3) for density separation. The resulting sus-

pension was centrifuged (3000 rpm, 15 min) and frozen by the addition of dry ice.

The top layer of the frozen solution was transferred into conical centrifuge tubes by

flushing with water and filtered onto stainless steel grids. The MP contents of the

layers were counted under the light microscope. The recovery rate was assessed by

the addition of 1.2 x 104 fluorescent PE spheres to sediments sections (0-2 cm, 2-5

cm, 5-8 cm, 8-11 cm) of a control core, followed by the already described extraction

method. 1.06 x 104 ± 3100 particles (mean ± sd, n: 4) were recovered from the sed-

iments leading to recovery rate of 89.51 ± 2.61 % (mean ± sd) for this method (data

not shown). One anoxic core of the July experiment was lost due to inappropriate

handling, resulting in lower sample numbers for the anoxic treatments. The bulk

density, porosity, water content, dry mass, organic content and grain size distribu-

tions of two control cores were determined by standard methods(Dadi et al., 2017).

Furthermore the Fe(II) / Fe(III) and Mn contents of the sediments were determined

after extraction with HCl (1 M) and hydroxylamine hydrochloride – HCl (0.5 / 1

M) using ferrozine or formaldoxime assay, respectively.

CLSM imaging

Flocs were visualized using CLSM in combination with different fluorescent dyes as

described elsewhere (Leiser et al., 2021). In brief, flocs were mounted in microscope

chamber slides (Thermo Fisher Scientific) and stained with Aleuria aurantia lectin

(AAL)(Neu et al., 2001) and SybrGreen (Neu et al., 2002). Imaging was done by

a TCS SP5X upright microscope equipped with white laser and water-immersible

lens () . Aleuria aurantia lectin (Vector Laboratories, USA) labeled with Alexa

Fluor 633 (Thermo Fisher Scientific, USA) was used to visualize the extracellular

polymeric substances (EPS) of the flocs (Neu et al., 2001). Bacteria were identified

via SybrGreen staining, while algae and cyanobacteria were identified by the aut-
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ofluorescence of their chlorophyll a or phycobilins, respectively. The different filter

configurations used for excitation and emission are listed in Table S2. Imaris (Bit-

plane) was used to visualize the images, which were printed by Photoshop (Adobe).

The biovolumes of algae, bacteria, cyanobacteria and EPS were semi-quantitatively

calculated employing an adaption of ImageJ (Staudt et al., 2004).

Statistical analysis

Statistical testing was only conducted for datasets with a minimum sample size of

5 individual replicates. Q-Q plots were used to check for data normality. Bartlett’s

test was used to test variance homogeneity prior to two-sided ANOVA (Type II)

which was used to compare group means. Residual plots were examined to verify

the reliability of the ANOVA. Group means were assumed to be significantly different

from each other for p < 0.05. Samples not meeting assumptions of the ANOVA were

tested by non-parametric two-sided bootstrapping (Efron and Tibshirani, 1986).

The 95 % confidence intervals (CI) of median differences of 10000 bootstrapped

samples were reported. Differences in median CI higher or lower than zero were

defined as significantly different from each other by 95 % chance. Spearman’s rank

correlation was used to calculate correlation coefficients. The statistical method

used is noted in the respective result section. Software R (R Core Team, 2018) was

used for all statistical analysis and data visualizations.
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Abstract

Iron flocculants play a major role in the remediation of water bodies, effectively

removing dissolved and particulate pollutants such as microplastics from the water

phase through floc formation, followed by gravitational settling. Such flocs are prone

to microbial iron reduction while lying on top of anoxic sediments, which possibly

leads to floc disintegration and the release of matrix bound microplastics. In this

study Shewanella oneidensis was employed to simulate the impact of microbial iron

reduction on the release of initially buoyant polyethylene spheres (diameter: 118

m) from sunken iron-organo flocs in long-term (120 days) batch experiments. The

flocs iron (oxyhydr)oxides were transformed into sulfides, with most iron (70 – 90

%) being reduced by the end of the experiment. This did not affect the integrity of

the flocs, as the organic matrix was not notably degraded or mineralized over time.

Only a negligible proportion (0.2 – 2.7 %) of polyethylene spheres was released and

subsequently regained buoyancy, while the majority remained bound inside the floc

matrix. This study exemplifies that iron-organo flocs are quite stable even when

experiencing microbial iron reduction under anoxic conditions. Thereby incorpora-

tion into such aggregates may display a potential mode of long term MP storage in

freshwater sediments.
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Introduction

Iron-based flocculants naturally occurring in freshwaters (Oliver et al., 1985) or em-

ployed in water treatment (Deppe and Benndorf, 2002) are known to effectively

bind dissolved and particulate pollutants. They form large flocs comprised of pre-

cipitated iron (oxyhydr)oxides and organics collected from the surrounding water

(henceforth iron-organo flocs), which settle in aqueous media through gravitational

force. By this iron-organo flocs may transport initally buoyant particulate matter

such as cyanobacterial colonies (Oliver et al., 1985) or the emerging pollutants mi-

croplastics (MP, plastic particles < 5 mm) from the water phase into the sediments

of water bodies (see Chapter 4).

MP are ubiquitously detected in the sediments of lakes (Su et al., 2016) and fresh-

water reservoirs (Di and Wang, 2018), with low density polymer types (ρ < 1.0 g

cm-3) such as polyethylene (PE) usually comprising the highest proportion of de-

tected particles (Li et al., 2020; Lin et al., 2021; Ribeiro et al., 2021). Despite

ongoing research efforts, mechanisms governing transport of initially buoyant MP

to the profundal zone of standing freshwater bodies and their fate once reaching

the sediments are not well understood. Biofilm formation (Chen et al., 2019) with

associated mineral entrapment (Leiser et al., 2021) and aggregation with natural

particles such as organic (Leiser et al., 2021) or iron-organic flocs (Leiser et al.,

2020) have been recognized as important processes leading to sinking of PE MP in

freshwater bodies.

Iron-organic flocs are a relevant aggregate type in freshwater bodies, forming during

or after summer stratification (Mortimer, 1942). Many freshwater lakes and reser-

voirs are stratified over summer, with an oxycline separating the oxic epilimnion

from the anoxic hypolimnion (Mortimer, 1942). The oxycline is a region with sharp

oxygen and density gradients, at which intense iron cycling takes place (Bravidor

et al., 2015). Ferrous iron diffuses upwards from the hypolimnion into the epilimnion

and precipitates in the form of iron (oxyhydr)oxides right above the oxycline (Bravi-

dor et al., 2015). These minerals aggregate with dissolved and particulate organic

material, forming large, (60 to 370 µm) sinking aggregates (Elliott and Warren, 2014;

Reiche et al., 2011). These iron-organo flocs sink downwards from the oxycline back
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into the hypolimnion and subsequently to the sediments. They have been shown to

aggregate cyanobacterial colonies (Oliver et al., 1985) and PE particles (Leiser et al.,

2020), by this facilitating their transport into the sediments of standing freshwater

bodies. Once reaching the sediments, iron-organo flocs will experience anoxic con-

ditions as long as the overlying water column remains stratified and anoxic. Given

their high Fe oxide content (35 – 50 %), iron-organo flocs are prone to iron reduction

(Reiche et al., 2011), mediated by specialized sediment-dwelling bacteria such as,

freshwater Shewanella spp. and Geobacter spp. (Kappler et al., 2021). Microbial

reduction of iron oxides has been attributed to the release of nutrients (Mortimer,

1942), pollutants (Revesz et al., 2016) and organic matter (Patzner et al., 2020),

initially bound to or within the mineral matrix. Whether this also leads to the

disintegration of flocs and subsequently to the release of incorporated PE MP, was

investigated in laboratory batch experiments employing the model organism She-

wanella oneidensis. Further the role of iron (oxyhydr)oxides in stabilizing the floc

aggregates was studied using acid treatment and microscopic techniques.

Material and methods

Floc preparation and microplastics

PE spheres (d: 118 ± 6 µm, ρ: 0.98 g cm-3) spiked with fluorescent red Rhodamine B

(RHBPMS-0.98 106-125 µm) were bought from Cospheric, USA. Surface water from

eutrophic Bautzen reservoir (Saxony, Germany) was retrieved on 4th of September

2020, filtered (10 µm) and stored in the dark until use. Iron-organo flocs were

formed by addition of 300 µL FeSO4 (500 mM, pH 1.8) and 10 mg PE spheres to

500 mL surface water (pH 9.5) followed by incubation on a tumbling roller incubator

(3 – 4 rpm, 24 h, RM5, M. Zipperer GmbH, Germany). To test the effect of iron

(oxyhydr)oxides removal on floc stability, several flocs were treated with 1 M HCl

(24 h, room temperature) until visible decolorization of the flocs.
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Microcosm experiment

The potential to release MP from iron-organo flocs via microbial iron reduction was

tested using pure cultures of bacteria Shewanella oneidensis LMG19005 (BCCM,

Belgium). S. oneidensis was grown under oxic conditions for 16 h until late log phase

(OD600: 0.8852, cell concentration: 3.54 x 1010 ± 1 x 1010, n: 10) in soy-broth media

(Medium 14, BCCM, Belgium) at 28 °C (Xiao et al., 2018). Cells were centrifuged

(3x, 1500 rpm, 20 min) and washed with mineral media for iron-reducing Shewanella

spp. (Burlage et al., 1998) to remove the soy-broth media. Anoxic microcosms (n:

20) containing mineral media (V: 20 mL), 5 iron-organo flocs with PE (3x washed

with tap water) and Na-lactate (10 mM), were inoculated with 5 mL of washed S.

oneidensis cultures (cell concentration in microcosm: 7 x 109 cells L-1). Microcosms

were bubbled with nitrogen (1 h) to remove the oxygen, incubated at 28 °C in the

dark and sampled right after inoculation, and after 20, 40, 60, and 120 days. On

each sampling date the Fe(II) release into the water phase of three microcosms was

measured using ferrozine assay. Afterwards the flocs were carefully removed from the

microcosms and treated with 1 M HCl. Their Fe(II)/Fe(III) content was analyzed

by reduction with hydroxylammonium chloride – HCl (0.5 / 1 M) and ferrozine

assay (Stookey, 1970). The solution was then filtered onto stainless steel sieves (10

µm) and the PE spheres formerly bound to the flocs were counted under a light

microscope (Zeiss Axioplan). In order to quantify the PE spheres released from the

flocs during incubation, the remaining microcosms liquid was filtered and checked for

PE spheres as well. On each sampling date two additional microcosms were used to

retrieve 6 individual iron-organo flocs, which were examined on 5 randomly chosen

spots each using confocal laser scanning microscopy (CLSM). Control microcosms

(n: 5) without additional S. oneidensis were run in parallel and sampled after 120

days.

Microcopic techniques

Flocs were visualized using confocal laser scanning microscopy as described else-

where (see Chapter 4, Leiser et al., 2021; Leiser et al., 2020; Neu et al., 2001. Semi-

quantitative biovolumes of bacteria, algae, cyanobacteria and extracellular polymeric
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substance (EPS) inside the flocs were calculated from CLSM data sets using a cus-

tomized version of ImageJ (Staudt et al., 2004).

Data analysis

Statistical testing was conducted for datasets with a minimum sample size of 6

individual replicates. Q-Q plots were examined to check for data normality. Variance

homogeneity was tested with Bartlett’s Test prior to ANOVA (two-sided, Type II)

followed by examination of residual plots to verify the reliability of the ANOVA.

Null hypothesis of equal group means was discarded for p < 0.05. Software R (R

Core Team, 2018) was used for all statistical analysis and data visualizations.Mean

values with standard deviations or median values with 5 – 95 % confidence intervals

(CI) are reported where applicable.

Results and discussion

Iron-organo flocs readily formed in surface water from Bautzen reservoir; incorpo-

rating PE spheres (median: 650 particles per 5 flocs, 5 % - 95 % CI: 543 – 1265, n:

12) in their matrix (see Figure 1). The flocs sedimented to the bottom and thereby

mediated sinking of the initially buoyant PE.

Treatment with hydrochloric acid lead to the removal of iron from the flocs (Figure

1) but did not destabilize the floc. In addition this treatment did not lead to the

release of PE MP from the flocs (data not shown). Hence it can be assumed that

iron (oxyhydr)oxides precipitation is a prerequisite for the formation of flocs, but

iron is not necessary to assure floc stability after formation. Further PE MP are

expected to stick rather within the organic matrix than being covered by iron or

iron (oxyhydr)oxides.
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(a) Iron-organo floc with incorporated PE

spheres

(b) Iron removed by HCl treatment

(c) HCl treated floc stained with Crystal violet

Figure 1: Iron-organo floc recorded via light microscope (10x magnification), pre-

sented in its natural state (a), after treatment with HCl (1M, 5 hrs.) (b) and after

staining the HCl treated floc with crystal violet (0.1 %, 30 min.) (c).

Iron reduction by S. oneidensis changed the appearance of the flocs. From day

20 on-wards, flocs were covered by black spots, ultimately turning entirely black

until Ddy 60. The color change indicated formation of secondary minerals, which

was supported by the increasing number of rounded, reflecting mineral spherules

covering the surface of the flocs with extended incubation time (Figure 2b-d).
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(a) Iron-organo floc at Day 0 without

S. oneidensis

(b) After 20 days of incubation with S.

oneidensis

(c) After 40 days (d) After 60 days

Figure 2: Iron-organo flocs recorded via CLSM right at the beginning (2a), after 20

days (2b), 40 days (2c) and 60 days (2d) of anaerobic incubation with S. oneidensis.

False color coding refers to Bacteria (green), algae (blue), cyanobacteria (pink), EPS

(purple), PE spheres (bright red), reflection by secondary minerals (white)

S. oneidensis is well known for transforming ferrihydrite into magnetite via iron

reduction, whose presence was supported by the black color of the flocs (Dippon

et al., 2015). However, the rounded spherules (Figure 2) closely resembled pyrite

framboids in shape and size (Ohfuji et al., 2005). Further the black flocs exhibited a

sulfidic smell when treated with acid, indicating the presence of secondary sulfides.

S. oneidensis is able to couple sulfite and thiosulfate reduction to lactate oxidation,

but cannot reduce sulfate (Dippon et al., 2015). Hence sulfide mineral formation
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might have rather been promoted by sulfate-reducing bacteria enclosed inside the

non-sterile flocs. Sulfate-reducing bacteria such as Desulfovibrio are common in lake

water (Berg et al., 2020) and could have been present inside the iron-organo flocs,

precipitated from Bautzen reservoir surface water. Consortia of iron and sulfate

reducing bacteria are known to precipitate iron sulfides onto the surface of iron

(oxyhydr)oxides (Berg et al., 2020). Therefore the observed color change and the

formation of spherules could be attributed to the combined activity of S.oneidenis

and unknown sulfate-reducing bacteria. No floc color change was observed in the

control treatment without additionally added S. oneidensis.

S. oneidensis was observed to bind to the surface of the iron-organo flocs, accu-

mulating mostly in cracks and on the edges of the flocs (Figure 2b). This is in line

with previous findings, reporting that iron reduction of S. oneidensis relies on direct

contact of the cells with the iron mineral surface or by close range electron shuttling

with endogenic flavins or exogenic humic substance (Dippon et al., 2015).

At the end of the experiment most of the iron (up to 90 %, Figure 3) was reduced

and either bound to the flocs in form of reduced minerals or released in form of

dissolved ferrous iron (Table S1). The transformation of iron minerals did not affect

the integrity of the flocs, as indicated by only a minor fraction of the bound PE

MP being released during the 120 days incubation (Figure 3, Table S1). Although

significantly more plastics (ANOVA, p < 0.05) were released on day 60 and day 120

(20 ± 19 particles, mean ± sd, n: 6) compared to the previous sampling dates (4

± 3, mean ± sd, n: 9), the proportion of released (median: 8, n: 12) compared to

retained MP (median: 650, n: 12) remained negligible (Figure 3).
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Figure 3: Iron reduction and plastic release from iron-organo flocs incubated with

S. oneidensis under iron reducing conditions. Bars and arrows display the means

and standard deviation of 3 individual replicate microcosms (n: 3).

S. oneidensis is able to use a wide range of different organic compounds for

their energy conservation (Venkateswaran et al., 1999), possible enabling them to

couple oxidation of the organics bound to the flocs to iron reduction. However, no

substantial degradation of the organic floc matrix was observed over time (Figure

S1), as indicated by fucosylate glycan binding Aleuria Aurantia lectin (Neu et al.,

2001). Association with iron minerals is considered as effective way of carbon preser-

vation in soils and sediments (Lalonde et al., 2012), with organics being protected

from microbial degradation by steric hindrance or highly energetic binding to the
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mineral surfaces (Arnarson and Keil, 2007). It has been shown that reduction of

the preserving iron (oxyhydr)oxides minerals leads to the liberation and subsequent

degradation of the associated organic matter (Patzner et al., 2020). However, if

the reduction of iron (oxyhydr)oxides is coupled to the simultaneous formation of

iron sulfide minerals, these secondary minerals can also effectively bind and preserve

organic matter from microbial degradation (Picard et al., 2019). The observed iron

sulfide formation in our study supports this phenomenon, and indicates the stability

of the iron-organic flocs under anoxic conditions.

An artificial system with lactate as favorable electron donor was used in this study.

It cannot be ruled out that S. oneidensis preferably utilized the easily degradable

lactate instead of the flocs recalcitrant organic matter (Vidal-Melgosa et al., 2021).

Although it was entirely consumed by the end of the experiment, lactate might have

artificially prevented or retarded the microbial degradation of flocs. Under natural

conditions in freshwater sediments, easily degradable substrates are scarce (Wendt-

Potthoff et al., 2014) and microbial communities might be specialized to degrade

deposited flocs, as it was shown for fresh phytoplankton aggregates mineralized after

12 – 20 weeks in anoxic lake sediments (Schulz and Conrad, 1995). Given their more

recalcitrant nature compared to phytoplankton aggregates and following the results

of the presented study, it can be expected that iron-organo floc degradation will be

considerably slow (several weeks – months) within the cold profundal of lakes or

reservoirs. In highly productive Bautzen reservoir, several milimeters of sediments

(average deposition rate from June-August 12 g dry weight m-2 day-1) are deposited

over the approximately three months of summer stratification (unpublished obser-

vation). Hence, it is likely that iron-organo flocs lying on the sediment surfaces will

become covered by freshly deposited material before being completely mineralized

(Schulz and Conrad, 1995). Once MP bearing flocs are covered by fresh sediments,

the escape of MP from the sediment matrix becomes unlikely, regardless of the flocs

being intact or mineralized.
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Conclusions

Iron-organo flocs precipitated from reservoir water effectively sequester PE MP and

are stable under anoxic conditions for up to 120 days, even when the flocs experience

microbial iron reduction. Hence, it can be assumed that iron-organo flocs lying on-

top of anoxic sediments will not readily release incorporated MP into the water

phase. Thereby incorporation into such aggregates may display a potential mode

of long term MP storage in freshwater reservoirs. Consequently, the use of iron

flocculants could contribute to the removal of MP from surface waters and to stable

storage in the sediments of freshwater reservoirs. This long term deposition may

decrease mobile MP and would mitigate adverse effects of this contaminant for the

ecosystems of the downstream rivers, estuaries and subsequently the oceans.
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Chapter 6

Discussion

Freshwater reservoirs are major sinks for MP along their way from land to sea.

The presented dissertation is a combination of field experiments focused on biofilm

formation and laboratory experiments elucidating both the potential role of aggre-

gation for MP transport and factors which influence their subsiding into reservoir

sediments. Several natural mechanisms leading to the sedimentation of initially

buoyant MP and their subsequent long-term storage in sediments have been identi-

fied and described for the first time (summarized in Figure 4).

Fe(II)Microcystis cells

Iron-organo flocs

PE (small, ˜100 µm)

PE (large, 4 mm)+ biofilm

PE (large, 4 mm)+ calcified biofilm

Aggregation

Biofouling

Iron reduction

Chapter 2

Chapter 3

Chapter 4

Chapter 2

Chapter 3

Chapter 5

Figure 4: Summarized major findings of the thesis. Mechanism which lead to the

sinking of initially buoyant MP are shown next to the Chapter in which they were

described in detail.

The study contributes to current knowledge by elucidating how biogeochemical

processes influence the fate of MP in standing freshwaters:

• Chapter 2 demonstrates that cyanobacteria (sessile and planktonic) sink PE

87
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through either calcite precipitation in biofilms or formation of colonies with

chelating Ca2+.

• Chapter 3 indicates that biofouling with microorganisms alone, might not

lead to MP sinking, while lake mixing and the formation of iron-organo flocs

clearly affects the buoyancy of PE.

• Chapter 4 further outlines the potential of iron-organo flocs to aggregate

different shaped MP and to mediate their transport into reservoir sediments

leading to long-term storage of these contaminants.

• Chapter 5 shows that iron-organo flocs do not disintegrate under iron re-

ducing conditions, which further outlines their potential role to govern the

long-term sediment deposition of MP.

Taking these major findings into account, the presence of buoyant MP in sed-

iments can now be more conclusively explained. This further emphasised the im-

portant role of reservoirs for MP retention and storage. Consequently, the impact

of biofilm formation on the buoyancy of MP in Bautzen and Malter reservoir will

be summarized and critically discussed. This is followed by considerations on how

aggregation based transport mechanisms might influence MP transport in reservoirs

and subsequently how these transport modes govern the deposition of MP into sed-

iments. In an attempt to extrapolate the findings to a larger scale, properties of

Malter / Bautzen reservoir are compared and related to conditions found in other

standing freshwater bodies. Suggestions for future research directives are provided,

which might help to further elucidate the fate of MP in freshwater dams and reser-

voirs.
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6.1 Biofouling affects microplastics fate in reser-

voirs

Biofilm formation has been identified as major driver for the loss of particle buoy-

ancy in aquatic environments (see Table 4 and references therein). Earlier results

from Chinese East Lake (Chen et al., 2019), together with results from this study, in-

dicate that biofouling in standing freshwater bodies differ from what was previously

observed in marine settings, regarding community composition and their subsequent

impact on the buoyancy of MP (Fazey and Ryan, 2016; Kaiser et al., 2017; Lobelle

and Cunliffe, 2011). A major finding was that microbial biomass alone is not suffi-

cient to induce sinking of PE MP (see Chapter 3). Only under presence of minerals

(iron (oxyhydr)oxides) (Chapter 3), calcite (Chapter 2)) enough ballasting material

accumulated on the particle surfaces to overcome their buoyancy. By comparing

mesotrophic Malter with the eutrophic Bautzen reservoir it became evident that the

extent of biofouling depended on the bioproductivity of the water body.

In Malter reservoir generally thinner and patchier biofilms (˜30 µm thickness), de-

veloped compared to the Bautzen reservoir (˜100 µm) as analyzed via CLSM (see

Figure 5). Precipitation of calcite led to high density biofilms (1.18 g cm-3) in

Bautzen reservoir, but was not observed in Malter reservoir. Calcite precipitation

could be linked to the presence of sessile cyanobacteria (Zippel and Neu, 2011),

which were far more abundant in Bautzen (1.3 x 10-2 µm3 µm-2, median) than in

Malter reservoir biofilms (2.1 x 10-6 µm3 µm-2, median). Hence the presence of

calcifying cyanobacteria was attributed to the sinking of MP in Bautzen reservoir.

This might be generalized to other standing freshwater water bodies such as the

East Lake (China), where PP films sunk after the formation of cyanobacteria dom-

inated biofilms during summer (Chen et al., 2019) or the Sanjiadian Reservoir with

its highly calcified biofilms (Tianzhi et al., 2014). According to theoretical assump-

tions (Chubarenko et al., 2016) even sparse coverage (˜32 µm) with calcified biofilms

would be sufficient to induce sinking of the PE films used in this study.



Rico Leiser Discussion 90

Figure 5: CLSM cell biovolumes of biofilms grown in the epilimnion of Malter reser-

voir (22 days, n: 50, from Chapter 3) and Bautzen reservoir (29 days, n: 50, from

Chapter 2) on PE MP.

Under favorable conditions (light, nutrients available) in the epilimnion such a

biofilm thickness can easily be achieved (Rao et al., 1997), which further empha-

sises the importance of this mechanism for the fate of MP in freshwater reservoirs.

However, under light reduced conditions and low temperatures or lacking oxygen as

found in the hypolimnion during stratification, biofilms might have lower densities

and thickness (Chapter 3, Riese, 2017; Tu et al., 2020) compared to biofilms de-

veloped in the epilimnion. Still the formation of biofilms in the hypolimnion is of

importance as they facilitate the aggregation with other organic and inorganic parti-

cles (e.g. iron-organo flocs, Chapter 3) from the surrounding water (Van Melkebeke

et al., 2020).

Some authors stated that biofouled particles sinking from the euphotic into the

aphotic zones, will regain their buoyancy due to defouling, once reaching the seafloor

(Kooi et al., 2017; Lobelle et al., 2021; Ye and Andrady, 1991). Whether this also

true for the shallow Bautzen (mean depth: 8 m) and Malter (mean depth: 16 m)

reservoir, cannot be answered by the experimental set-ups used in Chapter 3 & 4.

Taking into account that the reservoirs are quite shallow and assuming MP sinking

velocities of ˜0.0075 m s-1 (as recorded for PS particles ρ: 1.05 g cm-1), they would
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settle to the sediments in approximately 30 min (Bautzen) - 60 min (Malter) with-

out vertical or lateral mixing currents (Daily and Hoffman, 2020). Hence, oscillating

cycles of biofouling followed by defouling and re-emergence of MP, as proposed by

popular ocean transport models (Kooi et al., 2017; Lobelle et al., 2021), are rather

unlikely to occur and should not be transferred to shallow reservoirs.

It should be considered that the experimental set-up used to study biofouling most

likely biased the results. Using cages for the incubation in the reservoirs, larger or-

ganisms ( > 4 mm) were excluded, which influenced biofilms community composition

(Risse-Buhl et al., 2017; Weitere et al., 2018). Further under realistic conditions,

MP particles are not fixed at a certain spots, but rather transported to different lo-

cations within (epilimnion, hypolimnion) or outside (beach) the water body (Daily

and Hoffman, 2020). In reservoirs with intermediate size such as the Malter and

Bautzen reservoir, MP particles may rather beach to the shores instead of becoming

negatively buoyant due to biofouling. However, the water residence times in Bautzen

(199 days, capacity: 44.63 x 106 m3, discharge: 2.6 m3 s-1) and Malter reservoir (102

days, capacity: 8.78 x 106 m3, discharge: 1 m3 s-1) might allow the development of

sufficient biofilm coverage on MP floating in their surface water (Köngeter, 2013).

Concluding direct ballasting effects by biogenic precipitation of calcite (Chapter 2)

and the abiotic formation of iron (oxyhydr)oxides) (Chapter 3) were identified as

the most important factors which increase the density of biofilms. For freshwater

biofilms rather their sticky nature, which enable them to trap minerals, than the

total mass contributed by organisms or organic matrix, shape their physical gravity

and effects on MP particle density. Season and trophic status can be considered as

important factors influencing both the density and the thickness of biofilms (Chen

et al., 2019), hence loss of buoyancy is unlikely to occur in epilimnion of mesotrophic

reservoirs during autumn compared to eutrophic reservoirs during summer.
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6.2 Microplastics aggregation with cyanobacteria

and iron-organo flocs

Aggregation was studied in the laboratory under conditions representative for

Bautzen reservoir, regarding Ca2+ concentrations (Chapter 2) and by using surface

water from the reservoir (Chapter 4 & 5). Although the role of aggregation for

MP transport in aquatic systems was addressed by previous studies (see Table 3),

this has not been done under the emphasis of conditions prevalent in freshwater

reservoirs. Hence this dissertation elucidated the role of different relevant natural

aggregation partners (Ca2+, Cyanobacteria, iron-organo flocs) for the transfer of

initially buoyant PE MP from the water phase to the sediments of freshwater reser-

voirs.

Unlike the initial hypothesis, Microcystis spp. did not precipitate calcite, but formed

rather large and sinking colonies under the chelating effect of Ca2+. This effect was

already described (Chen and Lürling, 2020) and it should be mentioned that a range

of other factors, such as grazing pressure, toxins, nutrients or cell growth also lead

to formation of cyanobacterial colonies (reviewed in Xiao et al., 2018).

It was found that these colonies incorporated small PE MP, which induced their

sinking. This is in line with the findings that other microalgae, such as green algae

Chlamydomonas reinhardtii, flagellate Tisochrysis lutea, dinoflagellate Heterocapsa

triquetra and diatom Chaetoceros neogracile (Lagarde et al., 2016; Long et al.,

2015; Long et al., 2017) readily formed sinking aggregates with MP. Given the high

abundance of Microcystis spp. (up to 3 x 108 cells l-1, personal communication

Alice Rau, Landestalsperrenverwaltung Sachsen), aggregation with cyanobacterial

cells governs a high potential for the removal of MP from the surface water of

Bautzen reservoir. But also in Malter reservoir phytoplankton cells reach high

concentrations during summer (up to 2 x 107 cells l-1, personal communication Alice

Rau), thereby possibly acting as aggregation partners for floating MP. As many

lakes and reservoirs show similar concentrations of cyanobacteria and microalgae

compared to Bautzen and Malter reservoir (Feng et al., 2019; Osman-Sigg, 1982)

the findings might be transferred to other freshwater systems as well. However, such
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high planktonic cell concentrations (blooms) and the tendency to flocculate might

be restricted to certain times in the year. Seasonal cyanobacterial blooms usually

occur in late summer (Küchler-Krischun and Kleiner, 1990; Thompson et al., 1997),

while diatoms are blooming in spring (Kong et al., 2021). Diatoms are widely recog-

nized for forming millimeter - centimeter sized, large fast sinking aggregates during

blooms (Alldredge and Gotschalk, 1989). Given by their sticky nature they could

also incorporate buoyant PE MP, as already shown in laboratory experiments (Long

et al., 2015; Long et al., 2017). Therefore, incorporation of MP into phytoplankton

aggregates might not be restricted to late summer cyanobacterial blooms, but could

occur throughout the year with different planktonic cells acting as aggregation

partners.

In contrary, iron-organo flocs observed in the hypolimnion of Malter reservoir and

in laboratory studies using surface water from Bautzen reservoir might be more de-

pending on seasonality. Their appearance will be restricted to the time of summer

stratification or shortly after lake mixing (as described in Chapter 3). Iron-organo

flocs can reach high concentrations next to the oxycline (106 - 109 particles l-1)

and govern a high potential to aggregate floating particles such as microbial cells

or MP (Figure 6, Reiche et al., 2011). Apparently flocs found in the hypolimnion

of Malter reservoir did not differ much from flocs formed from Bautzen reservoir

surface water (see Figure 6). It can be assumed that the microbial community of

the rapidly formed iron-organo flocs was mainly influenced by the organisms present

in the surrounding water. The flocs had a high tendency to aggregate planktonic

cells from the water phase, which initiated the sedimentation of algae, bacteria and

cyanobacteria. As phototrophic algae and cyanobacteria are usually not present

in the aphotic hypolimnion, their high abundance in iron-organo flocs from Malter

reservoir might indicate a origin from the epilimnion of the water body. This con-

clusion supports the idea of iron-organo flocs as important collectors of cells (Oliver

et al., 1985), nutrients (Mortimer, 1942) and MP (Chapter 3, 4 & 5) in the whole

water column of stratified reservoirs.
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Figure 6: CLSM cell biovolumes of iron-organo aggregates in the hypolimnion of

Malter reservoir ( n: 7, Chapter 3) and iron-organo flocs formed after addition of

300 µM FeSO4 to Bautzen reservoir water (n: 50, Chapter 4).

Although the data presented in this thesis indicated for the relevance of iron-

organo flocs for the transport of particulate matter from the surface to the bottom of

freshwater lakes and reservoirs (Oliver et al., 1985), sufficient published data on this

process are still scarce (Bravidor et al., 2015; Mori et al., 2017; Reiche et al., 2011).

Therefore, formation of iron-organo flocs at the oxycline of stratified freshwaters or

during mixing events, remains an interesting but understudied topic of lake research.

In the thesis it was shown that iron-organo flocs size dependably aggregated buoyant

PE MP, with small MP (< 100 µm) getting more readily incorporated than larger

particles (> 100 µm). This size dependence of MP aggregation was already shown

in the field (Zhao et al., 2017; Zhao et al., 2018) and can be explained the higher

collision frequency of small particles (Quik et al., 2014). Derived from the presented

results, it can be assumed that MP particles < 100 µm will be rapidly aggregated

(1 - 24 h) with natural aggregation partners such as cyanobacterial cells (Chapter

2) or iron-organo flocs (Chapter 4 & 5), while this might be less relevant for larger

MP particles > 100 µm (also hypothesized by Rogers et al., 2020). Therefore, it can

be assumed, that biofouling is less important for the transport of small MP, as they

will be incorporated into aggregates before developing mature biofilms. However,
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colonizing films or early stage biofilms might still be important as they increase

particle stickiness and increase aggregation efficiency (Michels et al., 2018; Van

Melkebeke et al., 2020). Due to their high concentration in reservoirs, cyanobacteria

and iron-organo flocs exhibit a high potential to aggregate and remove small MP

from the water phase. They can be considered as carriers collecting buoyant MP

at the surface and transporting them downwards to the sediments by gravitational

settling.
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6.3 Sediment burial of microplastics and microbial

iron reduction

Although MP pollution of lake and reservoir sediments is well described, not much

is known on about the mechanisms leading to the incorporation of MP into the sed-

iments. Therefore, the role of iron-organo flocs to act as carriers for MP from the

surface water into the sediments was studied in Chapter 4. Sediments were often

considered as stable surfaces on which MP are deposited and buried over time by

materials settling over them, resulting in temporal layered sediments (Dong et al.,

2020). This might be true for certain settings, such as deep sea floors (Woodall

et al., 2014) or sandy sediments (Waldschläger and Schüttrumpf, 2020) with low

bioturbation activity (Gebhardt and Forster, 2018; Näkki et al., 2017; Näkki et al.,

2019), but not necessarily for reservoir sediments, especially not at their deepest

points (such as the sediments investigated in the presented thesis). Results from

Chapter 4 showed that unconsolidated sediments, which are very common for reser-

voirs, lakes (Franzen, 1985) and certain marine settings (e.g. baltic sea, Näkki et al.,

2017), allowed iron-organo flocs to carry MP trough their uppermost layer, reaching

depths of more than eight centimeter. This indicates that MP, especially when in-

corporated into aggregates, might infiltrated quite easily into the upper centimeter

of sediments. The downward movements is most likely stopped by the increased bulk

density of the sediments in a certain depth. This may partly explain the finding

of MP inside of sediment layers older than the start of industrial production of the

respective polymer type (Brandon et al., 2019; Courtene-Jones et al., 2020; Turner

et al., 2019).

The iron-organo flocs were surprisingly robust, with iron reduction by S. oneidensis

and even treatment with acid showing little effect on the release of MP (Chapter

5). Flocs formed from POM or DOC under the influence of metal ions (Chin et al.,

1998) have been described as quite resistant against microbial degradation. This

recalcitrant nature is often attributed to accumulation of complex compounds such

as fucose containing sulphated polysaccharides, excreted by planktonic algae cells

(Vidal-Melgosa et al., 2021) or steric hindrance through minerals and compaction
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(Chin et al., 1998; Lalonde et al., 2012). However, such flocs are not completely

inert and might be degraded by enzymatic digestion (Vidal-Melgosa et al., 2021)

within the upper centimeters of freshwater sediments (Schulz and Conrad, 1995).

The relative stability of flocs still explains the stable deposition of the PE spheres

in the sediment cores, as they were degraded after the MP was transported and in-

corporated into the sediment matrix. The sediments were fine grained (mean grain

size ˜35 µm) and sticky. Hence, the escape of the MP (diameter: 118 ± 6 µm) can

be expected as unlikely, even if the enclosing flocs are degraded over time.

The results presented in Chapter 4 & 5 are an initial step towards the better un-

derstanding of MP interaction with sediments. It shows that aggregation might

not only lead to sinking of MP but also to the stable deposition of this contam-

inant in the sediments (Lagarde et al., 2016; Michels et al., 2018; Porter et al.,

2018) . Due to similarities in size, shape and density, conclusion drawn for the iron-

organo flocs might also be transferred to the cyanobacterial aggregates (Chapter

2) or other organic aggregates (lake snow, diatom aggregates, faecal pellets, pseud-

ofeces) found in reservoirs. Given the widespread distribution of sediments with

comparable properties, swift deposition of aggregated MP into the uppermost cen-

timeters of unconsolidated sediments might be common process in many aquatic

environments.



Chapter 7

Conclusions and outlook

Two major transport mechanisms, aggregation and biofouling can be considered as

important for the MP fate in freshwater reservoirs. Aggregation with cyanobacteria

and iron-organo flocs mainly affects small particles, with sizes ˜100 µm. In direct

comparison the aggregation of small PE fragments with iron-organo flocs (27 % of

particles aggregated) was more efficiently than the aggregation with cyanobacteria

(0.4 % aggregated). However, under natural conditions cyanobacteria and other

phytoplankton are often more abundant or available than iron-organo flocs. Hence,

the lower removal efficiency might be outweighted by the higher abundance of sink-

ing phytoplankton aggregates. For large films (> 1 mm), aggregation might be less

important, as only four PE particles (0.3 %) were found to be sunken due to ag-

gregation within the Malter reservoir. In contrary, biofouling with calcified biofilms

impacted the buoyancy of 10 % of the particles incubated in Bautzen reservoir.

However, this might be only valid for PE films and not necessarily for other MP

shapes (e.g. fragments, spheres, fibers). Due to their flexibility and small surfaces,

fibers might be less prone to biofouling compared to the films (Chubarenko et al.,

2016). Fibers were sunken by aggregation with iron-organo flocs (37 % of deployed

fibers) in the laboratory. This is an important finding, as fibers are the most com-

mon MP shape in surface waters and sediments of freshwater reservoirs (see Table

1). Hence, aggregation based transport mechanisms might be more crucial for the

fate of MP in freshwater reservoirs than direct ballasting effects from biofouling.

Both aggregated plastics and biofouled squares can be expected to subside easily

into the soft sediments of the reservoirs, which possibly leads to stable deposition

over longer timescales.

Although some mechanisms governing the fate of MP in freshwater reservoir surface

water and sediments have been elucidated in this thesis, several issues remained not
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adequately addressed:

• Biofilm formation and biofouling has been extensively studied, still it remains

uncertain which factors shape the physical gravity of the fouling films. En-

trapment of minerals from the water and formation of stable gas bubbles by

photosynthetic activity have been observed occasionally. Such factors need to

be quantified in order to determine the contribution of biofilms to MP sinking

or floating under various environmental conditions.

• There is evidence that MP accumulate within the layers of the thermo-

cline/halocline of the baltic sea (Minna and Uurasj, 2021). Whether the

thermocline of stratified freshwater reservoirs also displays an accumulation

zone for MP might be an interesting topic for future research.

• The infiltration of MP into sediments is up to now understudied. Labora-

tory studies with glass spheres indicate that infiltration of MP might only

be possible for MP smaller than the pore size of the sediment (Waldschläger

and Schüttrumpf, 2020). However, in the presented study infiltration of mm

sized aggregates into µm sized pore spaces was observed. This indicates that

mechanistic understanding of MP infiltration into realistic sediments, espe-

cially when bound to aggregates, is still lacking and should be addressed by

suitable studies.

• Association with diatom aggregates has been proven to effectively remove ini-

tially buoyant MP from the water phase in laboratory experiments (Long et al.,

2017). As many lakes and reservoirs show extensive winter and spring blooms

of diatoms, followed by flocculation and sinking to the sediments in form of

sticky phytoaggregates (Kong et al., 2021), this topic might be also relevant

under environmental conditions. Suitable incubation experiments during or at

the end of diatom blooms might lead to further insight, whether aggregation

might take place in lakes and could possibly transfer MP into sediments.

• Taking into account that freshwater reservoir are rather small (compared to

the oceans), MP particles will be deposited on the beaches or cycled between
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shore and water phase as proposed by a modelling study (Daily and Hoffman,

2020). This leads to the assumption that a significant proportion of MP will

be deposited at the beaches of the reservoirs instead of within the sediments.

For a better understanding of reservoirs role to store MP, the beach deposition

should be investigated in more detail.
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Appendix A

Supplementary Information for

Chapter 2

Interaction of cyanobacteria with calcium facilitates the sedi-

mentation of microplastics in a eutrophic reservoir

(a) (b)

Figure S 1: Water data of Bautzen reservoir at the beginning in July (a) and the end

of the experiment in August (b). Data were acquired employing a multi-parameter

probe right beneath the incubation cage. Note the different scales.
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(a) (b)

Figure S 2: CLSM images of (a) biofilms grown on the inner walls of the incubation

cage; (b) biofilms grown on PE particle. The colors indicate for, green: bacteria;

blue: algae; pink: cyanobacteria. Scale bar has a length of 50 µm.

Table S 1: Excitation and emission wavelengths used for visualization of biofilm

components or specific fluorescent molecules via CLSM.

Compound/Component Excitation Emission

SybrGreen 561 nm 510 - 580 nm

Phycobilins (autofluorescence) 633 nm 575 - 650

Chlorophyll a 633 nm 650 - 720 nm

Calcein 490 nm 505 - 560 nm

iDye PolyPink 560 nm 650 - 720 nm

Reflection 490 nm 480 -500 nm

Bioinformatics procedure

Produced paired-end reads which passed Illumina’s chastity filter were subject to

de-multiplexing and trimming of Illumina adaptor residuals using Illumina’s real

time analysis software included in the MiSeq reporter software v2.6. Quality of the

reads was checked with FastQC version 0.11.8

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Locus specific primers

were trimmed from the sequencing reads with cutadapt v2.3 (Martin, 2011). Paired-

end reads were discarded if the primer could not be trimmed. Remaining sequences

were merged, quality-filtered and further processed with USEARCH version 11.0.667

(Edgar, 2010). Low-quality reads (expected error >1) and reads with ambiguous



Rico Leiser Supplementary Information for Chapter 2 124

bases or outliers regarding the amplicon size distribution were discarded. Remaining

reads were denoised using the UNOISE algorithm (Edgar, 2016b) implemented in

USEARCH to form operational taxonomic units (OTUs, >97 % similarity) discard-

ing singletons and chimeras in the process. The resulting OTU abundance table was

filtered for possible bleed-in contaminations using the UNCROSS algorithm (Edgar,

2018) and abundances were adjusted for 16S copy numbers using the UNBIAS algo-

rithm (Edgar, 2017). OTUs were compared against the reference sequences of the

RDP 16S database (Cole et al., 2014) and taxonomies were predicted considering a

minimum confidence threshold of 0.5 using the SINTAX algorithm (Edgar, 2016a)

implemented in USEARCH. Libraries, sequencing and data analysis described in

this section were performed by Microsynth AG (Balgach, Switzerland).

Figure S 3: Water parameters in Bautzen reservoir during the years 2018 and 2019.

Chl.a: Chlorophyll a, Temp.: Temperature. Most data were provided by Lan-

destalsperrenverwaltung Saxony which conducts sampling of Bautzen reservoir in

monthly intervals. Calcite saturation indices were calculated using Visual MINTEQ

using the provided water data.
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Table S 2: Sediment traps data from Bautzen reservoir during the ice-free season

in 2018. Data from end of August to September were lost due to sampling error.

n.d.: not determined. For each measurement mean and standard deviation of three

pseudo replicates are given.

Incubation time Sedimentation rate Particulate organic Particulate nitrogen Ca content of

[g m-2 a-1] carbon content [mg l-1] content [mg l-1] dry material [mg g-1]

05/12/18-06/13/18 4403 ± 118.9 74 ± 4.2 11 ± 0.3 n.d.

06/13/18-07/11/18 3609 ± 79.5 78 ± 3.5 11 ± 0.3 8.6

07/11/18-08/14/18 4873 ± 17.3 126 ± 3.1 14 ± 0.4 63.1

09/19/18-11/01/18 25907 ± 635.9 676 ± 10.6 104 ± 1.0 n.d.

Figure S 4: X-ray diffractogram of the biofilms from Bautzen reservoir, identifying

calcite (red: theoretical peak positions and intensities) and very low amount of

quartz (indicated by blue arrow).
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Figure S 5: Cyanobacterial aggregate formed in 60 mg l-1 Ca2+ approach containing

PE microplastic. Colors indicate for, green: calcein; red: PE; pink: cyanobacteria.

Scale bar has a length of 50 µm.
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Figure S 6: Surface water of Bautzen reservoir on August 21 in 2019 showing elevated

concentrations of planktonic cyanobacteria.



Appendix B

Supplementary Information for

Chapter 3

Biofouling, metal sorption and aggregation are related to sink-

ing of microplastics in a stratified reservoir

Figure S 1: Probe data displaying the conditions for temperature, chlorophyll a

and oxygen within the water column of Malter reservoir. Four different dates are

displayed ranging from begin of exposure at August 30 (a), first sampling date at

September 5 (b), second sampling date at September 21 (c) and the last sampling

date at October 16 (d) 2018.
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Table S 1: Water parameters of Malter reservoir measured in monthly intervals by

the Landestalsperrenverwaltung des Freistaates Sachsen. Abbreviations are Temp:

Temperature; sat.: Saturation; Turb: Turbidity; Chl.a: Chlorophyll a; n.d.: No

data. Depths of 1 m, 8 m and 16 m are displayed.

Date Depth Temp. O2 sat. pH Turb. Ptotal Nitrate Iron Chl.a Cyanobacteria

[m] [%] [860 nm] [mg l-1] [mg l-1] [mg l-1] [µg l-1] [106 cells l-1]

10.04.2018 1 10.8 108 7.6 2.1 0.048 4.7 0.032 7.1 0

13.05.2018 1 12.4 106 7.6 2.9 0.052 4.3 0.022 11 0.025

19.06.2018 1 25 142 9 2.5 0.061 3 0.019 28 0

08.07.2018 1 22.2 110 8.6 3.1 0.054 2.5 0.023 25 0143

21.08.2018 1 20.8 104 8.4 2.8 0.092 1.7 0.019 18 2.28

11.09.2018 1 19.2 72 7.5 9.3 n.d. n.d. 0.018 20 15.4

09.10.2018 1 13.8 83 7.4 9.1 0.095 1.3 0.038 20 12.1

12.11.2018 1 9.4 74 7.5 4.6 0.066 1.1 0.013 12 1

Date Depth Temp. O2 sat. pH Turb. Ptotal Nitrate Iron Chl.a Cyanobacteria

[m] [%] [860 nm] [mg l-1] [mg l-1] [mg l-1] [µg l-1] [106 cells l-1]

10.04.2018 8 8.2 95 7.1 2.5 n.d. n.d. n.d. n.d. n.d.

13.05.20188 10.9 84 7.3 3.6 n.d. n.d. n.d. n.d. n.d. n.d.

19.06.2018 8 15.5 72 7.1 1.2 n.d. n.d. n.d. n.d. n.d.

08.07.2018 8 17.1 41 7.6 1.7 n.d. n.d. n.d. n.d. n.d.

21.08.2018 8 19.8 23 6.8 1.3 n.d. n.d. n.d. n.d. n.d.

11.09.2018 8 19.2 72 7.5 8.9 n.d. n.d. n.d. n.d. n.d.

09.10.2018 8 13.8 82 7.4 9 n.d. n.d. n.d. n.d. n.d.

12.11.2018 8 9.4 73 7.4 4.9 n.d. n.d. n.d. n.d. n.d.

Date Depth Temp. O2 sat. pH Turb. Ptotal Nitrate Iron Chl.a Cyanobacteria

[m] [%] [860 nm] [mg l-1] [mg l-1] [mg l-1] [µg l-1] [106 cells l-1]

10.04.2018 16 7.7 90 7 4.5 0.051 4.9 0.042 4 n.d.

13.05.20188 16 9.6 69 6.8 5.1 0.047 4.3 0.037 1.5 n.d.

19.06.2018 16 12.5 47 6.7 5.1 0.051 3.4 0.022 1.3 n.d.

08.07.2018 16 13.1 21 6.7 3.3 0.051 2.7 0.027 1.4 n.d.

21.08.2018 16 14.7 7 6.7 1.3 0.051 2.3 0.097 1.4 n.d.

11.09.2018 16 18.1 6 6.9 15 n.d. n.d. 0.19 5 n.d.

09.10.2018 16 13.3 71 7.3 14 0.13 1.2 0.13 12 n.d.

12.11.2018 16 9 71 7.4 12 0.082 1.1 0.034 13 n.d.
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Table S 2: Densities used for the calculation of fouling film thickness and mass

needed to sink a PE particle (4 x 4 x 0.5 mm, mass: 2.2 mg) calculated us-

ing equations 1 & 2. a: Cornell and Schwertmann, 2003, b: Heidorn et al.,

1996,c:Chubarenko et al., 2016, d: Besseling et al., 2017, e: Kooi et al., 2017

Fouling material Specific density of fouling Fouling film thickness Fouling film mass per mg

film material to reach ρwater particle weight to reach ρwater

[kg m-3] [m] [µg mg-1]

Ferrihydrite 3960a 2.03*10-6 58

Magnetite 5180a 1.44*10-6 54

Mn Oxide 5030b 1.49*10-6 55

Bacteria 1500c 1.2*10-5 131

1388d 1.5*10-5 156

1250e 2.4*10-5 218

Figure S 2: Experimental set-up in Malter reservoir. Three different cages either

containing PE or PET or PS tethered to ropes in different depths. In hypolimnion

3 x 3 cages were used in order to avoid disturbance of the microbial community by

oxygen.
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(a) (b)

(c)

Figure S 3: Linear relationship between total biovolume (sum of algae, bacteria

and cyanobacteria biovolume) of cells measured via CLSM and their corresponding

biomass measured via crystal violet staining (OD595 nm) on a) PE; b) PET and c)

PS. In every incubation depth three different regression lines were obtained for the

5 % quantile; 50 % quantile (Median) and the 95 % quantile for the respective

polymers. The regression formulas were calculated using the values from different

sampling days. In the case of PET the total biovolume did not increase much for the

95 % quantiles during day 6 and day 22 but strongly increased from day 22 to day

47. This resulted in a formular with higher steepness than the formula calculated

for the median. Therefore, the 95 % quantiles graph is laying atop of the median

graph in epilimnion and metalimnion.
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Table S 3: Linear regression of OD595 nm and the total biovolume. The r2 and the

plotted regression lines are shown in figure 2. E: Eplimnion; M: Metalimnion; H:

Hypolimnion.

PE

Depth Median Lower CI. [5 %] Upper CI. [95 %]

E OD595nm=28.61*Total Biovolume-0.1301 OD595nm=126.18*Total Biovolume-0.1482 OD595nm=11.59*Total Biovolume-0.4144

M OD595nm=19.00*Total Biovolume+0.0280 OD595nm=12.32*Total Biovolume-0.2287 OD595nm=12.32*Total Biovolume-0.2287

H OD595nm=5.77*Total Biolvolume+0.0861 OD595nm=3.54*Total Biovolume+12.41 OD595nm=3.54*Total Biovolume+0.1241

PET

Depth Median Lower CI. [5 %] Upper CI. [95 %]

E OD595nm=1.94*Total Biovolume+0.1019 OD595nm=5.85*Total Biovolume+0.0846 OD595nm=5.01*Total Biovolume+0.0700

M OD595nm=3.56*Total Biovolume+0.1191 OD595nm=6.85*Total Biovolume+0-1014 OD595nm=4.68*Total Biovolume+0.0780

H OD595nm=4.04*Total Biovolume+0.1163 OD595nm=16.27*Total Biovolume + 0.0884 OD595nm=3.05*Total biovolume + 0.0470

PS

Depth Median Lower CI. [5 %] Upper CI. [95 %]

H OD595nm=10.44*Total Biovolume+0.1496 OD595nm=14.32*Total Biovolume+0.1233 OD595nm=3.96*Total Biovolume+0.1801

Table S 4: Bootstrapped median sinking velocity of PS and PET measured for each

sampling date and depth. The median was rounded up to the fourth digit; the lower

and upper border of the 95 % confidence interval is given within the brackets. The

sample size is given in Figure 4 (of Chapter 4). The sinking velocity for the controls

(pristine particles) were PS 0.0076 [0.0075, 0.0076] m s-1 and PET 0.0283 [0.0281,

0.0284] m s-1.

Sinking velocity [m s-1]

Epilimnion

Polymer Day 6 Day 22 Day 47

PS 0.0079 [0.0078,0.0081] 0.0082[0.0079,0.0087] 0.074[0.0073,0.0076]

PET 0.0281[0.0280,0.0282] 0.0281[0.0280,0.0282] 0.0278[0.0271,0.0282]

Metalimnion

Polymer Day 6 Day 22 Day 47

PS 0.0078[0.0077,0.0078] 0.0079[0.0075,0.0085] 0.0073[0.0071,0.0076]

PET 0.0284[0.0282,0.0286] 0.0281[0.0280,0.0282] 0.0273[0.0265,0.0281]

Hypolimnion

Polymer Day 6 Day 22 Day 47

PS 0.0076[0.0076,0.0076] 0.007[0.0076,0.0077] 0.0076[0.0075,0.0078]

PET 0.0284[0.0283,0.0286] 0.0281[0.0279,0.0283] 0.0277[0.0.0270,0.0285]
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Burial of microplastics in freshwater sediments facilitated by

iron-organo flocs

Table S 1: Water parameters of Bautzen reservoir surface water before and after the

addition of various concentrations of FeSO4 x 9 H2O.

Parameter Bautzen reservoir water after 100 µM Fe after 300 µM Fe Unit

before Fe precipitation addition addition

pH 9.5 7.7 7.7 -

total inorganic carbon 16.7 16.6 12.0 mg l -1

dissolved organic carbon 7.24 4.96 4.45 mg l -1

Mndiss. <0.007 0.027 0.125 mg l -1

Fediss. 0.015 0.084 0.024 mg l -1

total phosphorous 0.13 0.027 0.029 mg l -1

TNb 1.69 1.21 1.09 mg l -1

NO3-N 0.740 0.542 0.564 mg l -1

NH4-N 0.238 <0.010 <0.013 mg l -1

SRP 0.083 <0.003 <0.003 mg l -1

SI 3.77 3.48 3.40 mg l -1
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(a) Scale bar: 1000 µm (b) Scale bar: 100 µm

Figure S 1: Flocs formed after the addition of 300 µM (a) and 100 µM FeSO4 (b)

in water from Bautzen reservoir

Table S 2: Microplastic content of iron flocs formed after the addition 300 µM or

100 µM FeSO4. Displayed are the means ± standard deviations of 3 individual

replicates.

Microplastics Fe concentration Plastic particles Wet weight of

in bottle [µM] incorporated precipitated flocs [mg]

Fibers 300 1948±148 (37%) 1057±197

Spheres 300 11775±1010 (99%) 1604±23

Fragments 10 – 100 µm 300 8810±1763 (27%) 727±62

Fragments 100 -250 µm 300 255±142 (16%) 1065±155

Fragments 250 - 500 µm 300 8±1 (4%) 997±104

Fragments > 500 µm 300 1±1 (1%) 978±117

Spheres 100 3275±1735 (28%) 442±88
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(a) (b)

(c) (d)

Figure S 2: Representative images of flocs formed by addition of different MP shapes

and Fe concentrations, with a) showing 300 µM Fe and fibers, b) 300 µM Fe and

small Fragments (10-100 µm), c) 300 µM Fe and spheres and d) 100 µM Fe and

spheres.

Table S 3: Grain size distribution of 2 sediment cores from Bautzen reservoir. Sed-

iments were classified according to [1] with grain sizes < 6 µm defined as clay, 6 –

63 µm defined as silt and 63 - 2000 µm defined as sand.

Depth Clay [%] Silt [%] Sand [%]

0 - 2 cm 2.72 ± 0.28 82.56 ± 2.67 13.96 ± 2.79

2 – 5cm 2.40 ± 0.75 78.58 ± 1.24 19.02 ± 0.64

5 – 8 cm 3.53 ± 0.35 90.035 ± 0.20 6.43 ± 0.52

8 – 11 cm 3.54 ± 0.27 91.13 ± 0.58 5.33 ± 0.46



Rico Leiser Supplementary Information for Chapter 4 136

Table S 4: Physical properties of two sediment cores from Bautzen reservoir. The

mean and standard deviation of 5 replicates per core (n: 10) are reported.

Depth Density [kg m-3] Water content [%] Dry mass [%] Ash mass [%]

0 – 2 cm 1.079 ± 0.018 92.97 ± 0.36 7.03 ± 0.36 5.59 ± 0.31

2 – 5cm 1.089 ± 0.013 92.42 ± 0.09 7.57 ± 0.09 5.91 ± 0.20

5 – 8 cm 1.108 ± 0.025 85.31 ± 0.08 14.69 ± 0.08 12.92 ± 0.31

8 – 11 cm 1.132 ± 0.024 86.431 ± 0.52 13.57 ± 0.52 12.25 ± 0.49

(a) (b) (c)

(d) (e) (f)

Figure S 3: Anoxic (a)-(c) and oxic (d)-(f) sediment cores from October experiment

with added iron flocs, shortly after addition (a, d), 24h after addition (b, e) and 6

days after addition (c, f).
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Figure S 4: Relative depth distribution of the red spheres (300 µM flocs) in the July

experiment. Displayed are the means of anoxic (n:2) and oxic cores (n:3).

Table S 5: Recovery of MP spheres from sediment cores. N.a.: not available, this

term is used for the cores from July 2020, were not yellow spheres were added. The

status released refers to spheres found in the water phase, whereas in sediment refers

to spheres extracted from the sediments after ending the experiment.

Core Date Status red spheres red spheres in yellow spheres yellow spheres

released sediment released in sediment

1 July anoxic 75 4862 n.a. n.a.

2 July anoxic 100 1303 n.a. n.a.

3 October anoxic 37 3835 2 18

4 October anoxic 38 2670 99 869

5 October anoxic 65 2949 2 7

6 July oxic 52 5237 n.a. n.a.

7 July oxic 25 4477 n.a. n.a.

8 July oxic 68 3477 n.a. n.a.

9 October oxic 22 9496 146 2522

10 October oxic 23 6677 166 2256

11 October oxic 21 3897 87 146
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Figure S 5: Oxic core from the October experiment, showing the burrowing of a

chironomid larvae close to the walls of the core.
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Figure S 6: Probe profiles showing water parameters in Bautzen reservoir during

summer stratification in July 2020 (a) and after lake mixing in September 2020 (b).
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Table S 6: Excitation and emission wavelengths used for visualization of biofilm

components or specific fluorescent molecules via CLSM.

Compound/Component Excitation Emission

SybrGreen 561 nm 510-580 nm

Phycobilins 633 nm 575-650 nm

Chlorophyll a 633 nm 650-720 nm

AAL 633 nm 647 nm

Reflection 490 nm 480-500 nm
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Iron reduction by Shewanella oneidensis does not release mi-

croplastics from organo-metallic aggregates

Table S 1: Data used to construct Figure 2, presented are numbers PE spheres found

either within the flocs or being released to the water phase. Further Fe(II) released

to the water phase and Fe(II) or Fe(III) within the flocs normalized to µmol are

shown for the individual microcosms of each sampling date.

Time MP released [n] MP retained [n] Fe(II) in water [µmol] Fe(II) in flocs [µmol] Fe(III) in flocs [µmol]

Day 0

4 1040 4.06 2.28 3683

2 1010 4.06 2.22 45.47

1 1230 4.06 2.17 50.14

Day 20

0 650 5.67 2.98 7.26

5 590 7.32 1.99 3.89

8 540 6.80 1.77 3.48

Day 40

8 485 6.04 2.40 7.15

9 535 6.49 2.20 11.1

2 540 6.74 3.10 10.74

Day 60

12 707 2.65 16.44 0.72

5 511 2.89 9.34 8.91

11 341 2.87 5.74 4.35

Day 120

58 1288 5.23 7.20 1.25

20 762 5.47 5.32 3.84

15 1146 5.18 6.16 3.12
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Figure S 1: Change of individual floc components over time, given in their volume

per µm-2 of floc. The volumes were semi-quantitatively calculated from CLSM data-

sets obtained from six individual flocs from two different microcosms (3 flocs x 2)

examined on 5 sites each (n: 30) for each of the time intervals.
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(a) (b) (c)

(d) (e)

Figure S 2: Anoxic microcosms with S. oneidensis after (a) 0, (b) 20, (c) 40, (d) 60

and (e) 120 days of incubation. The floating of iron-organo flocs in picture (a) was

caused by the nitrogen bubbling.
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