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Abstract

Abstract
Improper disposal of plastics, coupled with their durability and low weight, has led to the
widespread environmental pollution of plastic debris. For larger plastic debris negative
ecological, cultural, economic, safety, and health impacts are reported and well known. For
microplastics (particle size ≤5 mm), harmful effects are still a matter of debate. Nevertheless,
microplastics are the distinct subject of national and international marine monitoring directives
(i.e. MSFD, NOAA), due to their bioavailability to a wide range of organisms, their omnipresence
in the marine environment, and the lack of removal techniques once introduced. Microplastic
contamination levels have been intensively examined within marine habitats. And even though
the relationship of human activities and plastic debris inputs are known, significant knowledge
gaps exist on the sources, transport, and accumulation areas in terrestrial environments.
Thus, the first objective of this thesis was the identification of potential sources, pathways, and
accumulation areas of plastic debris in terrestrial environments. Three case studies on overlooked,
yet potentially plastic debris containing sources and accumulation areas, were carried out. As
plastics frequently enter biowastes through misthrows, we exemplarily investigated organic
fertilizer from biowaste fermentation and composting as input source of microplastic debris to
farmlands. Our results indicate that, depending on receiving wastes, pretreatment of the
substrate, and the technical state of the plant, organic fertilizers can contain high concentrations
of microplastics. When applied to farmlands, a potential input of 35 billion to 2.2 trillion
microplastic particles per year was calculated for German arable land. As around 50% of land use
in Germany is agricultural, we further investigated plastic debris contamination of a farmland
neither subjected to known plastic-containing fertilizer or to plastic applications. We detected
206 large plastic pieces, and 158,100 to 292,400 microplastic pieces per hectare. Additionally, we
were the first to investigate the hyporheic zone of streambed sediments, a transition zone
between fresh- and groundwater. Our exemplary study at the Rote Main river indicated that
especially small microplastics (<50 µm) are infiltrated into sediments of the hyporheic zone of
streambeds. Even though, results from this study are based on one sample, it points towards
another temporal sink and relevant transportation pathway for microplastics.
The lack of sufficient sample replication is a common issue in microplastic studies, mainly due to
the high costs of sampling, sample processing, and analytics. Consequently, the second objective
was to improve existing sampling and sample processing methods for microplastics. Concerning
sample processing, environmental samples often contain a high number of natural particles that
impair spectroscopic identification of microplastics if not removed. Thus, I contributed to the
development of a gentle sample purification protocol that is adaptable to a broad range of
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environmental samples. With the application of a series of specific enzymes, we achieved high
removal efficiencies of organic matter from surface water samples (>95%) and high recovery
rates of microplastics (>80%). Yet, sample replication is still a compromise between
representativeness and feasibility within a project. To assess sufficient sample replication for
beaches, we studied the spatial distribution of microplastics in beach sediments of the Po River
Delta, in northern Italy. Our analysis of microplastics >1 mm for three different accumulation
areas suggests that for the high tide line, the recommendation by the “Technical Subgroup on
Marine Litter” of five replicates is sufficient. If accumulation areas farther from the waterline are
sampled, a minimum of 10 replicates should be taken. The highly variable polymer type
distribution among the accumulation areas further indicated that for a comprehensive
assessment of microplastic contamination, different accumulation areas need to be sampled.
However, concerning water surface samples from coasts and the open ocean, a representative
sampling will be limited simply because of their mere dimensions.
Hence, the third objective was the development of alternative monitoring methods that could
provide additional information on sources, sinks, and transport pathways of buoyant plastic
debris. A three-dimensional hydrodynamical model, coupled with a Lagrange particle tracking
module, was utilized to forecast the transport of microplastics emitted by the Po River branches
and subsequent off-washing onto adjacent beaches. A correlation with in-situ measured
microplastic abundances on the beaches was not present. In another approach, we assessed if
water constituents depictable from satellite images (e.g., chlorophyll-a, suspended particulate
matter, and colored dissolved organic matter) could be used as proxy to indirectly map
microplastic distribution. Under the assumption that microplastic transport is driven by similar
processes, such as wind and currents, we tested if a correlation between microplastics and those
water constituents exists. The results of three field data acquisitions on three different river
systems showed no clear relationship, with only one data set showing a spatial correlation
between microplastics and the proxy water constituents. Nevertheless, model simulations and
remote sensing techniques are able to provide information on larger spatial and temporal scales,
which is why the development of this methods should be followed in future.
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Zusammenfassung
Die unsachgemäße Entsorgung von Plastikprodukten, die die Eigenschaft besitzen gleichzeitig
leicht und stabil zu sein, hat zu einer globalen Verschmutzung der Umwelt mit Kunststoffmüll
geführt. Für größeren Plastikmüll sind negative Einflüsse auf Ökologie, Kultur, Ökonomie,
Sicherheit und Gesundheit dokumentiert und bekannt, wohingegen die Gefahren von
Mikroplastik (Kunststoffpartikel ≤5 mm) noch kontrovers diskutiert werden. Allerdings hat die
Bioverfügbarkeit dieser Partikel für Organismen an der Basis des Nahrungsnetzes, seine
Omnipräsenz in der marinen Umwelt sowie das derzeitige Fehlen von Methoden zur Entfernung
aus der Umwelt dazu geführt, dass Mikroplastik in nationalen und internationalen Richtlinien
zum Erhalt und Verbesserung der marinen Umwelt (z.B. MSFD, NOAA) aufgenommen wurde. Die
Kontamination mariner Systeme mit Mikroplastik wurde daher in den letzten Jahren gut
untersucht. Doch auch wenn bekannt ist, dass das Auftreten von Kunststoffmüll in der Umwelt
mit menschlichen Aktivitäten zusammenhängt, gibt es bisher kaum Studien zum Eintrag,
Transport und Verbleib von Kunststoffmüll in terrestrischen Ökosystemen.
Daher war das erste Ziel der Doktorarbeit die Identifizierung von potenziellen Quellen,
Transportwegen und Akkumulationsgebieten von Kunststoffmüll in terrestrischen Ökosystemen.
Drei Fallstudien von bisher unberücksichtigten und potenziell durch Kunststoffmüll belasteten
Quellen und Akkumulationsgebieten, wurden durchgeführt. Da Kunststoff durch Fehlwürfe in
Bioabfälle gelangt, wurden Dünger von Bioabfallvergärungs- und Bioabfallkompostieranlagen als
potenzieller Eintragspfad von Mikroplastik auf landwirtschaftliche Flächen untersucht. Unsere
Ergebnisse zeigen, dass, abhängig vom zugeführten Substrat, dessen Vorbehandlung und der Art
der Prozessierung, dieser einen relevanten Eintragspfad in die Umwelt darstellen kann. Wenn
diese Düngemittel aus Bioabfallaufbereitungsanlagen auf Ackerland aufgebracht werden, würde
sich aus unseren Ergebnissen ein potenzieller Eintrag von 35 Milliarden bis 2.2 Billionen
Mikroplastikpartikeln pro Jahr in Deutschland ergeben. Da landwirtschaftliche Flächen ca. 50%
der Landnutzung in Deutschland darstellen führten wir eine erste Untersuchung auf einem
Ackerland in Süddeutschland durch. Auf diesem wurden weder potenziell Plastik-enthaltenen
Düngemittel noch Plastikmaterialien als Hilfsmittel eingesetzt. Dabei wurden 206 größere
Plastikteile und zwischen 158.100 und 292.400 Mikroplastikpartikel pro Hektar detektiert.
Darüber hinaus untersuchten wir exemplarisch am Roten Main zum ersten Mal die hyporeische
Zone eines Flussbetts, als Verbindungszone zwischen Fluss- und Grundwasser. Die Ergebnisse
legen nahe, dass vor allem sehr kleine Mikroplastikpartikel (<50 µm) in die hyporeische Zone des
Flussbetts infiltriert werden. Auch wenn nur eine Probe untersucht werden konnte, deuten
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unsere Ergebnisse auf eine weitere temporäre Senke und einen relevanten Transportweg
bestimmter Mikroplastikpartikel hin.
Eine akzeptable Replikation von Umweltproben ist derzeit bei Studien zu Mikroplastik generell
problematisch, was auf kosten- und arbeitsintensive Beprobungen, Probenaufbereitung und analyse zurückzuführen ist. Daher war das zweite Ziel der Doktorarbeit die Verbesserung bereits
bestehender Methoden zur Probennahme und -aufbereitung von Mikroplastik. Hinsichtlich der
Probenaufbereitung dominieren in Umweltproben meist natürliche Partikel. Diese müssen aus
der Probe entfernt werden, um anschließend die spektroskopische Identifizierung von
synthetischen Polymerpartikeln nicht zu beeinträchtigen. Hierfür wurde ein Protokoll zur
Aufreinigung der Mikroplastikproben entwickelt, welches auf ein breites Spektrum an
Umweltproben anwendbar ist. Durch die aufeinander folgende Nutzung spezifischer Enzyme
wurde organisches Material in Proben von der Wasseroberfläche effizient entfernt (>95%), bei
einer gleichzeitig hohen Wiederfindungsrate von Mikroplastikpartikeln (>80%). Dennoch ist die
Anzahl der Replikate zurzeit ein Kompromiss zwischen Repräsentativität und der Machbarkeit
innerhalb eines Projektes. Um eine ausreichende Replikation von Sedimentproben an Stränden
zu evaluieren, haben wir die räumliche Verteilung von Mikroplastik exemplarisch in
Strandsedimenten des Poflussdeltas in Norditalien untersucht. Unsere Analyse von
Mikroplastikpartikeln >1 mm für drei verschiedene Akkumulationszonen zeigt, dass für die
aktuelle Hochwasserlinie der Vorschlag der "Technical Subgroup on Marine Litter“ von fünf
Replikaten ausreichend ist, wohingegen mindestens 10 Replikate für höher gelegene
Akkumulationszonen für eine repräsentative Probennahme nötig sind. Des Weiteren deutet eine
höchst variable Verteilung der Polymertypen zwischen den Akkumulationszonen darauf hin, dass
die alleinige Betrachtung einer einzelnen Akkumulationszone für eine vollständige Beschreibung
der Mikroplastikkontamination eines Gebietes nicht ausreicht. Wenn man allerdings
Wasseroberflächenproben in Küstengebieten und im offenen Ozean betrachtet, ist eine
repräsentative Beprobung durch die enormen Dimensionen nicht möglich.
Um zusätzliche Informationen zu Quellen, Senken und dem Transport von auf der
Wasseroberfläche treibendem Kunststoffmüll zu erhalten war die Entwicklung alternativer
Monitoringmethoden das dritte Ziel der Doktorarbeit. Mittels eines dreidimensionalen
hydrodynamischen Modells gekoppelt mit einem Lagrange-Partikel-Modell wurde Mikroplastik,
welches durch die Poflussdelta-Mündungen entlassen wurde, verfolgt und dessen Anlandung an
angrenzende Strände vorhergesagt. Allerdings ergab der Vergleich mit den Felddatenerhebungen
von Mikroplastik keine Übereinstimmung mit den Modellvorhersagen. In einem weiteren
Experiment untersuchten wir, ob Wasserparameter, deren Verteilung durch Satellitenbilder
bestimmbar sind (z.B. Chlorophyll-a, Schwebstoffe und Gelbstoffe), als Indikatoren für die
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Verteilung von Mikroplastik herangezogen werden können um dessen Verbreitungsmuster
vorherzusagen. Unter der Annahme, dass Mikroplastik den gleichen Transportmechanismen
(Wellen und Wind) wie den oben genannten Wasserparametern ausgesetzt ist, wurde eine
mögliche Korrelation zwischen Mikroplastik und den Wasserparametern untersucht. Nur bei
einer von insgesamt drei Feldkampagnen an drei verschiedenen Flusssystemen konnte ein
räumlicher Zusammenhang von Mikroplastik und Wasserparametern gezeigt werden. Dennoch
stellen sowohl hydrodynamische Modelle als auch Fernerkundungsdaten Informationen über
größere räumliche Distanzen und höher aufgelöste Zeiträume bereit, weshalb die Entwicklung
dieser Methoden in Zukunft weiterhin verfolgt werden sollte.
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Introduction
The plastic debris problem
Human activities and interactions with natural ecosystems are substantially changing the
environment and leaving measurable impacts on earth. Hence, scientists propose the
“Anthropocene” as a new geological epoch, starting in the mid-twentieth century (Waters et al.
2015, Zalasiewicz et al. 2015). Among proposed stratigraphic indicators marking the
Anthropocene is one material which nowadays permeates all domains of our lives: plastics
(Zalasiewicz et al. 2016). Alongside the proliferation of plastics came the emergence of
“disposables”; single-use goods that spawned a new consumer behavior termed “throwaway
living” (Life Magazine 1955). Since then, plastic production has steadily risen, and within the last
50 years the increase of plastic consumption has outpaced population growth by almost 50-fold
(Andrady 2015).
Due to its adjustable diverse characteristics and low-cost production, plastic is superior to most
other materials. Within the ~20 chemically distinct classes of synthetic polymers, only six account
for commodity plastics (Andrady 2003). Of these six, polyethylene (PE; 36%), polypropylene (PP;
21%), and polyvinyl chloride (PVC; 12%), followed by polyethylene terephthalate (PET),
polyurethane (PUR), and polystyrene (PS) (<10% each), represent the largest groups in total nonfiber plastic production, while polyester (mostly PET) has the highest share of the synthetic fiber
production (70% of all acrylic fibers) (Geyer et al. 2017). Those six commodity plastics account
for more than 80% of total plastic demand (Law 2017). Despite being used in nearly all market
sectors, the largest demand for synthetic polymers comes from the packaging industry, which
accounts for 40% within the EU (PlasticsEurope 2018). Due to the relatively short lifetime of
plastic packaging products, the share of plastic on solid waste production has steadily increased,
with a current sharing of 10-15% by weight (Andrady 2017). It is further estimated that globally
32% of the plastic packaging debris entering collection systems is leaking into the environment
(World Economic Forum 2016). The combination of moderate growing polymer recycling rates
and fast growing polymer production rates (Geyer et al. 2017) has turned environment plastic
contamination into one of the fastest growing forms of pollution.
Given that it can take centuries for plastic debris to become mineralized (Andrady 2003), it is
assumed that the majority of plastic debris that has escaped collection systems (since the start of
mass production) is still present in the environment (Andrady 2015). Plastic litter visible to the
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naked eye represents only a part of this contaminant pervading all ecosystems on earth. Chemical,
physical, and biological processes break apart plastic debris, fragmenting it into smaller,
microscopic particles. Those “microplastics” (MPs) of secondary origin are broadly defined as
synthetic polymer particles ≤5 mm (Arthur et al. 2009), whereas the lower size limit is often set
by sampling and analytical techniques with a lower size limit of 1 µm (Kershaw et al. 2019, Frias
& Nash 2019). Besides MPs of secondary origin, primary MPs are intentionally produced within
this size range to be used in cosmetic or cleansing products, for air-blasting and as drilling fluid
(Auta et al. 2017), and even as film-coatings applied to agronomic seeds (Accinelli et al. 2019).
Nevertheless, the majority of MPs in the environment arises through weathering of larger plastic
debris. Plastic degradation refers to any process that leads to the chemical transformation of a
material, changing its properties and resulting in discoloration, cracking, or erosion, among
others (Singh & Sharma 2008). Exposure to UV radiation, which causes photo-oxidative
degradation, is the major factor for degradation of plastic debris in the environment
(Andrady 2017). Examples of other less influential mechanisms are thermal degradation,
mechanochemical degradation, and biodegradation (Singh & Sharma 2008). Nevertheless,
depending on the plastic debris location in the environment, the relative importance of those
processes may change. For example, the fragmentation of plastic debris at beaches is greater than
at a sea or lake bottom where neither solar radiation nor mechanical forces can contribute to
fragmentation of the plastics.
The fate of plastic debris in the environment also determines their bioavailability to organisms.
As synthetic polymer particles become smaller and smaller, the number of organisms capable of
ingesting those particles grows. As a result, MPs are of special concern, as laboratory studies have
shown that they can be ingested by organisms at the base of the food web (Cole et al. 2011, 2013).
Moreover, it is known that nano-sized synthetic polymer particles are able to cross cell barriers
(Hussain et al. 2001, Lehner et al. 2019). Potential harmful effects of MP ingestion for organisms
at the base of the food web are thought to be similar to the effects observed for large plastic debris,
but scientific evidence is currently lacking and controversially discussed (Ogonowski et al. 2018,
Foley et al. 2018). Additionally, it often cannot be distinguished if observed effects are the result
of the synthetic polymer itself or incorporated additives (Karami 2017, Schrank et al. 2019).
Additives include a set of chemicals used to achieve the desired functions of the plastic product
and can include, among others, plasticizer, flame retardants, stabilizers, antioxidants, and color
pigments.
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Thus, plastic debris constitutes not only a single material with defined characteristics, but a
complex mixture of items differing in size, shape, density, and chemical composition. And with
clear evidence for large plastic debris of direct negative impacts to a wide range of organisms
(Sheavly & Register 2007, Gall & Thompson 2015) and the potential of MPs to pose a risk to
human health (Sharma & Chatterjee 2017, Wang et al. 2019). Different interest groups have called
for an immediate implementation of measures to curb plastic debris pollution. Therefore, a sound
understanding about emission sources, transport patterns, and accumulation areas of plastic
debris in the environment is required.

Occurrence of microplastic debris in the environment
Even though MPs are not easily visible by the naked eye, they were already observed in the marine
environment around 50 years ago (Carpenter et al. 1972, Morris & Hamilton 1974, Colton et al.
1974). Nevertheless, at the beginning research focused on large marine plastic debris. With
increasing awareness of the negative impacts to organisms and the economy, policies
approaching the problem were formulated, leading to a subsequent decrease of studies in this
field in the ‘90s (Bergmann et al. 2015). Within the last decade, the study of plastic debris has
resumed, as MPs have been recognized as a potential risk to organisms and the environment
(Browne et al. 2015). As with larger plastic debris, research on MPs began within marine
environments. Due to the different densities of the various polymers (ranging from ~0.05 g cm-3
for expanded PS to 1.4 g cm-3 for PET and PVC; Bergmann et al. 2015), MPs are located throughout
the entire water column, being affected by different transport processes. Thus, MPs have been
identified from the water surface to the deep sea, and from Antarctic sea ice to tropical beaches
(Cole et al. 2011, Auta et al. 2017, Peeken et al. 2018, Rezania et al. 2018). Sea bottom sediments
have been largely proposed as a final sink (Fischer et al. 2014, Bergmann et al. 2017, Tekman et
al. 2017), a reasonable conclusion given that the water cycle transports most of the land-based
MP debris to the sea. During its residence time in aquatic systems, MP debris is subjected to
density-changing processes, such as biofouling or agglomeration (Rummel et al. 2017, Michels et
al. 2018), which initiates its sinking to the seafloor. As most plastic is produced and consumed on
land, rivers were immediately addressed as major emission sources of plastic debris and MPs to
the oceans (Browne et al. 2011, Rech et al. 2014, Wagner et al. 2014, Jambeck et al. 2015, Lebreton
et al. 2017). The following studies on freshwater ecosystems revealed comparable quantities of
MPs in lakes and rivers as in the marine environment (Imhof et al. 2013, Eerkes-Medrano et al.
2015, Li et al. 2017, Rezania et al. 2018), with lake sediments being proposed as a sink for MPs
within the terrestrial environment (Schwarz et al. 2019).
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Considering point sources of MPs for freshwater systems, wastewater and sewage sludge
(Mintenig et al. 2016, Gatidou et al. 2019), as well as industrial sites (Lechner & Ramler 2015),
were among the first identified. Nevertheless, a certain amount of MP debris in freshwater
systems is introduced via diffuse sources from land, i.e. urbanized areas (Dris et al. 2015),
agricultural farmland (Duis & Coors 2016, Horton et al. 2017), or atmospheric fallout
(Dris et al. 2016). Improper disposal of plastic waste and its continuous fragmentation to MP
particles is often the cause, but there is also a wide variety of applications for plastic products in
the terrestrial environment, such as geotextiles (Wiewel & Lamoree 2016) or agricultural plastic
applications (Briassoulis et al. 2010, Liu et al. 2014), where unintentional losses can occur. Yet,
there is a considerable lack of studies targeting sources, transport, and sinks of plastic and MP
debris in freshwater systems, especially in regard to the terrestrial environment.

Environmental monitoring of microplastic debris
Initial assessments of plastic and MP debris contamination levels are not only necessary to
provide data on the current condition and to assess the relevance of this kind of pollution, but also
to design and direct monitoring programs more effectively (Kershaw et al. 2019). In addition,
environmental monitoring of plastic debris includes repeated measurements to assess pollution
levels and to detect temporal and spatial trends as well as to evaluate whether prevention and/or
mitigation strategies are successful, i.e. if plastic debris pollution decreases over time. For
monitoring programs, several conditions are essential to ensure that the measurements are
representative and comparable between studies, thus requiring the development of standardized
monitoring protocols. One of the first attempts was made by the Technical Subgroup on Marine
Litter (TSG-ML), who suggested methods for marine plastic debris monitoring based on the most
often used techniques (“Guidelines for Monitoring of Marine Litter”) and highlighted the need for
further standardization (Hanke et al. 2013). Moreover, the relevance of prevention of sample
contamination, due to the omnipresence of this contaminant, was already addressed and guidance
given to apply precautions to minimize contamination of samples in the field and laboratory.
Nevertheless, procedural blanks should accompany data acquisitions but was either not reported
or not considered in many previous studies although an upward trend is indicated (Filella 2015).
Contamination of samples is increasing with decreasing size class of particles and depending on
the investigated size class of MP the magnitude of applied precautions may differ. Results from
procedural blanks should be reported as well as how corrections to MP data were made. First
advice on how to treat the results of procedural blanks in order to account for background
contamination were published in the current GESAMP report (Kershaw et al. 2019).
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Due to the novelty of MPs as environmental contaminants, the development of standardized
monitoring protocols is still ongoing and improvements are compulsive, considering sample
extraction techniques, sample preparation, and reliable identification and quantification
methods. Thereby, several requirements for an operational monitoring should be fulfilled, with
the most important two being cost- and labor-effective and ease of application. For example, large
plastic debris can be visually identified, but visual identification of MPs leads to errors of up to
70% (Hidalgo-Ruz et al. 2012). Therefore, a reliable identification of MPs demands a chemical
characterization. Currently, Fourier Transform-infrared (FTIR), Raman spectroscopy, or thermal
analysis

such

as

pyrolysis-gas-chromatography-mass

spectroscopy

(Pyr-GC-MS)

and

thermoextraction and desorption (TED), coupled with GC-MS, are the most prevalent methods
used by scientists (Mai et al. 2018). The main difference between spectroscopy and thermal
analysis is the reference unit yielding MP particle numbers for spectroscopy, whereas thermal
analysis records the mass of MPs. A challenge for all analytical methods is the precedent sample
purification process before the analysis. For a representative sample, large sample volumes need
to be taken, resulting in high abundances of organic and inorganic materials that would interfere
with subsequent spectroscopic analysis if not removed. Protocols for the separation of inorganic
particles from MPs using high density solutions were already proposed in the early stages of MP
research (Imhof et al. 2012, Hidalgo-Ruz et al. 2012). For the removal of organic matter, strong
acidic or alkaline solutions, as well as oxidation agents, have later been reported in the literature
(Book Chapter, Appendix). Nevertheless, those chemicals bear the danger of degrading sensitive
polymer types (Enders et al. 2017). An alternative was proposed by Cole et al., (2015) using
enzymes for a gentler treatment, but which is associated with high expenses and thus makes it
impractical for operational monitoring activities. Thus, further progress in cost- and laborefficient sample processing and analysis is essential to conduct spatio-temporal sufficient
replicated MP contamination studies, and to draw general conclusions about the contamination
level and contamination trends of a sampled area.
Considering sampling areas, plastic debris monitoring activities are imbalanced, as most studies
have been conducted on sandy beaches and the sea surface, followed by bottom sediment samples
and water column samples (Hidalgo-Ruz et al. 2012, Bergmann et al. 2015, Van Cauwenberghe et
al. 2015, Duis & Coors 2016). The cost of sampling increases the further away from land the
samples are taken (e.g., costly ship expeditions). The good accessibility of beaches makes them
attractive areas for monitoring activities. Additionally, because beaches act as accumulation area
for plastic debris, they allow for a relatively easy assessment of contamination trends. For large
plastic debris, operational protocols for beach monitoring exist and are routinely applied
(HELCOM 2008, OSPAR 2010, Kershaw et al. 2019). Nevertheless, different sampling designs are
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applied for MPs (e.g., different beach areas, sample volumes, sample depth, size fractions, etc.),
and as only a small proportion of the whole beach can be surveyed, comparison among studies
are accompanied with high uncertainties (Filella 2015). In addition, the distribution of MPs is
highly variable, causing high standard deviations in reported data; however in-depth
investigations of the quantity of replicates needed to obtain an acceptable precision are rare.

Alternative monitoring methods
Generally speaking, MP abundance data for any environmental compartment is spatially and
temporally limited as currently the demand of resources for MP sampling, sample preparation,
and analysis are high. Albeit, MP studies revealed high spatio-temporal variability of MP
abundance for small and large scales (Heo et al. 2013, Fisner et al. 2017, Imhof et al. 2017,
Chubarenko et al. 2018), and transportation pathways and accumulation patterns are far away
from being fully understood. Additional monitoring tools that cover larger areas and allow for a
higher temporal replication are likewise needed for operational monitoring activities of plastic
debris. Considering the vast dimensions of the oceans, for example, seawater motion can be
mapped using hydrodynamical modelling approaches. Coupled with particle tracking models, any
tracers transported by the seawater can be further tracked (van Sebille et al. 2018). Thereby,
particle tracking models make use of velocity fields computed by hydrodynamical models to
determine trajectories of virtual particles (van Sebille et al. 2018). Particle path can be tracked by
using a numerical integration method to integrate through time and space. Model simulations on
marine litter transport using Lagrangian particle tracking were already conducted in previous
studies, identifying the formation of oceanic accumulation areas (Lebreton et al. 2012) or tracking
debris released from a tsunami (Lebreton & Borrero 2012). Thereby, rivers and estuaries
primarily have been implemented in model simulations as point sources (Lebreton et al. 2012,
Siegfried et al. 2017), and only limited studies focused on modelling river transport, especially
with regard to MPs (Besseling et al. 2017).
Besides numerical modelling approaches, another monitoring technology widely applied for
environmental monitoring are remote sensing data acquisitions. Polymers exhibit specific
absorption bands in the short waved infrared (SWIR) range and thus, a direct identification of
plastic debris theoretically could be possible with remote sensors covering the SWIR range as
applied in satellite sensors. Nevertheless, as the proportion of plastic debris is too low to
significantly influence the signal reflected from the water surface, a direct identification of plastic
debris at sea with remote sensing systems is currently not feasible (Mace 2012). Besides, other
substances further influence the reflected signal such as suspended particulate matter (SPM) or
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chlorophyll-a (Chl-A). Within this context, Pichel et al. (2007) first published an indirect approach,
using water constituents as proxies for plastic accumulation areas within the oceans. For example,
it is known that the sub-tropical convergence zone (STCZ) within the North Pacific is
accumulating floating materials due to its circular current patterns and thus, plastic debris
(Lebreton et al. 2012). Pichel et al., (2007) used satellite-derived information to study the STCZ
and predicted plastic debris accumulation. Moreover, a spatial relationship could be detected for
satellite-derived Chl-A, sea surface temperature and macroplastic debris (Pichel et al. 2007), but
if this relationship also exists for MP particles was not investigated. Yet, the study demonstrated
an application for an indirect monitoring approach of plastic debris through water constituents
derived from satellite imagery.
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Objectives of the thesis
My PhD thesis focused on MPs, due to the emerging significance of this contaminant in the
environment. Large plastic debris was further addressed in some of the studies as the
fragmentation of larger plastics generally is the major source for MP debris in the environment.
In this thesis, MP is defined as synthetic polymer particles ≤5 mm and larger plastic debris
considered as macroplastic. The thesis is structured into three chapters whose specific objectives
are outlined here.

Identification of potential sources, pathways, and accumulation areas of plastic debris in terrestrial
environments (Chapter A)
Considering plastic debris contamination, and specifically MP debris, terrestrial ecosystems are
still understudied. At the beginning of this thesis only limited data on plastic debris and almost no
studies on MP debris within terrestrial environments were published. Moreover, the initial
perception of plastic debris pathways was often unidirectional, assuming inputs from land and
continuous transport via rivers to the oceans. Likewise, few studies addressed ecotones between
freshwater and terrestrial systems. Within this thesis three case studies were conducted on
overlooked, yet potentially relevant plastic debris sources or accumulation areas in terrestrial
environments. As plastic debris is correlated to human activities and agriculture comprises around
50% of land use in Germany (Statistisches Bundesamt 2019) we thus focused on arable land.
Sewage sludge had already been identified as potential pathway of MP debris to arable lands.
Nevertheless, organic fertilizer from biowaste digestion, and composting was neglected as potential
source and pathway of MP debris, despite the awareness that plastic debris is entering biowaste through
frequent misthrows. Thus, we investigated for the first time the occurrence of large MP debris within
organic fertilizer from 14 biowaste digestion and composting plants (Article A1). Knowing that arable
land fertilized with sewage sludge or organic fertilizer from biowaste processing (Article A1) can
thereby receive a high load of MP debris we were further interested to find out if farmlands, subjected
neither to the above mentioned fertilizers nor plastic applications, are still susceptible to plastic debris
contamination. Within a case study we assessed the contamination level of plastic debris and, for the
first time, large MP debris, on a farmland in southeast Germany (Article A2). Furthermore, only a
limited number of studies focused on transition zones of freshwater and adjacent terrestrial
environments. The hyporheic zone was examined as an example for an ecotone, potentially
depicting a temporal accumulation area as well as a pathway of MP debris between ecosystems.
Concentrating on the Rote Main river in southeast Germany as study area, we investigated the
occurrence of MP debris in the hyporheic zone of streambed sediments, for the first time (Article A3).
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Moreover, an exemplary investigation, including MP sizes within the pore and sub-pore scale size
(<50 µm), was conducted within this study, another novelty as this size class was mostly neglected in
MP studies of streambed sediments due to elaborate sampling and analytical methods.

Improvement of existing sampling and sample processing methods for microplastics (Chapter B)
During the first three investigations challenges considering an efficient sampling, sample
preparation and analysis of MP debris emerged. Moreover, for MPs efficient and applicable
methods are still being developed, in contrast to larger plastic debris where standardized
protocols exist and operational monitoring programs are already in place.
For instance, for a reliable identification of MP particles with spectroscopic methods,
environmental samples (consisting of a mixture of diverse organic and inorganic materials) need
to be efficiently purified, while leaving MP particles intact. To achieve this published protocols
either use aggressive chemicals or expensive enzymes not affordable for routine applications
(Book Chapter, Appendix). Thus, I supported the development of an enzymatic purification
protocol, utilizing a series of technical grade enzymes, suitable for application within routine
monitoring programs (Article B1). Especially beach sediments, which are the focus of operational
monitoring programs due to their accessibility, often contain a high load of inorganic sediments,
seashells, and organic washed-ashore materials. Here, initial considerations about the sampling
design and sample replication are crucial to obtain achievable and representative results. As indepth investigations of the spatial distribution and sample replication of MP debris on sandy
shores were rare a case study on the spatial distribution of large MP at different accumulation
areas on beaches of the Po River Delta was conducted (Article B2).

Development of alternative monitoring methods for buoyant plastic debris in aquatic systems
(Chapter C)
Currently cost- and labor-intense sampling and analysis methods for MP debris hampers high
resolved spatio-temporal in-situ data acquisitions. Thus, the concurrent development of
alternative monitoring methods, providing additional information for monitoring attempts of
plastic debris, was the third objective of this thesis. Within this thesis we focused exemplarily on
the buoyant fraction of plastic debris.
Here, model simulations have already been proved to provide valuable data on plastic debris
transport and accumulation for offshore environments. Nevertheless, due to their complex
dynamics, coastal areas were mostly neglected. In our case study at the Po River Delta we followed
two different approaches to predict coastal accumulation of buoyant MP particles emitted by the
terminal branches of the Po River. Our first approach utilized a hydrodynamic model and
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Lagrangian particle tracking module, whereas the second approach utilized remote sensing
imagery of the river plume, represented by SPM (Article C1). Another monitoring strategy takes
advantage of relationships between the contaminant of interest and proxy (i.e. indicator)
parameters. Keeping track of the remote sensing approach from Article C1 we further
investigated a potential relationship of water constituents depictable from satellite images and
buoyant MP debris. Under the assumption that the distribution of water constituents (e.g., SPM,
Chl-A, and colored dissolved organic matter (cDOM)) and buoyant MP debris is influenced by the
same mechanisms (i.e. wind, currents) a case study on three different river systems was
conducted to investigate spatial relationships of the proxy water constituents and MP debris
(Article C2).
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Overview of the thesis
Chapter A: Identification of potential sources, pathways, and accumulation areas of
plastic debris in terrestrial environments
To determine the most effective measures for curbing plastic pollution in the environment, an
identification of relevant input sources is crucial. The long prevailing marine perception of the
issue has led to a considerable absence of studies on initial sources, pathways and accumulation
areas of plastic debris (MP’s especially) in terrestrial environments and their relevance.

Organic fertilizer as a vehicle for the entry of microplastic into the environment
Considering MPs, a neglected waste stream included organic fertilizers from biowaste
fermentation and composting. Here, miss-sorting and contamination of biowaste with plastics is
not unusual. Even though prior sorting and sieving procedures reduce those mistakes, a complete
removal of contaminants is impossible. Most countries even allow a certain amount of
contaminants in fertilizers with small foreign particles not considered within legislations (e.g.,
<2 mm in Germany). Thus, we investigated if organic fertilizers from biowaste composting plants
and biowaste- and energy digesters are possible transporters of MP particles >1 mm to the
environment (Article A1).
One biowaste composting plant and one biowaste digester were examined in detail (both
receiving biowaste from households and green clippings from the area), and an agricultural
energy crop digester used as reference point. Further, a commercially available fertilizer from a
second biowaste digester (processing solely waste from commerce) and digestate samples from
10 agricultural biogas plants (processing feeds such as dung/manure, sunflowers, or waste from
fruit processing together with the regular energy crops) were screened for large MP particles
using attenuated total reflection (ATR)-based FTIR spectroscopy.
While all fertilizer samples from plants receiving biowaste contained MP particles, the amount
and composition of MPs was dependent on the initial feeding substrates and the plant’s technical
state. High MPs abundances were observed in plants processing biowaste from households
(14 to 146 MP particles per kg dry weight (DW)), as well as from commerce (895 MP particles
per kg DW). Thereby, the composition of the fertilizer samples from plants receiving biowastes
from households were dominated by PS and PE, polymers commonly used for food packaging. In
contrast, it was primarily polyesters (PES) that were identified in plants processing commercial
biowastes, likely emerging from protective containers and packaging.
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Moreover, an in-depth analysis of one biowaste digestion plant (receiving mainly household
biowaste, green clippings, and occasionally energy crops) revealed a divergent composition of
MPs within composts matured for different time periods, pointing towards seasonal changes in
biowaste composition. Concerning differences among plants, pre- and post-treatment processes
are fundamental factors influencing the degree and variety of MP contamination in organic
fertilizers. As MP degradation pathways are likely altered by oxygen availability, temperature,
and exposure to UV radiation (Singh & Sharma 2008, Andrady 2017), MP composition will further
be influenced depending on the plant’s technology. Finally, during the process of anaerobic
digestion the dry mass of the material will be reduced to a certain extent, leading to higher
enrichment factors for MPs.
We only focused on particles >1 mm and further studies are crucial to gain knowledge on the
abundance and composition of smaller particles. Nevertheless, an extrapolation based on this first
study suggests that, in Germany alone there are between 35 billion and 2.2 trillion large MPs
potentially being introduced via this pathway to arable land each year. Nevertheless, in contrast
to sewage sludge (the use of which as fertilizer is evermore restricted due to associated foreign
substances of concern), using biowastes as fertilizer is generally a sustainable way to return
valuable nutrients back to the ecosystem and should further be practiced.

Identification and quantification of macro- and microplastics on an agricultural farmland
Farmlands using known MP-containing fertilizers potentially receive a constant input of MPs. This
gives rise to the question of whether agricultural farmlands not subjected to known MPcontaining-fertilizers (or plastic applications) are still susceptible to plastic debris contamination.
Furthermore, a literature review revealed only a limited number of studies addressing plastic
debris contamination within terrestrial habitats (Basnet 1993, Zylstra 2013, Huerta Lwanga et al.
2017), and only one study focused on large plastic debris on a farmland in China at that time (Liu
et al. 2014). Thus, we focused on macro- as well as MP debris in our exemplary study on an
agricultural farmland in southeast Germany, with a total area of 0.5-hectare (Article A2). The
fertilizer used over the last five years included pig and cow manure and ammonium sulphate
nitrate fertilizer. Crops cultivated on the farmland are wheat, barley, lucerne, triticale, white
mustard, and corn. The farmland is regularly ploughed to a 20-30 cm depth, and neighboring
farmlands receive similar agricultural treatment. The visual examination by two independent
observers of the surface of the agricultural farmland identified 81 macroplastic pieces. For MPs,
the analysis of 14 subsamples (each around five liters of soil) yielded 0.34 (±0.36 SD) MP particles
per kg DW. Trough an extrapolation based on typical bulk densities for clayey soils, and
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considering the sampled upper 5 cm of soil, it was estimated that the investigated soil contained
between 158,100 and 292,400 MPs per hectare. Using ATR-based FTIR spectroscopy, we further
identified that the majority of found large plastic debris was composed of the commodity plastics
PE (68%), PS (14%), PP (8%), and PVC (5%). For MP particles PE (62.5%) dominated, followed
by PP (25%), and PS (12.5%).
Even with information on the polymer type, identifying the sources of the plastic debris was not
straightforward. Macroplastic pieces could accidently have been introduced into the pig and cow
manure that was used as fertilizer. Only some pieces could be allocated to agricultural origin with
a high certainty, such as an earmark from livestock. Wind driven diffuse inputs of low-density
plastics from nearby sources could be another source. Most MPs were fragmentation products
from larger plastic pieces. Weathering via UV radiation of plastic debris trapped at the field
surface could be one explanation, as could mechanical breakdown through ploughing and other
field cultivation activities. The Chinese study with long-term plastic film mulch covers found
50 to 260 kg per hectare (Liu et al. 2014), primarily composed of PVC. While the 0.066 kg per
hectare found in our study is three to four orders of magnitude lower, it is composed of more
diverse polymer types. The difference in abundance is not surprising, as we focused on an area
not subjected to agricultural plastic applications. Even though we did not consider particles
<1 mm, our study is the first one systematically investigating the contamination of plastic debris
and large MP debris of an agricultural farmland in Germany. Considering even smaller MP
particles, our results indicate that the found abundance of plastic debris represent a best-case
scenario. On an international level, plastic demand in agriculture is growing (Scarascia-Mugnozza
et al. 2012), as it increases quality and quantity of crop yield, e.g. plastic films are used on fields
for temperature regulation and crop protection in the form of mulch films, greenhouses, and walkin, low tunnel or silage covers (Espí et al. 2006). The short service life of many agricultural plastic
materials, which is on average less than two years (Martín-Closas et al. 2017), in combination with
poor recycling rates (Briassoulis & Dejean 2010) and fragmentation due to weathering and
mechanical stress, leads to a severe contamination of arable soils (Liu et al. 2014). In addition,
there is a growing demand for micro- and nanoplastics in agriculture. For example, as seed a
coating to improve sowing (as seeds become more uniform), or to increase germination success
(as nutrients, fungicides, and insecticides can be added to the seed pellet) (Taylor et al. 1998,
Accinelli et al. 2016, 2019). Micro- and nano-sized polymers called “hydrogels” are further used
as soil conditioners to influence, for example, aeration, temperature, and nutrient transport
within soils (Rodrigues et al. 2014, Guilherme et al. 2015). First investigations of seed-film coating
fragments indicate enhanced distribution of associated pesticides and reduced half-lives in
conjunction with specific polymer types (Accinelli et al. 2019). Given that more than a third of the
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global land use is agricultural (WORLDBANK 2015), further studies are needed to evaluate the
overall budget of plastic debris contamination on arable land. Likewise, studies investigating
interactions with chemicals used in agriculture, as well as effects on soils and organisms, are
essential to evaluate the potential impact of this contaminant for those ecosystems and for food
production.

Occurrence of microplastics in the hyporheic zone of rivers
Another overlooked area during my doctoral time were transition zones of freshwater and
adjacent terrestrial systems. Moreover, river transport was often perceived as unidirectional
pathway transporting MP debris from land to the oceans. A few studies on streambed sediments
were conducted but focused on MP particles >300 µm (Castañeda et al. 2014, Hoellein et al. 2017).
Thus, we exemplary analyzed the hyporheic zone (HZ) of streambed sediments (area beneath the
streambed equally influenced by river- and groundwater flow dynamics) as further potentially
relevant pathway and accumulation area of MP debris. Thereby, the extraction of undisturbed
sediment samples to a certain depth below a water surface proved to be a specific challenge. To
investigate MP abundance and composition down to a size of 20 µm in the HZ of streambed
sediments, and whether those particles can be transported to deeper layers, we utilized freeze
core samples (Article A3). Thereby, a hollow metal rod is pushed into the sediment and filled with
dry ice which freezes the surrounding sediment matrix onto the metal rod for an undisturbed
extraction of sediment and associated pore water. Within a case study from the Rote Main River
close to Bayreuth, Germany, sediment samples up to a depth of 60 cm were taken from a riffle
structure (including the HZ) downstream of a wastewater treatment plant (WWTP). The
investigated sediments consisted mainly of sand, medium to fine gravel, and cobbles (Buffington
& Montgomery 1999). Hence, particles with a size of 50-20 µm are similar to the size of the
sediment pores or below and were considered as mobile pore scale particles.
In four of the five freeze cores, 14 large MP particles >500 µm could be detected down to a depth
of 60 cm below the streambed using ATR-based FTIR spectroscopy. No pattern within the depth
profile was detected, in regards to MP abundance, polymer composition, and/or particle shape.
The

found

polymer

types

were

diverse,

including

polyacrylonitrile

(PAN),

polytetrafluoroethylene (PTFE), PS, epoxide (EP), PUR, terpolymer, PE, and PP. An exemplary
analysis of a subsample of one core for small MP particles (500-20 µm) using focal plane array
(FPA)-based µFTIR spectroscopy revealed numbers exceeding 50,000 particles per kg DW for the
upper 10 cm of sediment with pore scale MPs making up the majority with around
30,000 particles per kg DW. In contrast, for the depths 20-30 cm and 40-60 cm, the size class
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100-500 µm dominated. Except the depth of 10-20 cm, MP abundance generally decreased with
depth. The major identified polymer types were PP, PVC, and PET, with further identifications of
PE, PS, polybutylene terephthalate (PBT), polycarbonate, and PAN.
The occurrence of low-density polymers such as PE and PP within the sediment can be explained
by processes increasing particle density. Such processes include biofouling, aggregation, and
incorporation into fecal pellets (Rummel et al. 2017, Besseling et al. 2017, Kaiser et al. 2017, Kooi
et al. 2018, Michels et al. 2018), all of which can lead to sedimentation. For MP particles larger
than the pore space of sediments an advective transported through the interstitial space of the
streambed is not possible. Thus, sedimentation and burial seem to be the major processes leading
to inputs of MP debris into streambed sediment. The observed non-uniform distribution of large
MP particles among the five extracted cores points towards spatio-temporal variations in inputs,
transport and sedimentation patterns. Thereby, MP particle properties play an important role and
detected differences in polymer types among cores probably reflect the different transport and
sedimentation behavior over time.
While the obtained data does not prove advection into sediments, the small size fraction of MPs
displayed the potential to advectivley penetrate into the HZ with infiltrating stream water.
Moreover, for mobile pore scale MPs within the interstitial space of the HZ, there exists a
probability of reaching the shallow groundwater with infiltrating stream water or via mixing
processes. Nevertheless, mobility of small MPs within the interstitial space can depend on a
multitude of factors, such as pore water flow rates, aggregation with organic matter, and
bioturbation (Gebhardt & Forster 2018, Michels et al. 2018). Furthermore, biofilms can affect
surface properties, hydrophobicity, and attachment efficiencies (Rummel et al. 2017), parameters
which influence the hydrodynamic behavior of MPs (Galloway et al. 2017). Even though we lack
a detailed, mechanistic understanding of transport processes within streambed sediments, our
results show that there is a retention capacity for MPs within rivers, and that the HZ can act as
temporal sink for MPs in fluvial ecosystems.

Discussion on Chapter A
Through our investigation of MP debris within organic fertilizers we could identify an until then
neglected source of large MPs to arable land (Article A1). And although the identification of a MP
source is straightforward, the assessment of the general relevance requires a more differentiated
recognition. For instance, one needs to consider the temporal and spatial component of a source.
Microplastic-containing organic fertilizers would only be a relevant source for MP into the
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environment where it is applied to agricultural soils. In addition, the emission of MPs through this
source takes place at specific time points in contrast to temporal and spatial diffuse emissions
from surroundings and on-site fragmentation of larger plastic debris as discussed for the
investigated farmland (Article A2).
Our exemplary in-situ assessments of plastic debris and MP debris of an agricultural farmland in
southeast Germany (Article A2) as well as MP debris within the HZ of streambed sediments at the
Rote Main river (Article A3) revealed until then neglected temporal sinks on terrestrial
ecosystems, thereby also pointing towards important transport routes for MP debris. Here, the
specific properties of different plastic types (i.e. size, density, and shape) will influence both their
transport pathways and accumulation areas within terrestrial and aquatic ecosystems. This, in
turn, can affect their relevance as a contaminant for a given environmental location. For instance,
a current discussion among scientists concerns the relevance of tire and road wear particles as a
source for MP debris. Here, some studies indicate road wear particles to be an important source
of MP debris into the oceans (Kole et al. 2017, Siegfried et al. 2017). Due to the generally higher
density of those particles (compared to fresh- or saltwater), however, they are expected to
primarily settle to sediments and soils following road runoff (Unice et al. 2013).
Our case studies (Article A1 and A2) as well as other recent published studies on terrestrial
ecosystems reveal that they are likely as severely polluted with plastic debris as marine
ecosystems, and therefore represent another important sink (Rochman 2018, Kawecki & Nowack
2019). Considering MP debris, most studies have concentrated on larger MPs (mostly >300 µm),
as the methodology for MP analysis is still being developed. Our exemplary analysis of the HZ of
streambed sediments (Article A3), in conjunction with other studies that include particles down
to 20 µm, show that the majority of MPs are occurring within smaller sizes classes below 300 µm.
Ultimately, this means that most reported numbers on MPs within the environment are probably
underestimations. Thus, we are just beginning to understand the relevance of several sources and
accumulation areas for MP debris within the environment.
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Chapter B: Improvement of existing sampling and sample processing methods for
microplastics
Encountering several difficulties while planning MP sampling campaigns and following sample
extraction, preparation, and analysis of MP particles, the next step was to improve and develop
sampling and sample preparation methods and protocols for MP monitoring in the environment.

Enzymatic purification of microplastics in environmental samples
To identify MP particle abundances, spectroscopic methods are routinely used and provide a
reliable analysis of particles down to 1 µm (Bergmann et al. 2015). Larger MPs (>500 µm) are
often extracted by sieving and visual sorting of potential synthetic polymer particles. The single
particles can be subsequently chemically characterized with ATR-based FTIR spectroscopy,
which is commonly applied and accepted to be sufficiently precise for MPs within this size class.
For smaller MPs, however, visual identification can lead to errors of up to 70% (Hidalgo-Ruz et al.
2012) and thus, visual presorting steps are unreliable. Furthermore, as natural particles are
generally the dominating fraction in environmental samples, an extraction and enrichment of MPs
from the sample becomes necessary to facilitate an efficient and reliable identification of MPs with
spectroscopic methods, such as FPA-based µFTIR (as applied in Article A3, C1, and C2) or Raman
spectroscopy (Book Chapter, Appendix). Especially for bulk sediment samples, MPs have to be
extracted from the inorganic sediment matrix. This is facilitated primarily by density separation
(Hanvey et al. 2017). Subsequently, the organic material needs to be eliminated without damaging
MP particles. Even though protocols for the purification of the sample from organic and inorganic
materials were already published, they either used aggressive chemicals, which would not ensure
that MPs are left intact during the purification process, or expensive enzymes (Book Chapter,
Appendix) which are not feasible for routine monitoring programs. Thus, I contributed to the
development of an enzymatic purification approach that (I) reduces the sample matrix to allow
for a reliable analysis with FPA-based µFTIR spectroscopy; (II) conserve the composition of the
MPs; and (III) is labor and cost-effective (Article B1).
The efficiency of the developed basic enzymatic purification protocol (BEPP) was tested on
environmental samples from the North Sea, resulting in a high grade of purification (98.3 ± 0.1%)
while simultaneously reaching a high recovery rate (84.5% ± 3.3%). Nevertheless, the samples
that were purified contained high loads of diverse organic materials (e.g., algae, zooplankton,
fragments of insects, and higher plants), and thus, the efficiency of single purification steps
differed, depending on the amount of the target material present within the respective sample.
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To ensure that the original quantity and composition of MPs within the sample was not influenced
by the loss of materials (due to the used chemicals and sample handling during the different
purification steps), two validation experiments were carried out. Analyses of IR spectra and
weight loss on virgin films of eight common plastic polymers showed that the effects of the
enzymatic purification with the enzymes and chemicals (H2O2) were negligible. Furthermore, the
potential loss of MPs through sample handling was estimated by recovery experiments with
artificially spiked samples using PE beads. Here, only a minor particle loss during the entire
purification process was determined. Also knowing that every polymer type, size, shape and
sample matrix will potentially have a unique recovery rate, both of our tests show that the
developed BEPP allows for a realistic quantification of results.
For routine monitoring programs, sample purification processes need to be labor and time
efficient. Even though up to 16 days are required for the incubation with the different enzymes
and chemicals, the actual handling time is shorter (around 3−4 h per sample), and samples can be
processed in parallel. Finally, the advantage of the BEPP is the use of different specialized
technical grade enzymes, which are not only inexpensive but also allow for the digestion of
different materials regardless of the sample type or prior knowledge of the exact content of the
sample. Thus, further adjustments of the original BEPP – developed for seawater surface samples
(Löder et al. 2015) – resulted in a universal enzymatic purification protocol (UEPP) applicable to
a wide range of environmental samples. Additionally, if the matrix composition is known,
unnecessary steps can be omitted, further increasing the efficiency of the protocol. With the UEPP,
a relatively inexpensive and reliable purification protocol was developed that is universally
applicable and thus suitable for routine monitoring studies on MPs.

Abundance and distribution of large microplastics (1-5 mm) within beach sediments at the Po River
Delta, northeast Italy
Besides improvements for sample preparation and analysis of MP debris, studies investigating
spatial distribution of MPs in different habitats are necessary to assess adequate sample
replication to obtain an acceptable precision within the acquired data. Among different habitats,
beaches are the most studied systems with regard to MP contamination (Van Cauwenberghe et
al. 2015, Rezania et al. 2018), due to their accessibility and thus cost-effective sampling
possibilities. Even though sediment sampling is most commonly performed (Van Cauwenberghe
et al. 2015, Rezania et al. 2018) and some recommendations for spatial sample replication have
been made (Hanke et al. 2013), no consensus exists to date. A high uncertainty remains regarding
whether results of different studies can be compared, partly because of a lack of standardization.
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Yet, most studies investigated the high tide line, which is susceptible to daily variation (Imhof et
al. 2017). Moreover, the few studies examining distribution patterns of MPs on beaches primarily
focused on specific items (e.g., pre-production pellets) or relied on visual identification.
In our study we investigated the distribution patterns of MPs of various types and shapes at three
accumulation areas (i.e. driftlines) on three sandy beaches at the Po River Delta, northern Italy
(Article B2). We sampled the recent high tide line, the extreme tide line (area with the highest
amount of washed ashore material), and the backshore (area in front of dunes). We concentrated
on large MPs (>1 mm), as this is currently the only size class feasible for routine monitoring
programs. ATR-based FTIR spectroscopy revealed particle abundances from 2.92 (± 4.86 SD) to
23.30 (± 45.43 SD) MPs per kg DW between the beaches. Our hypothesis of increasing MP
abundance with increasing distance to the waterline was not statistically confirmed, which is in
accordance with a similar study by Lo et al., (2018). Nevertheless, most studies have shown
increasing MP abundance towards the upper beach (Turner & Holmes 2011, Heo et al. 2013, Turra
et al. 2014, Imhof et al. 2018), which is in agreement in our study for the uppermost accumulation
area backshore for two sites, where foamed PS was the dominant polymer type found. Foamed PS
particles have a very low density (~0.05 g cm-3) and often occur as fragments or spherules having
a relatively high windage. Transport of foamed PS towards the upper shore can occur quickly due
to wind-driven transport processes (Heo et al. 2013, Imhof et al. 2018). Additionally, the further
away MPs are deposited from the waterline the less impacted they are by wave action and tide
cycles and thus, exported back to the sea. In contrast, the polymer types PE and PP (density
around 0.9 g cm-3) showed no clear accumulation patterns among the beaches. Distribution is
probably more influenced by beach morphology and hydrodynamical factors. For example a
smaller beach width could enhance redispersion through wave-action and sea-storm events,
either moving particles to the upper shore (Chubarenko et al. 2018) or exporting particles within
the intertidal zone back to sea. Frequent contact with water, occurring at the accumulation area
nearest to the water, further results in direct input and output of MPs (Imhof et al. 2018). Apart
from a generally strong along-shore patchiness of total MP abundance, the along-shore
distribution of single polymer types was also highly variable. Along-shore distribution is
influenced by hydrodynamic processes such as current circulation cells (Chubarenko & Stepanova
2017), beach morphology, and natural structures acting as traps for MPs like dunes, vegetation,
or detritus (Turner & Holmes 2011, Imhof et al. 2018).
Furthermore, results of the sampling frequency analysis (after Besley et al., (2017)) within an
accumulation area showed that the values were highly variable between sites and accumulation
areas. Considering a standard deviation of 0.5 around the mean with a confidence level of 90% as
sufficiently precise, around five replicates for the recent high tide line seems reasonable which is
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in accordance with recommendations by the TSG-ML (Hanke et al. 2013). The obtained results for
the accumulation areas extreme tide line and backshore in our study on the other hand suggest
taking at least 10 replicates for accumulation areas further away from the waterline. This is in
agreement with results by Besley et al., (2017), reporting that the confidence interval around the
mean decreased rapidly after a replication of five, and 11 replicates would be sufficient. In our
study we concentrated on 100 m long transects of a beach. Depending on the area of the
investigated area, one has to further consider heterogeneities within a beach and probably also
adjust transect replication (Fisner et al., 2017). Moreover, factors such as proximity to potential
sources (e.g., cities, harbors, industry), ocean currents, and sampled sediment type, for example,
need to be considered and reported, as they can influence the abundance and composition of MPs
(Hanvey et al. 2017). Currently, sample replication is a compromise between representativeness
and feasibility, as not only sampling can be time consuming but subsequent sample processing
and analysis. Here, additional monitoring attempts, such as predictions on MP accumulation areas
by model simulations, could support in-situ monitoring.

Discussion on Chapter B
The development of reliable and efficient MP monitoring methods is ongoing. For instance,
sample purification protocols, either based on chemical degradation or on enzymatic digestion,
are being constantly developed and improved (Zarfl 2019). Even though standardization of
monitoring approaches is of utmost importance, a certain flexibility within extraction,
purification, and analysis methods for MP analysis is reasonable. The adaption of the enzymatic
treatment within the UEPP for example (Article B1) does not significantly influence the final MP
composition and abundance. If the protocol is applied in a constant way for the investigated
research question and adaptions are transparently reported, the obtained data are still
comparable among other studies. One should further consider that different research questions
require different monitoring strategies. and that in some cases specific methods could provide
fast results with an acceptable accuracy. For instance, considering the investigation of beach
sediments, if the standing stock of MP debris is the focus on needs to take different areas of the
beach into account whereas a frequent investigation of the recent high tide line should be chosen
to assess MP input rates. Or, if the goal is to assess the effectiveness of a measure targeting specific
types of synthetic polymers or sources, it is still reasonable to apply analytical techniques that
demonstrate high accuracy for those but may have lower accuracy for others. Here, Zhang et al.,
(2018) proposed an identification method for PE and PP based on the visual identification of their
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specific melting products. Even though the technique will not reach the precision of chemical
characterization of MP debris, the application of this method for monitoring programs targeting
PE and PP plastic mulch film contamination of arable lands could be a time and cost-effective
alternative. Albeit, monitoring activities should be re-evaluated at a regular basis as some plastic
products will be replaced by other polymers or materials, with yet unknown consequences for
the environment. For example, if current trends of replacing single-use plastics by biodegradable
plastics continue, identification methods need to be likewise sensitive for biodegradable plastics.
Contrary to larger plastic debris, for MP particles in most cases it is not possible with current
techniques to allocate them to a specific source as distinct features such as color (obscured by
biofilms or faded due to sample processing), shape (mostly fragments or films of irregular shape),
and other distinct structures or labels are either not present or no reliable features for those small
particles. Further information on chemicals and dyes could provide valuable information but in
turn would again increase monitoring efforts. Thus, alternative monitoring methods that allow
for source allocation like hydrodynamic model simulations coupled with particle tracking
modules could provide useful information to identify sources of MP debris.
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Chapter C: Development of alternative monitoring methods for buoyant plastic
debris in aquatic systems
Aquatic ecosystems exhibit especially high spatio-temporal variabilities, making the relationships
between sources and sinks of plastic debris complex. While field data acquisitions are essential
for assessment and monitoring of plastic debris contamination levels, they alone cannot capture
those complex relationships. Thus, we further investigated the applicability of alternative
monitoring tools which are able to provide additional information on sources, pathways, and
accumulation areas of plastic debris.

Coastal accumulation of microplastic particles emitted from the Po River, Northern Italy: Comparing
remote sensing and hydrodynamic modelling with in-situ sample collections
Through model simulations of plastic debris transport (Lebreton & Borrero 2012, Carson et al.
2013, Law et al. 2014, van Sebille et al. 2015) major accumulation areas within the oceans were
described and their existence subsequently validated through in-situ measurements (Maximenko
et al. 2012, Law et al. 2014, van Sebille et al. 2015). Sherman and van Sebille (2016) used a model
based on satellite-tracked buoy observations (calibrated with literature data of plastic debris
abundance) to simulate plastic debris transport, with the goal to identify optimal removal
locations. Likewise, model simulations could be used to assess optimal removal and monitoring
sites for plastic debris and especially for MP debris, where in-situ data collection involves high
expenses. In cooperation with the Italian Institute of Marine Science (CNR-ISMAR), we aimed to
predict coastal accumulation of virtually released large MP particles by the complex deltaic
system of the Po River Delta over 1.5 years (utilizing a hydrodynamic model coupled with a
Lagrangian particle tracking module) (Article C1). Within a second approach, SPM based on
remote sensing imagery of the river plume was used as a proxy to predict river-induced MP
accumulation on adjacent coastal areas.
The resulting MP accumulation maps from both approaches were validated against field samples
at nine beaches with detected MP concentrations of up to 78 particles per kg DW. The distribution
of recorded in-situ MP abundance, however, was not reflected in accumulation maps. Several
factors could have led to the observed results. For the hydrodynamic model a particle was
considered as beached when it reached the coastal grid cell being 250 m within the coastline. Near
shore currents are very complex and currently not captured within the applied hydrodynamical
model, which could have led to different beaching probabilities. Further processes leading to redistribution of beached MP particles, such as wind-driven transport at the beach or washing-off
from the beach, were also not included. While particle emission was held constant through the
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model simulation period, it likely varies throughout the year, coupled to several factors, such as
population density, plastic application activities (e.g., agricultural use), and differing
environmental conditions influencing transport (e.g., washing-off from ground and transport to
rivers depends on precipitation). Particle characteristics were chosen as to represent the most
commonly found polymer types (PE, PP with a density ~0.9 g cm-3), which was confirmed by our
results, except for foamed PS particles with a much lower density (density ~0.05 g cm-3).
Nevertheless, excluding PS particles from the analysis did not result in an improved relationship
between model results and in-situ measured MP abundances. Planar fragments were the
predominant identified MP shape from in-situ samples, in contrast to the idealized spheres used
in the model. A different shape can influence the sinking behavior of particles (Khatmullina &
Isachenko 2016, Waldschläger & Schüttrumpf 2019), but its influence on horizontal transport
should be negligible for small particles not exhibiting high windage. Other processes that change
the density of the virtual MPs (and consequently their sinking behavior) seem to be more
important. Microplastic particles released to the environment are subjected to several processes
changing their density, as already stated above (Kowalski et al. 2016, Rummel et al. 2017,
Waldschläger & Schüttrumpf 2019). Considering that beaching occurred primarily during the first
three days, with a sharp decrease (remaining close to zero) in particle beaching after ten days, it
needs to be assessed if those processes can have a significant influence on the model results.
The release of virtual MPs was coupled to the water discharge of the six major terminal river
branches of the Po River Delta as no in-situ data on MP abundance at the different sites were
available. An improved emission scenario of virtual MPs, including land- and sea-based MP
sources and applying realistic ratios among the terminal river branches, would greatly benefit
model results. Another aspect is the chosen sampling design. Considering the different
accumulation areas as sites for in-situ validation of modelled particle accumulation, we decided
to investigate the extreme tide line based on preliminary results of Article B2. Even though the
extreme tide line showed the highest along-shore variability, the decision for this accumulation
area was a compromise between representativeness for the model and feasibility of analysis
within the project. The high tide line is more influenced by daily variations (Imhof et al., 2017)
and thus not representative for longer accumulation periods (particle accumulation was modelled
for 1.5 years). The analysis of backshore samples, on the other hand, appeared to be highly time
consuming due to a large amount of interfering organic materials, which prolonged washing and
sorting steps and analysis, making it infeasible within the project period.
Nevertheless, the median values (Table 1) of the three different accumulation areas for the three
investigated beaches indicate the same trend: a decreasing MP abundance from north (Levante)

34

Synopsis

to south (Allagemento) which suggests that independent of the chosen accumulation area the
same results would have been obtained.

Table 1: Median microplastic concentration per kilogram dry weight at the investigated beaches and
for the different accumulation areas ± standard error (BSH: backshore, ETL: extreme tide line, HTL:
high tide line).

BSH

ETL

HTL

Total

Levante

9.28 ± 3.45

17.43 ± 21.34

5.29 ± 1.56

9.28 ± 7.91

Pila

9.08 ± 3.05

2.28 ± 2.88

3.94 ± 0.54

4.44 ± 1.48

Allagemento

6.22 ± 2.19

0.24 ± 0.17

0.51 ± 0.47

0.72 ± 0.94

A major factor that could have influenced our results, mentioned above, are additional nearby
emission sources. Such sources include aquaculture within the lagoon (which is intensively
practiced) and recreational activities on land and at sea. The Venice lagoon, which is known to be
heavily contaminated with plastic debris (Vianello et al. 2013), is in the proximity. The Adige and
Brenta, two highly urban-influenced rivers, discharge into the Northern Adriatic Sea directly
above the delta. In addition, maritime traffic is high in the Northern Adriatic Sea, and further
contributes to diffuse plastic debris inputs into the area.
Yet, the hydrodynamical model provided some general insights into the release and transport of
buoyant MPs from the six distal branches of the Po River Delta and their accumulation probability
to adjacent coastal beaches. For instance, only up to 18% of total released virtual MPs were
beached within the simulation period in the investigated area (with the exception of the
southernmost branch, where virtual MPs still beached after ten days). Generally, virtual MP
accumulation remained quite local around each of the river mouth release points, except for the
southernmost branch where beaching continued along the southward coast. Beaching rate
estimates suggest that over 80% of the virtual MP particles released by the Po River Delta are
dispersed to the Northern Adriatic Sea.
In contrast to the hydrodynamical model, where a continual track of released virtual MP particles
is provided, the remote sensing approach provides actual snapshots of the river plume shape with
a finer spatial resolution over a large area. The remote sensing approach captured the river
mouth’s relative strength and identified small structures not considered in the hydrodynamical
model that likely influence MP transport. Nevertheless, it is difficult to translate the SPM
concentration into MP concentration.
With the utilization of three-dimensional models, as well as an improved understanding of density
changing processes for MP debris and near-shore hydrodynamic processes, the presented
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approach is a promising monitoring tool for mapping MP distribution pathways in large aquatic
ecosystems. Moreover, with the applicability of satellite-derived data of water constituents such
as SPM to illustrate river plume dynamics we were further interested in another indirect
monitoring approach for MP debris utilizing satellite imagery of proxy water constituents, which
was the focus of the following study (Article C2).

Can water constituents be used as proxy to map microplastic dispersal within transitional and
coastal waters?
In this study we tested if MP distribution follows the same movement pattern as passive buoyant
water constituents derivable from satellite images, such as Chl-A, SPM, and cDOM (Article C2).
The underlying assumption was that both, water constituents and buoyant MP debris is
transported by the same driving mechanisms (i.e. wind and currents). As rivers are of particular
interest as sources for marine MPs, we concentrated on the lower courses and river mouth of the
Trave and Elbe Estuary in northern Germany and the Po River Delta in northern Italy.
The investigation of a spatial relationship of passive buoyant MP particles and water constituents
depictable from satellite images was an innovative approach demanding complex field sampling
methods. To obtain the final product of satellite maps showing MP distribution, several in-situ
measurements and calibration methods are necessary as shown in Figure 1.

Figure 1: Data acquisition and calibration scheme for the proposed indirect monitoring approach of
microplastic dispersal in coastal areas using proxy water constituents (e.g., suspended particulate matter)
despicable from satellite images.
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For the general approach the in-situ correlation of MPs and water constituents needed to be
investigated in a first place, which was the focus of the present work. Therefore, 13 samples (MPs,
water constituents, and in-situ spectral measurements) were taken at the Trave and 20 each at
the Elbe Estuary and the Po River Delta. Microplastic samples were processed according to the
developed UEPP (Article B1) with some modifications. For a full quantitative analysis of MPs
down to a size of 300 µm potential MP particles were analyzed with ATR- and FPA-based µFTIR
spectroscopy as well as with the hyperspectral imaging spectrometer HySpex SWIR-320m-e
(Schmidt et al. 2018). For the investigation of water constituents Chl-A, SPM, and cDOM, two liter
water samples were collected with glass flasks.
Results of regression analysis of water constituents and MP abundances for the three river
systems revealed contrary results with only the Trave data showing a positive relationship
between buoyant MPs and the investigated water constituents Chl-A, SPM, and cDOM. A possible
explanation for these observations are differences in dominating MP sources as well as
differences in water constituents sources.
Particularly, it was found that open-sea activities did not play a major role for plastic debris inputs
to Baltic Sea beaches but land-based inputs dominated (Haseler et al. 2018). Thus, the lower MP
water surface concentrations at the coastal area in contrast to the inner parts of the Trave River
could be a dilution effect. In contrast, the study systems of the Elbe Estuary and the Po River Delta
are highly influenced by sea-based debris inputs, e.g. shipping, fisheries, and aquaculture
(Simeoni & Corbau 2009, Kammann et al. 2017). The increasing MP concentrations at the Elbe
Estuary towards the coastal area maybe a consequence of both, additional inputs of sea-based
sources as well as the tidal influence, increasing the residence times for particulate materials. The
differing hydrodynamic conditions at the investigated sites, spanning from a mixed mesotidal
estuary (Elbe) to nearly stratified systems (Trave, Po), generally influenced the transport and
retention of water constituents as well as MP debris within the distal river branches and adjacent
coastal areas. For instance, the Elbe Estuary exhibits a maximum turbidity zone (MTZ), which
traps suspended matter. Accumulation of larger debris within the MTZ was already reported for
an estuary in South America (Acha et al. 2003). During our field sampling at the Elbe in August we
did not cover the MTZ. However, in a preliminary study on the Elbe in June the MTZ was covered
and a correlation analysis showed a positive relationship between SPM and MPs. Considering SPM
and MP relationships for the other two systems, the positive relationship at the Trave could be
due to dominating riverine inputs for both, whereas the missing relationship at the Po delta could
be the result of differing input sources of SPM and MPs among the distal branches. For the Po delta
with its diverse terminal branches whose discharge is influenced by coastal currents differently,
no pattern of MP abundance was observed.
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Considering cDOM, which consists of decaying material of terrestrial origin and/or is the result of
in-situ biological activity in the respective area, a spatial relationship with MPs was assumed as
terrestrial inputs are thought to dominate the cDOM source in coastal areas (Harvey et al. 2015),
as it is thought for plastic debris. Indeed, for the Trave cDOM explained most of the variance in
coastal samples, but a relationship was absent for the other two systems. It needs to be considered
that the field campaigns were conducted at different seasons. Processes leading to higher cDOM
concentrations in spring and summer vary with higher inputs due to melt-water run-off from
rivers in spring (Ferrari & Dowell 1998, Massicotte et al. 2017) and higher photo-bleaching input
in summer (Vodacek et al. 1997). Whereas the latter could counteract potential relationships of
river induced relationships of cDOM and MPs. Additionally, the contradictory results obtained for
the investigated rivers can further be explained by differing cDOM dynamics among systems. For
example, Berto et al., (2010) has shown an influence on cDOM dynamics on a monthly and submonthly time scale at the Po River Delta. Harvey et al., (2015) although found differing behaviors
of the optical signals between the seasons of the investigated two sub-areas of the Baltic Sea.
Regarding the investigated water constituent Chl-A, i.e. algae, a relationship with MPs was found
for the Trave. Nevertheless, due to the low replication at this site the obtained results need further
validation. Contrarily, a relationship for Chl-A and MPs was absent at the Po River Delta. A
drawback of Chl-A as proxy water constituent for MPs could be the seasonal influence on the
relationship, which would not allow for a continuous monitoring. Moreover, algae communities
vary among different habitats and some algae are also able to influence their vertical position in
the water column (Raven & Doblin 2014), which consecutively influences their potential
relationships with MP debris.
In coastal systems remote sensing of water constituents is influenced by the overlapping spectral
signals from different optical components. The Trave for example provided the clearest cDOM
signal, concurrent with relatively low SPM concentration, whereas for the Po River Delta a
contrary situation was observed. Fulfilling the most important requirements for an operational
monitoring in being cost- and labor -effective, as well as easy to assess, SPM seems to be most
promising as a proxy water constituent for MPs. Moreover, a relationship between MP
concentrations and organic matter deposition has recently been reported wherein particles
<100 µm made up >95% of the MP concentration but more importantly, particles >500 µm
showed different spatial distribution patterns (Haave et al. 2019). This points towards the
importance of MP particles <300 µm not covered by our MP sampling method. Thus, it would be
interesting in future studies to test the relationship of SPM and MPs with recently developed
pumping systems which are able to extract MPs down to 1 µm (Lenz & Labrenz 2018). In
conjunction with the development of faster identification methods of MPs higher sample
replication can be achieved, resulting in more precise model results.
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Even though a clear relationship among passive tracers and MP could not be identified for all three
investigated river systems, it showed that in some cases a relationship may exist. Those can
further be spatially limited and depending on the estuary type potentially occur within both, a
river course (e.g., Elbe) as well as the coastal zone (e.g., Trave). Considering the investigated water
constituents, the applicability of SPM as proxy water constituent should be verified in future
studies using improved MP sampling methods. Through the utilization of remote sensing imagery
of water constituents as proxy for MPs current existing single point measurements could be
extrapolated to large spatial scales. This would greatly benefit our understanding of transport
mechanisms as well as accumulation areas of MP debris in aquatic systems.
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Preliminary study on the applicability of drones as monitoring tool for floating plastic debris
Considering large plastic debris, currently a direct identification with satellite imagery is not
feasible (Mace 2012). Here, the ongoing technical development of cameras and unmanned aerial
systems (UAS) opens up new possibilities for monitoring approaches. Kako et al., (2010) and
Nakashima et al., (2011) were among the first to use an unmanned aerial system equipped with a
camera to conduct a full-scale analysis of beach macrolitter. An automated approach to identify
plastic debris within the images, using the color difference between target objects and the
background, was further proposed by Kako et al., (2012). Nevertheless, the helium balloon used
needs to be manually towed, either by volunteers on the beach or by boat on the water, limiting a
flexible application.
Within the DLR project Sentinels4MarinePlastics, we established a cooperation with the
Indonesian Institute of Science (LIPI) to use drone imagery to quantify plastic debris floating at
the Citarum river surface in Java, Indonesia. Data acquisition was conducted with a GoPro4 silver
camera mounted to a 3DR solo drone. To increase image quality, the original camera lens was
replaced by a FishEye lens with a low-distortion objective (Backbone, 1/2.3”, 4.4mm, low
distortion, M12). To cover a certain area with the drone imagery, the flight path of the drone was
programmed with the software Mission Planner (Version 1.3.40, Fig. 2).

Figure 2: Example of a preset flight path for the image acquisition with the drone using the Mission planner
software (Version 1.3.40).
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To achieve a pixel resolution of around 1 cm, a flight height of 30 m and speed of 7 m/s were
chosen. For later compiling of the images to a orthophoto a horizontal image overlap of 85 % and
a lateral overlap of 60 % was set. In total, data for 8 river sections were obtained during the field
campaign (Fig. 3).

Figure 3: Sampling area in Indonesia (lower panel), watershed of the investigated area of the Citarum river
(upper left panel), and study sites for drone image acquisition (upper right panel). Data source: GADM
(v3.6), OSM project.

The following processing of the data was conducted by our project partner RSS GmbH (Elizabeth
Catherine Atwood and Sabela Rodríguez Castaño). To transform single images of a study site to
orthophoto mosaics, the software packages Agisoft PhotoScan Professional (Version 1.2.6) and
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ERDAS IMAGINE 2014 were used. Images were classified with a hierarchical object-based
algorithm (eCognition Developer 9.2, Trimble). Based on the RGB data in the visible spectrum, a
classification between the following floating objects was conducted: debris (plastic debris),
vegetation (wood, bamboo, hydrophytes, and other organic debris), water, and sunglint (Fig. 4).

Figure 4: Orthophoto of processed drone image (left panel) and classified image (right panel) © Sabe
Sabela Rodríguez Castaño.

The ground control points used (Fig. 5) were categorized by independent persons without
background knowledge of the eCognition classification scheme into the same classes. A confusion
matrix was used to analyze the comparison of ground control points with the classification
scheme.
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Figure 5: Examples of classified ground control images by independent persons to assess accuracy of the
applied automatic classification algorithm of eCognition Developer software.

Our results showed that drone acquired RGB images can be used for the identification of areas
heavily impacted by floating debris, as well as the extension of the impacted area. Together with
in-situ measurements, the amount of plastic debris can be extrapolated. For example, at the most
impacted site, Jangari 1, additional videos from a boat were taken, showing that around 50% of
the flotsam consisted of plastic debris (Fig. 5). Thus, the site would be covered with 1,558 m2 of
large plastic debris.
To conclude, using a costume RGB camera already provided useful information. Further
developments of drones equipped with sensors with a wider spectral range (providing more
detailed information, such as SWIR sensors), could greatly improve this technique. Known
accumulation hotspots and inaccessible coastlines could thus be monitored on a regular basis
with only a minor time investment.

Discussion on Chapter C
With an improved understanding of MP transport processes, as well as better model resolution
and computing capacity, hydrodynamical models coupled with Lagrangian particle tracking is a
promising monitoring tool. Going forward, a crucial factor will be the parameterization of the
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processes that influence particle movement. It is known that particle size, density, and shape are
major influencing factors for particle transport (Waldschläger & Schüttrumpf 2019). Moreover,
MP density modifications that influence transport behavior are further caused by biological,
chemical, and mechanical processes (Kowalski et al. 2016, Rummel et al. 2017), which are variable
for different types of MPs (Fazey & Ryan 2016, Halle et al. 2016). Here, supportive laboratory
experiments that consider the processes influencing MP transport will be essential for future
modeling efforts (Hardesty et al. 2017, Kaiser et al. 2019).
Furthermore, particle tracking modules can be implemented offline, i.e. when velocity fields are
stored, which allows a backward simulation of particles (Neumann et al. 2014,
Krelling et al. 2017). This theoretically allows for source allocation of specific items found during
in-situ sampling campaigns, for example, and could serve as an alternative method for identifying
MP particle sources. Besides a mechanistic understanding of transportation pathways, model
results can further help to identify suitable sites and time frames for monitoring activities, as well
as optimal removal sites for plastic debris (Sherman & van Sebille 2016).
Considering larger plastic debris, remote sensing approaches, satellite imagery data, and
unmanned aerial systems (UAS, e.g., drones), are currently under review for their applicability.
Our approach using RGB imagery taken from a drone has shown promising results. Nevertheless,
higher resolution sensors that cover the SWIR range, as currently utilized by satellite sensors,
would greatly improve the accuracy of remote identification of plastic debris by UAS.
A drawback of satellite imagery is the large distance between the object of interest and the sensor,
as the atmosphere can influence the spectral signal. In regards to plastic debris floating at the
water surface, sun glint or whitecaps can further impact the spectral signal. Fortunately, there
exist some recommendations to overcome those issues. For example, using specific atmospheric
and sun glint correction algorithms, as well as acquiring data during low wind conditions
(Goddijn-Murphy et al. 2018). In addition, a recent study showed the potential of multi- to
hyperspectral sensors to detect floating plastic debris from UAS as well as satellite imagery and
suggests future directions for research priorities (Topouzelis et al. 2019).
Taken together, the huge diversity of plastic debris in terms of physical (size, shape, and density)
and chemical (associated additives and adsorbed chemicals) properties, all of which can vary nonlinearly over time due to biofouling, weathering, and interactions with organisms, cause their
distribution to be fast, extensive, and difficult to predict. Thus, combined monitoring approaches,
including in-situ data acquisitions, model simulations, and remote sensing should be applied to
gain a comprehensive understanding of sources, sinks, and transportation pathways
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Article A3: Supplementary information
Table S1: Dry weights of the freeze core segments and the identified MP-particles

Depth

MP > 500

MP <500 μm detected

Freeze Core

Segement

Dry Weight

μm

on Anodisc (FTIR) 50/64 g

[-]

[cm]

[kg]

[-]

[-]

1

10-20

2.47

3

not analyzed

1

20-30

4.11

3

not analyzed

1

30-40

4.83

3

not analyzed

1

40-50

2.02

0

not analyzed

2

0-10

2.05

1

not analyzed

2

10-20

2.32

0

not analyzed

3

10-20

2.03

0

not analyzed

3

20-30

2.28

0

not analyzed

3

30-40

0.6

1

not analyzed

4

0-10

1.19

0

not analyzed

4

10-20

1.5

0

not analyzed

4

20-30

2.86

0

not analyzed

5

0-10

0.45

1

44

5

10-20

0.80

1

10

5

20-30

0.5

0

37

5

30-40

0.26

0

22

5

40-60

0.69

1

20
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Table S2: Polymer types, shapes, and size classes of MPs detected within the blanks.
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Article B1: Enzymatic purification of microplastics in environmental samples

Löder MGJ, Imhof HK, Ladehoff M, Löschel L, Lorenz C, Mintenig S, Piehl S,
Primpke S, Schrank I, Laforsch C, Gerdts G (2017)
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Article B1: Supplementary information
Sample stations
Table S1. Sample stations investigated in this work from the RV Heincke cruise “HE409” in September 2013
Starting
Station

Starting

Ending

Ending

Filtered

Duration Position Position Position Position Distance

Volume

Sample

“HE409”

Date

[min]

N

E

N

E

[m]

[m³]

1

1

19.09.2013

15

54°04.43

7°26.73

54°4.46

7°28.90

1524.0

45.72

2

3

19.09.2013

18

53°51.99

6°21.77

53°52.83 6°22.44

1946.1

58.38

3

6

20.09.2013

6

53°19.48

7°00.1

53°19.31 7°00.41

604.8

18.14

4

8

21.09.2013

8

53°52.95

7°36.16

53°53.13 7°37.37

955.8

28.67

5

9

21.09.2013

12

53°41.72

8°04.05

53°42.05 8°03.82

1080.3

32.41

6

10

21.09.2013

13

53°33.05

8°10.68

53°32.77 8°10.63

1016.1

30.48

7

11

22.09.2013

6

53°33.28

8°33.06

53°33.31 8°33.03

423.0

12.69

8

13

22.09.2013

11

53°50.14

8°08.12

53°50.14 8°07.99

671.4

20.14

9

15

22.09.2013

16

54°08.79

7°49.92

54°08.83 7°51.19

2038.5

61.16

10

17

23.09.2013

15

54°41.36

7°55.91

54°41.32 7°55.30

892.2

26.77

Optimization procedures
Incubation bottles
The 100 mL glass bottles were replaced with 250 mL glass jars with glass lids during the
purification process.

Division into subsamples
Environmental samples with high loads of a sample matrix are difficult to process. We suggest
dividing the samples into subsamples with an equal load of matrix prior to the enzymatic
purification process to increase the efficiency of the purification. After purification, the samples
can be combined again prior to the spectroscopic analysis depending on the amount of sample
residue that remains.
Increase in the SDS concentration
We suggest increasing the concentration of the SDS solution from 5 to 10 % (w/w) in the first
purification step as this has been proven to yield even better purification results.
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Buffer
A PBS solution in water has a pH of 7.4, and the pH can be adjusted by adding NaOH or HCl, but
the buffer capacity will be lost. Therefore, we suggest the use of more appropriate buffer systems
for

optimizing

the

pH

for

enzymes.

For

pH

9,

we

suggest

using

a

tris(hydroxymethyl)aminomethane (Tris) buffer, and for pH 5, we suggest using a sodium acetate
buffer (NaOAc). Both are well established in biology and biochemistry laboratory applications,
they are low cost and easy to prepare, and furthermore, they ensure a stable pH regime during
the time of incubation.
pH 9: Tris HCl 1 M buffer
For a 1 L buffer solution, 121.14 g of Tris is dissolved in 800 mL of ultrapure water, and a pH value
of 9 is achieved using concentrated HCl. After, the solution is filled to 1 L.
pH 5: NaOAc (C2H3NaO2) 1 M buffer
For 1 L buffer solution, 82.03 g of NaOAc (anhydrous) is dissolved in 800 mL of ultrapure water,
and a pH value of 5 is achieved using concentrated acetic acid. The solution is filled to 1 L.

Additional treatments for the purification of samples with a high lipid or polysaccharide
content
For samples with a high content of lipids or polysaccharides (e.g. food, biota samples, water
samples with a high organic plant or algae content), we suggest including additional enzymes in
the purification protocol as such samples are only partially purified with the BEPP, leading to
undesired sample residues. For this reason, two optional enzymatic purification steps are
included in the UEPP: one step with lipase and one step with amylase.
In particular, biota samples can have a high lipid content; thus, we included a lipase step after the
proteinase step into the UEPP in order to digest the lipids in such samples. The application of
amylase after the cellulase step was found to be helpful for samples with a high polysaccharide
content as it is frequently present in food samples or water samples with a high organic plant
content or algae concentration.
Lipase
The lipase treatment targets the digestion of lipids in samples usually containing high amounts of
lipids, e.g., the tissues of different biota. Lipase FE-01 (EC 3.1.1.3, ASA Spezialenzyme GmbH,
Wolfenbüttel, Germany) was used, which is a triacylglycerol acylhydrolase that is obtained from
the fungus Aspergillus oryzae. The Lipase splits lipids into glycerol and fatty acids. Lipase FE-01
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attains its optimum reaction activity at pH 10.5 and 40 °C. During this purification step, 5 mL of
Lipase FE-01 (activity >13.000 U/mL) was used, and 100 mL of a Tris HCl 1 M buffer solution, set
to pH 9.0 by adding hydrochloric acid, was added. The samples were incubated at 40 °C for one
day.
Amylase
In particular, freshwater samples with high loads of plant material after the cellulose step or
samples of agricultural products, such as fish food, can contain polysaccharides, which can be
reduced by amylase enzymes. Amylase FL was used (EC 3.2.1.1, ASA Spezialenzyme GmbH,
Wolfenbüttel, Germany), which has a specific activity of >40.000 U/mL and was obtained from
Aspergillis niger. It consists of 1,4-α-D-glucan glucanohydrolase, which cleaves the α-1,4-bonds in
starch. The amylase reaches its maximum enzyme activity at a pH of 5.0 and a temperature of 4555 °C. A total of 20 mL of amylase was added to 100 mL of a NaOAc (C2H3NaO2) 1 M buffer, at pH
5, for 1 day of incubation at 50 °C.

Enzyme incubation conditions
Enzyme activity
In the preliminary enzymatic purification protocol, enzymes were applied for up to 5 days.
However, the efficiency of an enzyme reduces with time, the number of turn-over cycles and the
increasing concentration of the end products (end product inhibition). Therefore, after a certain
time period, the solution had to be filtered, and new enzymes were added to achieve an efficient
purification. In cooperation with the manufacturer of the enzymes (ASA Spezialenzyme GmbH),
the enzymatic activity (U/mL) was tested over 24 h (0 h, 2 h, 4 h, 7 h and 24 h) to reveal the
optimal point for enzyme exchange. This was performed for protease (5 mL of Protease A-01 +
25 mL of Tris HCl buffer, pH 9, 50 °C), lipase (1 mL of Lipase FE-01 + 25 mL of Tris HCl buffer, pH
9, 50 °C), amylase (5 mL of Amylase TXL + 25 mL of NaOAc buffer, pH 9, 50 °C), cellulase (1 mL of
Cellulase TXL + 25 mL of NaOAc buffer, pH 5, 50°C) and chitinase (1 mL of chitinase + 25 mL of
NaOAc buffer, pH 5, 35 °C).
The activities of chitinase and lipase were nearly unaffected after 24 h. The cellulase activity was
reduced to approximately 50 % after this time period, the protease activity reduced more than 50
% after 2 h, and the amylase activity reduced more than 95 % after 2 h (Table S2). Therefore,
protease and cellulase should be exchanged with a new enzyme solution within 24 h. If necessary
the amylase step should be repeated after 4 h, or a different amylase should be used.
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Table S2. Enzymatic activity of the protease, lipase, amylase, cellulase and chitinase according to the
incubation time

Enzyme solution

5 mL of Protease A-01
+ 25 of mL Tris-HCl buffer

1 mL of Lipase FE-01
+ 25 of mL Tris-HCl buffer

5 mL of Amylase TXL
+ 25 mL of NaOAc buffer

1 mL of Cellulase TXL
+ 25 mL of NaOAc buffer

1 mL of Chitinase
+ 25 mL of NaOAc buffer

pH

T (°C)

9

Enzymatic activity (U/ml)
0h

2h

4h

7h

24 h

50

569

363

254

182

96

9

50

552

576

499

600

504

5

50

3574

128

10

0

0

5

50

3,3

3,0

2,8

2,5

1,8

5

35

3,2

3,6

3,0

3,4

3,3

Simultaneous use of different enzymes
To reduce the number of purification steps, a combination of enzymes with the same optimum
temperature and buffer would be useful. Therefore, we investigated, in cooperation with the
manufacturer of the enzymes (ASA Spezialenzyme GmbH), the activity of the enzymes after 0 h, 2
h, 4 h, 7 h and 24 h, using two enzymes simultaneously. First, 5 ml of Protease A-01 was combined
with 1 mL of Lipase FE-01 (25 mL Tris HCl buffer, pH 9, 50 °C), and 5 mL of Amylase TXL was
used together with 1 mL of Cellulase XTL (25 mL NaOAc buffer, pH 5, 50°C).
The combination of lipase and protease reduced the activity of lipase after 2 h, and the activity of
protease is reduced by approximately 80 % (Table S3). The combination of amylase and cellulase
reduced the cellulase activity to approximately 85 %, whereas the amylase activity was not
affected. Therefore, it is not possible to combine enzymes to decrease the necessary time of
incubation.
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Table S3. Enzymatic activity of the combined enzymes according to the incubation time

Enzymatic activity
Enzyme solution

pH

T (°C)

5 mL of Protease A-01
+ 1 mL of Lipase FE-01
+ 25 mL of Tris-HCl

9

5 mL of Amylase TXL
5

0h

2h

4h

7h

24 h

Protease

516

340

294

172

104

Lipase

348

12

12

0

0

Amylase

3433

120

9

0

0

Cellulase

4,3

2,4

1,9

1,4

0,68

50

buffer

+ 1 mL of Cellulase TXL

(U/ml)

Enzymes

50

+ 25 mL of NaOAc buffer

Temperature stability of the cellulase
Although cellulase (Cellulase TXL, ASA Spezialenzyme GmbH) is active in the temperature range
of 35 – 60 °C with an optimum at 50 °C, enzyme flocculation can be observed at 50 °C. This can
have a negative impact on the filtering capacity of the used stainless steel filters and thus hinder
the entire process and subsequent analysis. Therefore, in cooperation with the manufacturer of
the enzymes (ASA Spezialenzyme GmbH), we tested the flocculation of the cellulase by incubating
20 mL of cellulase for 24 h in a water bath at a lower temperature (40 °C) in comparison with the
optimal temperature (50 °C). To investigate the activity at both temperatures, 2.5 mL of Cellulase
TXL and 12.5 mL of 0.1 M NaOAc (pH 5) were incubated at 40 °C and 50 °C, respectively, for 72 h.
After 24 h and 48 h, an additional 2.5 mL of cellulase was added. The “C1”-activity of the cellulase
(U/mL) and the substrate conversion (µmol/min) in the samples were determined after the
following time points: 0 h, 24 h (before and after adding further cellulase), 28 h (before and after
adding further cellulase), and 72 h.
The flocculation test showed 5 % flocculation at a temperature of 40 °C and 40 % flocculation at
50 °C (Table S4). At 50 °C, 100 % of the substrate in the sample was converted compared to 81.6
% at 40 °C, and the activity (U/mL) was over 30 % higher at 50 °C. Cellulase should be used at 40
°C to avoid flocculation, which disturbs the filtration process and the analysis. A disadvantage of
using this temperature is that the activity is reduced compared to 50 °C. Therefore, the cellulase
step should be repeated three times with an accordingly higher concentration, and the cellulase
solution should be renewed every 24 h.
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Table S4. Cellulase activity (“C1”-activity) and substrate conversion in the sample at 40 °C and 50 °C
“C1”- activity of the cellulase (U/mL)
40 °C
Incubation time

50 °C

Measured in
the sample
(U/mL)

Substrate
conversion
(µmol/min)

Measured in
the sample
(U/mL)

Substrate
conversion
(µmol/min)

0h

6.5

4.4

10.9

10.9

24 h (before adding more
cellulase)

6.2

4.2

3.8

3.8

24 h (after adding more cellulase)

22.9

15.7

23.6

23.6

48 h (before adding more
cellulase)

21.2

14.5

14.2

14.2

48 h (after adding more cellulase)

34.1

23.3

30.6

30.6

72 h

34.4

23.5

21.7

21.7

Substrate conversion after 72 h
(µmol)

61.6

75.5

Substrate conversion after 72 h
(%)

81.6%

100 %

“C1”-activity of Cellulase TXL
(U/mL)

44.1

64.5

Wet peroxide oxidation
To further increase the efficiency, we suggest replacing both hydrogen peroxide steps with a wet
peroxide oxidation step using Fenton's reagent, as described by Baker, et al. 1 This is a solution of
hydrogen peroxide with ferrous iron as the catalyst. A detailed description of its application is
also available in Masura, et al.

2

This method has been used to successfully purify MPs from

wastewater without showing detrimental effects on the MPs itself 3. The catalytic reaction is an
exothermic reaction that can lead to an increase in the incubation temperature above 70 °C, at
which some synthetic polymers, such as polyethylene, start to melt. To avoid damaging the MPs,
we thus strongly suggest cooling the incubation bottles in a water bath at a maximum
temperature of 40 °C after the catalytic reaction has started.
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Article B2: Abundance and distribution of large microplastics (1-5 mm) within
beach sediments at the Po River Delta, northeast Italy
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Article B2: Supplementary information

Supplementary material 1. Sampling design for microplastic sediment samples at the three investigated
beaches. Samples were taken within the window between high tide cycles, resulting in a total of eleven
replicates for the site Levante, six for the site Pila and nine for the site Allagemento. BSH: backshore, ETL:
extreme tide line, HTL: high tide line.
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(a)

(b)

(c)

Supplementary material 2. Pictures of the three investigated beaches (a) Levante, (b) Pila, and (c)
Allagemento, showing the sampled accumulation areas (red lines).
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Supplementary material 3. Microplastic (MPP) abundances for single replicates per kilogram of dry
weight (kg/DW). Cumulative sum, mean, and standard deviation (SD) are shown. Lev: Levante, Alla:
Allagemento, BSH: backshore, ETL: extreme tide line, HTL: high tide line.
BSH
Sample
ID

MPPs
kg/DW

Sum

ETL
Mean

SD

MPPs
kg/DW

Sum

HTL

Mean

SD

17.43

MPPs
kg/DW

Sum

Mean

SD

Lev_0

22.61

5.29

Lev_10

9.28

31.89

15.95

9.43

10.37

27.80

13.90

5.00

2.78

8.07

4.03

1.78

Lev_20

38.40

70.29

23.43

14.58

12.77

40.57

13.52

3.59

0.96

9.02

3.01

2.18

Lev_30

20.06

90.35

22.59

12.02

50.38

90.95

22.74

18.66

5.87

14.89

3.72

2.28

Lev_40

10.46

100.81

20.16

11.74

3.05

94.00

18.80

18.40

18.90

33.79

6.76

7.07

Lev_50

0.32

101.12

16.85

13.26

18.05

112.06

18.68

16.46

2.65

36.44

6.07

6.54

Lev_60

6.70

107.82

15.40

12.70

17.02

129.07

18.44

15.04

5.29

41.74

5.96

5.98

Lev_70

5.76

113.58

14.20

12.24

113.02

242.09

30.26

36.22

0.96

42.69

5.34

5.81

Lev_80

1.45

115.03

12.78

12.22

8.79

250.88

27.88

34.63

10.59

53.28

5.92

5.71

Lev_90

10.55

125.58

12.56

11.54

235.41

486.30

48.63

73.30

6.10

59.38

5.94

5.39

Lev_100

1.68

127.26

11.57

11.43

92.38

578.68

52.61

70.78

3.56

62.94

5.72

5.16

Pila_0

6.31

Pila_10

2.26

8.58

4.29

2.86

5.05

6.49

3.24

2.55

6.80

11.55

5.78

1.45

Pila_20

22.34

30.91

10.30

10.61

19.41

25.90

8.63

9.51

3.74

15.29

5.10

1.56

Pila_30

11.84

42.76

10.69

8.70

1.79

27.69

6.92

8.48

3.09

18.38

4.60

1.62

Pila_40

15.08

57.84

11.57

7.79

1.20

28.89

5.78

7.78

4.13

22.51

4.50

1.42

Pila_50

4.98

62.82

10.47

7.47

2.77

31.66

5.28

7.07

3.57

26.08

4.35

1.33

Alla_0

22.38

Alla_10

8.92

31.30

15.65

9.51

0.54

1.26

0.63

0.12

0.00

0.22

0.11

0.16

Alla_20

8.93

40.23

13.41

7.77

0.24

1.50

0.50

0.24

1.73

1.95

0.65

0.94

Alla_30

5.00

45.23

11.31

7.61

0.00

1.50

0.37

0.32

0.00

1.95

0.49

0.83

Alla_40

8.64

53.87

10.77

6.70

1.36

2.86

0.57

0.52

0.51

2.46

0.49

0.72

Alla_50

0.22

54.09

9.01

7.38

0.24

3.10

0.52

0.48

0.45

2.91

0.49

0.65

Alla_60

3.86

57.94

8.28

7.01

0.00

3.10

0.44

0.48

4.44

7.35

1.05

1.61

Alla_70

6.22

64.16

8.02

6.53

1.09

4.19

0.52

0.50

0.93

8.28

1.03

1.49

Alla_80

0.70

64.86

7.21

6.58

0.00

4.19

0.47

0.50

1.56

9.84

1.09

1.40

1.44

4.75

0.72

0.22
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Supplementary material 4. Microplastic (MPP) abundance per kilogram dry weight (DW) of the three
transects after removing an influential datapoint (cook’s distance >4 times the mean) for the sampling site
Levante (a). Comparison of polymer types of the different transects for (b) polyethylene, (c) polypropylene,
and (d) polystyrene after removing an influential datapoint. Mean values are indicated by circle/cross
symbol ( ). BSH: backshore, ETL: extreme tide line, HTL: high tide line.
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Supplementary material 5. Microplastic (MPP) abundances per kilogram dry weight (DW) at each
replicate within the three different accumulation zones sampled for the three beaches. From top to bottom:
Levante (n=11), Pila (n=6), and Allagemento (n=9). BSH: backshore, ETL: extreme tide line, HTL: high tide
line.
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Chapter C: Development of alternative monitoring methods for
buoyant plastic debris in aquatic systems
Article C1: Coastal accumulation of microplastic particles emitted from the Po
River, Northern Italy: Comparing remote sensing and hydrodynamic modelling
with in-situ sample collections

Atwood EC, Falcieric F, Piehl S, Bochow M, Matthies M, Franke J, Carniel S,
Sclavo M, Laforsch C, Siegert F (2018)
Marine Pollution Bulletin 138: 561-574
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Article C1: Supplementary information
Supplementary material 1: Mini-Manta trawl technical sheet
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Supplementary material 2: Calibration and validation of empirical regional remote sensing
algorithms of suspended particulate matter
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Supplementary material 3: Atmospheric correction algorithms

Supplementary material 4:
Overview
An S-2 image acquired on 15 June 2016, was taken the same day as in situ sampling, which allowed
optimal comparison of RRS measurements made by spectroradiometer from the boat with
atmospherically corrected RRS values from the satellite (see S4). Three in situ measurements could
be achieved within two hours of the S-2 overpass, with one measurement from the middle of the
Po della Pila mouth being taken directly following the satellite acquisition. The image was
corrected separately using ATCOR, Sen2Cor and ACOLITE, and the pixel value from the same
location as sampling was compared with in situ RRS measurements. Variation of the eight
neighboring atmospherically corrected pixels (3x3 window) was also considered. No L8 images
could be acquired concurrent to in situ field sampling, thus comparisons with ATCOR and
ACOLITE corrected pixel values had to be completed using in situ measurements from two days
prior and one day posterior to the satellite acquisition.
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S2: Atm corr compared to in situ R_rs

S2: Atm corr pixel comparison
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L8: Atm corr compared to in situ R_rs

L8: Atm corr pixel comparison
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Conclusions
All atmospherically corrected RRS values were found to capture the same overall spectral
signature characteristics observed from the in situ RRS measurements, performing especially
well for the offshore clearer Adriatic water sampling location. Underestimation of RRS values
were observed for the highly turbid Po della Pila waters. For the purposes of this study, Sen2Cor
was determined to be the optimal atmospheric correction algorithm for S-2 data and ACOLITE for
L8 data.

Supplementary material 5: ASD spectral curve analysis
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Supplementary material 6: Result of calibration and validation of empirical regional remote
sensing algorithms of suspended particulate matter
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Article C2: Can water constituents be used as proxy to map microplastic
dispersal within transitional and coastal waters?

Piehl S, Atwood EC, Bochow M, Imhof HK, Franke J, Siegert F, Laforsch C
Frontiers in Environmental Science 8: 92
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Article C2: Supplementary information
Supplementary information 1: Raw data of in-situ water constituents and microplastic (MP) at the Trave river (T), the Elbe estuary (August:
EA and June: EJ), and the Po delta (P). For the Trave all microplastics were analyzed with NIR spectroscopy. For the Elbe June campaign only
FPA-based µFTIR analysis was conducted and the results of the subsamples correspondingly extrapolated. Values of chlorophyll-a (Chl-A) and
suspended particulate matter (SPM) in mg/L, Secchi depth in cm, Temperature (Temp) in °C, Salinity in PSU, CDOM in cm-1, volume and
microplastic particles per m3. Subsample refers to the percentage of the sample taken for FPA-based µFTIR spectroscopy.
PSU
Subsample MPs
CDOM Volume
Sample
Date
Area
Chl-A
SPM
Secchi
Temp
NaN 3.3186
NaN
T14
23.05.2014 WWTP
0.4058
12.560
72.5
20.4
1.00
1.000
NaN 0.6581
NaN
T15
24.05.2014 Coast
0.0032
3.557
475
16.6
36.02
0.111
NaN 1.4081
NaN
T16
24.05.2014 River
0.0154
4.257
228.5
16.8
29.52
0.136
NaN 1.9699
NaN
T17
24.05.2014 River
0.0213
5.371
215
18.1
26.67
0.225
NaN 1.0814
NaN
T18
24.05.2014 Coast
0.0047
3.557
350
16.6
30.96
0.032
NaN
NaN
T19
24.05.2014 Coast
0.0035
3.414
550
16.6
0.7659
31.78
0.220
NaN
NaN
T20
24.05.2014 Coast
0.0022
3.871
600
16.4
0.593
27.47
0.000
NaN 0.5828
NaN
T21
24.05.2014 Coast
0.0022
3.571
550
16.9
29.31
0.068
NaN 0.9412
NaN
T22
24.05.2014 Coast
0.0048
5.343
535
19.6
31.93
0.000
NaN 1.9382
NaN
T23
24.05.2014 River
0.0315
6.900
122.5
18.1
14.35
0.000
NaN 3.3792
NaN
T24
25.05.2014 River
0.3046
11.640
125
18.5
33.38
0.360
NaN 3.0557
NaN
T25
25.05.2014 River
0.3473
11.380
115
18.7
23.92
1.213
NaN 3.2692
NaN
T27
25.05.2014 WWTP
0.5399
21.560
50
22.7
8.22
0.487
NaN
100
AL01
19.08.2015 Coast
21.489
55
18.97
25.62
0.967
21.414
1.090
NaN
100
AL02
19.08.2015 Coast
14.191
95
18.60
25.60
NaN
10.122
8.672
NaN
50
AL03
19.08.2015 Coast
22.172
65
18.08
26.67
NaN
20.619
3.443
NaN
50
AL04
19.08.2015 Coast
18.839
75
18.75
22.44
1.163
19.850
9.907
Coast
NaN
50
AL05
19.08.2015
21.956
65
19.13
22.23
1.28
25.770
5.131
NaN
50
AL06
20.08.2015 Coast
15.392
105
19.41
25.48
1.018
12.817
2.254
NaN
50
AL07
20.08.2015 Coast
27.639
70
19.19
26.63
0.859
18.022
5.487
NaN
50
AL08
20.08.2015 Coast
26.592
80
19.67
23.55
1.675
20.787
10.797
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AL09
AL10
AL11
AL12
AL13
AL14
AL15
AL16
AL17
AL18
AL19
AL20

20.08.2015
20.08.2015
20.08.2015
20.08.2015
21.08.2015
21.08.2015
21.08.2015
21.08.2015
21.08.2015
21.08.2015
21.08.2015
21.08.2015

Coast
River
River
River
River
River
River
River
River
River
River
River

NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN

26.622
25.972
42.272
20.739
67.838
22.272
25.789
35.804
34.524
62.352
38.385
47.407

65
70
50
60
25
55
60
30
60
35
30
30

19.67
20.05
19.82
20.78
20.57
21.09
20.84
21.13
21.30
21.23
22.04
21.97

21.24
19.29
17.79
14.36
7.56
11.47
9.69
7.69
6.41
5.33
2.65
1.78

1.539
1.389
1.606
1.517
3.094
2.849
2.189
2.331
1.978
2.065
2.654
NaN

20.713
25.102
18.083
22.653
24.216
23.465
13.282
20.162
17.201
22.460
23.172
16.651

50
50
100
50
10
100
100
50
100
50
50
100

10.138
6.330
1.413
4.365
3.671
1.421
0.753
1.433
0.000
2.177
5.754
2.469

EL01
EL02
EL03
EL04
EL05
EL06
EL07
EL08
EL09
EL10
EL11
EL12
EL13
EL14

14.06.2015
15.06.2015
15.06.2015
16.06.2015
16.06.2015
16.06.2015
17.06.2015
17.06.2015
23.06.2015
23.06.2015
23.06.2015
25.06.2015
25.06.2015
25.06.2015

River
River
River
River
River
River
River
River
Coast
Coast
Coast
River
River
River

NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN

49.476
26.815
23.048
122.656
130.322
73.322
323.867
74.089
4.452
10.746
25.624
51.659
90.348
20.778

38.75
38.75
48.75
20
15.5
21.2
9
16
NaN
NaN
65
44.25
27.75
42.5

20.4
19.2
18.7
17.7
18.1
18.1
16.9
16.6
15.2
15.3
15.4
16.1
16.2
16.4

0.5
0.5
0.5
0.7
0.6
0.6
1.2
2.4
28.7
27.1
25
16
17.9
10.7

2.446
1.721
1.820
1.709
1.625
1.764
1.327
0.741
1.727
1.131
1.457
1.601
1.393
1.692

38.638
48.688
50.184
30.328
23.915
43.792
17.018
32.25
64.381
63.936
78.279
39.189
51.436
52.207

50
50
50
50
50
50
50
50
50
50
50
50
50
50

1.006
0.799
0.376
2.002
1.742
0.707
4.440
1.654
0.052
0.104
0.298
1.616
2.506
4.597

Po01
Po02

10.06.2016 River
10.06.2016 Mouth

0.008
0.008

21.839
20.992

81.25
55

21.45
22.05

0.14
0.26

0.775
1.409

12.091
24.393

12.5
25

17.354
2.986
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Po03
Po04
Po05
Po06
Po07
Po08
Po09
Po10
Po11
Po12
Po13
Po14
Po15
Po16
Po18
Po19
Po20
Po21

10.06.2016
10.06.2016
10.06.2016
15.06.2016
15.06.2016
15.06.2016
15.06.2016
18.06.2016
18.06.2016
18.06.2016
18.06.2016
18.06.2016
18.06.2016
18.06.2016
23.06.2016
23.06.2016
23.06.2016
23.06.2016

Coast
Coast
Mouth
Mouth
Coast
Coast
Coast
Coast
River
Mouth
Coast
Coast
Coast
Coast
River
River
Mouth
Coast

0.005
0.013
0.010
0.005
0.005
0.014
0.014
0.010
0.008
0.043
0.009
0.006
0.005
0.010
0.006
0.008
0.017
NaN

11.698
12.922
15.604
25.180
13.039
10.263
9.470
31.290
26.748
17.051
10.593
11.814
21.276
66.067
61.816
24.380
26.133
7.689

65
112.5
47.5
45
72.5
90
92.5
38.75
35
80
162.5
125
46.25
33.75
36.25
32.5
40
122.5

22.86
22.56
21.89
22.00
22.58
22.94
22.72
21.95
22.32
21.72
23.12
22.85
22.88
22.51
21.58
22.82
24.01
25.99
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6.91
26.67
0.28
1.20
17.02
23.74
27.02
0.29
0.26
23.56
31.91
31.93
9.61
0.15
0.12
0.14
11.11
23.91

0.139
0.704
0.424
1.467
1.014
0.224
0.509
0.231
0.362
3.296
0.074
NaN
0.259
0.370
3.541
0.398
0.187
1.326

26.383
39.162
47.652
43.582
41.449
53.207
33.895
55.060
37.196
36.136
32.374
39.199
27.628
28.621
30.565
38.945
41.710
42.417

25
25
50
12.5
25
1.6
6.3
12.5
6.3
25
12.5
25
50
25
1.6
25
25
25

9.204
6.099
1.004
12.295
4.122
56.061
2.444
12.275
16.153
35.749
78.299
4.817
3.360
10.546
13.887
3.257
3.273
3.590
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Supplementary information 2: Pearson’s correlation coefficient for analyzed
water constituents of the three investigated river systems. Chl-A: chlorophylla, SPM: suspended particulate matter, CDOM: colored dissolved organic
matter.
TRAVE
Chl-A
SPM
CDOM
Chl-A
SPM
0.96
CDOM
0.9
0.86
ELBE AUG
SPM
CDOM
0.6
PO DELTA
Chl-A
SPM
CDOM
Chl-A
SPM
-0.06
CDOM
0.27
0.08
-

Supplementary information 3: Fibers and particles (*) in negative controls for analyzed microplastic
size class <0.5 mm. PP: Polypropylene, PET: Polyethylene terephthalate, PAN: Polyacrylonitrile, PBT:
Polybutylene terephthalate.
Study site
ID Sample
PP
PET
PAN
PBT
SUM
Elbe Aug
Blank1
0
2
2
0
4
Elbe Aug
Blank2
0
1
0
0
1
Elbe Aug
Blank3
0
1
0
0
1
Elbe Aug
Blank4
0
0
0
0
0
Elbe Aug
Blank5
0
1
0
0
1
Elbe Jun
Blank0
0
2
0
0
2
Elbe Jun
Blank1
0
2
0
0
2
Elbe Jun
Blank2
0
0
1
0
1
Elbe Jun
Blank3
0
2
3
0
5
Po delta
Blank2
0
10
0
0
10
Po delta
Blank3
0
5
0
1
6
Po delta
Blank4
1*
11
0
0
11
Po delta
Blank5
0
7
2
0
9
Po delta
Blank6
0
21
0
0
21
Po delta
Blank7
0
1
0
0
1
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Conclusion
If current socio-economic trends continue, global solid waste generation is expected to increase
from 3.5 million tons/day in 2010 to over 11 million tons/day in 2100 (Hoornweg et al. 2013). If
no regulation and management plans are implemented, environmental plastic pollution will
continue to rise. Not to mention the damage to the environment, plastic debris has tremendous
socio-economic impacts for many industries, such as fishing, aquaculture, shipping, and tourism.
Thus, plastic pollution of the environment is addressed at the highest international levels (G7
2015, EU 2018). In Europe, several international and regional instruments at sea (i.e. Annex V
MARPOL 73/78, HELCOM, OSPAR, MSFD), along with initiatives on land-based waste
management, exist (i.e. Waste Frame Directive (Directive 2008/98/EC), Packaging and Packaging
Waste Directive (Directive 94/62/EC), Landfill Directive (Directive 99/31/EC), Urban Waste
Water Treatment Directive (Directive 91/271/EEC). As most MP debris is the result of
fragmentation of larger plastic debris already present in the environment, measures targeting
large plastic debris are thus also relevant for MPs. Interestingly, MPs are exclusively addressed
within directives concerning marine litter (MSFD, HELCOM, OSPAR). Even though the debate
regarding the harm of MPs is ongoing, it is important to adopt a precautionary principle soon, as
plastic debris persists in the environment for centuries (Andrady 2015) and there are limited
removal options (especially for MPs).
To curb plastic debris pollution, politicians, industries, and consumers need to be addressed
equally. Management strategies should focus not only on preventing, mitigating, and removing
plastic debris, but also on behavior-changing activities. For scientists, it is crucial to communicate
results in a responsible and clear way, as the topic is a sensitive one and misconceptions can arise
easily. Nevertheless, the topic has the potential to increase public environmental awareness, as it
demonstrates society’s enormous impact on the planet. Therefore, it possibly could help to
transpose the implemented “throwaway living” in the 50s into a sustainable consumer behavior
in the future.
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Appendix
Microplastic in aquatic systems – Monitoring Methods and Biological Consequences
As science communication is an integral part of research, I presented preliminary results during
my PhD at both national and international conferences. Together with two fellow researchers, we
organized the Session “Microplastics in aquatic habitats – environmental concentrations and
consequences” at the YOUMARES 8 conference, held in Kiel in 2017. One reason for the still
existing knowledge gaps concerning abundances, sources, sinks, and transportation pathways, is
the lack of cost- and labor-efficient standardized operational procedures for MP identification and
quantification. To close these gaps and to generate comparable data in the future, we invited
young scientists to present innovative methodologies along with studies assessing the
concentration of MPs in the environment or their impact on aquatic life. An additional outcome
was a book published in Springer of the conference proceedings. Here, we summarized the last
three years of research on MP sample extraction, preparation, and analysis of MPs in the
environment, providing an overview of the potential effects of MP exposure on biota.
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