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Abstract  

Plastic pollution is a global issue, yet our understanding of its impact on organisms and 
ecosystems remains limited. My PhD thesis explores the presence of microplastics (MP) in 
river ecosystems, their interaction with freshwater hyporheic biofilms and specifically, the 
response of hyporheic biofilms to polyethylene terephthalate (PET) pollution in the 
laboratory and natural settings. 
The thesis begins with assessing MP pollution in Slovenian rivers and reviewing global 

data on bacterial biodegradation of plastic. In small-scale Slovenian rivers (500 km2 < 
catchment <800km2, river length < 45km), MP pollution increased in the direction of flow 
and land use intensification. The results showed a prevalence of fibres in the water column 
and fragments in the sediments. The most frequent polymer types reported were 
polyethylene (PE) and polypropylene (PP) in both river compartments. Variability in MP 
colouration, size and shapes indicated diverse sources of MP pollution. 
As part of a systematic review of 145 scientific papers, a list was made of all known 

strains of bacteria capable of degrading plastic. The main findings indicate that research 
on plastic biodegradation predominantly centres around polyethylene (PE) and its 
variants. Moreover, regarding biodegradation experiments, studies suggest that plastics 
should undergo pre-treatment, such as UV irradiation, to simulate natural environmental 
conditions better. They also highlight the lack of standardization and reporting consistency 
and the need for long-term studies. 
A preliminary study was conducted on biodegrading different plastic materials in a low-

carbon environment using activated sludge from a municipal wastewater treatment plant 
(WWTP). After two months, scanning electron microscopy (SEM) confirmed the presence 
of different biofilms on different plastic materials. This study was then followed by an 
examination of the interactions between plastics as a substrate and freshwater hyporheic 
biofilms as colonisers in the natural environment. The study focused on the one-month 
colonization and one-year seasonal changes of biofilm responses exposed to PET fibres. 
Different methods, such as respiratory electron transport system activity (ETSA), total 
protein content (TPC) and community-level physiological profiling (CLPP), were 
employed to characterise microbial community activity, biomass and metabolism. The 
study was then repeated, using the same methods but extending the time to two years and 
broadening the geographical scope to include four geomorphologically distinct locations. 
This study confirmed the inhibitory effect of PET on microbial biofilms in the hyporheic 
zone.  
Finally, the effects of three different water regimes-flow, stagnant and unsaturated- on 

hyporheic biofilms under simultaneous pollution with PET fibres were investigated. 
Significant inhibitory effects of water regimes and PET pollution were observed for 
bacterial abundance and microbial metabolism on a specific substrate (CLPP) but not on 
microbial biomass (TPC) or activity (ETSA).  
The knowledge acquired during this work enhances our understanding of MP pollution 

at local and global scales and its significance for hyporheic biofilms, which play a pivotal 
role in global nutrient cycling within freshwater environments. The study also highlighted 



x  Abstract 

the spatial variability within the hyporheic zone as an important factor in hyporheic biofilm 
research.  
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Povzetek  

Onesnaźevanje s plastiko je svetovni problem, vendar je naşe razumevanje njenega 
vpliva na organizme in ekosisteme şe vedno omejeno. V svoji doktorski disertaciji sem 
raziskovala prisotnost mikroplastike (MP) v rečnih ekosistemih, zlasti interakcijo med 
hiporeičnim biofilmom celinskih voda in MP, ter odziv hiporeičnih biofilmov na onesnaźenje 
s polietilen teraftalatom (PET) v naravnih okoljih. 
Raziskavo sem začela z oceno onesnaźenosti slovenskih rek z MP in pregledom svetovnih 

podatkov o bakterijski biorazgradnji plastike. V slovenskih rekah se je onesnaźenost z MP 
povečevala v smeri rečnega toka in z intenzifikacijo rabe tal. Rezultati so pokazali, da 
vlakna prevladujejo v vodnem stolpcu, fragmenti pa v sedimentih. Najpogosteje poročana 
tipa plastike tako v sedimentih kot tudi v vodnem stolpcu sta bila polietilen (PE) in 
polipropilen (PP). Raznolikost v obarvanosti, velikosti in oblikah MP je kazala na različne 
vire onesnaźenja z MP. 
V sistematičnem pregledu znanstvene literature, ki je vključeval 145 objavljenih 

znanstvenih člankov, je bila sestavljena tabela bakterijskih sevov, ki naj bi bioloşko 
razgrajevali različne plastične materiale. Glavne ugotovitve sistematičnega pregleda so bile, 
da se raziskave osredotočajo predvsem na PE in njegove različice, da bi bilo plastiko 
potrebno predpripraviti (npr. izpostaviti UV źarkom), da bi morale biti ştudije 
biorazgradnje bolj podobne razmeram v okolju, in da bi bilo potrebno izvesti več 
dolgoročnih ştudij. Poudarjeno je bilo tudi pomanjkanje standardizacije ştudij 
biorazgradnje in doslednosti poročanja.  
Izveden je bil preliminaren poskus biorazgradnje različnih plastičnih materialov v okolju 

z nizko vsebnostjo ogljika z uporabo aktivnega blata iz čistilne naprave. Po dveh mesecih 
so mikrografije SEM potrdile različne tipe biofilma na različnih plastičnih materialih.  
Nadalje so bile raziskane interakcije med plastiko kot substratom in hiporeičnimi 

biofilmi celinskih voda kot kolonizatorji v naravnem okolju. Prva ştudija se je osredotočila 
na enomesečno kolonizacijo in enoletne spremembe odzivov biofilmov v bliźini PET vlaken. 
Za opredelitev mikrobne aktivnosti, biomase in metabolizma so bile uporabljene različne 
metode, kot so aktivnost respiratornega sistema za prenos elektronov (ETSA), skupna 
vsebnost proteinov (TPC) in fizioloşko profiliranje na ravni skupnosti (CLPP). Druga 
ştudija je z uporabo istih metod, a v daljşem časovnem obdobju (2 leti) in z večjo prostorsko 
variabilnostjo (4 geomorfoloşko različne lokacije), potrdila inhibitorni učinek prisotnosti 
PET na mikrobne biofilme v hiporeičnem območju.  
Nazadnje smo z enakimi metodami analizirali učinke treh različnih vodotočnih reźimov 

(pretočnega, stoječega in nenasičenega) na hiporeične biofilme ob hkratni prisotnosti PET 
vlaken. Pomembni inhibitorni učinki vodotočnih reźimov in onesnaźenja s PET so bili 
opaźeni pri ştevilčnosti bakterij in mikrobni presnovi nekaterih substratov (CLPP), ne pa 
tudi pri mikrobni biomasi (TPC) ali aktivnosti (ETSA). Raziskava je poudarila tudi 
prostorsko heterogenost v hiporeiku kot pomemben dejavnik pri raziskavah hiporeičnih 
biofilmov.  



xii   Povzetek 

Ugotovitve doktorata pomembno prispevajo k boljşemu razumevanju onesnaźenja z MP 
na lokalni in globalni ravni ter razumevanju vpliva na hiporeične biofilme, ki so ključni 
promotorji globalnega kroźenja hranil v celinskih vodah.  
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Chapter 1 

1 Int roduction  

Water is one of the most essential natural resources for all humanity and the planetɴs 

well-being. Moreover, water supports an array of freshwater and marine ecosystems where 

many organisms spend at least a part of their life cycle. Consequently, freshwater 

ecosystems are one of the most exploited worldwide. They provide potable water, water 

for irrigation, industrial processes (e.g., paper production), power generation (electricity), 

construction, as well as facilitating transportation (Mazor et al., 2018; van Rees et al., 

2021).  

When fully functional, freshwater ecosystems are critical to solving or mitigating the 

three interlinked planetary crises recognised by the United Nations Environment 

Programme (UNEP): climate change, nature and biodiversity loss, and pollution and waste 

(UNEP, 2022). Despite providing crucial services tied to human well-being, such as 

provisioning (drinking water, food, genetic resources), regulation (climate regulation, flood 

control, disease mitigation, water quality maintenance and wastewater treatment), and 

cultural services (recreation, aesthetic enjoyment, and spiritual fulfilment), and support 

services like soil formation and nutrient cycling (Daily et al., 1997; Reid et al., 2005), 

freshwater ecosystems are at risk due to anthropogenic activities including the 

modification, degradation and fragmentation of freshwater habitats, overexploitation of 

water and sediments, climate change and pollution (Vorosmarty et al., 2010; Reid et al., 

2019). 

Rivers and streams are highly dynamic and heterogenic freshwater bodies, supporting 

life in and around them by providing habitats for various organisms (bacteria, fungi, 

protozoans, flora, and fauna). They are tightly connected to all parts of a catchment by 

the bidirectional water movement in three dimensions (Ward, 1989; Closs et al., 2010). 

Longitudinal water flows down the channel, vertically between the open channel and 

underlying sediments and laterally to and from the riparian zone (Ward, 1989; Jones & 

Holmes, 1996). The fourth dimension is time (temporal, Figure 1), which depends on the 

organism and phenomenon being investigated and can range from the time required to 

observe a behavioural change to the time needed for evolutionary change (Ward, 1989). 

Because rivers and streams are connected to their surroundings, they are highly 
susceptible to land and water-based anthropogenic activity (Clapcott et al., 2012). 
Structural changes in river ecosystems are induced by changes in land use, variation in 
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discharge, inputs of organic 
matter, nutrients and toxic 
pollutants (both point and 
non-point sources), changes in 
surface and subsurface 
hydrology and geomorphology 
(i.e., clogging) and changes in 
biological communities 
(Clapcott et al., 2012; Koch et 
al., 2018; Sagova-Mareckova et 
al., 2021). These changes (i.e. 
various abiotic and biotic 
components), in turn, 
determine ecosystem 
functioning, such as ecological 
processes such as metabolism, 
organic matter decomposition, 
and primary and secondary 
production (von Schiller et al., 
2017). 
A major issue regarding 

freshwater ecosystems is 
pollution by newly emerging 
pollutants such as micro- and 

nanoplastics (Eerkes-Medrano et al., 2015; Avio et al., 2017; Arias-Andres et al., 2018; 
Gigault et al., 2018; Wagner & Lambert, 2018; Caruso, 2019; Ahmad et al., 2020; Cera et 
al., 2020; Mammo et al., 2020; Wong et al., 2020; Yang et al., 2020; Miloloźa et al., 2021; 
Yang et al., 2021; Bank & Hansson, 2022; Castro-Castellon et al., 2022; Ziani et al., 2023). 
Microplastics (MPs) are synthetic polymer particles of 5 mm or less in size. They are 
typically distinguished as primary and secondary MPs. Primary MPs are produced 
intentionally, usually as raw materials for plastic production or as abrasives in personal 
care products, and often enter the environment through improper disposal, littering or 
accidental releases. Alternatively, secondary MPs result from the degradation and 
fragmentation of large plastic items, such as bottles and packaging materials, textiles, 
construction materials and tyre abrasion (Hidalgo-Ruz et al., 2012; Waldschläger et al., 
2020).  
The majority of plastics and MPs degrade very slowly. Their degradation rate depends 

on physical factors such as UV light exposure, physical disturbance, oxygen and 
temperature (Matjaşič et al., 2021b). It also depends on the microorganisms present in the 
surrounding environment. Consequently, degradation rates vary between landfills, 
terrestrial, freshwater and marine environments and can take several hundred years 
(Kyrikou & Briassoulis, 2007; Hopewell et al., 2009). 
Freshwater ecosystems are known to receive a large amount of plastic particles (large 

plastic debris, microplastics, and nanoplastics) from the air and land, which they retain or 
transport to the ocean (Lebreton et al., 2017; Constant et al., 2020; Wang et al., 2021). 
Whenever a plastic particle enters the environment, it is exposed to not only physical 
factors (e.g. temperature, UV light, abrasion) but also to the biosphere (McCormick et al., 
2014; McCormick et al., 2016; Rummel et al., 2017; Parrish & Fahrenfeld, 2019). The latter 
can be concerning since plastic particles can act as a carrier of toxic chemicals and 
pathogenic organisms (Shah et al., 2008; Thompson et al., 2012; Wu et al., 2019b). 
Moreover, MPs can impact ecosystem processes in freshwater ecosystems, such as 

Figure 1: The four-dimensional concept of lotic ecosystems 

(Ward, 1989). 
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biogeochemical cycles taking place in the sediments that are driven by the microbial 
community (Battin et al., 2003; Seeley et al., 2020; You et al., 2020; Wang et al., 2021; 
Yang et al., 2021). However, MP pollution is only one among multiple stressors (e.g., land 
use changes, temperature increases, floods, droughts, and nutrient inputs) affecting 
structural and functional characteristics of impacted freshwater ecosystems (Mori et al., 
2018; Lemm et al., 2021). Given the overarching threat of climate change, there is a need 
for further research to gain a better understanding of how freshwater ecosystems respond 
to MP pollution under various environmental conditions and multiple stressors. 

 

1.1 The Hyporheic Zone and Freshwater Biofilms  

1.1.1 The hyporheic zone  

 

Several freshwater scientists, including Orghidan (1959, 2010), Hynes (1975), 
Danielopol (1976), Stanford and Ward (1988), Boulton et al. (1992), Mulholland et al. 
(1997), and Gibert et al. (1997), have recognised the existence of a transitional habitat 
type within river ecosystems that connects surface and groundwater habitats. This habitat, 
known as the hyporheic zone (HZ, Figure 2), is a dynamic ecotone where water, nutrients, 

biota, and other materials are exchanged between 
surface water and groundwater (Boulton et al., 
2010). It extends vertically and laterally from the 
riverɴs channel, serving as a zone of interaction. 
The HZ shares similarities and differences between 
groundwater and surface water while exhibiting 
some unique features (Table 1). The hyporheic 
infiltration zone is particularly significant. Here, 
sediments act as physical, chemical, and biological 
filters for compounds, particles (including MPs), 
and organisms from the surface water. This 
filtration process significantly influences the 
quality and quantity of adjacent groundwater 
(Orghidan, 1959, 2010; Williams et al., 2010; 
Battin et al., 2016). 

 

Table 1: Comparison of physical, chemical and biological characteristics between 

groundwater, the hyporheic zone and surface water (after (Krause et al., 2011; Zhou et al., 

2014; Debeljak, 2018). 

Characteristics  Groundwater  Hyporheic zone  Surface water  

PHYSICAL  

CHARACTERISTICS:  

Light  Constant darkness  Constant darkness  Daylight fluctuations  

Current velocity  Low  Intermediate  High  

Annual and daily temperature 

range  

Very low  Low  High  

Substrate stability  High  Intermediate  Low  

Figure 2: Hyporheic zone exchange 

(Harvey & Gooseff, 2015). 
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Gradient of physical and chemical 

parameters  

Low  Steep  Steep  

CHEMICAL  

CHARACTERISTICS:  

Amount of organic matter  Low  High  Intermediate  

Amount of dissolved oxygen  Low  Intermediate  High  

Amount of nutrients  Low  High  Intermediate  

BIOLOGICAL  

CHARACTERISTICS:  

Habitat diversity  Low  Intermediate  High  

Food webs  Simple and short  Intermediate  Complex and long  

Productivity  Low  Intermediate  High  

 

The size of the HZ is difficult to gauge due to the spatio-temporal variability of its 
boundaries. The interaction between surface streams and underlying groundwater, coupled 
with the geomorphology of the river, also contributes to this variability (Boulton et al., 
1998). In certain instances, such as river channels confined by bedrock, the HZ may extend 
only a few centimetres. However, in large river systems with broad floodplains and 
sandy/alluvial substrates, it can extend vertically by several meters and longitudinally by 
several kilometres (Stanford & Ward, 1988; Marmonier et al., 1992; Hucks Sawyer et al., 
2009; Chen, 2011; Lapworth et al., 2011; Stelzer et al., 2011).  
The vertical dimension of the HZ is influenced by various factors, including fluctuations 

in surface water level, flow velocity, groundwater table level, and water temperature, which 
affect subsurface flow paths. However, the upper boundary is primarily determined by the 
riverbedɴs surface (Lewandowski et al., 2019). Understanding the temporal patterns of 
groundwater flow and its interaction with surface water is crucial, as these patterns control 
critical biogeochemical processes like nitrification and denitrification. Rapid groundwater 
recharge, for example, results in shorter residence times within the HZ, limiting the 
biodegradation of organic contaminants (Triska et al., 1993; Landmeyer et al., 2010).  
The relationships between the volumes and residence times of water within different 

compartments of the hydrological cycle are significant because they have implications for 
the vulnerability of water to anthropogenic pollution. Water with extended residence times, 
such as glaciers or groundwater, can retain pollutants for long periods, even after the source 
of pollution has been removed. Furthermore, pollution spreads more slowly in systems with 
long residence times, resulting in substantial amounts of pollutants entering the system 
before the problem is detected (Closs et al., 2010). 
Hyporheic processes can be best described as interactions among physical, chemical and 

biological systems (Figure 3). First, the physical system comprises the geological structure, 
which supports the processes occurring upon and within it while water, matter, and energy 
flow into and out of the HZ. Second are the chemical reactions and transformations 
occurring within the HZ, and lastly, the biological systems encompass all organisms, organic 
matter, and their interactions and relationships (Ward, 2016).  
Both physical and chemical systems play a crucial role in establishing habitats for 

organisms, with the physical system providing the physical habitat and the chemical system 
determining the key chemical conditions. For instance, the physical and chemical systems 
interact by controlling the exchange flux of water between the stream and the HZ and the 
residence time of water within the HZ. 
Alternatively, biota, whether permanently or temporarily residing in the HZ, can also 

alter its surface and subsurface structure through their movements and deposition. 
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Microbially mediated biogeochemical processes also involve interactions between chemical 
and biological systems, as primary and secondary biological production transforms major 
and minor nutrients within the HZ. An example of this natural interaction is salmonid 
spawning in the HZ (biological), which occurs at sites with upwelling cool (physical), well-
oxygenated (chemical) water. Understanding these interactions is essential for 
comprehending hyporheic processes (Ward, 2016). 

 

 
Figure 3: Chart showing the interactions between chemical, physical and biological 

functions. Adapted from Ward (2016). 

 
The HZ is a habitat where diverse communities of organisms exist, from microorganisms 

to invertebrates (Orghidan, 1959, 2010; Robertson & Wood, 2010). The high surface area 
of the HZɴs sedimentary matrices provides habitats for various microorganisms and offers 
protection to invertebrate and biofilm communities against extreme temperatures, drought 
and high discharge. Food for biota is provided through surface water infiltrating the HZ 
and carrying particles of organic material and nutrients into and out of the HZ.  
Resident animals are either detritivores, predators or microbial heterotrophs. The 

photoautotrophic organisms are lacking since photosynthesis is impossible due to the 
absence of sunlight (Closs et al., 2010). Invertebrates in the HZ (hyporheos) are typically 
stygoxenes, stygophiles and stygobionts. Stygoxenes are organisms that accidentally find 
themselves in the HZ and have no affinities with groundwater systems. Stygophiles spend 
part of their life in underground water and are intermediate between stygobionts and 
stygoxenes. Stygobionts, in contrast, are specialized groundwater-dwelling organisms that 
exclusively inhabit groundwater environments and exhibit distinct characteristics such as 
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reduction of eyes, loss of body pigment, reduced size, and adaption to oligotrophic 
conditions (Gibert et al., 1994).  
Microorganisms are usually attached to sediment grains, as opposed to protists, 

meiofauna and macroinvertebrates that live in the pore space or burrow into the sediment, 
occupying the interstitial spaces among sediment particles. This diverse community of 
organisms plays a critical role in the ecological functioning of the HZ (Lewandowski et al., 
2019).  
Because the HZ plays a crucial role in a riverɴs self-cleaning process, it is often called 

the riverɴs ɶliverɷ. Additionally, it is one of the systems highly susceptible to and 
profoundly impacted by climate change (Orghidan, 1959, 2010; Closs et al., 2010; Williams 
et al., 2010; Lawrence et al., 2013; Battin et al., 2016; Mori et al., 2018). Regarding climate 
change, it is crucial to acknowledge the global significance of the HZ, given that it is found 
in cold (Edwardson et al., 2003), temperate and tropical streams (Covich et al., 2003). For 
example, the HZɴs hydrological, chemical, and ecological buffering capacity becomes crucial 
in extreme climate conditions such as temperature extremes and floods. However, despite 
its significance, research on the presence of microplastics and their effect on biofilm function 
is lacking. Equally, knowledge about microbially driven processes in the HZ is essential to 
ensuring good ecological status of rivers and healthy drinking water. At the same time, a 
comprehensive understanding of these processes holds significant potential for application 
in bioremediation. 

 

1.1.2 Freshwater biofilms  

Freshwater biofilms are a diverse, complex group of bacteria, archaea, algae, protozoa, 
and fungi, in association with fine organic and inorganic particles embedded in extracellular 
matrix (Closs et al., 2010; Battin et al., 2016; Penesyan et al., 2021). They grow on any 
surface within a stream, usually making it slimy (Closs et al., 2010), and are often viewed 
as the initial biotic interactions with solid substrates in aquatic environments (Hoellein et 
al., 2014). They also represent an essential part of the food web (Akbari et al., 2017), 
serving as food sources for higher trophic-level organisms, such as invertebrates and fish 
(Hoellein et al., 2014). Furthermore, they include diverse microbial partners in obligate 
mutualism and can exhibit characteristics of multicellular organisms, such as division of 
work (Flemming & Wuertz, 2019; Penesyan et al., 2021). Biofilms can be beneficial, for 
example, when used to remove organic compounds during wastewater treatment (Ehlers & 
Turner, 2012). However, they can be problematic, when they form on surfaces within man-
made systems, such as drinking water distribution systems (Akbari et al., 2017).  
The life cycle of a biofilm comprises the following five stages: reversible attachment, 

irreversible attachment, maturation-I, maturation-II, and dispersion. During stage one, 
cells attach and re-attach to the newly available surface. These irreversibly attached cells, 
which have reduced mobility, produce biofilm matrix components, proliferate and recruit 
cells from the surrounding environment. Such cell assemblages are several cells thick at the 
beginning and embedded in the biofilm matrix (maturation I) and form microcolonies 
(maturation II). Once fully matured, they disperse motile cells and cell aggregates, which 
spread and serve as an inoculum for new biofilm formation. However, there is evidence that 
not all biofilms attach to surfaces (Penesyan et al., 2021; Sauer et al., 2022). 
There are four main advantages of bacteria forming a biofilm instead of being in 

planktonic forms (Jefferson, 2004): 
1. Defence: Biofilms can resist better physical forces, withstanding nutrient 

deprivation, pH changes, oxygen radicals, disinfectants, antibiotics, resistance to 
phagocytosis, and protection from protozoa grazing. 
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2. Biofilrms afford the ability to remain in a favourable habitat (understood 
as a mechanism to remain attached in a favourable niche), e.g., the human body 
as a nutrient-rich and stable environment provides a habitat for a large number of 
commensals, many of which exist as biofilms. 
3. Living in an interactive community also means organisms can share the 

metabolic burden, transfer genes, and express altruistic behaviour. 
4. In the default mode, i.e., bacteria grown planktonically in the laboratory 

have all the nutrients they need, but this may not be the case in the environment. 
Freshwater biofilms usually have a high diversity of operational units, representing 

diverse assemblages of archaea and bacteria, fungi, and algae (in the top sediment layers), 
diverse metabolic capabilities, and high enzymatic activity (Romaní et al., 2008; Battin et 
al., 2016; Lewandowski et al., 2019). In benthic and hyporheic biofilms, the most numerous 
bacterial species are members of the Proteobacteria and Acidobacteria phyla, both of which 
include diverse gram-negative bacteria. Archaea thrive only in specialised areas, such as 
methanogenic archaea in anoxic pockets (Wagner et al., 2014; Battin et al., 2016; Hou et 
al., 2017; Sienkiewicz et al., 2020; Gao et al., 2022).  
The highly diverse microbial community composition of rivers and streams changes 

with geographic distance and is susceptible to changes in environmental conditions such as 
temperature, pH, conductivity and nutrients (Beier et al., 2008; Zhang et al., 2022a), but 
also to anthropogenic disturbances (Liao et al., 2019; Wang et al., 2023). In turn, protists, 
meiofauna, and other hyporheos inhabiting the streambed sediments boost biofilm activity 
by grazing and bioturbating the hyporheic sediments (Lewandowski et al., 2019). 
Hyporheic biofilms, attached to sediment surfaces, typically include heterotrophs and 
chemolithotrophs embedded in a polysaccharide matrix (Claret et al., 1998; Romaní et al., 
1998; Closs et al., 2010; Battin et al., 2016). They inhabit both nutrient-rich, reducing HZ 
sediments and nutrient-poor, oxidizing HZ sediments (Krause et al., 2017). They also 
efficiently uptake, immobilise and transform organic substances while providing energy for 
the stream community (Claret & Fontvieille, 1997).  
The development and activity of heterotrophic biofilms are closely linked to nutrient 

quality, quantity, and other factors such as water exchange and sediment structure. 
Recently, Höhne et al. (2022) demonstrated their ability to attenuate trace organic 
compounds. Such processes, occurring in the HZ and driven by biofilms, are known to be 
influenced by anthropogenic pressures, allowing HZ biofilms to be used as a functional 
indicator of those pressures (Boulton et al., 1998; Battin et al., 2016; Estevez et al., 2017). 
Overall, microbial organisms play a crucial role in primary production and the 

breakdown and recycling of materials and nutrients (Closs et al., 2010; Battin et al., 2016; 
Akbari et al., 2017). They are also vital components of the global biogeochemical exchange 
of carbon, nitrogen and phosphorous and for ecosystem functioning, degrading and 
transforming a broad range of nutrients, pollutants, and trace organic compounds (Akbari 
et al., 2017; Roberts & Cooper, 2018; Lewandowski et al., 2019).  

 

1.2 Freshwater Plastic Pollution  

Plastics, as a general term, encompasses a wide variety of synthetic polymer products 
primarily derived from non-renewable resources such as coal, oil, and natural gas and 
processed using a range of chemical additives. These polymers comprise repeating 
monomers linked by strong covalent bonds, forming large chains. The end products can 
vary from everyday items like plastic bags and food wraps to synthetic fibres for clothing 
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and construction materials. Plastic is durable and lightweight, with low- energy and 
production costs (Hopewell et al., 2009; North & Halden, 2013).  
Global plastic production in 2020 reached 367 million tonnes, with the European Union 

(EU) accounting for 55 million tonnes. In the EU, the largest markets for plastics in 2020 
were packaging and, building and construction, accounting for 40.5% and 20.4%, 
respectively (PlasticsEurope, 2021). The first plastic made from synthetic components was 
Bakelite, developed by Leo Baekeland in New York in 1907 and patented two years later 
(Roncone Zappas, 2007). Today, there are over 20 major types of plastics utilised 
worldwide, including Polypropylene (PP), Polyethylene (PE), Polyvinyl chloride (PVC), 
and Polyethylene Terephthalate (PET) (Hopewell et al., 2009; North & Halden, 2013; 
PlasticsEurope, 2021). A consequence of the widespread use of polymers is the release of 
large amounts of plastic waste and particles into the environment. 
The major sources of plastic pollution are households (e.g., personal care products and 

fibres released during laundry), industry and construction, transport (e.g., tyre abrasion) 
and ports (shipping, fishing), littering (misplacement of plastic waste), and agriculture 
(mulching of plastic covers, application of WWTP sludge as fertiliser) (Waldschläger et 
al., 2020). Most plastic waste ends up in the marine environment through surface drains, 
rivers, coastal waste, lost cargo, and deliberate littering (Eerkes-Medrano et al., 2015). 
Once in the environment, due to weathering, larger plastic debris undergoes fragmentation, 
which does not equal degradation. Consequently, plastic debris and fragmented plastic 
pieces accumulate in landfills and can be transported across natural environments.  
Primary MPs are intentionally produced, for example, as industrial plastic resin pellets 

(raw material for remelting and moulding into final products) and as abrasive particles 
(microbeads) in personal care products, while secondary MPs are the result of the 
fragmentation of displaced larger plastic (Science Advice for Policy by European, 2019; 
Waldschläger et al., 2020; Yang et al., 2021). Resin pellets are used because they are easier 
to transport, while microbeads improve stability and act as replacement natural abrasives 
such as walnut shells or activated carbon (Wagner & Lambert, 2018; Waldschläger et al., 
2020). Sources of secondary MP in the environment are microfibers released from laundry, 
city dust, agricultural foils, MPs from tyre abrasion, coatings used in the marine industry, 
and paints (Wagner & Lambert, 2018; Science Advice for Policy by European, 2019; 
Waldschläger et al., 2020). Both primary and secondary MP threaten terrestrial and 
aquatic ecosystems (Dris et al., 2015b).  
Microplastic particles are usually characterised by size, shape, type, and colour (Yang 

et al., 2021). The definition of MP is based on the maximum size of the particle, while the 
sampling mesh or mesh size of the filter used determines the minimum size. Some consider 
microplastic as particles between 1 and 5 mm and particles < 1 ʈm as nanoplastic (Gigault 
et al., 2018). As plastic is an umbrella term for synthetic polymers, the chemical 
composition is the basic criterion for characterizing a plastic particle and is typically 
determined using Fourier-transform infrared spectroscopy (Matjaşič et al., 2021b). 
Microplastic particles include pellets, spherules, fragments, foam, fibres and films 

(Hidalgo-Ruz et al., 2012). The shape of a particle can provide insights into its origin. For 
instance, fragments are typically produced through the fragmentation of household plastic 
products. At the same time, fibrous particles can be traced back to textile wastewater 
effluents from shredded cloth and synthetic fibres released during washing or due to textile 
wear and tear and fishing gear such as nets. Both fragments and fibres can be easily 
mistaken for food and ingested by various aquatic organisms (Egbeocha et al., 2018; Chang 
et al., 2022). Foams may be associated with products like packaging and insulation 
materials, while films represent thin plastic materials commonly used in packaging. Foams 
and films can accumulate on the water surface, disrupting light penetration and oxygen 
exchange. Spherical pellets are typically used in plastic manufacturing and are typically 
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misplaced during production or transportation (Fahrenfeld et al., 2019; Yang et al., 2021; 
Matjaşič et al., 2023).  
Freshwater (surface and sediments) MPs are primarily PP and PE and are most 

abundant in areas with dense human activities. The particles are mainly white and 
transparent fibres, smaller than 1 mm in size (Wang et al., 2021; Yang et al., 2021). 
Microplastics come in various colours, from transparent to white to red, yellow, green, blue 
and black. More colourful particles are more likely to be digested by aquatic animals 
(Berglund et al., 2019; Lopes et al., 2020). Additionally, based on colour, potential sources 
can be detected (Fahrenfeld et al., 2019). However, since colour perception can be 
subjective, MPs are typically sorted into transparent, black, white and coloured particles 
(Lu et al., 2021; Yang et al., 2021).  
Because of their small size and often low density, MPs are exposed to wind erosion and 

are susceptible to entrainment and transport (Bullard et al., 2021). Particles can be 
transported over long distances, even to remote areas (Evangeliou et al., 2020), such as 
glaciers of the Tibetan Plateau (Zhang et al., 2021), The Arctic (Bergmann et al., 2019) 
and even above the planetary boundary layer (González-Pleiter et al., 2021). However, the 
existence of MPs in urban and rural areas has also been demonstrated (Dris et al., 2015a; 
Zhang et al., 2020b). Frequently detected shapes of atmospheric MPs are spherical particles 
(road dust; tyre abrasion and paint particles) and textile fibres (Dris et al., 2017; Zhang et 
al., 2020b), but vary significantly in chemical composition over different regions (Zhang et 
al., 2020b). Microplastics can also be deposited in remote areas by precipitation (Bergmann 
et al., 2019) since MPs can adhere to raindrops and enter inland waters (Xia et al., 2020). 
Ganguly and Ariya (2019) showed how MPs could be efficient cloud ice nuclei. Similarly, 
several studies confirmed freshwaters to be significantly affected by a rain event, an effect 
that can last for hours after the event (Dris et al., 2015a; Bondelind et al., 2019; Xia et al., 
2020). Further, stormwater runoff has been recognised as a major source of MP pollution 
(Piñon-Colin et al., 2020; Treilles et al., 2021; Werbowski et al., 2021), most of which does 
not receive any treatment before reaching a water body (Piñon-Colin et al., 2020).  
MP pollution from land-based sources accumulates in wastewater treatment plants 

(WWTP). These are considered a point source that links pollutants and aquatic 
environments (Ziajahromi et al., 2016; Kovač Virşek et al., 2017). Although wastewater 
treatment plants are highly efficient in removing MPs (> 97 % in WWTP with tertiary 
treatment), the contamination of aquatic ecosystems is still considerable due to the high 
volume of effluents released daily. Conversely, the MPs retained in the WWTP end up in 
sewage sludge, which can then be applied to agricultural land, where rain can wash them 
into surface waters (Sun et al., 2019).  
The most commonly detected plastic pollutants in the WWTPs are polyester (PES), 

PE, PET and polyamide (PA), with fibres as the most common shape. A primary source 
of MP fibres in WWTP influents and freshwaters is washing machine effluents (Prata, 
2018; Sun et al., 2019). Also, McCormick et al. (2014) showed that the amount of MPs 
upstream of the WWTP inlets is lower than downstream from the WWTP discharge. 
Lentic environments can also be a source of MPs (Nel et al., 2018) and serve as a sink for 
MP contaminants. For example, Lake Hovsgol, Mongolia, exhibited a high MP load (mean 
= 20.264 particles km-1). 
If microplastic particles enter the water directly, their first interaction with the 

biosphere is with microbes (McCormick et al., 2014; Hoellein et al., 2017). Scientists have 
recently introduced a new term, ɶplastisphereɷ, which refers to a diverse community of 
heterotrophs, autotrophs, predators and symbionts collected on plastic marine debris at 
multiple locations in the North Atlantic (Zettler et al., 2013). However, the term only 
applies when there are distinct microbial communities on plastic particles compared to 
other substrates in aquatic environments (Oberbeckman et al., 2018). Biofouling, i.e. the 
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attachment of microorganisms, can have a significant effect on the hydrodynamics of plastic 
particles and lead to an increase in a particleɴs density and a decrease in their buoyancy, 
causing sedimentation (Rummel et al., 2017; Miao et al., 2021a). Settling particles can 
infiltrate deeper into sediments or become re-suspended under strong flow conditions, 
depending on river hydrology and geomorphology. Additionally, the microbiota overgrowth 
depends on the type of plastic (Parrish & Fahrenfeld, 2019).  
Research on freshwater pollution with plastics and MPs and its significance for 

ecosystem processes is still in its infancy, and further investigations are needed. For 
example, few studies have investigated the spatiotemporal aspects of MP pollution across 
different scales (e.g., cathment scales, geomorphological). Developing standardised 
sampling and processing procedures is critical to ensure reliable study comparison (Talbot 
& Chang, 2022; Viaroli et al., 2022).  
While MP pollution is a highly relevant topic, only a few studies currently provide field 

data about groundwater. Groundwater receives less attention than other water bodies 
because contamination may appear less evident. Also, effect of MP pollution on the HZ 
and HZ biofilms has yet to be studied, even though they play a crucial role in global 
biogeochemical cycles. Consequently, a significant knowledge gap remains regarding the 
impact of plastic presence on these cycles. 
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Chapter 2 

 

2 Research A ims and Hypothesis  

Despite the significance of freshwater ecosystems as sources of potable water and 
habitats for diverse organisms, our understanding of the impact that microplastics (MPs) 
have on river and riverbed sediment biota and ecosystem processes remains limited. Also, 
compared to marine environments, there is a lack of information regarding sources, 
concentrations, transport pathways, environmental fate, and biological effects of MPs in 
freshwater. Furthermore, most studies on MPs in freshwater have been conducted in China 
and the USA, leaving a significant knowledge gap for Europe.  
My research addresses these gaps by providing insights into the patterns and types of 

MP pollution in selected Slovenian rivers, the biodegradability of different plastic materials 
and biodegradation potential of microorganisms, colonization processes on different 
plastics, and the influence of PET fibres on hyporheic biofilm structure and function, and 
on freshwater ecosystem processes. These findings are crucial for developing effective 
strategies to mitigate the environmental impact of plastic pollution on freshwater systems 
and their ecosystem services, such as water purification.  
The primary objective of my PhD thesis was to obtain an in-depth understanding of 

the interactions between plastics and freshwater biofilms in the hyporheic zone. To achieve 
this, I first investigated MP pollution in the shallow hyporheic zone and explored 
colonization patterns of microorganisms on the selected plastic materials to better 
understand their biodegradation potential. This part of my studies also included a 
systematic literature review and preliminary experiments involving common plastics and 
microorganisms from heavily burdened environments (active sludge). 
The second part of the research involved assessing the impact of plastic pollution on 

hyporheic biofilms under differing environmental conditions. This task involved a series of 
field and laboratory experiments. In the field experiments, PET fibres, one of the most 
common MP pollutants in freshwaters, were used to study the response of the hyporheic 
biofilm to different environmental conditions and across different temporal scales.  
This study is among the first to address not only plastic pollution in freshwater 

environments but also to investigate the response of hyporheic microorganisms to the 
presence of plastic pollution. The findings should prove valuable for decision-makers 
responsible for protecting freshwater and their ecosystem services since maintaining a 
healthy environment is more cost-effective and efficient than remediation. 
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2.1 Specific A ims 

 
The specific aims of my PhD Thesis are:  

¶ Understanding the scale of MP pollution of the hyporheic zone of selected 
Slovenian rivers 
¶ Exploring the relationships between freshwater microorganisms and plastic 

substrates 
¶ Investigating the mechanisms of potential plastic biodegradation  
¶ Analysing the colonization patterns and seasonal dynamics of the hyporheic 

biofilm functioning in the presence of PET fibres in a pre-alpine river gravel bed,  
¶ Assessing the spatiotemporal diversity of a hyporheic biofilmɴs structural 

and functional response to the presence of PET fibres across distinct 
ecohydrological regions (e.g., karstic and pre-alpine) 
¶ Investigating the impact of the presence of PET fibres on the hyporheic 

biofilm structure and function under simulation water regimes (flowing, stagnant, 
and unsaturated) 

 

2.2 Hypothesis  

 

1. MPs are present in larger quantities in the hyporheic zone of river reaches exposed 
to WWTP effluents than in un-impacted river reaches.  

2. Biofilms formed on different plastic types will likely contain bacteria exhibiting 
biodegrading potential than biofilm not exposed to plastic. 

3. The presence of PET fibres inhibits the function of hyporheic biofilms. 
4. Seasonal dynamics in hyporheic biofilm structure and functioning over one year 
differ when comparing PET-polluted and PET-unpolluted hyporheic environments.  

5. The presence of PET fibres in the hyporheic zone inhibits the variability of biofilm 
function across a larger spatiotemporal scale.  

6. An increasing amount of PET fibres in combination with reduced flow (stagnant 
conditions) will have an inhibitory effect on hyporheic biofilm functioning. 
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3 Publications  

 

Publications included in this thesis consist of three published scientific articles, one 
published review paper and two scientific articles in preparation. The publications are 
presented in the following order:  
 
MATJAŞIČ T., MORI N., HOSTNIK I., BAJT O., KOVAČ VIRŞEK M. 2023. 
Microplastic pollution in small rivers along ruralɰurban gradients: variations across 
catchments and between water column and sediments. Science of the total environment 
858: 1-11. https://doi.org/10.1016/j.scitotenv.2022.160043. 
MATJAŞIČ T., SIMČIČ T., MEDVEŞČEK N., BAJT O, DREO T, MORI, N. 2021. 
Critical evaluation of biodegradation studies on synthetic plastics through a systematic 
literature review. Science of the total environment 752: 141959, 1-16. DOI: 
https://doi.org/10.1016/j.scitotenv.2020.141959. 
MATJAŞIČ T., DREO T., SAMARDŹIJA Z., BAJT O., KANDUČ T., SIMČIČ T., MORI, 
N. 2020. Preliminary experiments into colonization of microorganisms from activated 
sludge on different types of plastics = Preliminarni poskusi kolonizacije različnih tipov 
plastike z mikroorganizmi iz aktivnega blata. Acta biologica slovenica: ABS. 63(1): 45-61. 
http://www.dlib.si/details/URN:NBN:SI:doc-ILJ53CMY. 
MATJAŞIČ T., SIMČIČ T., KANDUČ T., SAMARDŹIJA Z., MORI, N. 2021. Presence 
of polyethylene terephthalate (PET) fibers in hyporheic zone alters colonization patterns 
and seasonal dynamics of biofilm metabolic functioning. Water Research 203: 1-13. 
https://doi.org/10.1016/j.watres.2021.117455. 
MATJAŞIČ, T., SIMČIČ, T., KANDUČ, T., SAMARDŹIJA, Z., MORI, N. Hyporheic 
microbial community structure and functioning during 3-years exposure to pollution with 
polyethylene terephthalate (PET) fibres. 
MATJAŞIČ, T., SIMČIČ T., AKBARI, E., WEIGELHOFER, G., MORI, N. Resilience of 
hyporheic biofilms to non-flow events and PET pollution. Weigelhofer, G., and Mori, N. 
share last co-authorship. 
 

https://doi.org/10.1016/j.scitotenv.2022.160043
https://doi.org/10.1016/j.scitotenv.2020.141959
http://www.dlib.si/details/URN:NBN:SI:doc-ILJ53CMY
https://doi.org/10.1016/j.watres.2021.117455
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3.1 MP Pollution of the Hyporheic Zones in Selected 

Slovenian Rivers  

3.1.1 Published scientific article: ɶMicroplastic pollution in small rivers 

along rural -urban gradients: Variation across catchments and 

between water column and sedimentsɷ  

 
The study focused on types of MP pollution in smaller catchment rivers in both water 

column and riverbed sediments. The main objectives were to understand the influence of 
hydrogeomorphology, urbanization and a WWTP on the concentration, types, shapes, sizes 
and colours of MP pollution and the transport, retention and distribution of MP in streams.  
The MP concentration increased with the distance from the river spring in the water 

column and sediments. The most frequent MPs found were PE and PP particles. Fragments 
dominated the sediment samples, while fibres dominated the water column. Also, particles 
in the water column were smaller than those in sediment samples. This variability hints at 
a wide array of pollution sources. These sources play a pivotal role in determining the types 
and quantities of MP in rivers. However, the distribution, retention and transport of MP 
particles depend on the hydrogeomorphological characteristics of the river.  

 
The published article was prepared in collaboration with the Institute for Water of the 

Republic of Slovenia (IWRS) under the following authorship: Tjaşa Matjaşič (NIB), Nataşa 
Mori (NIB), Irma Hostnik (IWRS), Oliver Bajt (NIB) and Manca Kovač Virşek (IWRS). 
The article was published in Science of the Total Environment in 2023. I designed the 
sampling strategy, developed the sampling methodology (hyporheic zone at a depth 
between 20 and 40 cm), conducted field sampling, performed the laboratory work, and 
analysed the data, all under the supervision of Nataşa Mori. I also prepared the first draft 
of the manuscript and submitted the paper in a co-authorship with other authors. IWRS 
carried out the sampling of MPs from the river water under the leadership of Manca Kovač 
Virşek. The MP particles extracted from water and sediment samples were photographed, 
counted and characterised by Irma Hostnik under the supervision of Nataşa Mori (NIB), 
Oliver Bajt (NIB-Marine Biological Station) and Manca Kovač Virşek (IWRS) using FTIR 
and micro-FTIR.   

 
Link to the article: https://doi.org/10.1016/j.scitotenv.2022.160043  

 

https://doi.org/10.1016/j.scitotenv.2022.160043
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