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Abstract: Floating debris (FD), encompassing both woody and anthropogenic materials, disrupts
fishway hydraulics and ecological efficiency. Despite frequent usage in scientific literature, the term
remains ambiguous. Motivated by the need to enhance fishway performance, this study examines
the concept of FD. A substantial review of environmental, economic, and safety impacts was
conducted, focusing on marine debris, microplastics, and woody debris. Additionally, a systematic
analysis of 560 articles published from 2018 to 2023 assessed how FD is described across diverse
contexts. Through an elimination process, 55 papers underwent detailed manual analysis. FD was
categorized into natural floating debris (NFD) and anthropogenic floating debris (AFD), a distinction
crucial for engineering and scientific applications. This classification supports fishway management
by facilitating the identification and monitoring of debris accumulation, thus enabling strategies to
mitigate hydraulic and ecological consequences. While FD poses risks such as habitat disruption and
pollutant bioaccumulation, natural FD also provides potential ecological benefits, including habitat
creation. To address these challenges, the study advocates innovative waste management strategies
informed by concepts like the doughnut economy and ecological economics. These approaches aim
to reconcile ecological sustainability with economic activities, reducing anthropogenic FD while
leveraging the advantages of NFD.

Keywords: fishway; accumulation; woody debris; plastic pollution; macroplastic; microplastic;
floating matter; marine litter; debris management; ecological connectivity

1. Introduction

By 2015, humanity had produced enough plastic to wrap the Earth in cling film [1]. The impact
of human activity on our planet has become so profound that the term "Anthropocene’ has entered
everyday language, as reflected by the growing interest in this concept, evidenced by trends in
Google searches (Figure 1):
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Figure 1. Search trend for “Anthropocene” over time (2004-2024).

The term “Anthropocene” was first introduced by Crutzen and Stoermer in the “Global Change
Newsletter” in 2000 [2]. Two years later, the concept was further elaborated in the journal “Nature”
in an article titled The , Anthropocene” [3] where the authors argued that humanity’s impact on Earth’s
environment has been so significant that it justifies the establishment of a new geological epoch. The
advent of the steam engine marked a turning point, leading to substantial changes in global
concentrations of carbon dioxide and methane, which can be observed in polar ice core data. This
proposed start of the “Anthropocene” coincides with the onset of the Industrial Revolution, marking
the irreversible influence of human activity on natural geological processes, as well as on Earth’s
atmosphere and biosphere [4]. The traces of human activity will be distinguishable for millions of
years. Currently, discussions are ongoing about the formalization of a new geological epoch in the
stratigraphic timeline, with the onset of the Anthropocene potentially determined by a specific Global
Boundary Stratotype Section and Point (GSSP) in sediment or ice cores, or by a precise chronological
date [5]. The total mass of human-made objects forming the technosphere has now exceeded the
biomass of living organisms on our planet [6]. This shift profoundly affects the concepts we use. As
recently as 1957, when the scholar E. Naylor used the term ’floating debris,” he was referring
specifically to ‘floating weed or timber’ [7]. Today, the concept of floating debris (FD) is significantly
broader and encompasses a variety of materials, including marine litter, microplastics, and large
woody debris (LWD). This floating debris poses a threat in various areas worldwide, including the
economy [8] as well as to marine, coastal, riverine, and freshwater ecosystems [9,10]. It impacts
aquatic flora and fauna [11,12], as well as life on land [13], including human health and safety.
Examples include the discovery of microplastics in human placentas [14] and in the food due to
bioaccumulation in marine organisms [15].

The presence of anthropogenic FD has even been observed in pristine environments such as the
Arctic [16,17], the Swiss Alps [18] or the Antarctic [19], illustrating the scale and ubiquity of the issue.
The pervasive presence of microplastics in both marine and terrestrial environments is a direct
consequence of various human activities. As depicted in Figure 2, the lifecycle of plastic waste begins
with its production and use, followed by environmental degradation processes that fragment larger
plastics into microplastics. These particles are then dispersed through air, water, and soil, eventually
contaminating aquatic and terrestrial ecosystems, and even entering the human food chain. This
global distribution underscores the urgent need for effective waste management strategies and
policies aimed at mitigating the environmental and health impacts of microplastic pollution.

Lifecycle and environmental pathways of microplastics
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Figure 2. Lifecycle and environmental pathways of microplastics.

The quantity of marine debris present in marine ecosystems has shown a consistent upward
trend over time [20-22]. In extreme events such as tsunamis, the transport of floating debris poses a
serious threat to human life and health [23]. The presence of FD in aquatic ecosystems can disrupt
the functioning of hydraulic structures such as bridges [24-26], leading to a reduction of the effective
flow area [27], structural damage due to LWD accumulation, which was a primary cause of bridge
infrastructure damage in the USA [28], erosion of the riverbed [29,30], the formation of blockages and
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local inundations [31], as well as influencing flood risk [32-35]. It also affects the operation of
hydropower plants, impacting energy production and fish health [36], as well as fish passes.
Similarly, the accumulation of FD in fish passes presents significant hydraulic and ecological
challenges, impeding fish migration and altering flow dynamics critical for the functionality of these
structures. Fish passes play a pivotal role in maintaining ecosystem connectivity, especially in highly
fragmented river systems. However, their functionality is often compromised by floating debris
(Figure 3), necessitating robust management strategies. Their design and functionality are directly
influenced by the presence of floating debris, which can reduce their efficiency and, consequently,
compromise the migration of fish and other aquatic organisms.

Figure 3. The impact of floating debris on the functionality of fish passes. The top image shows an aerial view of
a fish pass, while the bottom images highlight areas of potential blockage and disturbance due to debris

accumulation, which can impede fish migration and affect water flow dynamics (Wroctaw, Poland).

During site inspections at fish passes, various materials were observed to accumulate on the fish
pass pillars, including logs, sticks, reeds, leaves, furniture boards, planks, plastic bags, and road
posts. This accumulation not only obstructs fish migration but also necessitates frequent maintenance
efforts to ensure operational efficiency, highlighting the need for targeted management strategies.

In the literature, the term that best describes the nature of these observed particles is “floating
debris,” but there is no systematic classification to categorize them. Recognizing the ambiguity of this
term, the authors conducted a literature review in order to better understand the current state of
knowledge.

This highlights the dual challenges of managing both natural and anthropogenic debris, which
affect fish migration and increase maintenance demands. Recognizing this need, the authors
conducted a literature review and propose introducing a basic classification of floating debris into
natural and anthropogenic categories. This classification has practical applications in both
engineering and scientific contexts for categorizing waste transported or deposited in watercourses.
Moreover, the large-scale production of plastics and their presence in aquatic ecosystems further
underscores the importance of such a classification, as evidenced by the macroplastic residues found
in the river valley of Nysa Klodzka after the flood in September 2024 (Figure 4):
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Figure 4. Macroplastic deposited in the Nysa Ktodzka river valley (Lawica, Poland).

This study, in addition to providing a detailed literature review, analyzed different types of
floating debris based on literature from the beginning of 2018 to the second quarter of 2023. The
methodology used is based on a detailed analysis of data from the Web of Science, focusing on articles
containing the phrase “floating debris” in the title, abstract, or keywords. Publications from selected
scientific disciplines were chosen and analyzed, contributing to a broader understanding of the issue
and its impact on freshwater and marine ecosystems.

2. Literature Review

2.1. Floating Debris

The term “floating debris” refers to any materials or plant life that are present on the surface of
water bodies and have the potential to disrupt the aquatic and terrestrial ecosystem, impact
hydrotechnical structures, interfere with recreational activities, or hinder navigability. This debris
can encompass both natural and human-made components, including various waste materials,
plastics, microplastics, marine debris, and wooden items such as small and large woody debris like
branches, logs and shrubs. It also encompasses plant matter such as vegetation, reeds, grass, cones,
leaves, flowers, seeds as well as invasive aquatic plants like sargassum and algae. Additionally, ice
debris in the form of floating ice floes can also be included in this category [37]. The concept covers a
wide range of floating litter and materials that can influence the ecological and functional aspects of
water bodies. A significant diversity is observed among materials floating on the water’s surface,
known as “floating debris,” with regard to their origin (whether natural or anthropogenic) as well as
their sizes (ranging from seeds and microplastics to large woody debris). Seasonal leaf fall and the
surface transport of seeds are significant components of natural floating debris. On the other hand,
anthropogenic floating debris in aquatic ecosystems emerges from urban areas due to surface runoff,
such as heavy rainfall, and sewage overflow [38—40].

The term ’floating debris” has historically encompassed a variety of materials, but it was not until
the latter half of the 20th century that plastic specifically began to be recognized as a predominant
component. The seminal study titled “Plastics on the Sargasso Sea Surface,” published in 1972 [41],
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marked the earliest known mention of plastics in the ocean. It reported significant concentrations of
plastic particles in the Sargasso Sea, noting their widespread distribution and potential as substrates
for marine organisms, highlighting the durability of plastics in marine environments, and their
resistance to natural weathering processes and their ability to carry pollutants such as
polychlorinated biphenyls (PCBs).

Following this, the concept of ‘floating plastic debris” was further delineated through research
such as the “Floating plastic debris in the Mediterranean” study [42], conducted near Malta in 1979.
This study identified a high density of floating plastic objects and highlighted the extent of synthetic
materials’ permeation into relatively enclosed marine systems like the Mediterranean. This was a
pivotal moment in acknowledging the global scale of plastic pollution and its impacts on marine
ecosystems.

These early studies were crucial in expanding the definition of 'floating debris’ to explicitly
include synthetic materials, particularly plastics. They set the stage for subsequent research and
policy discussions aimed at addressing the environmental challenges posed by marine plastic debris,
underscoring the need for enhanced waste management practices and raising awareness of the
environmental impacts of plastic pollution, thus helping to shape contemporary approaches to
marine conservation and debris management.

The diverse terminology reflects the variety of sources and materials included under floating
debris in scientific literature. Initially, the term broadly covered only plant debris. The concept of
floating debris has evolved from merely identifying natural floating materials to acknowledging a
wide array of anthropogenic waste influencing global water bodies. The earliest mention of floating
debris in scientific literature, traced back to the Web of Science database, involves the study [7] of
Idotea metallica’s distribution facilitated by floating debris across marine environments, where FD was
understood solely as natural-origin materials. This early study emphasized the ecological significance
of floating debris in transporting species across geographical boundaries.

The word “floating” originates from the verb “to float,” which means to remain on the surface
of water or another fluid. On the other hand, “debris” signifies remnants, remains, or fragments of
something. In the context of “floating debris,” it pertains to matter or objects situated on the water’s
surface, not submerged underwater, but rather resting or moving on the top layer of the liquid.

This term has a broad semantic scope, encompassing a wide conceptual range, which translates
into varied uses. For instance, Bradley, Richards, and Bahner [43], define floating debris as materials
that are transported by a stream and can be found either floating or submerged. These materials
include various types, such as logs, vegetation, and trash. The authors further categorize floating
debris based on size into three groups: light, medium, and large. Light floating debris consists of
small limbs, sticks, tules, and refuse. Medium floating debris comprises tree limbs and large sticks.
Finally, large floating debris encompasses trees, logs, and organic matter with a length exceeding 1
meter, also referred to as Large Woody Debris. Bradley et al. primarily focus on natural-origin
materials—wood and plant matter—without emphasizing litter. In the proposed size-based
classification, the authors provide examples of debris solely of natural origin. Research on floating
plant debris and its environmental impact dates back to the 1970s [44]. However, it is only in the 21st
century that interest in plastic pollution has intensified.

Floating debris, as referred to by various authors in international literature, encompasses a wide
range of terms and concepts. Some researchers use the term “floating debris” to describe plant debris
or anthropogenic waste (e.g., [8,45,46]), while others refer to it as “floating marine debris” (e.g., [47-
51]). Additionally, terms like “floating marine litter” [52], “floating plastic debris” [53], “marine
plastic debris” [54] or “plastic marine debris” [55,56] and also “floating microplastic debris” [57-60]
are commonly used to specify different aspects of this broad category. Furthermore, “large woody
debris”, “coarse woody debris” [61] and “woody debris” [62] are other terms that highlight the
diversity of floating materials. Some literature simply refers to them as objects that float on water
[26,63,64]. The diverse terminology employed by different authors reflects the broad range of
materials and sources encompassed by the concept of floating debris in scientific literature.


https://doi.org/10.20944/preprints202501.1125.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 January 2025 d0i:10.20944/preprints202501.1125.v1

6 of 46

Based on an analysis of over 1,000 research papers from the Web of Science database, key author
keywords related to floating debris were identified. To ensure clarity and relevance, a minimum
threshold of five keyword occurrences was set, narrowing down 2,396 keywords to 86 that met this
criterion. Figure 5 presents a co-occurrence network, where four primary terms—"floating debris,”
“marine debris,” “plastic pollution,” and “microplastics” —showed strong associations with concepts
such as accumulation, transport, and impacts on both inland and marine waters. The term “floating
debris” was particularly linked to issues like aquatic ecosystems, waste management, and

"o

biodeterioration. In contrast, “plastic pollution” was connected with degradation, waste
management, and the impact on ecosystem health.
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Figure 5. Linkages of keywords obtained from 1001 papers with co-occurrence of “floating debris” in the Web

of Science database. The figure was created by VOSviewer version 1.6.20 [65].

2.2. Anthropogenic Floating Debris

Anthropogenic floating debris (AFD) refers to materials that float on the surface of water bodies
and originate from human activities. These materials encompass a wide range of waste, including
plastics, metals, glass, as well as larger objects such as fishing gear or even fragments of
infrastructure. A distinctive characteristic of AFD is its anthropogenic origin, which means these are
items created and introduced into the environment by humans, leading to pollution and disruptions
within aquatic ecosystems.

The composition and dynamics of AFD in riverine ecosystems vary depending on the type of
catchment area, topography, degree of urbanisation, and season [66,67]. Significant amounts of
anthropogenic waste originate from urban surface runoff and sewage overflow [38-40,68-70]. In
urbanised catchments, the waste entering water bodies may exclusively stem from human activity
[69]. These include items such as human-processed wood, plastic and Styrofoam packaging [71], as
well as household waste [72]. Anthropogenic floating debris may originate from processes related to
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wastewater treatment plants and the application of sewage sludge on land, which is a significant
aspect of human impact on the environment. Additionally, the diffusion of such materials results
from direct contamination of areas by waste and runoff from stormwater following rain events
[40,73].

Among the materials constituting anthropogenic pollution, five primary materials are
highlighted [74]: plastic (e.g., [53,59,75-79]), glass [80,81], paper [81], metal [11,81,82], textile [78] and
rubber. Additionally, the literature also mentions processed wood [72], foam (polistyrene) [81,82],
ceramic [81], oil, non-natural foam [83], vehicles (including car or boats) [78,84], domestic
garbage/waste [83,85-89].

The movement of anthropogenic floating debris is a complex process, dependent on a range of
physical and biological factors. The density of the material and the phenomenon of microbial
colonisation on its surface contribute to the formation of aggregates with organic residues in the
water, which in turn influences the transport of these materials [40,73]. Anthropogenic floating debris
can also serve as a vector for microorganisms, aiding their dispersal depending on environmental
conditions and the availability of nutrients, which subsequently affects the structure of microbial
communities [90].

Recent studies conducted in Hawaii have significantly contributed to scientific understanding
by demonstrating that different types of polyolefins such as PP, HDPE, and LDPE, in various shapes,
differ in terms of microbial succession. Regardless of shape, the eukaryotic diatom Nitzschia played a
dominant role in colonising all types of plastic, with significant differences in bacterial community
structures across different types of plastics. These findings highlight the complexity of interactions
between microorganisms and floating materials, underscoring their potential role in influencing
microbial community structures [91].

Additionally, factors such as the size of the water body, depth, wind conditions, and the
direction of ocean currents have a significant impact on transport processes. The dynamics of debris
movement vary depending on the type of watercourse, with more pronounced variability observed
in streams compared to rivers [92]. In rivers with intermittent flow, a specific pulsating transport
pattern is observed, particularly intense after dry periods [93-95].

AFD pose a significant threat to aquatic ecosystems. Their impact extends beyond aesthetic
concerns, leading to more serious consequences [82]. Plastic is the most common type of floating
debris in terms of quantity, mass, and volume, with polyethylene (PE) and polypropylene (PP)
particularly dominating the Great Pacific Garbage Patch (GPGP), which spans marine waters
between California and Hawaii [78]. This issue is particularly evident in the category of marine
debris, which encompasses not only AFD but also other types of pollutants that enter the marine and
coastal environment.

2.2.1. Plastic

Plastic waste is one of the most pervasive materials, causing long-term environmental damage
[96]. The production of plastics has surpassed that of most synthetic materials, placing it under
extended environmental scrutiny [97]. In 2021, global plastic production reached 390.7 million tonnes,
marking a 4% increase from the previous year, highlighting the escalating issue of environmental
pollution from this material [98]. The problem of plastic pollution in marine and freshwater
ecosystems is a significant and pressing environmental challenge in contemporary times [99].

A material analysis conducted on seven major thermoplastics used in Europe identified that in
2016, packaging had the largest share, reaching 7700 + 1000 Gg for PET, followed by clothing at 1470
+ 400 Gg. The study also revealed that current European recycling rates ranged from 11% for PS to
33% for PET. This information is crucial for developing further strategies to reduce plastic pollution
and improve the circularity of specific polymers [100].

To assess environmental impact and identify sources of plastic waste, a classification system
based on the average particle size is commonly used [101]: nanoplastic, microplastic, mesoplastic and
macroplastic. However, scientific literature may present slightly different classifications, which are
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discussed in more detail in section Error! Reference source not found. Error! Reference source not
found.. It is important to note that most studies on plastic pollution in freshwater focus on nano- and
microplastic fractions [102], while research on mesoplastic and macroplastic is less common, until
studies by van Emmerik and Schwarz [88,103].

Plastic waste from various sources enters rivers, streams, lakes, and eventually seas and oceans,
accounting for approximately 80% of marine pollution. The remaining 20% comes from cargo lost by
ocean-going ships, lost or discarded fishing gear, and intentional or accidental dumping of waste
[104]. Plastic can be found floating on the surface, suspended throughout the water column, and lying
on the bottom of nearly all water bodies. It is transported by rivers to the ocean [105], where it moves
with the ocean currents [12].

According to data, Indonesia ranks as the world’s second-largest source of plastic pollution
entering the sea, following China, contributing between 0.48 and 1.29 million metric tons of plastic
annually [106].

Floating or submerged debris increases flow velocity and the formation of vortices, which can
lead to intensified erosion downstream of the culvert and raise the water level upstream, thereby
increasing the risk of structural damage during floods [107].

The issue of plastic pollution is a global concern, and we are only beginning to understand the
full impact of plastics on our environment and health. A particularly insightful study was made by
Ding [108], which delves into the growing problem of microplastics (MPs) and nanoplastics (NPs)
and their emerging environmental impacts. The research highlights how these pollutants, resulting
from plastic fragmentation and degradation, pose significant threats to ecosystems and potentially to
human health. The study employs the adverse outcome pathway (AOP) framework to understand
comprehensively the mechanism by which MPs and NPs induce digestive toxicity. Key findings
suggest that these tiny particles cause oxidative stress, apoptosis, and inflammation in the digestive
system, ultimately leading to a higher risk of gastrointestinal diseases. By focusing on the
gastrointestinal tract and liver, the review elucidates how exposure to MPs and NPs, primarily
through ingestion, can result in various adverse health effects. This work serves as a valuable
resource for understanding the mechanisms of plastic toxicity and emphasizes the need for further
research into the environmental and health impacts of these ubiquitous contaminant

In the current times, it is essential to consider alternative solutions for packaging and the use of
other materials that can be reused rather than ending up in recycling or landfills.

2.2.1.1. Microplastic

It is generally accepted that microplastics are fine plastic particles in size, as proposed by NOAA
[109] measuring less than 5 mm [110,111]. Depending on the sources, they are mainly classified within
the range from 0.001 mm to 5 mm (1-5000 pm) [73,112] or 0.3 mm to 5 mm (300-5000 pm) [113].
Defining such a broad category of pollutants, like microplastics, is problematic. Due to differences
between scientific disciplines, the measuring equipment used, and the independently evolving
research on microscopic plastics, the lack of precisely defined size classes for microplastics leads to
discrepancies in results, such as those related to the quantitative content of MPs in the environment,
which can vary by several orders of magnitude [114].

One possible alternative classification is the use of standard units of measurement, such as the
SI scale, which would lead to the classification of nanoplastics (1-1000 nm), microplastics (1-1000 pm),
milliplastics (1-10 mm), centiplastics (1-10 cm), and deciplastics (1-10 dm). Unfortunately, such
terminology may conflict with some already established terms. For example, in the field of
nanomaterials, nanoplastics are typically defined as particles up to 100 nm in size [101].

One of the most important works where researchers attempt to systematize the concept of
microplastics is the study titled “Are We Speaking the Same Language? Recommendations for a
Definition and Categorization Framework for Plastic Debris” [101]. The group of researchers
proposes a unified terminology and classification of materials according to the following criteria:
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e  Criterion 1 - Chemical Composition: This is the most fundamental criterion for defining plastic
waste and other polymers. To illustrate the definitional challenges, consider the ISO definition
of plastic, which excludes certain elastomers (e.g., rubber) from this definition.

e  Criterion 2 - Solid State: Polymers can exist in various consistencies, such as semi-solid, liquid,
or waxy. According to the Globally Harmonized System of Classification and Labelling of
Chemicals (GHS), a solid substance is one that does not meet the definition of a liquid or gas.
Most polymers have low vapor pressure and a specific melting temperature, which qualifies
them as solids.

e  Criterion 3 — Solubility: Another important aspect is the solubility of the polymer. Most
conventional polymers are poorly soluble in water, but some synthetic polymers dissolve
easily (e.g., PVA or polyethylene glycol with low molecular weight). Researchers propose
using the REACH guidelines developed by ECHA, according to which a substance with a
solubility of less than 1 mg/L at 20°C is considered poorly soluble.

e  Criterion 4 — Size: Size is the most commonly used criterion for categorizing plastic waste, with
size classes typically corresponding to the nomenclature of nano-, micro-, meso-, and
macroplastics. The size of a particle has ecological significance because it affects interactions
with living organisms and its fate in the environment.

e  Criterion 5 — Shape and Structure: In addition to size, plastic waste is often categorized based
on shape, structure, and colour. Common shape descriptors include spheres, pellets, foams,
fibres, fragments, films, and flakes. Depending on the location of the studies, different shapes
are detected in varying proportions. For example, in studies conducted by Mangarengi et al.
[115] the most common form of microplastic were fibres, likely sourced from the textile
industry along the river.

e  Criterion 6 — Colour: Categorizing plastic waste by colour is useful for identifying potential
sources and contaminants during sample preparation. The colour of an object does not always
easily indicate its origin, but it can be helpful in a biological context, such as in the feeding
preferences of organisms. Studies indicate that the most commonly encountered colours of
plastics ingested by aquatic organisms are blue and black, followed by transparent and semi-
transparent plastics [116].

e  Criterion 7 — Origin: The origin of plastic waste is often used as a classifier, particularly for
microplastics, which are categorized as “primary” and “secondary.” “Primary” microplastics
are those intentionally produced at this size (see: Figure 6), while “secondary” microplastics
result from fragmentation in the environment [117].
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Figure 6. Granules of various plastics in the form of primary microplastics smaller than 5 mm [118].

This comprehensive classification proposal aims to standardize terminology and promote
consensus within the scientific and regulatory communities, based on robust scientific principles.

It is estimated that approximately 1% of plastics in the environment are in the form of
microplastics. Their presence has been recorded in glaciers, benthic sediments, water bodies, as well
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as in flora and fauna [59]. There are significant concerns regarding the potential toxicological effects,
impacts on hormonal systems, and the capacity of microplastics to transport heavy metals and
organic pollutants [119]. Studies on microplastic monitoring in surface waters suggest that a
comprehensive understanding of this issue requires consideration of environmental, geographical,
and socio-economic factors [59,120].

The complexities of monitoring microplastic debris underscore the significant challenges in
understanding its distribution across global oceans and identifying accumulation hotspots critical for
clean-up efforts. Traditional methods involve labor-intensive physical sampling and manual
counting, which are not only time-consuming but also prone to human error, making large-scale
monitoring costly and inconsistent. In response to these limitations, innovative approaches are being
developed, such as a new workflow that integrates simple experimental setups with advanced image
processing techniques. This method facilitates both quantitative and qualitative assessments of
microplastic debris, streamlining data collection and enhancing the accuracy and efficiency of marine
plastic monitoring [121].

Microplastic analyses in various marine environments worldwide highlight their widespread
presence and potentially harmful effects on marine fauna (Figure 7).

Figure 7. Marine debris — a small plastic microchip adhered to the back of a shrimp. Source: Collection of Allen
Shimada, NOAA/NMFS/OST, NOAA Digital Library.

Particularly alarming findings come from recent studies [122] conducted in Antarctica, focusing
on the impact of microplastics on three seal species: crabeater seals (Lobodon carcinophaga), leopard
seals (Hydrurga leptonyx), and Weddell seals (Leptonychotes weddellii). This study concentrated on
identifying anthropogenic particles in their faeces using micro-Raman and micro-FTIR spectroscopy.
The results revealed that all samples from the three studied species contained anthropogenic
particles, with fibers as the dominant form, alongside fragments and filaments. Most of the particles
were smaller than 5 mm. Additionally, chemical identification unveiled the presence of various
polymers, such as polystyrene, polyester, polyethylene terephthalate (PET), polyamide,
polypropylene, and polyurethane, as well as pigments like reactive blue 238, indigo 3600, and copper
phthalocyanines (blue and green).


https://doi.org/10.20944/preprints202501.1125.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 January 2025 d0i:10.20944/preprints202501.1125.v1

11 of 46

These findings are particularly significant as they confirm the presence of microplastics in the
isolated and ecologically sensitive ecosystem of Antarctica, highlighting the global reach of plastic
pollution and the urgent need for actions to reduce this pollution to protect wildlife and the entire
Antarctic ecosystem.

On inland waters, the predominant type of microplastic detected is secondary microplastic,
which results from the fragmentation of larger plastic waste due to mechanical and chemical factors.
The sedimentation of these particles typically occurs in areas where water flow slows down, such as
above hydraulic structures that cause water to pool, which facilitates the accumulation of
microplastics in the bottom sediment layers [123,124]. The presence of microplastics in water can
potentially limit drinking water sources and necessitate the development of new treatment methods,
such as the use of additional membrane filters, not only in water treatment plants but also at water
intake points [125]. The use of membrane filters is associated with high costs and the need for frequent
replacement, leading to the development of alternative methods for removing microplastics from
water. One such approach involves the use of activated carbon, which, due to its small pores,
effectively adsorbs nanoplastics. Activated carbon can be produced from epoxy waste, reducing costs
and environmental impact compared to traditional methods. Research indicates that activated
carbon, particularly when activated with potassium hydroxide (KOH), could be an effective
alternative, offering a high surface area and efficiency in removing microplastics from water
[123,126].

Research into microplastics in urban areas enables the assessment of the impact of specific
anthropogenic activities on their concentration in the environment. Quantitative analysis and
characterization of microplastic particle sizes are crucial for determining their distribution and
identifying pollution sources. Although microscopy can be used for the visual identification of
microplastics, this method is time-consuming and labor-intensive [115]. In this context, more
advanced analytical techniques, such as infrared spectroscopy (FTIR), Raman spectroscopy, and gas
chromatography (GC), offer significant benefits. FTIR and Raman spectroscopy allow for the precise
identification of different types of microplastics by analysing their characteristic chemical signatures,
enabling more effective determination of their origins and types. Meanwhile, gas chromatography,
combined with a mass detector (GC-MS), provides detailed chemical analysis, allowing for the
identification of chemical additives in microplastics and the analysis of their concentrations in water
samples. These advanced methods not only enhance the accuracy of detection and identification but
also speed up the analysis process, which is crucial for the effective monitoring of microplastic
pollution in the environment [127].

2.2.1.1. Nanoplastic

Nanoplastics are commonly defined as solid plastic particles smaller than 1 micrometer [128],
which are unintentionally created through the degradation and fragmentation of larger plastic objects
[129]. These particles exhibit diverse chemical compositions and shapes and display colloidal
properties in aquatic environments [130]. Due to their small size, nanoplastics can be easily absorbed
by organisms, potentially impacting their health [131]. The small size of nanoplastics can contribute
to their increased toxicity and ease of entry into living organisms, as well as their higher reactivity
and prevalence [117]. Research findings suggest that nanoplastics, particularly polystyrene
nanoplastics (PS-NPs), can penetrate the brain via the nasal-brain route, bypassing the blood-brain
barrier. Once in neurons, they induce oxidative stress, inflammation, and autophagy dysregulation,
leading to the accumulation of damaged proteins and neurodegeneration. Even short-term exposure
to PS-NPs can cause irreversible neuronal damage, leading to behavioural disturbances and nerve
cell death [132]. For a comparison of the size of nanoplastics with other common particles, see Table
1, Figure 8:

Table 1. Comparison of the sizes of nanoplastics with other commonly occurring particles.

Particles Size (microns, pm) Source
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SARS-CoV-2 0.07-0.09 [133,134]
Respiratory fluid particles 0.09-42 [135]
Nanoplastic <1 [136]
Escherichia coli 1-2 [137]
Red blood cell 6-8 [138]
Fine sand 63-200 ISO 14688-1;2002(E)
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Figure 8. A comparison of the sizes of various particles, including the SARS-CoV-2 virus, nanoplastics, PM2.5
dust particles, Escherichia coli bacteria, and an erythrocyte (red blood cell).

Urban areas serve as central hubs for the emission of microplastics and nanoplastics, and their
transportation can occur over long distances [127,139].

Nanoplastics have a negative impact on anaerobic fermentation systems, where they inhibit the
growth and metabolism of microorganisms and reduce methane production efficiency. These effects
are significant in wastewater treatment processes, where they can decrease operational effectiveness,
as well as in biogas production, leading to lower energy yields. Research into this impact is also
crucial for assessing the risks associated with the presence of nanoplastics in the environment and
their effects on key biological processes [140].

Despite the growing scientific interest, researchers still face many challenges related to
nanoplastics. Their occurrence in the natural environment remains unconfirmed due to the
difficulties in detecting such small particles. Nanoplastics tend to undergo heteroaggregation,
making their isolation and identification challenging. Moreover, conventional chemical and optical
analysis methods are inadequate for the precise study of nanoplastics, and their detection process
requires the development of new sampling methods and stringent quality control procedures [129].
Nevertheless, researchers are continuously advancing techniques for the identification and
investigation of plastic nanoparticles, for example, through the use of hyperspectral stimulated
Raman scattering (SRS) imaging [141]. Another challenge in nanoplastic research is the limited
availability of model particles; most risk assessments conducted to date have been based on PS
nanoparticles, which are readily available on the market as model particles. Therefore, research on
other types of plastics, such as polyethylene (PE) or polypropylene (PP), which are predicted to be
prevalent in the environment, is very limited [131].

2.2.2. Marine Debris

A separate and significant category within the broader context of floating debris is marine
debris. Marine debris is defined by the United Nations Environmental Program (UNEP) as any
persistent, manufactured, or processed solid material discarded, disposed of, or abandoned in the
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marine and coastal environment [142]. This broad category includes a wide variety of items, such as
plastics, glass, metals, rubber, and derelict fishing gear [143]. The historical context of marine debris
reveals a marked increase correlated with the rise of industrialization and human activities.
Furthermore, the growth in plastic production and consumption has significantly contributed to the
increase in plastic waste within marine environments [144]. Researchers have demonstrated how
industrial development and increased use of synthetic materials have exacerbated the problem of
marine pollution. The importance of studying marine debris lies in its profound impacts on marine
ecosystems, wildlife, and human health, making it one of the critical environmental issues of our time
[143].

Sources of marine debris are varied and include both land-based and sea-based origins. Land-
based sources, such as urban runoff, coastal activities, and mismanaged waste, contribute
approximately 80% of the total debris entering oceans [145]. Sea-based sources involve activities like
shipping, fishing, and offshore industrial operations [55,146-148]. Additionally, natural disasters and
accidental losses significantly contribute to the influx of marine debris into marine environments
[149]. Rising sea levels and climate change, which are driven by human activities, have the potential
to transport more waste from coastal cities into marine and coastal habitats [150].

The types of marine debris are diverse, with plastics being the most predominant [151]. On
Clifton Beach in Karachi, Pakistan, studies have identified ten of the most common anthropogenic
pollutants transported by water: plastic, food waste, paper, glass, metal, processed wood, fabrics,
styrofoam, masonry, and rubber [152]. Plastics, including single-use plastics and microplastics,
constitute the majority of marine debris due to their durability and widespread use [153]. Other
materials such as glass, metal, and rubber are also commonly found. Derelict fishing gear, known as
ghost nets, poses significant threats to marine life through entanglement and continued ghost fishing
[154-156]. An analysis of the stomach contents of dead turtles revealed the presence of soft plastic,
styrofoam, hard plastic, fishing lines, rubber, fishing hooks, tar/oil, balloons, aluminium, and
cigarette butts [157]. The presence of AFD also impacts the mortality of seabirds, such as gannets at
Helgoland in Germany, where entanglement in abandoned fishing gear caused death in 13-29% of
cases [158], as well as the mortality of sea turtles [159] and marine mammals like seals (Figure 9),
which, attracted by these objects, may place loops of plastic around their necks [160], potentially
leading to strangulation as they grow [161]. Additionally, materials like wood, fabrics, and mixed
debris from various human activities contribute to the marine debris problem.
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Figure 9. (1) Entangled fur seal, Credit: NOAA, Source: NOAA Digital Library; (2) Entangled fur seal, Credit: A.
Lawhead, Source: NOAA Digital Library; (3) Entangled elephant seal, Credit: J. Hawes, Source: NOAA Digital

Library; (4) Hawaiian monk seal entangled in rope, Credit: NOAA, Source: NOAA Digital Library.

Marine debris is distributed globally, with its patterns influenced by ocean currents, winds, and
waves [55,162]. Accumulation zones, such as the North Pacific Garbage Patch, are areas where debris
converges due to circulating currents [78]. Seasonal and regional variations also affect debris
distribution, with certain areas experiencing higher accumulation during specific times of the year
[163-165]. It is estimated that the Great Pacific Garbage Patch covers an area of 1.6 million square
kilometers, which is roughly three times the size of France. Debris spreads from the surface of the
water to the ocean floor [166]. The mechanisms governing the dispersion of pollutants within the
GPGP remain incompletely understood, prompting further investigation into how marine litter is
transported by ocean dynamics. Recent experiments have shown that wave-induced drift varies
significantly based on an object’s size, density, and shape. For instance, discs with diameters about
13% of a wave’s length experienced a 95% increase in drift relative to stokes drift, while spheres with
diameters 3% of the wavelength saw up to a 23% increase. In contrast, submerged items like nets
experienced reduced drift, highlighting the complex nature of marine debris transportation and the
associated uncertainties in prediction models [167].

The presence of the GPGP is associated with significant environmental threats, including the
risk of entanglement in abandoned, lost, or discarded fishing gear (ALDFG) [168], and the danger of
ingestion by seabirds, fish, and other marine wildlife [166] (Figure 10).

Figure 10. (1) A sea turtle entangled in a ghost net.Credit: Courtesy of Doug Helton, NOAA/NOS/ORR/ERD. Source:
NOAA Digital Library.; (2) Blacktip shark entangled with strapping material. Credit: Kevin Lino,
NOAA/NMFSPIFSCESD. Source: NOAA Digital Library; (3) Post-mortem examination of a dead Laysan Albatross,

revealing the large amount of ingested plastic that led to its death. Photographer: Claire Fackler, Location: Hawaii,

Papahanaumokuakea. Source: NOAA Digital Library.

Additionally, AFD can facilitate the transport and settlement of non-native species, which in the
case of invasive species, may lead to the displacement of native species and the disruption of
ecosystems [169]. The North Pacific Garbage Patch not only contains substantial plastic pollution but
also supports the neuston community. Research suggests that areas with high plastic density have
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lower neuston abundance, indicating that targeted cleanups in these regions could reduce ecological
impacts. The seasonal fluctuations in neuston populations further emphasize the importance of
carefully timing these interventions to protect marine life while removing debris [170].

The environmental impact of marine debris is both profound and complex. Marine debris poses
severe risks to marine life, including physical harm through ingestion or entanglement, leading to
injury or death [171,172]. It disrupts marine ecosystems by altering habitats and food chains, thereby
affecting biodiversity [173]. The ingestion of microplastics by marine organisms has been widely
documented, leading to blockages, internal injuries, and exposure to toxic substances [174,175].
Numerous case studies have highlighted the impact on species such as turtles, seabirds, and marine
mammals [71,176,177]. In addition to the direct threat to marine life, the presence of microplastics in
ocean waters can influence more subtle but equally critical physical processes such as wave breaking.
Studies have shown that microplastics can increase the stability of foam generated by breaking
waves, suggesting that these particles may accumulate at the air-water interface of foam bubbles.
This change could affect the lifespan of bubbles and processes such as air-sea interaction and the
formation of sea spray aerosols, which are crucial for climate and planetary albedo [178].

The economic and social impacts of marine debris are equally significant. The presence of debris
on beaches and in coastal waters degrades aesthetics, leading to reduced tourism appeal and
economic losses for coastal communities [179-181]. Marine debris also negatively impacts the fishing
and shipping industries by damaging equipment and vessels, which results in increased operational
costs [182]. Furthermore, the ingestion of microplastics by marine organisms presents health risks to
humans through the consumption of contaminated seafood, highlighting the urgent need for public
health interventions [175].

Monitoring and researching marine debris involves various methodologies [183], including
coastal surveys [184,185], satellite tracking [186-188], and numerical modelling [47,189]. Advances in
technology have enhanced data collection and analysis, yet challenges remain in standardising
methods across studies to enable global comparisons [149]. Effective monitoring is essential for
understanding the scope of the problem and informing mitigation strategies.

Efforts to manage and mitigate marine debris encompass a range of strategies. International
policies and agreements, such as the International Convention for the Prevention of Pollution from
Ships (MARPOL), regulate the discharge of waste from ships. National and local initiatives focus on
reducing waste and improving waste management infrastructure. Non-governmental organizations
play a crucial role in clean-up efforts and raising public awareness. Community-based clean-ups have
proven effective in removing debris and preventing further pollution (see: [104]). Successful
management programs provide valuable case studies for best practices. For example, community-
based efforts in Hawaii have significantly reduced marine debris through coordinated clean-ups and
public education [190,191].

Future directions in addressing marine debris include emerging research areas and potential
technological solutions [192]. Innovations in waste management and recycling are critical for
reducing debris at the source [193]. Global cooperation is essential for tackling this transboundary
issue, and long-term strategies must focus on sustainable management practices, such as the United
Nations Sustainable Development Goal 14.1 [194].

In conclusion, marine debris is a complex and growing environmental challenge that requires
comprehensive research and coordinated efforts for mitigation [195]. Continued study and policy
development are crucial for addressing its impacts on marine ecosystems, wildlife, and human
health. Individuals and communities play a vital role in contributing to these efforts through
awareness and proactive actions.

2.2.3. Tsunami Floating Debris

Tsunami floating debris (TFD) refers to the diverse range of materials that are displaced into the
marine environment as a result of a tsunami. These materials originate primarily from devastated
urban and industrial areas, including infrastructure components, houses and their furnishings,
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vehicles, and various human-made objects, as well as natural elements such as Large Woody Debris
(LWD). The composition of TED is highly variable and dependent on the nature and scale of the
destruction caused by the tsunami. For instance, following the catastrophic tsunami in Japan in 2011,
approximately 1.5 million tons of TFD were released into the Pacific Ocean, encompassing materials
such as fragments of building structures, plant debris, plastics, metals, and other waste materials.
This aspect is discussed in detail in publications (see: [196,197]).

2.3. Natural Floating Debris

Natural floating debris (NFD) refers to materials floating on the surface of water bodies that
originate from natural sources. These include a wide variety of elements such as wood, plant
fragments, aquatic organisms, and other organic materials. NFD encompasses both small and large
fragments of natural wood (e.g., branches, trunks, logs), as well as various plant parts like leaves,
seeds, macrophytes, reeds, algae, and seaweed [198]. The most numerous group within NFD is
woody debris. NFD can also contain aquatic organisms, such as fish larvae, zooplankton, and other
organic remains. The characteristic feature of NFD is its natural origin, meaning that these elements
are part of the natural ecological cycle, moving with water currents and influencing the biodiversity
and structure of aquatic ecosystems.

2.3.1. Woody Debris

The accumulation of woody debris in rivers has a significant impact on both hydrological and
ecological systems. For millions of years, trees have fallen into rivers, causing local changes in fluvial
processes as well as broader spatial and temporal effects that shape and influence channel dynamics
[199-201]. Intense rainfall and landslides can introduce large quantities of woody debris into river
catchments. This type of wood, especially large pieces known as Large Woody Debris (LWD), affects
both local and global flow hydraulics and sediment transport [202-204]. They can cause changes in
the rate of bank and riverbed erosion, influence the formation of local pools and barriers, and affect
sediment deposition [205]. These factors directly shape river morphology and interactions between
the stream and floodplains [199].

Due to their size, large pieces of wood can become stably embedded in the riverbed and catalyse
the retention of smaller tree and shrub fragments, leading to significant vertical variability in river
channels [206,207]. In July 2020, a significant accumulation of woody and floating debris formed on
the Odra River at the entrance to the Wroctaw Water Junction (Figure 11). This debris island likely
originated when a large log became lodged, either by catching on the riverbed or on a protruding
element, creating a point of convergence for additional debris. Over time, smaller fragments of trees
and shrubs, along with sediments and anthropogenic pollutants such as plastic bottles, accumulated
around this initial log. This process led to the development of a compact and stable mass, indicative
of the third scenario described by [30] where both logs and sediment fill the interstitial spaces,
forming a dense and cohesive structure. This formation illustrates the dynamic interaction between
natural and human-induced materials in river systems, contributing to significant vertical variability
in the channel and potentially posing risks to local infrastructure and navigation.


https://doi.org/10.20944/preprints202501.1125.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 January 2025 d0i:10.20944/preprints202501.1125.v1

17 of 46

Riotnicki 2024

Figure 11. Formation of a debris island on the Odra River: a confluence of natural and anthropogenic floating
debris (July 2020, Odra River, Wroctaw, Poland).

Large woody debris acts as channel roughness elements, slowing flood wave progression and
increasing water retention in channels, though they offer only a slight reduction in peak flow [208].
The presence of wood in riverbeds also affects aquatic fauna, particularly fish populations, which use
it as shelter. For this reason, in recent decades, stabilizing structures such as docks, piers, or artificial
fish shelters (fish cribs) have been used in rivers, often constructed from large pieces of wood [209].
An example of research on the impact of wood on fish populations is the study by [210], where
researchers examined the effect of woody debris on the density of brown trout populations. LWD
was added to streams to restore channel complexity and ecosystem functioning—specifically,
sediment and organic matter retention. It was observed that before the wood was added, trout
recruitment was low, with a strong imbalance between large individuals and young fish. After the
addition of coarse woody debris, fish biomass increased, especially during the spawning season.
Additionally, survival rates improved, suggesting that the wood addition enhanced adult habitats.

Woody debris in rivers is typically divided into three main types [44,211]: logs and trunks
(fragments of trees with a diameter over 10 cm and a length of over 1 meter; in some studies, this is
defined as 30 cm in diameter and over 2 meters in length); shrubs and whole trees (shrubs or trees
deposited in streams, with retained crowns and often root bundles); and jams (a mixture of various
tree and shrub fragments, along with mineral material and fine organic matter). An additional type
sometimes mentioned in the literature [44] are stumps, which are rare and include roots with the
lowest part of the trunk remaining after a tree has been cut down.

Woody debris enters rivers through various processes, including natural tree death, weather
conditions, beaver activity, or human logging [212]. The wood in rivers can undergo decomposition,
deposition, or transport, with the main sources of woody debris in aquatic ecosystems being tree
senescence, windthrow, beaver activity, logging, fire impact, flooding and erosion, landslides, and
ice storms [209]. Debris trapped by obstacles like bridges can exacerbate localized scour, leading to
stability issues and increased flood risk [213,214].
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Woody debris plays a crucial role in shaping river environments. Large logs are an important
component of ecosystems, creating habitats for fish [215]. To restore fish habitats, especially for
salmonids, LWD is often added to rivers to increase their biological and ecological diversity [209].

Beavers (Castor canadensis and Castor fiber) also contribute to the introduction of woody debris
into rivers [216]. Their specific way of living and dam-building activities lead to changes in stream
morphology, introducing plant debris into rivers [217-219]. Due to the need to protect riverbanks
from erosion and regulate rivers, there is currently a reduction in the amount of woody debris in
rivers as a result of efforts to protect hydrotechnical infrastructure [220].

2.4. Methods of Identifying Floating Debris

One of the primary methods for classifying floating debris in oceans involves satellite image
analysis [58,221]. However, these methods are ineffective for detecting smaller particles and are
particularly challenging when applied to rivers due to their distinct morphological characteristics,
which often make such analyses difficult or even impossible [222]. Rivers, as they discharge into
oceans, significantly contribute to the pollution of these water bodies with floating debris
[12,77,105,145]. The sources of pollution in inland waters predominantly include domestic garbage,
crop straw, tree branches, leaves, and plant debris, the quantity and proportion of which depend on
seasonal variations, vegetation cycles, and rainfall amounts. Sometimes, water quality is assessed
based on the quantity and species of floating debris in waterways [222].

Another method of identifying floating debris is through automatic detection using image
analysis with YOLO (You Only Look Ones) models, which is a real-time object detection algorithm
(e.g., [222-226]), or other vision systems employing deep learning techniques (e.g., [11,82]).
Additionally, floating debris can be observed directly by the naked eye. A comprehensive study on
marine debris was conducted by Suaria and Aliani [8], where researchers performed the first large-
scale survey of floating debris in the central and western Mediterranean Sea. They scanned the sea
surface from a vessel, categorizing observed debris into four size classes and two categories: Natural
Marine Debris (NMD) and Anthropogenic Marine Debris (AMD) [8].

The Floating Debris Index (FDI) is a novel method developed to detect marine plastic litter using
optical data from Sentinel-2 satellites. This approach focuses on identifying floating macroplastics by
leveraging the spectral characteristics of materials on the ocean surface. Specifically, FDI utilizes
spectral signatures in the near-infrared (NIR) range, where plastics exhibit distinct reflectance
patterns compared to natural materials like seaweed and timber. By applying the FDI, the study
successfully detected and classified macroplastics mixed with other debris in coastal waters of
countries like Ghana, Vietnam, Canada, and the UK. The findings highlight the potential of satellite-
based remote sensing for monitoring and mitigating the environmental impact of marine plastic
pollution [227].

Recent advancements in satellite technology have enabled the tracking of floating debris
through satellite imagery, providing a novel approach for monitoring marine litter on a large scale.
This method primarily detects recent land-based inputs and, despite current technological
constraints, effectively identifies hotspots and trends across the Mediterranean Sea. Satellite imagery,
influenced by factors such as torrential rains and coastal currents, offers a comprehensive view from
source to sink of the marine litter distribution, highlighting its potential as a transformative tool for
both research and the management of marine environments [228].

2.4. Methods of Identifying Floating Debris

The study of waterborne material dynamics has extensively covered suspended, dissolved, and
bed load materials [229-232], while floating debris has received comparatively less attention [233—
235].

Research on FD has predominantly focused on the marine environment, static inland waters
[236,237], and riverbanks [238-240]. Inland studies often target floating macrophytes, particularly
their formation, density, and ecological roles [241,242]. Additionally, macrophytes have been
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evaluated for their nutrient and heavy metal filtration abilities [243,244], while neuston studies
address structure and trophic roles [236,245].

In river systems, researchers have concentrated on the dynamics of large wood [235,246], the
transport of coarse particulate organic matter [234,247,248], and the spread of plant propagules
[249,250]. More recently, attention has shifted towards plastic and microplastic pollution in
freshwater [40,68].

Wood constitutes the most numerous natural component of FD and is often reported as the
primary fraction in hydrological reports, though leaves and grass are also significant components
[235].

The dynamic cycle of FD involves several stages: impact, transport, accumulation, and
remobilization. These processes are governed by hydrogeomorphological, biological, and
anthropogenic factors [251]. The transport of FD, especially large wood, is influenced by factors such
as material density, shape, size, and water flow dynamics [234,252]. Natural materials may undergo
decomposition and transformation, affecting their ability to continue moving downstream [253].

FD, particularly anthropogenic debris, significantly impacts river ecosystems by disrupting
sediment transport, impeding water flow, and leading to the accumulation of hazardous waste.
Therefore, understanding its dynamics and impact on rivers is crucial for effective management.

FD plays a vital role in shaping river geomorphology. Large wood, as a component of NFD, can
alter riverbed morphology by creating islands, new channels, and sediment deposits along
riverbanks [254-256]. This influences sediment transport and bed structure, enhancing the aquatic
ecosystem’s diversity. Smaller elements, such as leaves and seeds, also contribute to these processes,
especially in conjunction with larger wood pieces [38].

Large wood and other FD elements provide shelter and habitat for various plant and animal
species [209,210,254,257]. Sediments and large wood offer protection from predators and support the
development of aquatic and riparian ecosystems, promoting seed deposition and the establishment
of vegetation. Microorganisms also benefit from these resources, forming biofilms that further
influence the ecosystem’s structure and composition [258].

FD acts as a vector for dispersal, transporting adult and juvenile aquatic and terrestrial
organisms over long distances, thereby supporting species and genetic diversity in aquatic and
riparian ecosystems, even in the presence of barriers such as hydroelectric dams [259,260].

FD is a crucial element in the transfer of organic matter within the biogeochemical cycle. It affects
nutrient retention within river channels and along their banks [261]. Sediments and wood enhance
the exchange of soluble substances and particles between surface layers and the riverbed, increasing
rivers’ self-purification capacity [262].

3. Methods

In this review, the study analyses scientific literature related to the term “floating debris” from
January 2018 to the second quarter of 2023. The analysis was conducted in July 2023 using the Web
of Science Core Collection as the search database. The search focused on articles with the term
“floating debris” in the topic fields (title, abstract, author keywords, and Keywords Plus).

Following the methodology outlined by [263], the search was filtered to include 18 specific Web
of Science Categories, which are relevant to environmental sciences and related fields. These
categories included Environmental Sciences, Marine Freshwater Biology, Oceanography,
Geosciences Multidisciplinary, Marine Freshwater Biology, Oceanography, Geosciences
Multidisciplinary, Water Resources, Multidisciplinary Sciences, Engineering Environmental,
Engineering Ocean, Remote Sensing, Engineering Civil, Engineering Marine, Imaging Science
Photographic  Technology, Ecology, Fisheries, Toxicology, Limnology, Engineering
Multidisciplinary, Environmental Studies. Papers unrelated to aquatic environments, such as those
related to medicine or astronomy, were excluded from the analysis.
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To ensure the robustness of the classification, articles were categorized into four thematic
groups: Marine Floating Debris, Tsunami Floating Debris, Microplastic Floating Debris, and Other.
The classification process involved both automatic filtering and manual review.

For the "Other’ group, a detailed manual review was conducted to determine the nature of the
debris discussed. Articles were further categorized into two main types based on the origin of the
debris: natural and anthropogenic, following the classification proposed by [8]. In cases where the
specific nature of the debris (natural or anthropogenic) was not defined, the article was placed in the
‘not specified’ category. Articles mentioning “floating debris” but not directly related to the
established pollution context were classified as ‘non-contextual’. Additionally, within the "natural’
and "anthropogenic’” groups, further categorization was performed based on the materials described
in the articles.

4. Results

4.1. General Results

The database search resulted in 560 articles related to “floating debris” from January 2018 to July
2023. There has been a noticeable increase in the number of publications on this topic, particularly
from 2018 to 2022 (Figure 12), reflecting growing ecological awareness and the intensifying issue of
debris in aquatic environments. This increase in interest may be attributed to the rising recognition
of the economic, ecological, and safety impacts of floating debris, such as damage to fishing gear and
aquaculture plants [264,265], threats to navigation [104], and the degradation of recreational areas
and infrastructure [266-268]. The issue of marine debris has been extensively documented in
numerous studies, for example: [8,20,21,74,75,78,79,269].

Numbers of papers about floating debris’
01.2018-07.2023
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Figure 12. Trends in the number of research papers discussing ‘floating debris’ from January 2018 to July 2023,

illustrating the growth and subsequent decline in scholarly interest over this period.

The records were categorized into four main thematic groups: Marine Floating Debris, Tsunami
Floating Debris, Microplastic Floating Debris, and Other. The majority of articles (467) focused on
marine environments, further subdivided into three subgroups: Microplastic, Plastic, and Marine
Litter. This highlights the dominant concern with marine debris in the scientific community. Among
the remaining 94 articles, three specific groups were identified: Floating Microplastic Debris (18
articles), Tsunami Floating Debris (20 articles), and Other (55 articles). Articles in the "Other’ category
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were analysed in detail, with a focus on the types of materials described. The categorization of
"floating debris’ articles from the Web of Science database between January 2018 and July 2023 reveals
distinct thematic groupings, as depicted in Figure 13. This figure highlights the predominance of
research focused on marine environments, particularly concerning microplastics and plastics,
reflecting the significant environmental concerns in these areas.

"Floating debris” papers in WoS "Floating
debris” papers in WoS (01.2018-07.2023)

Microplastic; 18 Plastic; 142

Other; 55
Microplastic; 278

Tsunami floating

debris; 20

I Marine litter; 47
Marine Floating
Debris; 467

Figure 13. Distribution of “Floating Debris” articles in Web of Science (2018-2023) categorised by thematic

focus.

The floating microplastics within the assigned group largely pertain to riverine systems (see:
[270-275]), which receive less attention in the scientific literature compared to marine systems. This
reflects a research gap that could have significant environmental implications.

Floating debris transported by tsunamis is considered a distinct group, as discussed in
publications such as [196,197] as well as in section Error! Reference source not found. Error!
Reference source not found.. While these debris are often found in oceanic estuaries and could be
classified as marine debris, the unique conditions of their origin justify their categorisation as a
separate thematic group.

Articles categorized under 'Other’ include those that did not fit neatly into any of the predefined
thematic groups during the selection process. This group encompasses a diverse range of studies,
and a detailed qualitative analysis of these articles is provided in section 4.2.

4.2. The “Other” Category

The 'Other’ category consisted of 55 articles, with six classified as “non-contextual” due to their
divergence from the initial focus on environmental pollution. Six articles utilised the term “floating
debris” within the context of the presented definition, understood as materials or vegetation found
on the surface of water bodies with the potential to disrupt aquatic and terrestrial ecosystems, but
without specifying whether the debris was of natural or anthropogenic origin, thereby placing them
in the 'not specified’ group. Nine articles focused on anthropogenic debris, while 22 discussed natural
debris, and 12 covered both. This classification is illustrated in Figure 14:
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Kind of floating debris

Non-contextual; 6

7////7‘
Antrophogenic + % Natural; 22

Antrophogenic; 9

Natural; 12

Figure 14. Categorization of articles in the "Other’ group based on the type of floating debris mentioned: Natural
(22), Anthropogenic (9), Combined Anthropogenic and Natural (12), Non-contextual (6), and Not specified (6).

Anthropogenic floating debris was further divided into 13 material categories, based on the
classification by [152]: plastic, glass, paper, processed wood, metal, textile, expanded polystyrene
(EPS), ceramics, oil, non-natural foam, vehicles, rubber, and domestic garbage/waste. As shown in
Figure 15, plastic emerged as the most frequently discussed material, indicating its significant
environmental impact due to its widespread use, long degradation times, and challenges in waste

management.
Types of Anthropogenic Floating Debris
Domestic garbage/ Waste 13
Rubber 1
Vehicles )
Non-natural foam 1
Oil 3
Ceramics 1
Foam (polistyren) 4
Textile 3
Metal 6
Processed wood 1
Paper 3
Glass 3
Plastic 14
0 2 4 6 8 10 12 14 16

Figure 15. Distribution of articles discussing various types of anthropogenic floating debris. The chart illustrates
the frequency of mentions for different materials, with plastic and domestic garbage being the most commonly
discussed.
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The prominence of domestic garbage, identified in 13 articles, underscores the role of households
as sources of floating debris. While metals and EPS were mentioned less frequently —six and four
studies, respectively —they highlight the persistent nature and potential ecological risks associated
with these materials. EPS, in particular, raises concerns due to its resistance to degradation and
propensity to break down into microplastics [276], which can infiltrate the digestive [108,277] and
circulatory systems of organisms [278,279]. Seabirds are known to peck, move, and ingest various
plastic objects, including polystyrene, though the reasons for this behaviour remain largely
hypothetical. The ingestion of polystyrene elements could potentially cause lethal or sublethal effects
in seabirds [280].

Other materials, such as glass, textiles, and oil, though less common, continue to be of scientific
interest, indicating the wide range of anthropogenic debris affecting aquatic environments. Less
frequently mentioned materials like paper, processed wood, ceramics, non-natural foam, and rubber,
though only appearing in individual studies, also deserve attention for their potential, yet
underexplored, impacts on aquatic ecosystems.

The analysis of 34 articles on natural floating debris reveals a significant diversity of materials
crucial to aquatic ecosystems. NFD was categorised into four main groups [45,281]: woody debris, plant
matter, aquatic organisms, and other, as illustrated in Figure 16.

Types of Natural Floating Debris

Aquatic

organisms; 2

Plant matter; 14

Woody debris; 25

Other; 3

Figure 16. Distribution of natural floating debris types across the reviewed articles.

Among these, woody debris emerged as the most frequently discussed type, featured in 25 articles.
This category was further subdivided into small debris, discussed in five publications, and large
woody debris [282], covered in 15 articles. Plant matter was the focus of 14 articles, with particular
attention given to leaves (seven articles) and algae/seaweed (five articles). Although references to other
plant materials like seeds, flowers, macrophytes, and reeds were less common, they underscore the
complexity of this category. The other category included debris like dead animals or insects,
mentioned in three articles, and faeces, noted in one. Aquatic organisms such as larvae and
zooplankton were referenced in two articles each. The distribution of these mentions is detailed in
Figure 17:
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Types of natural floating debris

Zooplankton mmm 1
Larvae N 2
Reeds mmm 1
Macrophytes I 2
Leaves I 7
Flowers |l 1
Seed | 2
Algae/Seaweed IIEEGG—EEE S
Faeces |l 1
Dead Animals/Insects SN 3
Large Woody Debris . 15
Small Woody Debris  nu . 5

Figure 17. Distribution of specific natural floating debris types across the reviewed articles.

Finally, a comprehensive summary chart is provided in Error! Reference source not found.,
which includes both anthropogenic and natural debris, highlighting the overall diversity and
complexity of floating debris analysed in this study.
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Figure 18. Comprehensive summary chart illustrating the categorization of floating debris into anthropogenic
and natural types, along with their respective subcategories, highlighting the diversity and complexity of
materials analysed in this study.

5. Discussion and Conclusions

The study of floating debris (FD) plays a crucial role in understanding its impact on aquatic
ecosystems and economic activities. The term “debris” in this context is often used to describe both
natural and anthropogenic elements floating on water surfaces. It is imperative to differentiate
between natural debris (NFD) and anthropogenic floating debris (AFD) to facilitate precise impact
assessments. As environmental challenges evolve, particularly with the rising prevalence of plastics,
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this categorisation becomes increasingly crucial. The methodology employed in this study identified
a subset of 55 articles that utilised the term FD ambiguously, without specifying the context such as
marine debris, microplastics, or tsunami-related debris. This subset further revealed that
approximately 11% of the papers employed the term FD in a way that defies clear categorisation. This
observation suggests a nomenclatural gap that could potentially hinder the replicability of studies or
lead to misinterpretations of research outcome

For example, the critical review by [283], sought to integrate various sources to enhance resource
management by considering public perceptions of aquatic environments. However, this study, like
many others, shows the limitations of the existing literature in clearly defining terms like FD, which
can sometimes lead to inconsistent interpretations and applications in research. This discussion
underlines the importance of developing a more standardized nomenclature for different types of
floating debris. By clarifying these definitions, future research can more effectively contribute to the
ecological, economic, and policy dimensions of managing floating debris.

This issue is reflected in real-world scenarios. In September 2024, catastrophic floods occurred
in southwestern Poland due to prolonged heavy rains. This phenomenon originated from a low-
pressure system in the Gulf of Genoa, which moved towards the Mediterranean, absorbing
substantial moisture. The resulting heavy rains over Central Europe quickly caused river surges and
flooding. During such events, rivers transport large volumes of debris, including organic materials
like logs, plants, leaves, and animals, as well as inorganic elements like rocks and soil. Organic matter
naturally present in rivers is essential for their functioning and supports biodiversity [284], while
anthropogenic materials, such as plastic, are primarily responsible for negative ecological impacts
[285]. Given the vast quantities of plastic produced, discussed in section 2.2.1 Plastic, there has been
a shift in the proportion of natural to anthropogenic elements present in rivers. An example is a
section of the Nysa Klodzka River, between kilometers 119 and 124, where, within the Natura 2000
area (ID: PLH020043), plastic waste from a nearby textile warehouse has accumulated on trees,
shrubs, and rocks (Figure 19).

Figure 19. Macroplastics accumulated on trees along the Nysa Ktodzka River (123 km) after the September 2024
flood.
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This case underscores the necessity for precise classification of FD into AFD and NFD to enable
the automated identification and categorisation of various FD types, essential for improving the
efficiency of pollution monitoring and management methods in aquatic environments. Accurately
understanding and quantifying macroplastic fragmentation in rivers is crucial for assessing
secondary microplastic production and associated risks for riverine biota and human health, as
demonstrated in studies by Liro et al. [286]. Moreover, systematic macroplastic data collection, as
suggested by research [287], and the analysis of river morphology’s impact on macroplastic
accumulation across various surface types [288] are key to understanding how riverbed management
influences pollution storage.

Furthermore, the presence of macroplastics in river channels during surges presents a fluid
mechanics issue, as large pieces of material (acting like sails) can significantly impact flow resistance
and channel filling, exerting considerable hydrodynamic pressure. This, in turn, may break or uproot
large woody debris, which poses significant dangers during flood surges by damaging bridges and
other infrastructure and creating blockages that lead to flooding and pose direct threats to human
life.

There is no doubt that anthropogenic debris is harmful to the environment, affecting both
aquatic and terrestrial ecosystems. Its presence in nature leads to numerous negative consequences,
such as water pollution, threats to marine life, and the degradation of natural habitats [22,145,289].
Microplastics, due to their small size, are ingested by aquatic organisms at various trophic levels,
leading to direct physical or nutritional problems and potential association with toxic pollutants
[117,290,291]. The pervasive presence of plastics, which are highly stable in the environment, suggests
that they may circulate for extended periods, posing a threat to both current and future generations
[292]. Plastics infiltrate the food chain and pose risks to human health [293-296].

From the perspective of water resource use, natural large woody debris (LWD) and leaves can
hinder the operation of hydropower plants by clogging turbine intakes and other infrastructure,
necessitating more frequent removal and thereby increasing operational costs [297]. The
accumulation of large logs on bridge piers poses an additional hazard, particularly during floods,
sometimes leading to structural damage and localized inundation [200]. The presence of wood alters
the hydraulic conditions in the channel where it settles [107,202,204,205,212], potentially causing
phenomena such as riverbed scouring and local scour formation, particularly in non-armoured
riverbeds [298]. In fish passage structures, this can adversely affect fish migration, preventing access
to natural spawning habitats [299]. It is evident that the negative aspects of NFD are primarily
associated with human activities.

To counteract blockages caused by LWD and other floating debris in fish passes, various
mitigation measures can be implemented. One strategy is to install protective screens or trash racks
that intercept large objects before they enter the fishway, or to use concrete or steel deflectors that
direct the flow—and the debris it carries—away from the fishway entrance. It is also possible to
position rows of posts, rails, or steel plates to divert incoming materials. Another approach focuses
on modifying the fishway components themselves; for example, [299] suggests rounding the pillars
of technical fishways to reduce snagging of logs and plastic items. Nonetheless, managing debris
remains expensive and logistically complex, often necessitating the partial or complete shutdown of
fishways for manual clearing, which poses safety risks and creates operational downtime. Innovative
designs may include movable features—such as “mini-weirs” or adjustable panels—to temporarily
raise water depth and flush out accumulated debris, although these moving parts are prone to
damage and require more frequent maintenance. Nature-like fishways (e.g., riffle-and-pool or bypass
channels) can also ease debris issues by intentionally incorporating wood into the channel for
ecological benefits. However, even these designs must balance the habitat value of retained woody
material with the need to keep migration routes open and unobstructed.

From an ecological standpoint, the retention of wood in channels is desirable, as large wood
plays a pivotal role in shaping riverine ecosystems [246] which was described in section Error!
Reference source not found.. It provides habitat for a wide range of aquatic species, including fish,
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invertebrates, and microorganisms, thereby enhancing biodiversity [300,301]. Wood retained in
rivers influences geomorphological processes, such as the formation of islands, pools, and sediment
barriers, which in turn affects bank stability and flow dynamics [200,205]. Although barrier removal
is the best method for restoring biodiversity [302,303], in large urban areas, river restoration or barrier
removal is often unfeasible due to existing infrastructure and dense development. Under these
conditions, fishways—whether technical or nature-like —become essential for maintaining ecosystem
connectivity. Their design must account not only for the biological diversity and swimming
capabilities of migratory species but also for the potential accumulation of woody debris and other
waste, especially in light of increasingly variable flow regimes and extreme hydrological events.

Research has shown that necromass, including wood, is a vital ecological resource that supports
biodiversity by providing essential resources for detrital food webs and nutrient recycling processes
[304-306]. Necromass exhibits varying temporal and spatial properties, influencing its role in aquatic
ecosystems by supporting decomposers and contributing to recycling processes within river ecology
[307,308].

In the case of living organisms, such as fish larvae, zooplankton, or plant parts, the use of the
term “debris” can lead to a misunderstanding of their role as waste. Therefore, a more appropriate
term might be “floating matter,” which highlights the value of these elements as vital components of
aquatic ecosystems [72,309,310]. As noted by Gregory, Boyer, and Gurnell [311], natural elements
floating on water surfaces are crucial to ecosystem functioning, influencing biodiversity and the
structure of aquatic ecosystems.

However, when referring to elements that disrupt human activities, such as floating waste or
even excessive amounts of large wood in rivers, the term “debris” is more appropriate. These
elements interfere with the operation of hydropower plants, navigation, and can negatively impact
ecosystems, as in the case of the Great Pacific Garbage Patch [312].

This study highlights the urgent need for improved waste management strategies, particularly
in reducing plastic production, enhancing recycling efforts, and promoting the reuse of materials.
Effective waste management, including the management of floating debris, is critical within the
framework of planetary boundaries which define the limits of human activity to prevent critical
changes in Earth systems [313]. The economic aspects of waste management are also significant, as
emphasized by Kate Raworth in her concept of ‘doughnut economics.” Raworth describes the
economy as a closed system where sustainable development requires economic activity to stay within
limits that do not compromise ecological stability or social justice [314].

Furthermore, the report by Leach et al. [315] highlights that sustainable natural resource
management should balance social needs with ecological possibilities, which is vital for maintaining
human and ecosystem well-being. Understanding these interdependencies is crucial for effective
waste management that significantly reduces pollution in aquatic ecosystems, including the Great
Pacific Garbage Patch. Studies on processing plastic waste from the Great Pacific Garbage Patch have
shown that supercritical thermal hydrolysis (HTL) technology can chemically recycle these materials
into synthetic crude oil [316]. In the context of waste management, the concept of Entropy Generation
Minimization (EGM), introduced by [317], can be applied to optimize systems to reduce
environmental impact. By applying EGM to the design and management of waste processing
technologies, it is possible to minimize the loss of useful energy and reduce waste production. These
processes, referred to as energy processes, are fundamental to the efficient transformation of waste,
reducing energy losses and minimizing environmental impacts [318].

The implementation of the 10 R’ principles in waste management provides practical tools to
fulfill the principles of a circular economy, promoting waste minimization, recycling, and reuse.
Emphasizing the importance of refusing unnecessary items, rethinking consumption patterns, and
reducing waste at its source. Steps such as repair, refurbish, remanufacture, and repurpose can extend
the life of products and materials, thereby reducing the demand for new resources. Recycling and
recovery ensure that even materials that have reached the end of their life cycle are managed in an
environmentally responsible way. By adopting these strategies, we can decrease the amount of waste
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entering aquatic systems, mitigate the impacts of floating debris, and progress towards a more
sustainable and circular economy [319,320]. Additionally, integrating renewable energy sources into
waste management processes supports the 10 R’ strategies, crucial for transitioning towards a
circular economy. The use of renewables not only reduces the carbon footprint of these processes but
also enhances their sustainability, aligning with planetary boundaries as discussed in 'Powering a
Sustainable and Circular Economy’ [321]. This approach underpins the engineering of waste
processing technologies to maximize energy efficiency and minimize environmental impacts,
essential for the long-term viability of ecosystems and human health. In line with engineering
solutions for sustainable waste management, it is also imperative to design systems that prevent the
discharge of pollutants into aquatic ecosystems. As explored in recent research, advanced
engineering approaches are essential for mitigating the hazards associated with plastic waste and
emerging pollutants in water systems [322]. These methodologies not only focus on efficient waste
processing but also on preventing the introduction of harmful substances into the environment, thus
supporting the principles of a circular economy and protecting water resources critical for both
ecological and human health.
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Abbreviations

The following abbreviations are used in this manuscript:

AFD Anthropogenic Floating Debris

AMD Anthropogenic Marine Debris

AOP Adverse Outcome Pathway

EGM Entropy Generation Minimization

FD Floating Debris

FDI Floating Debris Index

GC Gas Chromatography

GC-MS Combined With A Mass Detector

GPGP Great Pacific Garbage Patch

GSSP Global Boundary Stratotype Section And Point
HTL Hydrothermal Liquefaction

LWD Large Woody Debris

MARPOL  International Convention For The Prevention Of Pollution From Ships
MP Microplastic

NFD Natural Floating Debris

NMD Natural Marine Debris

NOAA National Oceanic and Atmospheric Administration

NP Nanoplastic
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TFD Tsunami Floating Debris

UNEP United Nations Environmental Program
YOLO You Only Look Ones
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