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34  Abstract

35

36  Plastic pollution and biological invasions are two of the most pervasive and persistent
37  drivers of ecological change. Although both have been widely studied in isolation, their
38  potential interactions remain poorly understood. This review synthesises 146 peer-
39 reviewed scientific articles published up to December 2024, providing the first global
40  assessment of research at the intersection between plastic pollution and biological
41 invasions. We found that the literature is taxonomically narrow, geographically skewed,
42  and methodologically fragmented. Research focuses on aquatic invertebrates, especially
43  Mollusca and Arthropoda, and is largely restricted to microplastics, with limited attention
44  to mesoplastics, nanoplastics, or terrestrial systems. Most studies use standardised
45  ecotoxicological assays under laboratory or field conditions, leaving broader ecological
46  processes such as context-dependent interactions at the population, community, and
47  ecosystem levels, habitat modification by non-native species interacting with plastic
48  debris, and plastic-driven disruptions to ecosystem functioning and services largely
49  underexplored. Despite these limitations, we identified three recurrent pathways through
50  which plastics and biological invasions interact: (1) non-native species dispersal and
51  colonization via plastic debris, (2) altered biotic interactions, and (3) the experimental use
52  of non-native species to assess plastic toxicity, with a focus on species-specific
53  physiological responses. These interactions may influence bioaccumulation dynamics,
54  contaminant transfer across trophic levels, and compromise the resilience of invaded
55  ecosystems. Our findings highlight key research gaps (e.g. the predominance of
56 laboratory studies with limited integration of ecological responses in natural ecosystems,
57  the underrepresentation of many taxonomic groups, and the lack of comparative analyses
58 exploring how non-native species may act as vectors for plastic transport and
59  bioaccumulation) and call for mechanistic, context-sensitive, and cross-disciplinary
60 approaches. We also emphasise the urgent need to incorporate plastic pollution into non-
61  native risk assessments and management frameworks. Strengthening methodological
62  standardisation and public engagement, for instance through citizen science, will be
63  critical for addressing the combined impacts of these two global stressors and mitigating
64  their impacts.

65 Keywords: Non-native species, microplastic, Vectoring of contaminants, Species—
66  pollutant interactions

67
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68 1. Introduction

69  Plastics have become central to contemporary society, representing a defining hallmark
70  of the Anthropocene (Stoett et al., 2024). Their global production, fuelled by properties
71 such as durability and resistance to degradation, has grown exponentially over recent
72 decades, far outpacing any other manufactured material. While these properties make
73  plastics indispensable in many sectors, they also contribute to long-term environmental

74  contamination across ecosystems (Geyer et al., 2017).

75  Global plastic production doubled in less than two decades, from 234 million metric
76  tonnes (Mt) in 2000 to 460 Mt in 2019 (OECD, 2022). This increase was accompanied
77 by a proportional rise in waste generation, with an estimated 353 Mt of plastic waste
78  produced in 2019 alone. Of this, only 9% was effectively recycled, 19% incinerated,
79  approximately 50% landfilled, and the remaining 22% discarded under uncontrolled
80  conditions, including direct release into the environment (OECD, 2022). It should be
81 noted that these numbers are primarily based on data from countries with robust

82  monitoring and may not fully reflect the global reality.

83  Plastic pollution has thus emerged as one of the most persistent and pervasive forms of
84  environmental contamination (Cowger et al., 2024; J. Li et al., 2021; J. Yang et al., 2025)
85  Its mass production and unsustainable disposal have led to widespread accumulation of
86  plastic debris across marine, freshwater, terrestrial, and even atmospheric ecosystems,
87  posing a global threat that transcends both geographic and ecological boundaries (Richard
88 etal., 2024; Walker & Fequet, 2023; Williams & Rangel-Buitrago, 2022; J. Yang et al.,
89  2025). Yet, its ecological consequences remain far from fully understood, from the
90 individual to the ecosystem level (Horton et al., 2017; Stoett et al., 2024; J. Yang et al.,
91  2025).

92  In natural environments, plastics degrade through a combination of physical, chemical,
93  and biological processes (Andrady & Neal, 2009; Chamas et al., 2020; Hollerova et al.,
94  2021). This degradation results in a broad spectrum of particles that can be classified by
95  size - nanoplastics (1 to <1000 nm), microplastics (1 to <1000 pm), mesoplastics (1 to
96 <10 mm), and macroplastics (>1 cm) (Hartmann et al., 2019) - each with distinct

97  physicochemical characteristics, subjected to different transport dynamics, and ecological
98  behaviours (Andrady, 2017).
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99  Alongside plastic pollution, biological invasions have emerged as both a driver and a
100  passenger of global environmental change (MacDougall & Turkington, 2005), drawing
101 increasing scientific attention (Pysek et al., 2020; Roy et al., 2024). Biological invasions
102 are human-mediated processes responsible for the intentional or unintentional
103  introduction of organisms into areas beyond their native range, where they lack an
104  evolutionary history (Prentis et al.,, 2008; Soto et al., 2024). Historically, species
105  distributions were shaped by their inherent dispersal (and recruitment) capacity and by
106  natural geographic and environmental barriers. The permeability of these barriers changes
107  only slowly, on timescales of thousands to millions of years, resulting in the independent
108  evolution of endemic lineages within distinct biogeographical regions (Leroy et al.,
109  2023). However, with the advent of long-distance human transport and modern global
110 trade, particularly over the past two centuries, these natural patterns have been profoundly
111 disrupted (Havel et al., 2015; Meyerson & Mooney, 2007; Mooney & Cleland, 2001;
112 Seebensetal., 2017). Once introduced, some species establish self-sustaining populations
113  and successfully spread in their new environments (Pysek et al., 2020; Ricciardi, 2013).

114  These established non-native species can exert a diverse array of ecological, economic
115  and social impacts — often highly context-dependent — due to direct biotic interactions
116  such as predation, competition, parasitism, and hybridisation with native taxa, to indirect
117  effects involving substantial changes to habitat structure and function, hydrological
118  cycles, nutrient fluxes, and trophic interactions (Andersen et al., 2004; Ehrenfeld, 2010;
119  Simberloff, 2010; Simberloff et al., 2013). These effects may cause biodiversity loss and
120  irreversible ecological shifts (Simberloff, 2010). From an anthropocentric perspective,
121 such impacts may further translate into ecosystem service degradation, reduced quality
122 of life, substantial economic losses, and public health concerns, all of which are
123  themselves frequently context-dependent (Diagne et al., 2021; Gallardo et al., 2024;
124  Pejchar & Mooney, 2009).

125  Although differing in origin and consequences of their impacts, both plastic pollution
126 and biological invasions can be viewed as pervasive anthropogenic stressors that interact
127  with other environmental pressures across different ecological levels, altering the
128  physiology and behaviour of organisms, species interactions, environmental conditions
129  and ecosystem functioning (Rochman, 2013; Vye et al., 2015). Although non-native
130  species have been shown to interact with various pollutants, such as metals and pesticides
131  (El' Haj et al., 2019; J. Li et al., 2022; Piola & Johnston, 2009; S. Wang et al., 2020; R.-
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132 Y. Yang et al., 2007), studies are often fragmented and rarely extended to plastics. Yet,
133  potential interactions (including ingestion, transport, or altered bioaccumulation) could
134  have significant ecological consequences and merit further investigation. In particular,
135  plastic debris can act as a vector for the passive transport of non-native species across
136  distant ecosystems, especially via water currents and oceanic drift, enabling their
137 introduction into new habitats where they might not otherwise establish (Garcia-Gémez
138 et al., 2021). Other studies have begun to address whether non-native species exhibit
139  differential tolerance or sensitivity to plastics and how plastic contamination may
140  influence their establishment success, competitive interactions, or broader ecological
141 impacts (Gao et al., 2024; Tian et al., 2024; Z. Wang et al., 2024).

142  Interactions between plastic pollution and biological invasions can be complex,
143  producing additive, synergistic, or antagonistic outcomes that may exacerbate threats to
144 Dbiodiversity and ecosystem functioning (Igbal, 2024; Rodrigues et al., 2022). Yet, to date,
145  no global synthesis has assessed the extent or nature of these interactions, nor identified
146  the most affected taxonomic groups or ecosystems. In this context, the present review
147  aims to critically evaluate the current state of knowledge at the intersection of plastics
148  and biological invasions, identify emergent patterns, and highlight key priorities for

149  future integrated ecological research.

150
151 2. Materials and Methods
152 2.1 Bibliographical Search

153 A systematic literature search was conducted in the Scopus database to identify studies at
154  the intersection of plastic pollution and non-native species (Figure 1). The search strategy
155  was designed to capture a wide range of relevant literature using a comprehensive
156 combination of keywords related to biological invasions, plastic contaminants, and
157  specific non-native taxa of global concern. A detailed search string, encompassing all
158  taxonomic names and thematic keywords used in the systematic review, is provided in

159  the Supplementary Material (Section S1).

160  In addition to general terms related to biological invasions, we give emphasis to the 100
161  most invasive species in the world, as identified by expert-based risk assessments and

162  authoritative databases (e.g., IUCN, the European Union's list of Invasive Alien Species
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163  of Union Concern, DAISIE). Additional species were included to capture relevant
164  taxonomic and ecological diversity, with emphasis on taxa known to occur in both aquatic

165  and terrestrial environments.

166  The initial search returned 2,534 records. After removing duplicates and screening titles
167  and abstracts for relevance, followed by full-text review when necessary, a total of 146
168  articles were retained for analysis. Only articles published up to December 31, 2024, were
169  considered. The search was restricted to articles written in English, aiming to provide a
170  global overview. Articles were included if they explicitly addressed the interactions, co-

171 occurrence, or potential impacts of plastic pollution on one or more non-native species.

Systematic literature search

[“‘plastic poIIution”]

Taxa list based on risk
assessments and databases
(e.g., IUCN, DAISIE)

I
| 1
2,534 records Geperal Additional

"invasivé species”

retrieved terms species
Top 100 invasive  (Section S1)
species

/

Duplicates, tites
and abstracts
screened

146 articles — . Ug1t<23024
¢ ec

179 included

173  Figure 1. Overview of the systematic literature search and screening process. A total of

174 2,534 records were retrieved from Scopus; after screening and full-text review, 146

175  articles were included for analysis.
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176 2.2 Data Analysis

177 All data cleaning, processing, and visualization were performed using R version 4.3.1. A
178  choropleth map was generated to visualize the number of studies per continent, using the
179  sf, rnaturalearth, rnaturalearthdata, dplyr, and ggplot2 packages. The map was projected
180  using the Equal Earth projection (EPSG:8857) and color-coded by study count using a
181  continuous gradient scale. In addition, a Sankey diagram was constructed using the
182  networkD3 package to illustrate the relationships among four categorical variables:
183  Continent, Taxonomic Group, Study Type, and Plastic Type. Before building the
184  diagram, the dataset was preprocessed to filter and recode values using stringr, tidyr, and
185  dplyr. All plots were exported in HTML and PNG formats using the htmlwidgets and
186  webshot packages for outputs.

187
188 3. Results
189

190 3.1 Temporal Trends

191 The number of scientific publications addressing both plastic pollution and biological
192  invasions has increased sharply in recent years (Figure 2). Between 2000 and 2016, the
193  number of publications combining these topics remained low, indicating limited scientific
194  attention to their intersection. From 2017 onwards, there has been an apparent
195  acceleration in the number of articles published. In 2021, a noticeable decline occurred.
196  However, this slowdown was short-lived, and from 2022 onwards, the number of

197  publications increased markedly, reaching the highest levels to date.
198

199
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201  Figure 2. Number of publications produced per year on the topic of non-native species
202  and plastics according Scopus database until 2024.

203 3.2 Spatial Distribution

204  As illustrated in Figure 3, the studies included in this review were conducted across all
205  continents, but with marked geographic disparities. Scientific output is concentrated
206  primarily in North America, Europe, and Asia, with the United States, China, and Italy
207 standing out as the three countries with the highest number of publications. Other
208  countries, such as India and Brazil, also make a significant contribution to this body of
209 literature. In contrast, regions such as Africa, Southeast Asia, Central America, and

210  Eastern Europe remain underrepresented.

60°S

120°W 60°W 0 60°E 120°E

211

212 Figure 3. Geographic distribution of studies by country (n = 146).
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213 3.3 Study types and Techniques used

214  As illustrated in Figure 4a, field studies were slightly more represented than laboratory-
215  based research, followed at a considerable distance by theoretical and modelling
216  approaches. Concerning the techniques used (Figure 4b), Fourier-transform infrared
217  (FTIR) spectroscopy — particularly micro-FTIR, ATR-FTIR, and FPA-FTIR — was the
218  most frequently reported method. Microscopy was also widely applied, encompassing
219  light, fluorescence, scanning electron (SEM), and transmission electron (TEM)
220 techniques, which were grouped under the category “Microscopy” due to their shared
221 analytical functions. Other techniques appeared more sporadically, including Raman
222 spectroscopy, pyrolysis-GC/MS, differential scanning calorimetry (DSC), dynamic and
223  static light scattering (DLS/SLS), inductively coupled plasma mass spectrometry (ICP-
224  MS), energy-dispersive X-ray spectroscopy (EDX), fluorimetry, and asymmetric flow
225  field-flow fractionation (AF4).
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230  Figure 4. Most commonly used a) study types and b) analytical techniques in studies at
231 the intersection of plastic pollution and non-native species (n = 146). Techniques were
232  grouped into categories such as FTIR-based methods, microscopy (including optical,
233  fluorescence, SEM, and TEM), Raman spectroscopy, light scattering and field-flow
234  fractionation (AF4), mass spectrometry and ICP-MS, X-ray-based techniques,
235  spectrophotometry, and computational modelling.

236 3.4 Plastic Size Classes and Detection Biases

237  As illustrated in Figure 5, most studies focused on microplastics, followed by

238  macroplastics, with considerably fewer studies on nanoplastics or mesoplastics.

239  Microplastics were the most frequently addressed in the reviewed literature.
240  Macroplastics were primarily considered in studies examining physical interactions with
241  organisms, such as entanglement, habitat alteration, or rafting of marine non-native
242  species (Gonzalez-Ortegon et al., 2024; Gregory, 2009; Pawar et al., 2016; Rech et al.,
243  2018; Ryan, 2018). Nanoplastics and Mesoplastics were rarely the central focus of
244  studies.

245
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Figure 5. Distribution of plastic size classes reported in studies examining the intersection

between plastic pollution and non-native species (n = 146).
3.5 Polymer types

The most frequently studied polymers were polyethylene (PE), polystyrene (PS), and
polypropylene (PP), jointly accounting for over 70% of all polymers reported (Figure 6).
In contrast, other polymers such as polybutylene succinate, polylactic acid, phenolic

resins, and cellophane were rarely represented.
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256  Figure 6. The most common polymers identified in studies addressing the intersection
257  between plastic pollution and non-native species (n = 146 articles). All polymer types

258  cited only once were grouped under “Other.”
259 3.6 Overview of Research, Distribution, and Thematic Connections

260 To integrate the dimensions analysed in the previous sections and explore how they co-
261 occur across the literature, a thematic synthesis was developed using a Sankey diagram
262  (Figure 7). This visualisation links four key axes: continent, taxonomic group, study type,
263  and plastic type. The thickness of each flow is proportional to the number of studies
264  connecting the respective categories, providing a structural overview of dominant

265  research pathways.

266
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268  Figure 7. Sankey diagram showing the relationships between continent, invasive
269  taxonomic group, study type, and plastic type across the selected studies. The flow
270  thickness is proportional to the number of studies linking each category. Colours
271 represent the four node groups: continent (dark red), invasive taxonomic group (blue),

272 study type (green), and plastic type (orange).
273

274  Taken together, these connections illustrate not only the diversity of approaches across
275 regions and taxa but also the methodological preferences and plastic types most
276  frequently studied in each context. This structural overview provides a foundation for
277  interpreting broader patterns and identifying knowledge gaps, which are addressed in the

278  following discussion.
279 4. Discussion

280  Plastic pollution and biological invasions are among the most pressing and persistent
281  anthropogenic stressors threatening ecosystems worldwide. While both topics have been
282  extensively studied in isolation, their intersection remains surprisingly underexplored.
283  Our systematic review of 146 scientific articles reveals that research at this interface is

284  taxonomically narrow, geographically uneven, and methodologically fragmented.
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285  Nonetheless, we identify three main pathways through which plastics and non-native
286  species interact: dispersal via plastic debris, altered biotic interactions, and species-
287  specific responses to plastic exposure. These findings underscore the urgent need for
288 integrative approaches that consider how plastics may facilitate invasions, reshape
289  ecological processes, and amplify environmental risks. By illuminating overlooked
290  connections, this review highlights critical gaps and offers a roadmap for future research
291  and management strategies aimed at mitigating the compounded effects of these global
292 drivers.

293 4.1 Temporal Trends

294  Although plastic pollution and biological invasions are now recognised as major global
295  change drivers, the broader field of plastic pollution only began to expand rapidly after
296 2008, particularly in marine ecosystems, following increased awareness of microplastics
297  and their environmental impacts (Blettler et al., 2018; Law, 2017). In contrast, the field
298  of biological invasions gained prominence mainly since the 1990s (Richard et al., 2024;
299  Simberloff, 2004). Given this historical background, it is reasonable to understand that
300 only inrecent years has awareness grown regarding the potential intersection of these two
301  topics. The consistent rise in recent publications suggests that the interaction between
302 plastic pollution and biological invasions is rapidly gaining scientific traction, driven by
303 the recognition of complex ecological interactions and the urgency of understanding
304 multiple global change stressors. Although a decrease in publications during 2021,
305  probably linked to the worldwide disruption of research activities caused by the COVID-
306 19 pandemic, the post-pandemic surge may reflect both the release of delayed research

307  outputs and a renewed interest in the combined effects of these environmental threats.

308 4.2 Spatial Distribution

309 The concentration of studies in countries such as the United States, China, and Italy
310  reflects broader trends already observed in other areas of ecology and can be attributed to
311 structural factors, including access to competitive research funding, advanced laboratory
312  infrastructure, established research institutions, and integration into international
313  scientific networks (Martin et al., 2012). The availability of specialised analytical
314  equipment, such as FTIR or Raman spectroscopy, and participation in global research
315  consortia further facilitate interdisciplinary studies, advantages not equitably distributed
316 worldwide.
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317  Incountries like China, India, and Brazil, increased scientific output may stem from rapid
318 urbanisation, significant environmental pressures, and high biodiversity, which generate
319  demand for applied and locally relevant research. These efforts are supported by growing
320 investments in science and technology, and stronger international collaboration (Turbelin
321 etal., 2017).

322 By contrast, underrepresentation in regions such as Africa, Southeast Asia, Central
323  America, and Eastern Europe does not suggest a lesser relevance of plastic pollution or
324  biological invasions in these areas. Instead, it stems from structural inequalities in global
325  science, including limited funding, institutional capacity, infrastructure, and access to
326 international networks. Linguistic and editorial barriers also contribute: relevant studies
327  may be published in local languages or non-indexed journals, rendering them invisible to
328 the broader scientific community and to systematic reviews (Amano & Berdejo-Espinola,
329  2025).

330  These disparities highlight not only production gaps but also deep asymmetries in how
331  scientific knowledge is validated and valued globally. As discussed by Salager-Meyer,
332 2008 and Turba et al.,, 2025 , researchers from the Global South face systemic
333 disadvantages shaped by linguistic, financial, and institutional barriers. Dominant
334  academic models and publishing norms rooted in the Global North reinforce a partial and
335 exclusionary system of science, limiting the ecological and sociopolitical
336  representativeness of global knowledge on pressing issues such as plastic pollution and

337  biological invasions.

338 Interestingly, underrepresentation is also observed in countries with strong research
339 capacity and a long-standing tradition in invasion biology, such as Australia, New
340 Zealand, and South Africa. In these cases, the gap appears to stem more from thematic
341  focus than financial limitations. For example, in New Zealand and Australia, research and
342  policy have historically prioritized native species conservation and invasive vertebrate
343 control in terrestrial systems (Firn et al., 2015; Towns et al., 2019). Large-scale
344  programmes like Predator-Free NZ 2050 channel significant investments toward specific
345  conservation goals, but often overlook the combined effects of multiple stressors. In
346  Australia, major funding streams into the management of non-native species remain

347  decoupled mainly from research on plastic pollution (Hoffmann & Broadhurst, 2016).
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348  Overall, these geographic imbalances underscore that scientific production is influenced
349  not only by environmental urgency but also by institutional priorities, political agendas,
350 and structural inequities in knowledge production — factors that must be critically

351  considered when interpreting patterns and gaps in the literature.
352 4.3 Study types and Techniques used
353

354  Field studies are essential for in situ observation of the interactions between plastics and
355  non-native species. They have revealed diverse mechanisms such as the colonisation of
356 artificial substrates and the rafting of non-native organisms. For instance, in Brazil,
357  Tubastraea corals have been documented on floating plastic debris, highlighting plastics
358 as effective dispersal vectors (Mantelatto et al., 2020). In Northern Europe, non-native
359 barnacles were found attached to the plastic leg bands (rings) of migratory birds,
360 demonstrating how plastic items can indirectly facilitate the long-distance transport of
361  non-native species (Tattrup et al., 2010). In Swedish port areas, debris accumulation
362  supported higher richness and density of non-native species compared to adjacent litter-
363 free zones (Garcia-Vazquez et al., 2018). In terrestrial systems, species such as
364  Carpobrotus acinaciformis have been shown to trap plastic debris in coastal dunes
365  (Calderisietal., 2023), and discarded tyres have facilitated the spread of Aedes albopictus
366 by providing breeding microhabitats (Simard et al., 2005). These studies underscore the
367 value of fieldwork in identifying ecological processes relevant to plastic-mediated

368  biological invasions.

369 Laboratory experiments, meanwhile, provide controlled conditions for mechanistic
370 understanding. In agroecological simulations, Solidago canadensis and microplastics
371  together reduced root growth in rice (Oryza sativa), indicating synergistic effects (G. Li
372 etal., 2023). Likewise, Sphagneticola trilobata exhibited greater tolerance to pollutants
373 than native species, suggesting plastic-contaminated environments may confer
374  competitive advantages to particular non-native species (Javed et al., 2023). Laboratory-
375  based toxicological assays have also revealed sublethal and chronic effects: for example,
376  Corbicula fluminea in Portugal showed oxidative and histopathological changes when
377  exposed to MPs and cadmium (Parra et al., 2024), while Dreissena polymorpha in Ireland

378  suffered cellular damage under nanoplastic exposure (Reynolds et al., 2024).
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379  Theoretical and modelling studies, although underrepresented, play a crucial role in
380  conceptual synthesis and predictive capacity. In Brazil, a review by Soares et al., 2022
381 identified dozens of introduced and cryptogenic marine species associated with plastic
382  debris, reinforcing the role of plastics as long-distance dispersal mechanisms. Modelling
383  work, like that of Barry et al., 2023, used predictive simulations to trace a piece of marine
384  debris carrying non-native species from the western Atlantic to the UK coast,
385  demonstrating how computational tools can support risk assessments and management

386  strategies.

387  Overall, while empirical approaches dominate the field, the growing integration of
388  experimental, theoretical, and modelling frameworks — alongside a diverse array of
389  analytical tools — reflects an increasingly sophisticated and interdisciplinary effort to

390 understand the complex interplay between plastic pollution and biological invasions.
391

392 In relation to the techniques used, FTIR spectroscopy was the most common, widely
393  employed to confirm the identity of plastic polymers in both environmental and biological
394  matrices. Its popularity is linked to its robustness, relative affordability, and broad
395  methodological standardisation (Al Alwan et al., 2024; Képpler et al., 2016; W. Wang &
396 Wang, 2018). FTIR works by detecting changes in dipole moment, producing infrared
397  absorption spectra that are matched against reference libraries. It is most effective for
398  particles >10-20 um, depending on the analytical configuration. Variants such as ATR-
399  FTIR are commonly used for larger or irregular particles, while FPA-FTIR enables
400 automated, high-throughput analysis (Al Alwan et al., 2024). In Italy and Poland, non-
401  native crayfish Procambarus clarkii and Pacifastacus leniusculus were analysed using
402  FTIR to determine the polymer composition of ingested MPs, supporting their use as
403  bioindicators of plastic contamination in freshwater ecosystems (Dobrzycka-Krahel et al.,
404  2024; Pastorino et al., 2023). In Turkiye, Carassius gibelio was studied for its potential
405  role as a vector of MPs within freshwater food webs (Terzi, 2023).

406  Microscopy was applied in 15 of the reviewed studies, either as a standalone tool or in
407  combination with spectroscopic or physical validation methods. This category includes a
408 wide range of techniques, from basic stereomicroscopy to advanced polarised light,

409  fluorescence, and electron microscopy. In some cases, visual inspection alone was used
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410 to identify suspected plastic fibres or fragments, particularly in gastrointestinal contents.
411 Forexample, in Eriocheir sinensis from Poland and Portugal, identification was based on
412 morphology and resemblance to fishing gear (Wojcik-Fudalewska et al., 2016).
413  In other cases, microscopy was combined with chemical or physical validation. A study
414  in the Mendoza River (Argentina) used both stereomicroscopy and polarised light
415  microscopy to identify synthetic fibres in the gastrointestinal tracts of native (Hatcheria
416  macraei) and non-native freshwater fish such as Oncorhynchus mykiss and Salmo trutta.
417  Suspected particles were validated via anisotropy under polarised light or by applying the
418  “hot needle” test (Rios et al., 2022). These examples demonstrate the versatility of
419  microscopy as a cost-effective, first-pass screening method, particularly in contexts where
420  access to advanced spectroscopic tools IS limited.
421 However, the lower specificity of microscopy relative to spectroscopic methods
422  highlights the need for complementary validation steps, especially when concluding

423  polymer type or origin.

424  Raman spectroscopy, although used sporadically, played a key role in the high-
425  resolution identification of small MPs, particularly in the micro- and nano-size ranges.
426  Complementing FTIR, Raman detects changes in molecular polarizability, enabling
427  spectral fingerprinting of particles as small as <1 pm (Al Alwan et al., 2024; Ké&ppler et
428  al., 2016; W. Wang & Wang, 2018). It was used, for example, to confirm the presence of
429  plastic polymers in non-native species such as Faxonius cristavarius in the USA (Gray et
430 al., 2024), Corbicula fluminea in Argentina (Giarratano et al., 2024), Carassius gibelio
431 in Iran (Saemi-Komsari et al., 2023), and Piaractus brachypomus in India (Devi et al.,
432  2020). Despite technical constraints such as fluorescence interference, high cost, and
433  lower signal-to-noise ratios, Raman remains invaluable for analysing small or embedded

434  particles in complex biological matrices (Al Alwan et al., 2024; Kappler et al., 2016).

435  Less frequently reported approaches were grouped under broader categories in Figure 4b
436  to enhance clarity and avoid fragmentation. These included techniques such as dynamic
437  and static light scattering (DLS/SLS) and asymmetric flow field-flow fractionation
438  (AF4), which are typically employed for sizing and characterising nanoplastics in
439  aqueous samples. The category “Mass spectrometry & ICP” encompasses methods like
440  pyrolysis coupled with gas chromatography and mass spectrometry (Py-GC/MS), as well
441  asinductively coupled plasma mass spectrometry (ICP-MS), which were applied to detect

442  additives or trace elements associated with plastic particles. X-ray techniques, including
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443  energy-dispersive X-ray spectroscopy (EDX), were primarily used alongside electron
444  microscopy to determine the elemental composition of suspected plastics. Finally,
445  spectrophotometry was rarely used, but occasionally applied in the optical quantification

446  of coloured plastics or associated dyes.

447  The diversity of analytical methods identified across the reviewed studies reflects both
448  the range of research objectives and the complex ecological questions surrounding
449  plastic-biological invasions interactions. Nevertheless, the lack of methodological
450  standardisation and integration across disciplines remain a barrier, limiting the
451  comparability of results across studies and hindering the development of generalisable
452  conclusions. Addressing this limitation through more harmonised protocols and cross-
453  validation between techniques could strengthen future research efforts in this field.
454

455 4.4 Size-Based Detection Biases and Methodological Constraints

456  Microplastics were by far the most studied size class in the reviewed literature. This
457  prominence is likely due to a combination of practical factors, such as the availability of
458  validated analytical protocols (e.g., FTIR, Raman spectroscopy, stereomicroscopy), and
459  ecological relevance, as microplastics are abundant across terrestrial, freshwater, and
460  marine environments. Furthermore, their size allows for interaction with a wide range of
461  organisms, from filter-feeding invertebrates to fish and amphibians, making them an
462  accessible and versatile subject of study. However, this strong emphasis may also reflect
463  a research bias, whereby studies disproportionately focus on what is easiest to detect,
464  rather than on what may be most ecologically disruptive. As a result, the potential

465  contributions of other particle sizes to invasion dynamics may remain underexplored.

466  Nanoplastics are particularly challenging to isolate from environmental matrices and
467  require advanced instrumentation such as electron microscopy or dynamic light
468  scattering, which are not commonly accessible in ecological research settings. The lack
469  of consistent definitions for these particles further complicates their study and reporting.
470  Mesoplastics occupy an ambiguous analytical space; they are too large for most
471 microplastic characterisation workflows and too small to be the target of macroplastic
472  surveys. As a result, they remain an overlooked category, despite their potential

473  ecological relevance.
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474  These patterns underscore a clear size-based detection bias in the literature. The
475 dominance of microplastic studies reflects both practical constraints and scientific
476  priorities, but this focus may obscure the roles that other size classes play in dispersal,
477  exposure pathways, and ecological interactions involving invasive species. Expanding
478  analytical frameworks to include underrepresented size classes, especially nanoplastics
479  and mesoplastics, will be crucial for developing a more comprehensive understanding of
480  plastic-biological invasions dynamics.

481 4.5 Polymer types

482  The predominance of polyethylene (PE), polystyrene (PS), and polypropylene (PP) in the
483  reviewed studies is consistent with global trends observed across marine, freshwater,
484  and terrestrial compartments. These polymers are frequently reported in riverine waters,
485  coastal sediments, agricultural soils, sewage sludge, and biotic samples (Andrady, 2017;
486  Jones et al., 2020; C. Li et al., 2020; Lofty et al., 2023; Scherer et al., 2020; Schwarz et
487 al., 2019). Their widespread detection likely reflects broader global production and
488  consumption trends. These polymers dominate the plastic industry due to their extensive
489  use in packaging, single-use items, and other consumer products, which are particularly
490  susceptible to environmental leakage (Geyer et al., 2017). This trend aligns with global
491  and regional production data. According to the OECD, 2022, PE, PP, and PS are among
492  the most widely produced polymers worldwide, primarily used in packaging,
493  construction, and consumer products. In Europe, PE and PP together accounted for nearly
494  29% of total plastic production in 2022, while PS contributed an additional 5% (Plastics
495  Europe, 2024).

496  Comparable patterns have been observed in terrestrial systems. Field studies and recent
497  review articles confirm that PE and PP—and to a lesser extent PS—are also the most
498  prevalent polymers identified in agricultural soils, floodplain sediments, and sewage
499  sludge (Caietal., 2023; En-Nejmy et al., 2024; Kimet al., 2021; Q. Lietal., 2019; Sa’adu
500 & Farsang, 2023; Sajjad et al., 2022; L. Yang et al., 2021). Their presence is commonly
501 linked to sources such as plastic mulching films, irrigation systems, organic waste
502  applications, and atmospheric deposition. Although terrestrial matrices remain less
503 studied than aquatic ones, the available evidence strongly supports the dominance of these

504  polymers across soil environments.


https://www.zotero.org/google-docs/?UtRuXJ
https://www.zotero.org/google-docs/?UtRuXJ
https://www.zotero.org/google-docs/?UtRuXJ
https://www.zotero.org/google-docs/?6wlq1t
https://www.zotero.org/google-docs/?ePw2Yl
https://www.zotero.org/google-docs/?QZnM3q
https://www.zotero.org/google-docs/?QZnM3q
https://www.zotero.org/google-docs/?YPcnOV
https://www.zotero.org/google-docs/?YPcnOV

—ARPHAPreprints 4 thor-formatted, not peer-reviewed document posted on 14/07/2025 DOI: https://doi.org/10.3897/arphapreprints.e165040

505  As previously mentioned, a substantial number of studies included in this review were
506 based on experimental approaches, which were identified as the most frequently
507 employed study type. Many of these experiments, conducted both in the field and under
508  controlled laboratory conditions, relied on commercially available polymers selected for
509 their relevance to experimental design, such as polypropylene (PP) (the most commonly
510 used), polyethylene (PE), and polystyrene (PS). This experimental bias may partly
511  explain the recurrent detection of PE, PP, and PS across study designs, reinforcing their

512  prominence in both environmental and controlled contexts.
513 4.6 Overview of Research, Distribution, and Thematic Connections

514  Despite the apparent diversity of studies, several knowledge gaps exist. A clear taxonomic
515  bias emerges: most studies focus on a narrow range of phyla, often due to the availability
516  of standardised protocols, greater ease of sampling, or ethical considerations (i.e, few
517 studies on mammals and birds). This tendency compromises ecological
518  representativeness and limits our understanding of how functionally distinct groups may
519  respond differently to plastic exposure. At the ecosystem level, a predominance of aquatic
520 environments, particularly freshwater, is also evident, with terrestrial and marine habitats
521  remaining comparatively underexplored, despite their unique community dynamics and
522  exposure pathways. This thematic structure also reveals a degree of conceptual inertia:
523  researchers tend to rely on familiar taxa, experimental settings, and endpoints. While this
524  contributes to methodological consistency and comparability, it may also restrict
525 innovation and delay the recognition of emerging ecological questions and overlooked
526  dimensions of species—plastic interactions. In particular, the field remains strongly
527  skewed towards aquatic invertebrates, especially Mollusca and Arthropoda, with limited
528  attention given to terrestrial taxa, vertebrates, and lesser-studied phyla. This narrow focus
529  risks overlooking relevant biological responses and constrains the ecological scope of

530  current knowledge.
531 4.7 Mechanistic Insights from Case Studies

532  To illustrate the diversity of mechanisms linking plastic pollution and biological
533 invasions, we present a few selected case studies involving non-native species across
534  different ecosystems, taxa, plastic types, and experimental contexts. These examples
535 highlight how plastics can facilitate invasion processes through multiple pathways,

536 including dispersal, habitat modification, altered biotic interactions, and differential
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537  species responses to plastic exposure. Together, they emphasize the multifaceted nature
538  of plastic—invasion interactions and the importance of integrating these dynamics into

539  ecological and management frameworks.

Scenedesmus Polystyrene  Polyethylene
subspicatus (PS) (PE)

%o
@ oo
@ @ @ Biochemical and transcriptomic effects of nanoplastic trophic
\‘ transfer in Corbicula fluminea

4) This study evaluated the effects of trophic transfer of
nanoplastics in Corbicula fluminea, using microalgae
(Scenedesmus subspicatus) previously exposed to
carboxylated polystyrene (PS) nanobeads and field-derived
polyethylene (PE) nanoplastics.
Exposure induced increased oxidative stress (e.g., elevated
catalase activity), reduced clearance and burrowing capacity,
and significant downregulation of genes associated with
immunity, apoptosis, oxidative stress, and neurotoxicity.
Transcriptomic analyses revealed subtle but distinct responses
depending on nanoplastic type and concentration, underlining
the sensitivity of gene expression tools in ecotoxicological
assessments.

(Latchere et al., 2024)

540

Polystyrene

PS
Ps) Toxicological effects of polystyrene nanoplastics on

Procambarus clarkii
@ This study investigated the effects of polystyrene nanoplastics
0@

(PS-NPs) on juvenile red swamp crayfish through growth
analysis, biochemical biomarkers, histopathology, and
transcriptomic profiling.

At 10 mg/L, exposure induced oxidative stress and triggered
nonspecific antioxidant and immune responses. Higher
concentrations (20-40 mg/L) led to more severe outcomes,
including apoptosis, lipid peroxidation, immunosuppression,
and disruptions in ion transport and osmoregulation.
Transcriptomic data revealed differential gene expression
associated with oxidative stress and immune pathways,
providing new insights into nanoplastic toxicity in freshwater
crustaceans.

(L. Wang et al., 2024)

541



— ARPHA Preprints Author-formatted, not peer-reviewed document posted on 14/07/2025 DOI: https://doi.org/10.3897/arphapreprints.e165040

Polyethylane Cadrmiurm

(PE)
g @ Combined effects of polyethylene microplastics and cadmium
@ Y

on the invasiveness of Symphyetrichum subulatum

cadmium (Cd), and their combination influence the invasion
success of Symphyotrichum subulatum across native plant
communities of varying species richness (1, 2, or 4 species).
Invasion success was quantified through aboveground biomass.
Microplastics alone reduced invasion success and increased
community resistance, particularly in more diverse
assemblages. Cadmium promoted invasive growth, but this
effect was mitigated in the presence of microplastics. The
observed shifts were linked to pollutant-induced changes in
complementarity and selection effects among native species.

‘/ This study evaluated how polyethylene microplastics (150 pm),

(He et al., 2024)

542

543

Plastic substrates as dispersal vectors for Didemnum

Polyethylene Polypropylene  Polystyrene vexiflum

(PE) (PP) (PS)

This laboratory and mesocosm study assessed the
capacity of the colonial tunicate Didemnum vexillum to
colonise floating plastic substrates.

Experimental trials using high-density polyethylene,
polypropylene and polystyrene plates revealed high colony
survival and successful larval recruitment on all substrates
after six weeks. A subsequent larval settlement assay
indicated a marked preference for polyethylene and
polypropylene.

The findings highlight the potential of floating plastic
debris to act as effective dispersal vectors for sessile
invasive species, facilitating both adult rafting and larval
settlement under controlled conditions.

(Gonzalez-Ortegon et al., 2024)

544

545

546 5. Future directions



—ARPHAPreprints 4 thor-formatted, not peer-reviewed document posted on 14/07/2025 DOI: https://doi.org/10.3897/arphapreprints.e165040

547  Despite growing recognition of the potential interplay between plastic pollution and
548  biological invasions, the intersection of both fields remains in its infancy. Our review
549  reveals significant knowledge gaps that must be addressed to understand better and

550  mitigate the combined impacts of these two pervasive environmental stressors.

551  First, there is a pressing need for mechanistic studies that go beyond correlation and
552  explore the causal links between plastic pollution and the success of non-native species.
553  Plastics may act not only as vectors for dispersal by providing physical substrates for
554  rafting species, but also as novel habitats that selectively favour non-native taxa over
555  native ones. However, most rafting-related studies to date have focused exclusively on
556  marine environments, with little to no investigation into rafting in freshwater ecosystems.
557  Moreover, aerial dispersal of plastic-associated organisms, whether via birds (e.g., ringed
558  birds; (Tettrup et al., 2010)) or windborne transport of lightweight or early life-stage

559  organisms, remains virtually undocumented.

560 These overlooked pathways may play a critical role in inland and cross-ecosystem
561  biological invasions and deserve greater empirical attention due to their management
562  implications. Experimental and field-based research should quantify these dynamics
563  under realistic environmental conditions, considering factors such as substrate preference,

564  plastic degradation, and competition for space or food.

565  Second, the trophic transfer and bioaccumulation of plastics mediated by non-native
566  species remain poorly understood. Some non-native species may accumulate plastics at
567  higher rates due to their feeding strategies, trophic positions, or dominance in polluted
568  ecosystems, potentially acting as entry points for microplastics and associated
569  contaminants into food webs. Longitudinal and multi-trophic studies are essential to
570  evaluate whether non-native species serve as key vectors for the biological transfer of
571  plastics and whether they increase the risk of exposure to predators, including top

572  consumers and humans.

573  Third, future research must account for the context-dependency of plastic-biological
574  invasion interactions. The outcomes of these interactions may vary significantly
575  depending on the ecosystem type (e.g., terrestrial vs. freshwater vs. marine), the traits of
576  the non-native species involved, the composition of native communities, environmental

577  conditions, and the local intensity and type of plastic pollution. Comparative studies
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578  across biomes and geographic regions, ideally using standardised methodologies, will be

579  key to identifying general patterns or context-specific dynamics.

580  Fourth, research is needed to expand the taxonomic scope of current studies, which
581  remain overwhelmingly focused on Mollusca and Arthropoda. Underrepresented groups
582  may exhibit distinct ecological and physiological responses to plastic exposure, and

583  should be included to improve taxonomic representativeness.

584  Fifth, current methodological biases also warrant attention. The predominance of FTIR-
585  based analyses, while useful, has contributed to the underdetection of nanoplastics and
586  limited the use of advanced techniques such as Py-GC/MS, Raman spectroscopy, or AF4.
587  The broaderder adoption of high-resolution analytical tools will enhance comparability

588 and facilitate detection across different size classes.

589  Sixth, research remains largely siloed between ecotoxicology and field ecology.
590 Integrated frameworks that combine laboratory toxicological assessments with field-
591  based ecological observations will be essential to capture the full spectrum of species—
592  plastic interactions.

593  Seventh, to ensure comparability across studies, it is also crucial to develop standardised
594  metrics of invasion success and ecological impact in the context of plastic pollution. Such

595  metrics may include colonisation rates, fitness proxies, or community-level responses.

596  Eighth, the consistent presence of particular non-native species in contaminated habitats
597  suggests that they may also serve as biomonitors of plastic pollution. Their ubiquity, high
598  tolerance to environmental stress, and propensity to ingest or accumulate plastics make

599  them promising candidates for future monitoring programmes.

600  Ninth, a more equitable and globally inclusive research agenda is urgently needed.
601  Regions such as Africa, Southeast Asia, and Central America remain underrepresented in
602 the literature due to entrenched structural barriers. Strengthening international
603  collaborations, investing in local analytical capacity, and promoting open-access
604  dissemination of research outputs will be key to bridging these gaps and supporting

605 informed, locally relevant conservation actions.

606  Tenth, from a management perspective, there is a critical need to integrate plastic
607  pollution into non-native species risk assessments, as well as vice versa. Predictive

608  modelling tools that incorporate variables related to both plastic distribution and species
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609  dispersal can help identify areas of overlap and guide management priorities. With
610  advances in computational tools and the increasing application of artificial intelligence,
611  such approaches may become central to forecasting invasion pathways and assessing
612  ecological risk at a global scale. This is particularly important in ecologically sensitive
613  regions such as biodiversity hotspots, migratory corridors, and protected areas, where

614  compounding effects may be most pronounced.

615  Eleventh, policy frameworks should be updated to reflect the co-occurrence of these
616  stressors, promoting holistic, ecosystem-based management approaches. Citizen science
617  initiatives can play a crucial role in environmental education and public engagement.
618  Efforts focused on increasing awareness of non-native species and plastic pollution can
619  promote more sustainable behaviours, foster a deeper understanding of cumulative

620  ecological impacts, and support community-based conservation strategies.

621  Finally, progress in this field will depend on methodological standardisation and
622  innovation. Harmonising sampling protocols for detecting and quantifying plastics in
623  association with non-native species is essential to ensure data comparability and
624  reliability. In parallel, emerging technologies such as remote sensing, eDNA analysis,
625 machine learning, and advanced spectroscopic tools offer new opportunities for large-
626  scale, integrated monitoring of species—pollutant interactions. These innovations, if made
627  accessible across different regions and research contexts, could revolutionise the way we

628  monitor and mitigate the dual threats of plastic pollution and biological invasions.

629 By addressing these research priorities, the scientific community will be better equipped
630 to anticipate, quantify, and mitigate the cumulative impacts of plastic pollution and
631  biological invasions in a rapidly changing world. Recognising and tackling these
632 interactions is not only a scientific imperative, but also an ethical and political
633  responsibility, crucial to safeguarding ecological integrity under mounting anthropogenic

634  pressure.

635 6. Conclusion

636  This systematic review reveals that the intersection between plastic pollution and
637  biological invasions remains an underexplored yet increasingly relevant frontier in
638  research on global change. Despite the growing number of publications in recent years,
639 the literature remains taxonomically narrow, methodologically fragmented, and

640  geographically skewed. The majority of studies are concentrated in high-income regions,
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641  focus disproportionately on aquatic invertebrates (particularly mollusks and arthropods),
642  and rely heavily on microplastics and standardized ecotoxicological assays. As a result,
643  our current understanding is limited to a narrow set of species, polymers, and endpoints,

644  failing to capture the full ecological complexity of these interactions.

645  Nevertheless, our synthesis identifies three recurrent pathways through which plastics and
646  non-native species intersect: (1) as dispersal vectors via plastic debris, (2) as modulators
647  of biotic interactions, and (3) through the experimental use of non-native species in
648  ecotoxicological assays, with a focus on species-specific physiological responses and
649 plastic tolerance. These patterns suggest that the interactions between plastics and
650 biological invasions are not merely incidental but potentially systemic, with
651  consequences that ripple through ecosystems and food webs.

652  The consistent association of certain non-native species with high levels of plastic
653  ingestion or transport raises concerns about their potential role as vectors or
654  bioaccumulators of contaminants, not only plastics themselves, but also the hazardous
655  chemicals they carry.

656  Critically, this review highlights how two of the most widespread and persistent
657  anthropogenic stressors can interact in complex, and sometimes overlooked, ways. The
658 lack of integration between these fields has likely hindered the development of holistic
659  ecological models, risk assessments, and management strategies. Our findings underscore
660 the need to break down disciplinary silos and embrace a more integrative framework to
661 understand and mitigate the compounding effects of multiple stressors in a rapidly

662  changing world.

663
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