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Abstract: Microplastic pollution poses a pervasive threat to ecosystems, prompting concerns about its long-
term effects on various species across different environments. This article reviews the ecotoxicological
implications of microplastic exposure on diverse organisms, emphasizing aquatic and terrestrial ecosystems.
Microplastics, originating from sources like industrial processes and plastic waste, infiltrate environments
through water and air, affecting species via trophic transfer. In aquatic ecosystems, the impact on fish,
mollusks, and other organisms is evident through bioaccumulation and habitat disruption. Terrestrial
ecosystems experience effects on soil-dwelling organisms, with airborne transport influencing plant health and
terrestrial food webs. Species-specific responses vary, highlighting the complexity of microplastic toxicity. The
article explores the mechanisms underlying these effects, including cellular and physiological impacts, as well
as potential long-term consequences at the molecular level. Challenges in studying long-term effects are
discussed, underscoring the need for standardized methodologies and increased research efforts. Mitigation
strategies and policy implications are addressed, emphasizing the importance of proactive measures. The article
concludes with a call for continued research, awareness, and collaborative efforts to address the multifaceted
and long-term impacts of microplastic exposure on global biodiversity.
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I Introduction

Microplastics are tiny plastic particles, generally measuring less than 5 millimeters in diameter that
result from the breakdown of larger plastic items or are intentionally manufactured for use in various products.
They can be broadly categorized into primary microplastics, such as microbeads used in personal care products,
and secondary microplastics, which are generated through the weathering and fragmentation of larger plastic
debris. These minute particles have become ubiquitous in the environment, posing a significant threat to
ecosystems and species across the globe(Andrady 2011).The primary sources of microplastics are diverse.
Industrial processes, such as the abrasion of plastic materials during manufacturing, contribute to the release of
primary microplastics. Additionally, the extensive use of plastic products in daily life, ranging from packaging
materials to textiles, leads to the continuous generation of secondary microplastics as these items degrade over
time. Improper disposal and mismanagement of plastic waste, whether in landfills or through littering, further
exacerbate the issue, allowing plastics to infiltrate terrestrial and aquatic environments(Barnes 2009).The
ecotoxicology of microplastic exposure on different species has garnered increasing attention due to the
potential adverse effects on ecosystems. As these particles persist in the environment for extended periods, they
can accumulate in various habitats and organisms, leading to a range of ecological and biological consequences.
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The pathways of exposure vary, with aquatic species often ingesting microplastics directly from water, while
terrestrial organisms may encounter them through contaminated soil or air(R. C. Thompson 2009).

Growing Concern About the Ubiquity of Microplastics

Studies have demonstrated the presence of microplastics in aquatic environments, with consequential
impacts on fish, mollusks, and other aquatic organisms, disrupting ecosystems and potentially compromising
biodiversity(S. L. Wright 2017, C. M. Rochman 2016).Airborne transport of microplastics also poses threats to
terrestrial organisms, influencing soil-dwelling species and potentially affecting plant health(Zhang 2020).The
trophic transfer of microplastics through food webs further intensifies the concern, emphasizing the
interconnectedness of species and ecosystems in the face of plastic pollution(J. e. Li 2018). This growing body
of research underscores the urgent need for comprehensive ecotoxicological assessments to understand the long-
term effects of microplastic exposure on different species, informing effective mitigation strategies and policies
to safeguard environmental health.

The Need to Explore the Long-Term Effects

The extensive use and persistence of plastics in various consumer products contribute to the increasing
presence of microplastics in aquatic and terrestrial environments(Horton 2017).While short-term impacts of
microplastic exposure are well-documented, there is a pressing need to delve into the long-term effects on
various species to comprehensively understand the ecological consequences(S. L. Wright 2017).Studies have
demonstrated the adverse effects of microplastics on aquatic organisms, including fish, mollusks, and
plankton(S. L. Wright 2013). However, a comprehensive understanding of the long-term consequences,
especially considering potential trophic transfer and inter-species variability, remains an essential gap in
ecotoxicological research(Nel 2020).Challenges in studying long-term effects include the complexity of
environmental interactions, variability in species responses, and the need for standardized methodologies(A. A.
Koelmans 2017). Addressing these challenges is crucial for advancing our understanding of the ecotoxicological
impacts of microplastics. Future research should focus on unraveling species-specific responses, elucidating
mechanisms of toxicity, and assessing cumulative effects on ecosystems in the face of escalating microplastic
pollution, prioritizing long-term studies is imperative to inform effective mitigation strategies and safeguard
biodiversity and ecosystem health in the Anthropocene(C. M. Rochman 2016, S. L. Wright 2017).

Types and Sources of Microplastics

Primary Microplastics (Microbeads and beyond): It is intentionally manufactured small plastic particles,
often added to personal care and cosmetic products. One prominent example is microbeads, tiny spheres used
for their abrasive or exfoliating properties in products like facial cleansers and toothpaste. Despite their small
size, these microbeads contribute substantially to plastic pollution due to their widespread use(Gouin T
2011).Microbeads are composed of various polymers such as polyethylene and polypropylene, and their small
size allows them to easily enter wastewater systems. Traditional wastewater treatment facilities struggle to
capture these particles effectively, leading to their release into aquatic environments. Once in water bodies,
primary microplastics can directly impact aquatic organisms through ingestion, leading to bioaccumulation in
various trophic levels(Napper IE 2016).

Secondary Microplastics: (The Consequence of Breakdown):Itresult from the fragmentation and degradation
of larger plastic items in the environment. Over time, weathering, UV radiation, and mechanical forces break
down macroplastics into smaller particles. These secondary microplastics exhibit diverse shapes and sizes,
including fragments, fibers, and films. The breakdown of larger plastic items is a continuous process influenced
by environmental conditions, resulting in the constant generation of secondary microplastics. These particles can
persist in ecosystems for extended periods, exacerbating their potential impact on species. In aquatic
environments, secondary microplastics are particularly concerning as they may resemble natural prey items for
various marine organisms, leading to unintended ingestion(Ziajahromi S 2017).

Ecotoxicological Implications for Different Species

Both primary and secondary microplastics have profound ecotoxicological implications for various species
across ecosystems. In aquatic environments, fish, mollusks, and planktonic organisms are susceptible to the
ingestion of microplastics, leading to adverse effects on their health and potentially affecting entire food webs.
The long-term consequences of bioaccumulation and biomagnification require comprehensive study to
understand the ecological ramifications(Rochman CM 2019).1n terrestrial ecosystems, soil-dwelling organisms
face challenges associated with microplastic pollution. The airborne transport of microplastics may affect
insects, plants, and other organisms, influencing soil health and nutrient cycling(Huerta Lwanga E 2016).

Sources Of Microplastics
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The primary sources of microplastics include industrial processes, personal care products, and the
mismanagement of plastic waste.Industrial activities contribute substantially to microplastic pollution. Processes
like plastic production, manufacturing, and recycling generate microplastic particles through the fragmentation
of larger plastic items. These particles are released into the environment through air and water discharges,
becoming a potential source of exposure for aquatic and terrestrial organisms(R. C. Thompson
2009).Microbeads, small plastic particles commonly found in personal care products such as exfoliating scrubs
and toothpaste, are another significant source. These microbeads, typically made of polyethylene or
polypropylene, are designed to be washed down drains. However, wastewater treatment facilities often fail to
capture them, allowing microplastics to enter water bodies and adversely impact aquatic life(Eriksen
2014).Improper disposal and mismanagement of plastic waste contribute significantly to the proliferation of
microplastics. Plastics break down over time into smaller particles due to exposure to environmental factors like
sunlight and mechanical forces. These microplastics can then contaminate soil, water, and air, leading to
widespread exposure across ecosystems(Geyer 2017).These sources of microplastics have profound
ecotoxicological implications. Studies have shown that exposure to microplastics can lead to adverse effects on
various species, including fish, invertebrates, and even terrestrial organisms. The ingestion of microplastics can
cause physical harm, disrupt feeding behavior, and potentially lead to the bioaccumulation of toxic substances
associated with the plastics(S. L. Wright 2017).

Sources of Contamination of Microplastics in Daily Life
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Graph. 1: The graph illustrating 10 sources of contamination of microplastics in daily life, along with their
estimated contributions(J. e. Smith 2023).

Routes of Exposure

Waterborne Exposure on Aquatic Species

It’s a primary route through which these minute particles infiltrate ecosystems, leading to a cascade of
ecological consequences. A plethora of studies has demonstrated the detrimental effects of microplastic
exposure on various aquatic organisms. For instance, fish, a keystone species in aquatic ecosystems, often ingest
microplastics either directly or through the consumption of contaminated prey. The consequences of this
ingestion are profound, ranging from internal injuries to alterations in feeding behavior and reproductive
success(S. L. Wright 2017, C. M. Rochman 2016).Additionally, microplastics can accumulate in the tissues of
mollusks and crustaceans, affecting their physiology and potentially entering the human food chain through
seafood consumption(J. e. Li 2018). The impact of waterborne microplastics extends beyond individual species
to disrupt entire aquatic habitats. Accumulation of microplastics in sediments can alter nutrient cycling and
microbial communities, affecting the overall health of ecosystems(Ziajahromi S 2017).Moreover, the presence
of microplastics in water bodies can lead to the transport of toxic chemicals adsorbed onto their surfaces, further
amplifying the ecotoxicological risks to aquatic species(Galloway 2017).Understanding the mechanisms
underlying the toxicity of waterborne microplastics is crucial in assessing and mitigating their impact on aquatic
life. Studies have highlighted the role of physical damage caused by microplastics, as well as the potential
leaching of additives and adsorbed pollutants, contributing to the overall toxicity(Liu 2019).Furthermore, the
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ingestion of microplastics has been linked to oxidative stress and inflammatory responses in exposed organisms,
indicating complex physiological responses to chronic exposure(Wu 2019).Challenges persist in quantifying the
long-term effects of waterborne microplastics due to the dynamic nature of aquatic ecosystems and the
variability in species responses. Standardized methodologies and interdisciplinary research collaborations are
imperative to enhance our understanding of the ecotoxicological implications of microplastics in water
environments. Regulatory frameworks and policies must also evolve to address the unique challenges posed by
microplastic pollution in aquatic ecosystems, ensuring the preservation of biodiversity and the sustainable
functioning of aquatic habitats.

Aquatic Species Impact by Microplastic Type
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Graph 2. Plankton exhibit the highest vulnerability to microplastic exposure, which is alarming since they form

the foundation of aquatic food chains. Crustaceans and fish (trout) also face high impact severity, indicating

microplastic threats extend across multiple trophic levels in aquatic environments(Gall 2015).

Airborne Exposure on Terrestrial Organisms

The sources of airborne microplastics are diverse, encompassing both primary microplastics, such as
microfibers released during the washing of synthetic textiles, and secondary microplastics generated through the
fragmentation of larger plastic items. Atmospheric transport then disperses these particles over large distances,
leading to widespread contamination of terrestrial environments(M. M. Bergmann 2019, S. L. Wright 2017).
Terrestrial organisms face direct and indirect exposure to airborne microplastics. Studies have demonstrated that
microplastics can accumulate in soils, where they may directly impact soil-dwelling organisms, including
microorganisms, invertebrates, and plants(Nizzetto 2016). Moreover, the airborne nature of microplastics
facilitates their deposition on vegetation surfaces, potentially leading to ingestion by herbivores and,
consequently, entering terrestrial food webs(Wu 2019). The potential effects of airborne microplastics on
terrestrial organisms are diverse and encompass physiological, behavioral, and ecological dimensions. Research
indicates that microplastic exposure can induce oxidative stress, inflammation, and other physiological
responses in plants and animals(D. C. Zhu 2018, Huerta Lwanga E 2016).Moreover, the presence of
microplastics in soil has been linked to alterations in soil microbial communities, potentially affecting nutrient
cycling and overall ecosystem functioning(Zhao 2016).At the behavioral level, studies suggest that exposure to
airborne microplastics can alter the feeding and foraging behaviors of terrestrial organisms, potentially
influencing their reproductive success and population dynamics(Kessler 2020). Additionally, the potential for
trophic transfer of microplastics through terrestrial food webs raises concerns about the broader ecological
consequences for higher trophic levels, including mammals and birds(Gall 2015).
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Terrestrial Species Impact by Microplastic Type
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Graph 3. Microplastic pollution significantly affects terrestrial organisms, with soil microorganisms showing
the highest impact severity, followed closely by deer. This suggests that both macro- and micro-fauna are at
risk, potentially disrupting entire soil food webs and terrestrial ecosystems(Selonen 2020).

The Role of Trophic Transfer in Spreading Microplastics

In aquatic environments, where microplastics are frequently introduced, the phenomenon of trophic
transfer is well-documented. Microplastics, originating from various sources such as fragmented larger plastic
items, microbeads, and industrial discharges, find their way into water bodies. Primary consumers, including
zooplankton and small fish, inadvertently ingest these particles while filter-feeding or grazing on contaminated
surfaces(Cole 2013). As these primary consumers are consumed by higher trophic level organisms, the
microplastics move up the food chain through trophic transfer. Predatory fish, marine mammals, and seabirds,
which prey on contaminated organisms, experience the accumulation of microplastics in their tissues(S. L.
Wright 2017).The trophic transfer of microplastics in aquatic ecosystems thus extends their reach to species
critical for ecosystem structure and function.In terrestrial ecosystems, airborne microplastics can settle on plants
and soil. Invertebrates that feed on these contaminated surfaces, such as soil-dwelling insects, can become
carriers of microplastics. Birds and mammals, which feed on these invertebrates, subsequently introduce
microplastics into terrestrial food webs(Ziajahromi S 2017). The implications of trophic transfer in the context
of long-term effects on different species are substantial. Microplastics can persist in the environment for
extended periods, posing chronic exposure risks to organisms at higher trophic levels. Studies have shown that
microplastics can disrupt reproductive processes, induce inflammatory responses, and even alter behavior in
exposed organisms.(S. L. Wright 2017, C. M. Rochman 2013). Understanding the dynamics of trophic transfer
is essential for predicting the potential impacts of microplastic exposure on different species. It highlights the
interconnectedness of ecosystems and emphasizes the need for a holistic approach to ecotoxicological
studies(Rehse 2018).

Impact on Aquatic Ecosystems

Fish: Numerous studies have investigated the impact of microplastics on fish, revealing both immediate and
long-term effects. It is found that microplastics, when ingested by fish, can lead to physical harm, including
tissue damage and gastrointestinal blockages(M. L. Smith 2018). Additionally, microplastics act as carriers for
other contaminants, compounding the toxic burden on fish(S. L. Wright 2017). The long-term implications
include altered feeding behaviors, reproductive disruptions, and compromised immune systems(Wu 2019).
These findings underscore the need for a comprehensive understanding of the cascading effects of microplastic
exposure on fish populations within aquatic ecosystems.

Mollusks: Itas bivalves and gastropods, play crucial roles in marine ecosystems, making them key subjects for
ecotoxicological studies. It has been demonstrated that the filter-feeding behavior of bivalves exposes them to
high concentrations of microplastics(J. Z. Li 2020). The accumulated microplastics not only hinder feeding
efficiency but also trigger inflammatory responses, affecting overall health and reproductive success. The
longevity and slow growth of mollusks amplify the long-term consequences of microplastic exposure,
potentially influencing population dynamics and ecosystem stability.
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Other Aquatic Organisms: Beyond fish and mollusks, various aquatic organisms exhibit diverse responses to
microplastic exposure. Studies have highlighted the effects on zooplankton and invertebrates, respectively(Jin
2018, C. G. Avio 2017). Microplastics can disrupt the swimming behavior and reproductive success of
zooplankton, key components of aquatic food webs(Jin 2018).Invertebrates, such as insects and crustaceans,
may experience altered growth patterns and developmental abnormalities due to microplastic exposure(C. G.
Avio 2017). The cumulative impact on these diverse species emphasizes the intricate nature of ecotoxicological
interactions within aquatic environments.

Mechanisms of Toxicity: Understanding the mechanisms through which microplastics exert toxicity is crucial
for predicting long-term effects. It is elucidated that the biochemical and physiological responses in aquatic
organisms exposed to microplastics, highlighting oxidative stress and inflammation as key mechanisms(Auta
2020). The interactions between microplastics and organisms at the cellular and molecular levels underscore the
complexity of the ecotoxicological processes involved(Auta 2020, S. L. Wright 2017).

Bioaccumulation And Biomagnification

It a critical process in the ecotoxicology of microplastic exposure within aquatic ecosystems, presenting
intricate challenges for various species. Bioaccumulation refers to the gradual buildup of microplastics within an
organism over time, primarily occurring through ingestion and limited excretion capabilities. Studies have
demonstrated the pervasive presence of microplastics in aquatic organisms such as fish, mollusks, and
crustaceans, illustrating the bioaccumulative nature of these particles(M. A. Browne 2008, C. M. Rochman
2013). Furthermore, biomagnification intensifies the ecological impact of microplastics as they progress up the
food chain. Predators at higher trophic levels consume prey with accumulated microplastics, leading to an
escalation of concentrations in their tissues. This phenomenon has been observed in marine ecosystems, with top
predators exhibiting elevated levels of microplastics compared to their prey(A. L. Lusher 2013, Tanaka 2015).
Biomagnification poses heightened risks for species at the pinnacle of aquatic food webs, including marine
mammals and birds, as they face not only direct exposure but also increased concentrations due to trophic
transfer. The consequences of bioaccumulation and biomagnification are multifaceted, impacting the health and
functioning of aquatic ecosystems. Accumulated microplastics can induce physiological stress, disrupt
reproductive processes, and lead to alterations in behavior among exposed species(S. L. Wright 2017, C. G.
Avio 2017).Moreover, the transfer of microplastics through the food chain raises concerns about potential
human health risks, as seafood is a primary source of nutrition for many populations(C. M. Rochman 2015).

Disruption Of Aquatic Habitats and Ecosystems

Numerous studies have highlighted the detrimental consequences of microplastic exposure on aquatic
habitats. Microplastics, often measuring less than 5 millimeters, can accumulate in sediments, altering the
physical and chemical properties of the aquatic environment. This alteration can impede the natural behaviors
and functions of benthic organisms, such as bottom-dwelling invertebrates and microorganisms, disrupting the
intricate web of life within these habitats(E. Q. Besseling 2017).Furthermore, the buoyancy of certain
microplastics enables their transport across different water layers, affecting pelagic species inhabiting the water
column. The ingestion of microplastics by fish, mollusks, and other aquatic organisms is well-documented,
leading to bioaccumulation within tissues and organs. This bioaccumulation has cascading effects on higher
trophic levels, impacting predators and, ultimately, the entire aquatic food web(A. L.-H. Lusher 2017).The
disruption of aquatic habitats extends beyond direct physical effects. Microplastics can serve as carriers for toxic
substances, acting as vectors for pollutants to enter organisms upon ingestion. This introduces an additional
layer of ecotoxicological concern, as the chemicals associated with microplastics can exert their own adverse
effects on aquatic life(Collard 2019).

Terrestrial Effects and Beyond

Effects on Soil-Dwelling Organisms

Recent studies have shed light on the diverse effects of microplastic exposure on soil-dwelling
organisms, including earthworms, nematodes, and microorganisms. For instance, research demonstrated that
microplastics in soil can alter the behavior and feeding rates of earthworms, potentially influencing nutrient
cycling and soil structure(Huerta Lwanga E 2016). Furthermore, a study highlighted that microplastics can serve
as vectors for other pollutants, exacerbating the toxicological burden on soil organisms(McCormick 2014).The
impact on microbial communities is also a significant concern. It is found that microplastic exposure altered the
composition and diversity of soil bacteria, potentially disrupting essential ecological processes such as nutrient
cycling and organic matter decomposition. These findings underscore the intricate web of interactions within the
soil ecosystem and the potential for cascading effects on higher trophic levels(D. C. Zhu 2020).Soil-dwelling
organisms play crucial roles in ecosystem functioning, influencing nutrient availability, plant growth, and
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overall soil health. Therefore, disruptions caused by microplastic exposure in the soil may have broader
consequences for terrestrial ecosystems(De Souza Machado 2018).Understanding the effects of microplastics on
soil-dwelling organisms is essential for a comprehensive grasp of the ecotoxicological impact across different
species and ecosystems. As research continues to unravel the complexities of microplastic interactions in soil, it
becomes increasingly clear that addressing this issue requires a holistic approach, considering both direct and
indirect effects on the multitude of species that inhabit and depend on these environments(Nizzetto 2016).

Airborne Transport and Deposition

Airborne microplastics originate from diverse sources such as vehicle tire wear, industrial processes,
and the breakdown of larger plastic debris(S. L. Wright 2017). Once released into the atmosphere, these
particles can travel over long distances, carried by wind currents. Atmospheric deposition is a crucial pathway
through which microplastics settle onto terrestrial surfaces, including soil and vegetation(Dris 2015).Terrestrial
ecosystems are not immune to the pervasive influence of airborne microplastics(Huerta Lwanga E 2016). Upon
deposition, these particles can alter soil composition, affecting nutrient cycling and microbial communities.
Moreover, microplastics on vegetation surfaces can be ingested by herbivores during grazing, introducing these
pollutants into terrestrial food webs(Dehghani 2017).Different species within terrestrial ecosystems exhibit
variable responses to microplastic exposure. Soil-dwelling organisms, such as earthworms, may experience
physiological changes and altered behavior(Rillig 2018). Herbivores and omnivores, on the other hand, may
suffer from ingestion-related issues, impacting their overall health and reproductive success(M. A. Browne
2008).

Plant Health and Terrestrial Food Webs

Microplastics released into the atmosphere can settle on soil surfaces, affecting soil-dwelling organisms
and, subsequently, plant health. Recent studies have highlighted the potential for microplastics to disrupt soil
structure and nutrient cycling, influencing the availability of essential elements for plant growth(Wu 2019, J. Z.
Li 2020). The long-term consequences of altered soil conditions on plant communities and overall ecosystem
stability remain areas of active research. In addition to direct effects on soil, microplastics can also impact plant
health through interactions with plant roots. A Research demonstrated that microplastic particles can adhere to
root surfaces, affecting root morphology and nutrient uptake(Hu 2019). These alterations in root structure and
function may have cascading effects on plant growth, reproduction, and overall fitness. Furthermore, the
potential for microplastics to transfer from roots to above-ground plant tissues raise concerns about their entry
into the terrestrial food web. The entry of microplastics into the terrestrial food web is a complex process
involving multiple trophic levels. Insects and other arthropods, crucial components of terrestrial ecosystems,
may inadvertently ingest microplastics while foraging for food or building nests. Studies have documented the
presence of microplastics in the digestive tracts of various terrestrial invertebrates(Jemec 2016, Ziajahromi S
2017). This ingestion can have cascading effects on higher trophic levels, as predators feeding on contaminated
prey may accumulate microplastics in their tissues. The potential consequences for terrestrial predators, such as
birds and mammals, are an emerging area of concern. Research demonstrated that microplastics can accumulate
in the tissues of earthworms, a key prey item for many vertebrates. The transfer of microplastics through the
food web to higher trophic levels raises questions about the broader ecological implications for predator
populations, including potential effects on reproduction, behavior, and population dynamics(Mattsson
2017).While the study of microplastics in terrestrial ecosystems is still in its infancy compared to aquatic
ecosystems, the available evidence suggests that microplastic exposure can have far-reaching consequences for
plant health and terrestrial food webs(Hu 2019). The interconnectedness of different species within ecosystems
highlights the need for a holistic understanding of the ecotoxicological impacts of microplastics.

Species-Specific Responses

Varied Responses Among Different Species

Aquatic Organisms: Aquatic ecosystems bear a significant brunt of microplastic contamination. Studies have
shown that fish, for instance, may exhibit varied responses to microplastic exposure. In some cases, the
ingestion of microplastics has been linked to negative impacts on feeding behavior, growth, and reproduction(s.
L. Wright 2017). Additionally, the accumulation of microplastics in the tissues of aquatic organisms may lead to
bioaccumulation and biomagnification, potentially affecting higher trophic levels within aquatic food webs(S. L.
Wright 2013). Conversely, certain species of zooplankton may display adaptive behaviors in response to
microplastic exposure. A study demonstrated that some zooplankton species can select against microplastics,
actively avoiding ingestion. Such species-specific responses highlight the complexity of interactions within
aquatic environments.
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Terrestrial Organisms:The impacts of microplastic exposure extend beyond aquatic ecosystems to terrestrial
environments. Soil-dwelling organisms, including earthworms and soil-dwelling insects, may interact with
microplastics present in the soil. Studies, such as those have shown in investigation that earthworms exposed to
microplastics may experience alterations in feeding behavior and reproduction. The effects on soil-dwelling
organisms are crucial, as they play essential roles in nutrient cycling and soil health(Huerta Lwanga E
2016).Airborne transport of microplastics has also been implicated in affecting terrestrial ecosystems. Birds, for
instance, may inadvertently ingest airborne microplastics while foraging. However, the responses of bird species
to microplastic exposure can vary. It is found that seabirds exhibited species-specific differences in the ingestion
and egestion of microplastics, emphasizing the need for a nuanced understanding of interspecies
variability(Provencher 2019).

Species-Specific Responses: The varied responses among different species to microplastic exposure are not only
evident across ecosystems but also within taxonomic groups. In a study focusing on microplastic ingestion by
marine invertebrates, scientist has demonstrated species-specific differences in the ability to excrete ingested
microplastics(Nel 2020). The researchers found that different species of crustaceans and mollusks exhibited
varying capacities for expelling microplastics, underscoring the importance of considering individual species
traits in ecotoxicological assessments.

Mechanisms of Toxicity:The mechanisms through which microplastics exert toxicity further contribute to the
varied responses observed. Physical effects, such as blockage of digestive tracts and interference with feeding,
may impact species differently based on their anatomical and physiological characteristics(S. L. Wright 2017).
Additionally, the leaching of chemical additives from microplastics may introduce another layer of variability in
toxicity responses among species(C. M. Rochman 2013).

Case Studies on Specific Organisms

Microplastic pollution is a pervasive environmental issue with far-reaching consequences for various species
across ecosystems. Understanding the nuanced impact on specific organisms is crucial for comprehending the
ecotoxicological implications. Here, we delve into case studies that highlight both positive and negative effects
of microplastic exposure on different species.

Positive Effects: (Microbial Decomposers)Microplastic exposure was found to enhance the activity of
microbial decomposers in aquatic environments. The increased surface area provided by microplastics served as
a substrate for microbial colonization, accelerating the breakdown of organic matter. While this may appear
positive in terms of waste degradation, the long-term consequences of altered microbial activity warrant further
investigation(Dang 2016).Certain invertebrates, such as amphipods, exhibited positive responses to microplastic
exposure. Researcher reported that amphipods in polar regions used microplastics as habitat and displayed
increased abundance in areas with higher plastic concentrations. However, the broader ecological implications
of this phenomenon, including potential effects on predator-prey dynamics, remain complex(M. W. Bergmann
2017).

Negative Effects (Fish and Reproductive Impacts): A comprehensive study is documented negative effects of
microplastics on fish reproductive success. Zebrafish exposed to environmentally relevant concentrations of
microplastics experienced impaired reproductive performance, with reduced egg production and hatching
success(Ogonowski 2016).These findings underscore the potential threat of microplastics to fish populations and
raise concerns about the sustainability of affected ecosystems

Avian Species and Ingestion: Albatrosses, iconic seabirds, face detrimental effects from ingesting
microplastics. A study was documented the ingestion of plastic debris by albatross chicks, leading to physical
harm, reduced body condition, and even mortality(Ryan 2009). The case of albatrosses highlights the severe
consequences of microplastic exposure on charismatic avian species and underscores the need for conservation
measures.

Ambiguous Effects (Terrestrial Plants): While much attention has been given to aquatic ecosystems, the
effects of microplastic exposure on terrestrial plants are less clear. In A study it is found that microplastics can
influence seed germination and root development in certain plant species(Huerta Lwanga 2017). However, the
long-term ecological consequences and potential cascading effects within terrestrial ecosystems remain
uncertain.

Filter-Feeding Mollusks: Filter-feeding mollusks, such as mussels, have been studied extensively in the
context of microplastic exposure. Negative effects observed on the feeding and filtration rates of mussels
exposed to microplastics(J. e. Li 2018). This raises concerns about the potential disruption of nutrient cycling in
affected aquatic habitats, but the broader ecological ramifications necessitate further investigation.
Consideration Of Adaptive Responses

Several studies highlight the capacity of some organisms to develop adaptive responses to chronic exposure to
microplastics. For instance, research on certain aquatic species, such as mussels and plankton, suggests that they
can exhibit behavioral changes or develop physiological mechanisms to mitigate the impact of microplastic
exposure. These adaptations may include altered feeding strategies, changes in movement patterns, or enhanced
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detoxification processes(E. W. Besseling 2017). Such adaptations might enable these species to persist in
environments with elevated microplastic concentrations. In addition to behavioral and physiological adaptations,
there is evidence suggesting that some organisms may undergo genetic and epigenetic changes in response to
microplastic exposure. These changes, occurring over multiple generations, have the potential to drive
evolutionary shifts in populations. A study demonstrated that Daphnia magna exposed to microplastics exhibited
changes in gene expression patterns, indicating a potential for evolutionary adaptation(Su 2019). However, the
long-term implications of these genetic changes for population dynamics and ecosystem functioning remain
areas of active investigation. While adaptive responses are intriguing, it is essential to recognize that not all
species may possess the capacity to adapt to chronic exposure to microplastics. Some organisms may face
population declines, reduce reproductive success, or alter community dynamics due to the persistent presence of
microplastics(S. L. Wright 2017). The selective pressures exerted by microplastic pollution could influence the
composition and structure of ecological communities, with cascading effects on entire ecosystems.The
consideration of adaptive responses and long-term evolutionary impacts also raises questions about the potential
for microplastic-induced evolution to occur at an accelerated pace. Evolutionary processes that typically unfold
over extended periods might be accelerated due to the intense and widespread nature of microplastic pollution.
Understanding the rate at which species can adapt or evolve in response to microplastic exposure is crucial for
predicting the resilience of ecosystems in the face of this emerging environmental stressor.

Ecological Consequences

Evaluation Of Exposure and Population Dynamics

Studies have shown that microplastics can disrupt reproductive processes, leading to altered
reproductive success and survival rates among exposed populations. For instance, research on aquatic
organisms, such as fish and invertebrates, has demonstrated adverse effects on reproduction, with evidence of
decreased fertility, hatching success, and larval survival linked to microplastic exposure(M. A. Browne 2008, C.
G. Avio 2015).Moreover, the ingestion of microplastics by organisms at lower trophic levels can result in
bioaccumulation and biomagnification, potentially impacting higher trophic levels. This bioaccumulation
process can lead to increased concentrations of microplastics in predators, affecting their health and
reproductive capabilities. Such trophic transfer dynamics have been observed in marine ecosystems, where
predators, such as birds and marine mammals, accumulate microplastics through their prey(A. L.-H. Lusher
2017).

The alteration of population dynamics extends beyond direct physiological effects, affecting species
interactions and community structure. Changes in the abundance of key species due to microplastic exposure
can disrupt ecological balance and lead to cascading effects throughout the food web(S. L. Wright
2013).Additionally, competition among species for resources may be influenced by the differential impacts of
microplastics, further shaping community dynamics(S. L. Wright 2013). Understanding the intricate ways in
which microplastic exposure influences population dynamics is essential for predicting and mitigating the long-
term ecological consequences of plastic pollution.

Shifts In Community Structure and Biodiversity

Numerous studies have highlighted the diverse and often deleterious impacts of microplastics on various
species across different trophic levels. These impacts can reverberate through ecosystems, influencing
community dynamics and overall biodiversity. In aquatic ecosystems, microplastics have been shown to alter
the behavior, physiology, and reproductive success of fish, mollusks, and other aquatic organisms(C. M.
Rochman 2016, S. L. Wright 2017).The ingestion of microplastics by these organisms can disrupt their feeding
habits and energy balance, affecting individual fitness and, consequently, population dynamics. Furthermore, the
potential for bioaccumulation and biomagnification of microplastics in aquatic food webs may exacerbate these
effects, leading to cascading impacts on entire ecosystems(Lambert 2016). Terrestrial ecosystems are not
immune to the ecological consequences of microplastic exposure. Research suggests that microplastics can
influence soil-dwelling organisms, including earthworms and microorganisms, with potential ramifications for
nutrient cycling and plant health(De Souza Machado 2018, Huerta Lwanga E 2016). Airborne transport of
microplastics may further extend their reach, affecting a wide array of terrestrial species and ecosystems(Wu
2019).These documented effects on individual species underscore the potential for shifts in community structure
and biodiversity at large. The disruption of key species within ecosystems can lead to imbalances, potentially
favoring some species over others and altering the composition and function of entire communities(Khan
2020).Such shifts can have cascading effects on ecosystem services, affecting processes such as pollination,
nutrient cycling, and water purification.
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Consideration Of the Ecological Consequences

Microplastics, pervasive in aquatic environments, can alter the structure and function of aquatic
ecosystems. Studies demonstrate how microplastics can accumulate in sediments, affecting benthic communities
and disrupting nutrient cycling(M. A. Browne 2008, S. L. Wright 2017). The ingestion of microplastics by
filter-feeding organisms and subsequent transfer through the food web can lead to cascading effects on higher
trophic levels(Galloway 2017).1In terrestrial ecosystems, the effects of microplastic exposure are less understood
but equally concerning. A Research highlights the potential impact of microplastics on soil-dwelling organisms,
influencing nutrient cycling and soil health(Huerta Lwanga E 2016). Airborne transport of microplastics further
raises concerns about their deposition on land, potentially affecting plant growth and terrestrial food
webs(Nizzetto 2016).At the ecosystem level, microplastics may contribute to shifts in community dynamics and
biodiversity. The alteration of species composition and abundance can have cascading effects on ecosystem
services, such as pollination and decomposition(Ziajahromi S 2017).Moreover, the persistence of microplastics
in the environment may lead to long-term ecological consequences, impacting the resilience of ecosystems to
other stressors, including climate change(Ziajahromi 2019).Understanding and mitigating the broader ecological
consequences of microplastic exposure require a holistic approach. Integrated research frameworks,
incorporating community ecology, ecosystem dynamics, and functional ecology, are essential(S. L. Wright
2017).Furthermore, policy measures and management strategies should consider the ecosystem-level impacts of
microplastics to ensure the preservation of ecological integrity.

Mechanisms of Toxicity

Physical Mechanisms:Small-sized microplastics are often ingested by aquatic and terrestrial organisms, leading
to blockage of digestive tracts and hindrance in nutrient absorption. This can result in malnutrition, altered
energy balance, and compromised physiological functions(S. L. Wright 2017). Larger microplastics can cause
physical harm by puncturing cell membranes or tissues, impacting the overall health of organisms. For example,
in aquatic species, abrasions and lesions have been observed, affecting the fitness of individuals(S. L. Wright
2017, M. A. Browne 2011).

Chemical Mechanisms:Microplastics often contain additives such as plasticizers and flame retardants. These
additives can leach into the surrounding environment, leading to chemical exposure for organisms. The potential
endocrine-disrupting effects of these additives pose risks to reproductive and developmental processes(Lithner
2011).Microplastics can adsorb and accumulate environmental pollutants from surrounding water or sediment.
When ingested, these pollutant-loaded microplastics can introduce toxic substances into the organisms, causing
systemic effects and bioaccumulation within food webs(C. M. Rochman 2013).The physical and chemical
interactions can have cascading impacts on individual fitness, population dynamics, and ecosystem health,
highlighting the need for comprehensive research and effective management strategies in ecotoxicology.
Cellular And Physiological Impacts

Studies have shown that microplastics can induce oxidative stress in cells, leading to an imbalance between
reactive oxygen species (ROS) production and antioxidant defenses(S. L. Wright 2019, J. Z. Li 2020). This
oxidative stress can result in cellular damage, affecting vital structures such as membranes, proteins, and DNA.
Additionally, microplastics have been linked to inflammation responses at the cellular level, triggering immune
reactions in organisms exposed to these synthetic particles(Banaee 2019).Physiologically, the endocrine-
disrupting potential of microplastics is a growing area of concern. Microplastics can interfere with hormonal
signaling pathways, impacting reproductive and developmental processes in exposed species(Wang 2021). For
example, studies on fish have demonstrated disruptions in the endocrine system, leading to altered reproductive
behaviors and compromised reproductive success(Karami 2017). Furthermore, the physical presence of
microplastics can obstruct the digestive systems of various species, causing internal injuries and impairing
nutrient absorption(Cole 2013). This can lead to malnutrition, reduced growth rates, and ultimately affect the
overall fitness and survival of the organisms. The cumulative cellular and physiological effects of microplastic
exposure pose significant challenges for the health and sustainability of ecosystems. As research in this field
progresses, understanding these impacts becomes crucial for developing effective mitigation strategies and
informed environmental policies to safeguard biodiversity and ecosystem functioning.

Long-Term Consequences at The Molecular Level

A Research demonstrated that microplastic particles, particularly nanoplastics, can penetrate cell membranes,
leading to cellular stress and dysfunction(S. L. Wright 2013). This penetration triggers inflammatory responses,
oxidative stress, and disruptions in cellular homeostasis(Zhang 2020). Additionally, microplastics can adsorb
and transport environmental pollutants, compounding the toxicological effects on organisms at the molecular
level(C. M. Rochman 2013).Genetic and epigenetic consequences of microplastic exposure have been a focus of
recent studies. Analysis of zebrafish exposed to microplastics revealed alterations in the expression of genes
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associated with immune responses, metabolism, and developmental pathways(Zhang 2020). Moreover,
epigenetic modifications, such as DNA methylation changes, were observed, suggesting a potential for
transgenerational effects(Liu 2019). Long-term exposure to microplastics can also induce alterations in
reproductive processes at the molecular level. Studies on aquatic invertebrates exposed to microplastics
demonstrated disruptions in reproductive endocrine signaling pathways, impacting fertility and reproductive
success(Banaee M 2020). The molecular consequences of microplastic exposure extend beyond individual
organisms, influencing entire ecosystems. The disruption of molecular processes in keystone species can have
cascading effects, affecting community structure and ecosystem function over time(S. L. Wright 2017).

Challenges In Conducting Long-Term Studies

Conducting long-term studies on microplastic exposure poses several challenges within the context of
ecotoxicology, hampering a comprehensive understanding of its effects on different species. One significant
challenge is the dynamic nature of microplastic distribution in ecosystems. Microplastics exhibit complex
movement patterns influenced by factors such as water currents, wind, and biological activity, making it
difficult to establish consistent exposure scenarios over extended periods(Cole 2013). The longevity of
microplastics also presents challenges. Some polymers can persist in the environment for centuries, leading to
prolonged exposure durations for organisms. Tracking the fate and transformation of microplastics over time is
crucial, but it requires sophisticated analytical techniques and long-term monitoring efforts, which can be
resource-intensive and logistically challenging(L. D.-P. Hermabessiere 2017). Furthermore, the diverse range of
microplastic types and sizes adds complexity to exposure assessments. Different polymers may have varied
toxicological effects, and Nano plastics, in particular, raise concerns due to their potential for enhanced
bioavailability and increased toxicity(Hartmann 2019).However, studying these smaller particles necessitates
advanced methodologies, and their long-term effects remain poorly understood. Establishing causative links
between microplastic exposure and observed effects is another hurdle. Identifying specific mechanisms of
toxicity and differentiating the impacts of microplastics from other environmental stressors requires
interdisciplinary collaboration and a holistic approach(S. L. Wright 2017). Finally, ethical considerations
surrounding long-term experiments, especially those involving higher organisms, pose challenges. Ethical
constraints may limit the duration of studies or the use of certain species, hindering the acquisition of conclusive
long-term data(Miglioranza 2019).Despite these challenges, addressing the long-term effects of microplastic
exposure is crucial for developing effective mitigation strategies and policies. Overcoming these obstacles
requires sustained funding, technological innovation, and collaborative efforts among researchers, policymakers,
and environmental organizations.

Standardized Methodologies and Research Approaches

One primary challenge is the lack of standardized sampling and analysis methods. Microplastics exhibit
diverse shapes, sizes, and compositions, necessitating a tailored approach for accurate assessment. The absence
of standardized protocols for sample collection, processing, and analysis introduces variability, making it
challenging to compare results among studies. This variability extends to the choice of analytical techniques,
such as spectroscopy, microscopy, and chemical analyses, further complicating data interpretation(\Wagner
2014).Additionally, the dynamic nature of ecosystems poses challenges in designing realistic exposure
scenarios. Microplastic concentrations vary spatially and temporally, influenced (A. A. Koelmans
2019).Furthermore, the absence of standardized toxicity endpoints and assessment criteria hampers the ability to
gauge the severity of effects consistently. Different species exhibit varied sensitivities to microplastic exposure,
and existing toxicity tests may not capture the full range of impacts. Developing standardized endpoints that
encompass a broad array of ecological responses is crucial for comprehensive risk assessment(A. A. Koelmans
2014).To address these challenges, interdisciplinary collaboration is essential. Engaging researchers from
ecotoxicology, materials science, and environmental chemistry can facilitate the development of unified
methodologies. Initiatives like the Microplastics Analysis in Real-time (MARI) consortium aim to establish
standardized protocols, fostering collaboration and data comparability(MARI 2021).

Gaps In Current Knowledge and Areas for Future Research

One of the primary challenges is the scarcity of long-term studies assessing the chronic effects of
microplastic exposure on different species. Most research has concentrated on immediate effects, leaving the
understanding of cumulative impacts over an organism's lifetime incomplete(S. L. Wright 2017). Variability in
responses among different species poses a considerable challenge(De Souza Machado 2018). Certain species
may exhibit resilience or even adaptive responses to microplastic exposure, while others may suffer detrimental
effects. Identifying the underlying reasons for such variability remains a key research gap.While the
mechanisms of microplastic toxicity are actively being explored, there is still much to be unraveled regarding
the cellular and molecular pathways through which microplastics exert their effects. Understanding these
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mechanisms is crucial for predicting and mitigating long-term impacts(M. A. Browne 2011). The intricate
dynamics of trophic transfer and biomagnification of microplastics through food webs need further
investigation. Assessing how microplastics move through different trophic levels and their ultimate ecological
consequences is an area of substantial uncertainty(Lu 2016).Inconsistencies in methodologies across studies
hinder the synthesis of findings and the establishment of universal guidelines. Standardized protocols for
sampling, analysis, and reporting are imperative for enhancing comparability and reproducibility in research
outcomes(Hartmann 2019).Understanding the broader ecological consequences of microplastic exposure at the
ecosystem level is crucial. Impacts on population dynamics, community structure, and ecosystem function
require comprehensive investigation to assess the overall ecological health(S. L. Wright 2013).Addressing these
challenges and filling these knowledge gaps is imperative for developing effective mitigation strategies and
regulatory measures to safeguard ecosystems from the long-term consequences of microplastic exposure.

Mitigation and Future Directions

Current Efforts to Mitigate Microplastic Pollution

Mitigating the impacts of microplastics involves a multifaceted approach that encompasses prevention,
cleanup, and sustainable waste management.Efforts to address microplastic pollution often begin with reducing
the primary sources of plastic. Regulatory measures and voluntary initiatives targeting industries, such as bans
on microbeads in personal care products and single-use plastics, aim to minimize the introduction of
microplastics into the environment(Geyer 2017). In terms of cleanup, innovative technologies are being
developed to remove microplastics from water bodies. These include passive devices, such as floating barriers
that selectively trap plastics, and advanced filtration systems that can be integrated into wastewater treatment
plants(Liu 2019, Talvitie 2017).Moreover, public awareness campaigns play a crucial role in reducing plastic
consumption and promoting responsible waste disposal. Educational programs emphasize the importance of
recycling and the adverse consequences of improper plastic disposal, fostering a collective commitment to
minimizing plastic use(Wahl 2020). In the realm of ecotoxicology, researchers are investigating the efficacy of
bio-based materials as alternatives to traditional plastics. These materials aim to provide the functionality of
plastics while being biodegradable and less harmful to ecosystems. Understanding the ecotoxicological
implications of these alternatives is vital for ensuring that they do not introduce new environmental
risks(Hahladakis 2018). However, challenges persist, including the need for standardized monitoring methods
and a deeper understanding of the long-term effects of microplastics on diverse species. Continued
interdisciplinary research, combined with proactive policy measures and public engagement, is essential for
mitigating microplastic pollution and safeguarding ecosystems.

Policy Implications and Regulatory Measures

The ecotoxicology of microplastic exposure on different species necessitates robust policy implications
and regulatory measures to mitigate potential environmental harm. As scientific evidence accumulates on the
adverse effects of microplastics, policymakers are faced with the challenge of implementing effective measures
to curb their impact. Policymakers may consider banning the use of microplastics in consumer products such as
personal care items, cleaning agents, and cosmetics(C. M. Rochman 2013). Countries like Canada and the
European Union have already taken steps to restrict the use of microbeads in certain products, recognizing their
environmental impact(C. M. Rochman 2013).Strengthening waste management policies is crucial. Improper
disposal of plastic waste contributes significantly to microplastic pollution. Enhanced recycling programs and
measures to reduce single-use plastics can be integral components of such policies(Canada. 2018).
Implementing comprehensive monitoring and assessment programs to track the presence and effects of
microplastics in ecosystems is vital. Regular surveillance can inform policymakers about emerging issues,
aiding in the formulation of adaptive policies(Agency. 2017). Establishing (Setting Environmental Quality
Standards) EQS for microplastics in water and soil can provide a regulatory framework. These standards would
define acceptable levels of microplastics to protect aquatic and terrestrial ecosystems(Commission
2019).Introducing labeling requirements for products containing microplastics can inform consumers and
promote responsible choices. Clear labeling enables individuals to make environmentally conscious decisions
and encourages industries to adopt alternatives.Since microplastic pollution transcends national boundaries,
international collaboration is essential. Forming agreements and protocols to address microplastic pollution on a
global scale ensures a more effective response.

Suggestions For Future Research Directions

Investigating the long-term population-level effects of microplastic exposure is crucial. Few studies
have explored the sustained impact on population dynamics, reproduction rates, and overall ecosystem health.
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Understanding how microplastics influence population structures and biodiversity will provide valuable insights
into the broader ecological consequences(S. L. Wright 2017). Considering the complex interactions between
microplastics and other environmental stressors, such as climate change and chemical pollutants, is essential.
Research should explore how these stressors synergistically affect species and ecosystems, contributing to a
more comprehensive understanding of the ecological implications(Hahladakis 2018). A more in-depth
exploration of species-specific responses to microplastic exposure is needed. Variability in responses among
different taxa may influence community dynamics and ecosystem resilience. Studying the adaptive capacities
and vulnerabilities of various species will contribute to a more nuanced understanding of the ecological
impact(Lambert 2016).Further research into the molecular mechanisms of microplastic toxicity is necessary.
Understanding how microplastics induce cellular and molecular changes in exposed organisms will provide
insights into potential biomarkers and early indicators of stress(Rehse 2016).Establishing standardized protocols
for assessing the ecotoxicological effects of microplastics is crucial for ensuring comparability among studies.
This includes consistent methodologies for sampling, analysis, and reporting, which will facilitate meta-analyses
and a more robust understanding of the cumulative impacts of microplastics(L. D.-P. Hermabessiere 2019).Risk
Assessment Models: Developing comprehensive risk assessment models for microplastics will aid in predicting
and mitigating their environmental impact. These models should consider exposure pathways, accumulation
rates, and potential long-term effects on both individual organisms and ecosystems(Horton 2017).

Ecological Consequences of Microplastic Exposure

Bioaccumulation

Altered Behavior

Food Chain Disruption

Chemical Contamination

Habitat Contamination

Chart 1. Illustrates the impact on ecosystem balance and biodiversity through effects on organism health and
reproduction, as well as reduced feeding and impaired movement(Auta 2020).

Il.  Conclusion

The ecotoxicology of microplastic exposure has unveiled a complex web of consequences for different
species across diverse ecosystems. As microscopic plastic particles pervade our environment, the long-term
effects on various organism’s paint a concerning picture of ecological disruption.Aquatic ecosystems bear a
significant brunt, with fish, mollusks, and other aquatic organisms experiencing adverse effects.
Bioaccumulation and biomagnification exacerbate the impact, leading to disruptions in aquatic habitats and
cascading effects through the food web. The consequences extend beyond water bodies, as airborne transport
introduces microplastics to terrestrial ecosystems, affecting soil-dwelling organisms and potentially influencing
plant health.Species-specific responses to microplastic exposure vary, emphasizing the nuanced nature of this
ecological challenge. While some organisms may exhibit resilience or adaptive mechanisms, others succumb to
the detrimental effects, leading to shifts in population dynamics and potential disruptions in biodiversity. The
long-term evolutionary consequences of sustained microplastic exposure remain an area of ongoing
exploration.At the cellular and molecular levels, mechanisms of toxicity further highlight the intricate ways in
which microplastics exert their influence on exposed organisms. Understanding these mechanisms is crucial for
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predicting and mitigating the long-term effects on different species.Challenges in studying the long-term effects
of microplastics persist, ranging from methodological difficulties to the need for standardized approaches.
Addressing these challenges is imperative for advancing our understanding of microplastic
ecotoxicology.Mitigation efforts and future directions are paramount. Current initiatives aimed at reducing
plastic pollution must be bolstered by informed policies and regulatory measures. A call to action resounds for
continued research, heightened awareness, and the implementation of proactive strategies to alleviate the long-
term impacts of microplastic exposure on the myriad species that populate our ecosystems. Only through a
concerted and sustained effort can we hope to safeguard the delicate balance of our environment from the
pervasive threat of microplastics.
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