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Microplastics (MPs) and nanoplastics (NPs) are emerging contaminants widely distributed across terrestrial and aquatic ecosystems. This review synthesizes current understanding of their sources, environmental fate, transport pathways, and ecological effects, while identifying critical knowledge gaps limiting risk assessment. Terrestrial soils act as major sinks and secondary sources transferring plastics to freshwater and marine environments through runoff, erosion, and atmospheric deposition. In aquatic systems, particle behavior is governed by size, density, aggregation, and biofouling, influencing vertical distribution and biological exposure. Evidence shows ingestion, physiological stress, and potential trophic transfer in organisms ranging from soil fauna to marine vertebrates, although environmentally realistic dose–response relationships remain uncertain. Major uncertainties concern nanoplastic detection, chronic and multigenerational impacts, and interactions with co-occurring stressors. Advancing monitoring methods, long-term field studies, and integrative risk frameworks are essential for translating scientific knowledge into effective management strategies to mitigate environmental and human health risks.
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1. Introduction
Global plastic production has increased dramatically since the mid‑twentieth century, leading to large volumes of plastic waste that accumulate in the environment and fragment into smaller particles over time (Ali et al., 2024). Microplastics, generally defined as plastic particles smaller than 5 mm, and nanoplastics, usually considered smaller than 1 µm, are now recognized as ubiquitous contaminants in marine, freshwater, and terrestrial ecosystems (Amobonye et al., 2021; Wang et al., 2020). Their persistence, mobility, and capacity to interact with biota and co‑occurring pollutants have prompted concerns about ecosystem integrity, ecosystem services, and human health (Hoang et al., 2025).
Initial research focused predominantly on marine microplastics and revealed widespread contamination of surface waters, sediments, and biota, from plankton to top predators (Ali et al., 2024). As analytical techniques improved, evidence accumulated for microplastics and, more recently, nanoplastics in rivers, lakes, soils, and even remote regions, demonstrating that these contaminants are not confined to marine environments (Verma et al., 2024; Santos et al., 2025). Terrestrial systems, including agricultural and urban soils, are now recognized as major sinks and secondary sources that can transfer microplastics and nanoplastics to aquatic systems via runoff, erosion, drainage, and wastewater pathways (Amobonye et al., 2021).
Despite rapid growth in the literature, understanding of the environmental fate and ecological risks of micro‑ and particularly nanoplastics remains incomplete, especially at small particle sizes and environmentally realistic concentrations (Dang et al., 2022; Pradel et al., 2023). Robust risk assessment requires integrated information on sources, transport, transformation, exposure, and effects, yet large gaps persist in each of these domains, notably for nanoplastics and terrestrial ecosystems (Verma et al., 2024). This review synthesizes current evidence on environmental fate and ecological risks of micro‑ and nanoplastics in terrestrial and aquatic systems and critically examines the main knowledge gaps that limit risk characterization and management.
2. Definitions and Classification of Micro‑ and Nanoplastics
2.1 Operational size‑based definitions
Microplastics are commonly defined as plastic particles smaller than 5 mm, with lower bounds ranging from 1 µm to 100 nm depending on the study and analytical method (Ali et al., 2024; Amobonye et al., 2021). Nanoplastics are typically defined as plastic particles with at least one dimension below 1 µm, although some authors adopt a more restrictive definition of particles smaller than 100 nm, aligning with general nanomaterial terminology (Pradel et al., 2023). These operational definitions are driven largely by analytical capabilities and toxicological considerations rather than discrete natural thresholds, which complicates cross‑study comparisons and risk assessment (Dang et al., 2022). In practice, microplastics and nanoplastics are often treated as a continuum of particle sizes that differ in surface area‑to‑volume ratio, reactivity, and bioavailability, with smaller particles exhibiting higher mobility, greater propensity to cross biological barriers, and potentially distinct toxicological profiles (Wang et al., 2021).
2.2 Primary versus secondary particles
Microplastics and nanoplastics can be primary, manufactured at small sizes for specific applications, or secondary, generated from fragmentation and weathering of larger plastic items (Tsochatzis et al., 2024). Primary microplastics include cosmetic microbeads, industrial abrasives, pre‑production pellets, and fibers released during textile manufacturing and laundering (Yadav et al., 2025). Primary nanoplastics may arise from specialty applications such as advanced coatings or nanocomposite materials, although empirical evidence of intentional nanoplastic production remains limited compared with secondary formation.
Secondary microplastics and nanoplastics derive from environmental degradation processes, including ultraviolet radiation, mechanical abrasion, thermal stress, and biological activity, which progressively fragment plastic debris into smaller particles (Yadav et al., 2025). In terrestrial systems, agricultural films, mulches, and mismanaged plastic waste are important sources of secondary particles, whereas in aquatic systems mismanaged municipal waste, fishing gear, and tire wear contribute substantially to microplastic loads (Bhardwaj et al., 2024).
2.3 Polymer types, shapes, and surface properties
Microplastics and nanoplastics encompass a broad range of polymers, including polyethylene, polypropylene, polystyrene, polyvinyl chloride, and polyethylene terephthalate, each with distinct densities, hydrophobicities, and additive profiles that influence environmental behavior and toxicity (Ali et al., 2024). Particle shapes include fragments, fibers, films, foams, spheres, and irregular aggregates, which can affect transport, settling, ingestion probability, and organismal responses (Verma et al., 2024).
Weathering and aging processes modify particle surfaces through oxidation, cracking, biofilm formation, and adsorption of organic matter and contaminants, altering hydrophobicity, surface charge, and reactivity (Rai et al., 2021). These transformations are particularly important for nanoplastics, whose high surface area‑to‑volume ratio and propensity for homo‑ and hetero‑aggregation strongly influence environmental fate and bioavailability.
3. Sources and Emission Pathways
3.1 Terrestrial sources
Terrestrial environments receive microplastics and nanoplastics from multiple diffuse and point sources, including mismanaged solid waste, littering, industrial emissions, traffic‑related sources, and agricultural practices (Wang et al., 2020). Application of sewage sludge and biosolids to agricultural soils is a major pathway, because wastewater treatment plants efficiently retain a large fraction of influent microplastics that subsequently accumulate in treated sludge (Thompson et al., 2024). Plastic mulching films, greenhouse covers, irrigation systems, and controlled‑release fertilizers introduce additional plastic inputs that fragment in situ and generate microplastics in soils.
Atmospheric deposition represents another important route, with microplastic fibers and fragments originating from tire wear, road dust, construction activities, and textile shedding transported over regional to global scales and deposited on land (Ahmad et al., 2023; Santos et al., 2025). Urban areas exhibit elevated microplastic loads due to high population density, traffic, and infrastructure, which contribute to runoff and stormwater discharges that transfer particles to soils and aquatic systems (Khusanov et al., 2025).
3.2 Aquatic sources
Aquatic systems receive microplastics and nanoplastics from riverine inputs, direct discharges, maritime activities, and atmospheric deposition (Hoang et al., 2025). Untreated or insufficiently treated wastewater, combined sewer overflows, and stormwater runoff from urban and industrial areas can deliver large quantities of microplastics to rivers, lakes, and coastal waters. Plastic waste from fishing, aquaculture, and shipping, including lost or abandoned gear, ropes, and nets, contributes substantially to marine microplastic loads and subsequent fragmentation into smaller particles (Ali et al., 2024).
Rivers serve as major conduits transporting microplastics from terrestrial catchments to estuaries and oceans, with concentrations influenced by land use, population density, industrial activity, and hydrological conditions (Yusuf et al., 2025). Hydrodynamic processes such as turbulence, stratification, and sediment resuspension govern the distribution of particles between surface waters, water columns, and sediments (Li et al., 2025). Atmospheric deposition of microplastics onto water surfaces has also been documented and may be a significant pathway, especially for remote or open‑ocean regions (Ahmad et al., 2023).
4. Environmental Fate and Transport in Terrestrial Systems
4.1 Distribution in soils and sediments
Microplastics are now widely reported in agricultural, urban, industrial, and forest soils, with concentrations varying across orders of magnitude depending on land use, management practices, and proximity to sources (Sajjad et al., 2022). Soils can accumulate substantial microplastic loads over time, making terrestrial systems large and long‑term reservoirs of plastic particles. Vertical distribution within soil profiles is influenced by plowing, bioturbation by soil fauna, preferential flow paths, and root activity, which can transport microplastics to deeper layers and potentially towards groundwater (Rillig et al., 2017).
Nanoplastics in soils remain poorly characterized because of analytical challenges, but modeling and limited empirical data suggest that they can migrate more readily through pore spaces, interact strongly with mineral surfaces and organic matter, and may leach into groundwater under certain conditions (Pérez-Reverón et al., 2022).
4.2 Transport mechanisms in soils
Transport of microplastics and nanoplastics in soils occurs via a combination of physical and biological processes, including advection with soil water, filtration and retention in pore networks, and bioturbation by earthworms, nematodes, and other soil organisms (Rillig et al., 2017). Soil texture, structure, moisture content, and organic matter influence particle transport and retention, with finer‑textured soils generally retaining more particles due to smaller pores and greater surface area (Sajjad et al., 2022).
Nanoplastics exhibit complex behavior in porous media, where aggregation, deposition, and detachment processes are governed by particle size, surface charge, ionic strength, and the presence of natural organic matter (Hul et al., 2021). Hetero‑aggregation with minerals, colloids, and biofilms can immobilize nanoplastics or facilitate their co‑transport, depending on specific interactions and hydrodynamic conditions (Jiang et al., 2025).
4.3 Weathering, aging, and interactions with soil components
In terrestrial environments, microplastics and nanoplastics undergo weathering via ultraviolet radiation, temperature fluctuations, mechanical abrasion, and interactions with soil microbes and fauna. These processes can induce surface oxidation, chain scission, and formation of microcracks, leading to embrittlement and fragmentation into smaller particles, including nanoplastics (Ducoli et al., 2025).
Weathered particles often acquire coatings of organic matter and biofilms that modify surface properties and influence aggregation, contaminant sorption, and interactions with organisms (Gao et al., 2024a). Hydrophobic contaminants such as polycyclic aromatic hydrocarbons and persistent organic pollutants, as well as some metals, can sorb to microplastic and nanoplastic surfaces, potentially altering their mobility and acting as vectors in soil food webs (Zango et al., 2025). The extent to which this vector effect enhances or reduces net bioavailability relative to natural sorbents remains unresolved.
4.4 Transfer from terrestrial to aquatic systems
Terrestrial systems act both as sinks and sources of microplastics and nanoplastics to aquatic environments, with transfer occurring via surface runoff, wind erosion, tile drainage, and riverine transport (Verma et al., 2024). Intense rainfall and extreme weather events can mobilize particles from agricultural fields, landfills, and urban surfaces and deliver them to nearby streams, lakes, and estuaries (Bolan et al., 2023; Nimma et al., 2024). Drainage systems, including tile drains and stormwater infrastructure, may bypass natural attenuation processes and efficiently transport microplastics and nanoplastics to receiving waters (Österlund et al., 2022). Because many polymers are less dense than water, floating particles can be transported long distances once they reach surface waters, whereas denser or biofouled particles may sink and accumulate in sediments (Ali et al., 2024). This connectivity underscores the need for integrated, catchment‑scale assessments of microplastic and nanoplastic fate.
5. Environmental Fate and Transport in Aquatic Systems
5.1 Occurrence in marine and freshwater environments
Microplastics have been detected in all major aquatic compartments, including surface waters, water columns, sediments, beaches, sea ice, and biota from coastal zones to the open ocean and polar regions. Concentrations vary widely with location, hydrodynamic conditions, and proximity to sources, but even remote areas exhibit measurable microplastic burdens, indicating extensive transport and persistence (Ali et al., 2024). Freshwater systems, including rivers, lakes, and reservoirs, also contain substantial microplastic loads, with higher concentrations often observed in urban and industrialized catchments (Khusanov et al., 2025).
Evidence for environmental nanoplastics is more limited due to analytical constraints, but their presence is inferred from fragmentation processes, laboratory studies, and detection of small polymeric particles using advanced spectroscopic approaches. Nanoplastics are expected to occur in both dispersed and aggregated forms, often associated with colloids, natural organic matter, and biofilms.
5.2 Transport and vertical distribution
In aquatic systems, transport and vertical distribution of microplastics and nanoplastics are governed by density, particle size and shape, biofouling, aggregation, and hydrodynamic conditions (Sunny et al., 2025). Low‑density polymers may initially float near the surface, but biofouling and aggregation with suspended solids and organic matter can increase effective density and lead to sinking (Liu et al., 2022). Sediments often act as major sinks for microplastics, especially in low‑energy environments, although resuspension events can redistribute particles into the water column.
Nanoplastics can remain suspended for long periods due to their small size and Brownian motion, but hetero‑aggregation with minerals, organic matter, and biota can promote deposition or facilitate transport in association with larger particles (Zhou et al., 2024a). Salinity, pH, ionic strength, and dissolved organic matter composition strongly influence aggregation behavior and thus the fate of nanoplastics in marine and freshwater systems (Cid-Samamed & Diniz, 2023).
5.3 Weathering, biofilm formation, and the “plastisphere”
Aquatic microplastics and nanoplastics undergo weathering processes similar to those in terrestrial systems, including photodegradation, mechanical abrasion, and biological activity, which modify surfaces and generate smaller fragments (Basumatary et al., 2025). A characteristic feature in aquatic environments is biofilm formation, creating a distinct microbial community known as the “plastisphere” on plastic surfaces (Yu et al., 2023). This community can include bacteria, algae, fungi, and protozoa, some of which may be opportunistic pathogens or harbor antibiotic resistance genes. Biofilm formation alters particle density, surface charge, and roughness, influencing aggregation, sinking, and interactions with organisms and contaminants. Plastisphere communities themselves may be affected by polymer type and environmental conditions, with potential feedbacks on biogeochemical processes such as nutrient cycling and organic matter degradation (Li et al., 2023).
5.4 Interactions with co‑contaminants and pathogens
Microplastics and nanoplastics in aquatic environments can sorb hydrophobic organic contaminants and some metals, leading to the “Trojan horse” hypothesis whereby plastics act as vectors delivering pollutants to organisms (Zhang & Xu, 2020). The strength and reversibility of contaminant sorption depend on polymer type, particle aging, and environmental conditions, and plastics often compete with natural sorbents such as black carbon and organic matter (Yilmaz et al., 2023).
Plastic surfaces and associated biofilms can also host pathogenic microorganisms, potentially facilitating their transport and persistence. While colonization by opportunistic pathogens has been observed, the ecological significance of pathogen transport by microplastics and nanoplastics relative to other vectors remains uncertain (Bowley et al., 2022).
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Figure 1: Environmental fate and transport pathways of microplastics and nanoplastics across terrestrial–riverine–marine ecosystems. Conceptual graphical abstract depicting sources, transport pathways, and ecological interactions of microplastics (MPs) and nanoplastics (NPs) across terrestrial, freshwater, and marine environments. MPs/NPs originate from urban activities, road tire wear, agricultural mulch, wastewater treatment plants, landfills, sewage sludge, and atmospheric deposition, entering soils via runoff and leaching. Particles are mobilized into rivers where they occur in surface water, suspended, and bed sediments, undergoing downstream transport, floodplain deposition, and groundwater exchange. Rivers transfer plastics to coastal and ocean systems where particles float or sink following aggregation and biofouling, interacting with plankton, fish, and benthic organisms. Symbol sizes indicate MPs and NPs respectively.
6. Ecological Effects in Terrestrial Ecosystems
6.1 Effects on soil physical and chemical properties
Microplastics can alter soil bulk density, porosity, water holding capacity, and aggregation, with effects depending on particle concentration, polymer type, and shape. Experimental studies show that microplastic fibers can decrease bulk density and increase air porosity, potentially affecting water retention and root penetration, whereas fragments and films may disrupt aggregation and increase preferential flow (Guo et al., 2025). Such changes in soil structure can influence gas exchange, moisture dynamics, and erosion, with implications for plant growth and microbial processes (Jiang et al., 2023).
Microplastics and nanoplastics also interact with soil organic matter and minerals, affecting sorption and transport of nutrients and contaminants (Wang et al., 2020). Their presence may modify soil pH, redox conditions, and enzymatic activities, although reported effects vary widely among studies and often depend on high experimental concentrations that may exceed typical field levels (Sajjad et al., 2022).
6.2 Impacts on soil biota and microbial communities
Soil fauna, including earthworms, nematodes, and collembolans, can ingest microplastics and nanoplastics, leading to physical blockage, reduced feeding, impaired reproduction, and altered behavior (Guo et al., 2023; Klimasz & Grobelak, 2025). Experiments with earthworms have shown adverse outcomes such as decreased growth, reduced cocoon production, tissue damage, oxidative stress, and changes in gut microbiota (Klimasz & Grobelak, 2025; Moharana et al., 2024). Nanoplastics may exert stronger effects because of greater potential for tissue penetration and cellular uptake, although empirical data remain scarce (Gladwell et al., 2025).
Microplastic contamination can modify soil microbial community composition and function, potentially through changes in habitat structure, substrate availability, and pollutant sorption (Guo et al., 2023). Some studies report shifts in bacterial and fungal community structure and altered enzyme activities related to carbon and nutrient cycling, yet results are inconsistent and context dependent (Klimasz & Grobelak, 2025). Earthworms and other fauna may also redistribute microplastics vertically, enhancing both exposure and fragmentation into smaller particles (Rillig et al., 2017; Moharana et al., 2024).
6.3 Effects on plants
Plants can be affected indirectly through microplastic‑induced changes in soil properties and directly through interactions of particles with roots and, in some cases, uptake into plant tissues (Sajjad et al., 2022). Laboratory studies indicate that microplastics can influence seed germination, root morphology, biomass allocation, and nutrient uptake, with reported effects ranging from neutral or positive to negative depending on species, particle type, and exposure conditions (Du et al., 2025). Microplastics may reduce root length and surface area, alter root exudation patterns, and interfere with mycorrhizal associations (Leifheit et al., 2021; Laishram et al., 2024).
Evidence suggests that nanoplastics can be taken up by roots and translocated to aerial tissues under experimental conditions, raising concerns about entry into food chains (Du et al., 2025). However, the relevance of these findings to field conditions and realistic exposure levels remains uncertain because many tests use high particle concentrations and simplified media.
6.4 Terrestrial food webs and ecosystem processes
Microplastics and nanoplastics can enter terrestrial food webs through ingestion by soil fauna and plants, with potential trophic transfer to predators and higher trophic levels (Rose et al., 2023). Bioaccumulation of small plastic particles and associated contaminants may affect organism fitness and ecosystem functions such as litter decomposition, nutrient cycling, and soil formation (Klimasz & Grobelak, 2025). For example, negative effects on earthworms and decomposer communities may slow litter breakdown and alter carbon and nutrient dynamics (Klimasz & Grobelak, 2025). At the ecosystem level, combined impacts on soil structure, biota, and plant communities may influence primary productivity, water regulation, and other ecosystem services, although empirical evidence is still limited. Long‑term, field‑based studies are needed to clarify these broader ecological consequences under realistic exposure scenarios (Guimarães et al., 2022).
7. Ecological Effects in Aquatic Ecosystems
7.1 Ingestion, bioaccumulation, and trophic transfer
Aquatic organisms across multiple trophic levels, including plankton, invertebrates, fish, seabirds, and marine mammals, ingest microplastics either directly from the water column and sediments or indirectly via contaminated prey (McHale & Sheehan, 2024). Ingestion results from confusion with natural food items, filter‑ and deposit‑feeding, or indiscriminate feeding strategies and is influenced by particle size, shape, and surface properties (Hoang et al., 2025). Microplastics have been found in digestive tracts and tissues, with evidence for retention and repeated exposure. Nanoplastics may have greater potential for tissue penetration, crossing biological barriers and accumulating in organs such as liver, gills, and brain, although robust in vivo data under environmentally realistic conditions remain limited (Hoang et al., 2025). Trophic transfer of microplastics and nanoplastics has been demonstrated in experimental food chains and modeled in natural systems, indicating that particles can move from lower to higher trophic levels (Nair et al., 2022; Zhang et al., 2024).
7.2 Sublethal and lethal effects on aquatic organisms
Microplastics can cause physical harm to aquatic organisms through gut blockage, internal abrasion, reduced feeding efficiency, and false satiation, leading to impaired growth, reproduction, and survival (Hoang et al., 2025). Sublethal effects include altered behavior, changes in energy metabolism, immune responses, and oxidative stress, though the magnitude and thresholds of these effects vary considerably. Nanoplastics, because of their small size and surface reactivity, can interact closely with cells and organelles, potentially inducing genotoxicity, inflammation, and endocrine disruption, although quantitative dose–response relationships under realistic exposures are still poorly defined (Hernández et al., 2025).
Microplastics and nanoplastics may also elicit chemical toxicity via polymer additives, such as plasticizers, flame retardants, and stabilizers, as well as sorbed contaminants that desorb in gastrointestinal environments (Lalrinfela et al., 2024). Distinguishing physical from chemical effects in experiments is challenging, particularly when pristine laboratory particles rather than environmentally aged materials are used (Pradel et al., 2023).
7.3 Community‑level and ecosystem‑level effects
At the community level, microplastic exposure can alter species composition, abundance, and diversity, particularly in plankton and benthic assemblages, though field evidence is still emerging. Changes in key functional groups such as zooplankton and benthic invertebrates may cascade through food webs, affecting energy flow, nutrient cycling, and ecosystem stability (Zhang et al., 2024). For example, microplastics can reduce algal growth and copepod survival, thereby modifying primary production and grazing pressure. Microplastics can modify habitat quality by smothering benthic surfaces, altering sediment properties, and affecting biofilm structure, while floating debris can provide novel habitats and dispersal vectors for organisms, including invasive species (Amobonye et al., 2021). The net ecological implications of these habitat‑mediated effects remain poorly quantified and represent an important knowledge gap.
7.4 Human health–linked pathways
Microplastics and nanoplastics in aquatic systems reach humans via drinking water, seafood consumption, and possibly recreational exposure (O’Neill & Lawler, 2021). Microplastics have been reported in drinking water, table salt, and various seafood products, and exposure estimates suggest that humans may ingest thousands of particles annually, though estimates vary widely (Hoang et al., 2025). Potential human health risks include gastrointestinal irritation, immune modulation, and chemical exposure from additives and sorbed contaminants, but current evidence is insufficient to draw definitive conclusions about risk magnitude (Zhou et al., 2024b). Critical knowledge gaps include the fate of nanoplastics in human tissues, dose–response relationships, and interactions with other environmental stressors (Vogel et al., 2024).
Table 1. Principal ecological effects of microplastics and nanoplastics in terrestrial and aquatic ecosystems
	Ecosystem compartment
	Particle type and pathway
	Observed or proposed effects (organism and ecosystem level)
	References

	Agricultural soils
	Microplastics in biosolids and mulches; ingestion by earthworms and other fauna
	Altered soil structure and porosity, reduced earthworm growth and reproduction, oxidative stress, changes in microbial community composition, potential changes in litter decomposition and nutrient cycling
	Sajjad et al. (2022); Klimasz & Grobelak (2025)

	Terrestrial plants
	Root exposure to microplastics and nanoplastics via contaminated soils and irrigation water
	Modified germination, root morphology, biomass allocation, and nutrient uptake; potential uptake and translocation of nanoplastics to shoots and edible tissues
	Rillig et al. (2017); Wang et al. (2021)

	Rivers and lakes
	Microplastics in surface waters and sediments; ingestion by invertebrates and fish
	Gut blockage, reduced feeding and growth, behavioral changes, oxidative stress, tissue damage, and trophic transfer to predators; potential impacts on community structure
	Ali et al. (2024); Hoang et al. (2025); Zhang et al. (2024)

	Marine pelagic zone
	Microplastics in surface waters; ingestion by plankton, fish, and seabirds
	Ingestion and accumulation in digestive tracts, reduced energy reserves, reproductive impairment, altered behavior, potential vectoring of contaminants
	Hoang et al. (2025)

	Marine and freshwater sediments
	Microplastics and nanoplastics associated with sediments; exposure of benthic invertebrates
	Sediment structure alteration, decreased burrowing and feeding, impaired reproduction, changes in benthic community composition and bioturbation
	Zhang et al. (2024)

	Human exposure via aquatic food webs
	Microplastics and nanoplastics in seafood and drinking water
	Potential gastrointestinal irritation, immune responses, and chemical exposure from additives and sorbed pollutants; magnitude of risk currently uncertain
	Lalrinfela et al. (2024)



8. Methodological Challenges in Detection, Characterization, and Toxicity Testing
8.1 Detection and quantification of microplastics
Accurate detection and quantification of microplastics in environmental samples are technically challenging because of their small size, heterogeneous properties, and complex matrices (Murugan et al., 2023; Kung et al., 2022). Conventional workflows combine density separation, chemical digestion, filtration, and visual sorting under microscopy, followed by polymer identification via Fourier transform infrared (FTIR) or Raman spectroscopy (Murugan et al., 2023; Han et al., 2024). Visual approaches are labor intensive, prone to operator bias, and often cannot reliably detect particles below tens of micrometres, which leads to under‑representation of small microplastics (Murugan et al., 2023; Ivleva, 2021).
Spectroscopic mapping by FTIR and Raman has become the gold standard for polymer identification, yet these methods face trade‑offs between spatial resolution, throughput, and sensitivity, particularly for particles below about 20 µm (Murugan et al., 2023; Kung et al., 2022). Thermal analytical techniques, such as pyrolysis–gas chromatography–mass spectrometry, provide mass‑based quantification but limited information on particle size and shape, making it difficult to link mass loads to particle‑based exposure metrics (Wu et al., 2024; Ivleva, 2021).
8.2 Detection and characterization of nanoplastics
Nanoplastics present even greater analytical challenges because their size range overlaps with natural colloids, dissolved organic matter, and engineered nanoparticles. Advanced techniques such as dynamic light scattering, nanoparticle tracking analysis, field‑flow fractionation coupled to multi‑angle light scattering, and high‑resolution microscopy have been applied, but often lack sufficient specificity to unequivocally identify polymeric particles in complex samples (Jakubowicz et al., 2020; Bruce et al., 2025). Recent reviews emphasize the promise of combined spectroscopic and mass‑spectrometric approaches and the need for harmonized protocols for sample collection, preparation, and data processing to achieve reliable nanoplastic measurements (Santos et al., 2025). Without such harmonization, reported environmental concentrations of nanoplastics remain highly uncertain and difficult to compare across studies and compartments.
8.3 Standardization and comparability
Lack of standardized protocols for sampling, processing, and analysis hampers comparability among studies and meta‑analyses for both microplastics and nanoplastics. Differences in size ranges, units of reporting (mass, number, or surface area), and classification of shapes and polymers contribute to variability in exposure estimates and complicate the derivation of environmental quality thresholds (Ivleva, 2021; Swart et al., 2025). Interlaboratory comparison exercises and certified reference materials are only beginning to be developed, yet they are essential for quality assurance and method validation. In ecotoxicity testing, the frequent use of pristine spherical polystyrene particles at relatively high concentrations, in simple media, means that results may not be representative of environmental exposures where particles are heterogeneous, weathered, and embedded in complex matrices (Masseroni et al., 2022). This mismatch complicates extrapolation to real‑world conditions and may over‑ or underestimate actual risks.
8.4 Realistic exposure scenarios and endpoints
Many ecotoxicological studies employ exposure concentrations orders of magnitude higher than typical environmental levels to elicit detectable responses within feasible experimental durations (Hoang et al., 2025). Although such designs are useful for identifying hazard potential, they provide limited insight into responses at environmentally realistic concentrations and chronic exposures (Masseroni et al., 2022). Endpoints often focus on acute or subchronic responses, such as mortality, growth, and oxidative stress biomarkers, whereas long‑term, multigenerational, community‑level, and ecosystem‑level effects remain understudied (Tang, 2025). For nanoplastics, uncertainties are compounded by difficulties in controlling and characterizing exposures in test systems, including aggregation dynamics, interactions with dissolved organic matter, and transformations during experiments. Addressing these issues requires more sophisticated exposure designs and closer integration between analytical chemistry and ecotoxicology (Santos et al., 2025).
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Figure 2: Ecological Risk Assessment Framework and Knowledge Gaps for Microplastics and Nanoplastics
9. Ecological Risk Assessment of Micro‑ and Nanoplastics
9.1 Existing risk assessment approaches
Ecological risk assessment usually compares predicted or measured environmental concentrations of contaminants with thresholds derived from toxicity data, such as predicted no‑effect concentrations, to estimate risk quotients and associated uncertainties. For microplastics, several studies have attempted to apply this framework by compiling environmental concentration data and species sensitivity distributions from laboratory tests, although heterogeneity in methods and endpoints complicates the derivation of robust thresholds (Gouin et al., 2019). Regional case studies have applied various indices and models to characterize ecological risks from microplastics in surface waters and sediments, often indicating moderate to high risk in heavily impacted systems (Bao et al., 2025; Gao et al., 2024b). However, such assessments are constrained by uncertainties in concentration data, incomplete coverage of species and life stages, and limited representation of terrestrial compartments.
9.2 Challenges for nanoplastic risk assessment
For nanoplastics, environmental concentration data are extremely sparse and toxicity data remain limited and methodologically diverse. Therefore, risk characterizations for nanoplastics often rely on qualitative assessments, screening‑level evaluations, or extrapolations from microplastics and other engineered nanomaterials, which introduces substantial uncertainty. Key challenges include distinguishing particle‑specific effects from those of additives and sorbed contaminants, understanding the influence of particle properties on fate and toxicity, and linking laboratory studies using model particles to the heterogeneous mixtures found in the environment. These gaps hinder the development of quantitative, probabilistic risk assessments for nanoplastics.
9.3 Plastics‑specific risk frameworks
Recognizing these challenges, several groups have proposed plastics‑specific risk assessment frameworks that explicitly incorporate particle characteristics such as size, shape, polymer type, and environmental chemistry. One approach uses a scoring system to characterize hazard based on particle traits and combines this with exposure estimates to prioritize management actions, rather than relying solely on traditional concentration–response relationships. Tiered frameworks have also been suggested, beginning with screening‑level evaluations that use conservative assumptions and progressing to more detailed assessments as data become available. Integration of adverse outcome pathways and mechanistic toxicology may help link specific particle properties to biological effects across levels of organization, facilitating extrapolation and more targeted testing strategies.
10. Critical Perspective: Relative Risk, Vulnerability, and Toxicity Mechanisms
Beyond reporting observed effects and risk frameworks, it is necessary to critically evaluate the ecological relevance of current evidence. Despite the rapid expansion of microplastic (MP) and nanoplastic (NP) research, an important question remains whether plastics represent hazards fundamentally different from natural suspended particles such as clay minerals, detritus, or cellulose fibers. Many aquatic and soil organisms naturally encounter high particulate loads, suggesting that particle exposure alone does not necessarily imply toxicity. Instead, plastics become uniquely hazardous when their persistence, size, and chemical characteristics generate biological responses exceeding those caused by natural particles (Jolaosho et al., 2025).
Plastics are generally more dangerous than natural particles under three conditions. First, very small particle size increases biological uptake; nanoplastics may cross cellular membranes and accumulate in tissues, a process uncommon for most mineral particles of comparable dimensions. Second, environmental persistence prolongs exposure, whereas natural organic particles degrade rapidly. Third, plastics can act as carriers of additives and hydrophobic contaminants that may desorb during ingestion, producing combined physical and chemical stress (Sajedi et al., 2025). Therefore, hazard depends less on the polymer itself and more on particle properties and exposure duration.
However, ecological risks may sometimes be overstated. Laboratory experiments frequently apply pristine spherical particles at concentrations far exceeding environmental levels, primarily to detect measurable responses within short test periods. These conditions identify hazard potential but may not represent realistic exposure scenarios (Weis et al., 2021). In natural systems, particles are aged, irregular, and coated with biofilms, which alter their reactivity and ingestion behavior. Some feeding inhibition effects observed in experiments may therefore reflect general particle overload rather than plastic-specific toxicity. Vulnerability also varies among ecosystems. Although marine environments contain large global plastic inventories, soils and sediments may represent more critical exposure zones. These compartments accumulate particles and expose organisms continuously through ingestion and contact, increasing residence time and biological interaction. Deposit feeders and soil fauna therefore experience more chronic exposure than pelagic organisms that encounter particles intermittently.
Current evidence suggests four dominant toxicity mechanisms: physical interference (gut blockage and feeding reduction), chemical exposure from additives or sorbed pollutants, cellular stress caused particularly by nanoplastics, and indirect energetic effects altering growth and reproduction (Khan & Jia, 2023). Together, these findings indicate plastics are not universally more toxic than natural particles but become problematic under chronic exposure and small particle size conditions. Distinguishing particle effects from plastic-specific effects is therefore essential for realistic ecological risk assessment and effective environmental management.
11. Knowledge Gaps and Future Research Directions
11.1 Terrestrial ecosystems and soils
Terrestrial environments are increasingly recognized as major sinks and secondary sources of micro- and nanoplastics, yet remain substantially understudied compared with aquatic systems. Future work should quantify long-term accumulation in agricultural soils and evaluate impacts on soil aggregation, nutrient cycling, and crop productivity. Interactions with soil organic matter, microbes, and fauna require investigation under realistic management and climatic conditions. Harmonized field monitoring networks and catchment-scale inventories are necessary to estimate emissions from agriculture, atmospheric deposition, and sludge application and to support predictive soil transport models.
11.2 Nanoplastics: detection, behavior, and toxicity
Nanoplastics represent the largest uncertainty due to limited analytical capability. Advancements in spectroscopic and thermo-analytical methods, high-resolution imaging, and nanoparticle tracking are required to distinguish nanoplastics from natural colloids and quantify size distributions across environmental compartments. Research should link particle properties to membrane transport, immune responses, and microbiome alterations under chronic low-dose exposure. Integrating laboratory experiments with modeling approaches will improve estimates of environmental concentrations and biological uptake.
11.3 Mixtures, multiple stressors, and real‑world complexity
In real environments plastics occur alongside metals, organic pollutants, pathogens, and climate stressors such as warming and acidification. Future studies must adopt multiple-stressor experimental designs, mesocosm systems, and ecosystem-level assessments rather than single-factor laboratory tests. Combining experimental data with machine-learning and coupled hydrological–biogeochemical models will improve prediction of combined effects and better represent environmental complexity.
11.4 Long‑term and multigenerational effects
Most ecotoxicological research remains short-term relative to ecological timescales. Long-duration and multigenerational studies are needed to assess adaptation, transgenerational inheritance, and population-level consequences. Coordinated environmental monitoring programs and open databases should track trends in plastic contamination and biological responses. These datasets will support development and validation of predictive models linking exposure to ecosystem change.
11.5 Governance, management, and risk implementation
Effective management requires translating scientific evidence into actionable policy despite uncertainty. Research should evaluate mitigation strategies including improved wastewater filtration, product redesign, biodegradable alternatives, and circular economy approaches. Tiered and scenario-based risk assessment frameworks can support decision-making under incomplete data. Adaptive management combining monitoring, modeling, and periodic policy adjustment will be essential for reducing environmental and human exposure to micro- and nanoplastics.
12. Conclusions
Microplastics and nanoplastics represent persistent contaminants linking terrestrial, freshwater, and marine environments through complex transport pathways and transformation processes. Current evidence demonstrates widespread occurrence and diverse biological interactions, yet quantitative ecological risk remains uncertain due to analytical limitations, heterogeneous particles, and unrealistic experimental conditions. Terrestrial ecosystems, nanoplastic behavior, mixture toxicity, and long-term effects remain particularly understudied. Progress requires harmonized monitoring protocols, environmentally relevant exposure experiments, and mechanistic approaches connecting particle properties to biological outcomes. Integrating experimental research with modeling and adaptive policy frameworks will improve predictive capability and risk management. Rather than waiting for complete certainty, precautionary and tiered risk assessment approaches should guide mitigation actions such as improved waste management, product redesign, and emission reduction strategies. Coordinated global research and governance efforts are therefore essential to reduce plastic pollution and safeguard ecosystem services and human well-being under ongoing environmental change.
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