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Abstract

Microplastic pollution has emerged as a pervasive stressor in aquatic ecosystems, with
aquatic invertebrates playing central roles in particle uptake, retention, and transfer within
food webs. This review synthesises evidence on microplastic ingestion, bioaccumulation,
trophic transfer, and biomagnification across major aquatic invertebrate groups, including
arthropods, molluscs, sediment-associated worms, suspension feeders, and echinoderms.
A structured literature search identified 66 studies spanning freshwater, estuarine, and
marine environments. Evidence indicates that microplastic uptake occurs through multiple
pathways, including filter feeding, deposit feeding, grazing, and predator–prey interactions.
Across the reviewed studies, feeding strategy, habitat-specific exposure, and particle char-
acteristics were recurrently associated with variation in microplastic ingestion, retention,
and trophic transfer. While ingestion and bioaccumulation were widely documented, quan-
titative understanding of trophic transfer within aquatic invertebrate food webs remained
limited, and no conclusive evidence of biomagnification was identified. To interpret re-
curring patterns, this review proposes the Trait–Habitat–Particle (THP) framework as a
conceptual tool linking biological and functional traits, habitat-mediated exposure, and par-
ticle properties. Methodological inconsistencies, limited representation of certain taxa and
habitats, and insufficient quantification of trophic transfer remain important knowledge
gaps. Future research should prioritise methodological standardisation and ecologically
realistic long-term studies.

Keywords: plastic pollution; aquatic food webs; biomagnification; ecotoxicological effects;
trophic pathways; ecosystem functioning

1. Introduction
Microplastic pollution has emerged as a major global environmental concern due to

its widespread occurrence and persistence in aquatic ecosystems. Microplastics (MPs),
commonly defined as plastic particles ≤ 5 mm in size, originate either as primary particles
intentionally manufactured at small sizes or as secondary particles generated through the
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fragmentation of larger plastic debris. MPs have been detected in virtually all aquatic
environments, including oceans, rivers, lakes, reservoirs, estuaries, polar regions, and
remote mountain systems, demonstrating their extensive distribution and persistence [1–3].
Large-scale assessments reveal considerable spatial variability in MP abundance, largely
influenced by population density, land use, economic activity, and proximity to pollution
sources [4,5]. Particles smaller than 1 mm are of particular concern because of their high
mobility, bioavailability, and increased likelihood of biological uptake.

Aquatic invertebrates constitute a diverse and functionally important component
of freshwater, estuarine, and marine ecosystems. Through ecological roles such as filter
feeding, grazing, detritivory, scavenging, and predation, they contribute substantially to
nutrient cycling, sediment bioturbation, and energy transfer within aquatic food webs [6–9].
In addition, several invertebrate taxa, including mussels and sponges, function as ecosystem
engineers by creating habitats that enhance biodiversity and ecosystem stability [10–12].
Owing to their diverse feeding strategies and close interactions with water, sediments, and
prey, aquatic invertebrates are particularly susceptible to MP exposure and therefore serve
as important indicators of environmental contamination [13,14].

Microplastic interactions with aquatic invertebrates occur through several intercon-
nected processes. Ingestion refers to the uptake of MPs during feeding or filtration activities,
whereas bioaccumulation describes the retention or persistence of MPs within tissues or
digestive compartments over time. Trophic transfer occurs when MPs are transferred
between prey and predators within food webs, while biomagnification refers to increasing
MP concentrations across successive trophic levels. Although evidence for ingestion is now
widespread across aquatic invertebrate taxa, understanding of bioaccumulation and trophic
transfer remains comparatively limited, and the occurrence of biomagnification remains
unresolved [15]. Furthermore, inconsistencies in terminology, methodological approaches,
and reporting practices have hindered comparisons among studies and constrained broader
ecological interpretation.

Beyond their physical presence, MPs may act as vectors for chemical additives, envi-
ronmental contaminants, and microorganisms, thereby potentially amplifying ecological
and toxicological risks [13,16]. The detection of MPs in edible aquatic organisms has also
raised concerns regarding ecosystem integrity, seafood safety, and human exposure, al-
though evidence relating to long-term ecological consequences remains limited and, in
some cases, contradictory [17–19].

Despite rapid growth in MP research, studies investigating aquatic invertebrates
remain fragmented across taxa, habitats, and methodological approaches, limiting broader
understanding of the processes governing ingestion, bioaccumulation, trophic transfer,
and biomagnification within aquatic food webs. In particular, the relative influence of
organismal traits, habitat-specific exposure, and particle characteristics on MP dynamics
has rarely been synthesised across diverse invertebrate groups.

Existing evidence suggests that microplastic interactions are influenced by multiple
interacting factors, including biological traits, habitat-mediated exposure, and particle
characteristics. However, these determinants are often examined independently, restricting
comparisons across ecosystems and invertebrate groups. An integrative synthesis that con-
siders these interacting factors may therefore improve interpretation of recurring patterns
in MP ingestion, retention, and transfer.

Accordingly, this review synthesises evidence from laboratory and field studies to
provide a comprehensive overview of microplastic interactions across major aquatic inver-
tebrate groups, including arthropods, molluscs, sediment-associated worms, suspension
feeders, and echinoderms. Specifically, the review aims to: (i) synthesise current knowledge
on MP ingestion, bioaccumulation, trophic transfer, and biomagnification in aquatic inver-
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tebrates; (ii) identify common patterns and key determinants influencing MP interactions
across functional groups and habitats; and (iii) propose the Trait–Habitat–Particle (THP)
framework as a conceptual tool for interpreting variability in microplastic dynamics and
identifying priorities for future research.

2. Materials and Methods
2.1. Literature Search Strategy

A structured literature search was undertaken across Scopus, ScienceDirect, Web
of Science, PubMed, and Google Scholar to identify peer-reviewed studies addressing
microplastic interactions in aquatic invertebrates. Search terms combined keywords relating
to microplastics, aquatic invertebrates, ingestion, bioaccumulation, trophic transfer, and
biomagnification. Additional relevant articles were identified through manual screening
of reference lists from selected studies. Following screening and eligibility assessment,
66 studies satisfied the inclusion criteria and were incorporated into the synthesis (Figure 1).

Figure 1. Flow diagram illustrating the literature search, screening, eligibility assessment, and study
selection process used in this review.

2.2. Eligibility Criteria and Study Selection

Studies were included if they: (i) examined aquatic invertebrates inhabiting fresh-
water, estuarine, or marine ecosystems; (ii) reported evidence of microplastic ingestion,
bioaccumulation, trophic transfer, or biomagnification in aquatic invertebrates.

Studies cited elsewhere in the manuscript to provide contextual background, outline
microplastic sources and pathways, or discuss the Trait–Habitat–Particle (THP) framework
were excluded from the studies synthesised in Tables 1 and 2.
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Table 1. Distribution and Characteristics of Studies Included in the Review.

Invertebrate Group Number of
Studies (n) Habitat Coverage Laboratory

Studies (n)
Field Studies
(n)

Dominant Research
Themes

Arthropods (Crustaceans and
Aquatic Insects) 12 F (8), E (1), M (3) 6 6 Ingestion, bioaccumulation,

and trophic transfer

Molluscs 7 F (1), M (6) 2 5
Filtration-mediated
ingestion, retention, and
bioaccumulation

Sediment-Associated Worms
(Annelids, Nematodes, and
Platyhelminthes)

18 F (11), E (1), M (6) 13 5 Sediment-associated uptake,
ingestion, and retention

Suspension Feeders
(Poriferans, Cnidarians, and
Tunicates)

17 F (1), M (16) 9 8
Suspension feeding, particle
selectivity, and
accumulation

Echinoderms 12 M (12) 3 9 Ingestion, retention, and
ecological effects

Total 66 F (21), E (2), M (43) 33 33 —

Table note. Studies were classified according to the dominant invertebrate group, habitat coverage, study design,
and dominant research themes. Habitat coverage refers to the aquatic environments represented within each
taxonomic group and includes freshwater (F), estuarine (E), and marine (M) ecosystems. Studies employing both
field and laboratory approaches were classified according to their principal methodology. n denotes the number
of studies.

Table 2. Evidence for Microplastic Ingestion, Bioaccumulation, Trophic Transfer and Biomagnification
Across Aquatic Invertebrate Groups.

Invertebrate Group
Studies
Reporting
Ingestion (n)

Studies Reporting
Bioaccumulation (n)

Studies Reporting
Trophic
Transfer (n)

Studies Reporting
Biomagnification (n) Summary of Evidence

Arthropods
(Crustaceans and
Aquatic Insects)

12 7 2 0

Strong evidence for
ingestion and
bioaccumulation; limited
evidence for trophic transfer;
biomagnification not
reported

Molluscs 7 7 0 0

Strong evidence for
ingestion and retention; no
evidence for trophic transfer
or biomagnification

Sediment-Associated
Worms (Annelids,
Nematodes, and
Platyhelminthes)

18 3 1 0
Widespread ingestion;
limited bioaccumulation and
trophic transfer evidence

Suspension Feeders
(Poriferans, Cnidarians,
and Tunicates)

17 9 3 0
Frequent ingestion and
bioaccumulation; emerging
evidence for trophic transfer

Echinoderms 12 4 0 0 Evidence primarily limited
to ingestion and retention

Total 66 30 6 0
Biomagnification remains
insufficiently documented
across aquatic invertebrates

Table note. Ingestion refers to the uptake of microplastics by organisms through feeding or filtration activities.
Bioaccumulation refers to the retention or accumulation of microplastics within tissues or digestive compartments
over time. Trophic transfer refers to the movement of microplastics between prey and predators within food
webs, whereas biomagnification refers to increasing concentrations of microplastics across successive trophic
levels. Evidence from the included studies indicates that microplastic ingestion is widespread across aquatic
invertebrates, bioaccumulation has been reported in several taxa, trophic transfer is comparatively less studied,
and there is currently no conclusive evidence of biomagnification in aquatic invertebrates. n denotes the number
of studies.

Exclusion criteria comprised studies that: (i) focused solely on vertebrates or terres-
trial organisms; (ii) did not investigate microplastics; (iii) were review articles, editorials,
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conference abstracts, or book chapters; (iv) lacked sufficient data to meet the objectives of
this review.

To strengthen the reliability of the synthesis, methodological details concerning mi-
croplastic identification and characterisation were considered during study selection and
data extraction. Emphasis was placed on identification techniques (e.g., visual microscopy,
Fourier-transform infrared spectroscopy (FTIR), or Raman spectroscopy), particle attributes
(including size, shape, and polymer type), and quality assurance/quality control (QA/QC)
procedures, such as contamination prevention and the use of procedural blanks. Given
the heterogeneity of published methodologies, no minimum QA/QC threshold was ap-
plied as an exclusion criterion. Nonetheless, methodological variation across studies was
considered during data interpretation and synthesis.

2.3. Study Screening and Data Extraction

Key information was extracted from eligible studies and synthesised qualitatively.
Extracted data included invertebrate group, habitat type, ecosystem, study design, expo-
sure type, and evidence of microplastic ingestion, bioaccumulation, trophic transfer, and
biomagnification. Studies were subsequently classified into five principal invertebrate
categories: Arthropods, molluscs, sediment-associated worms, suspension feeders, and
echinoderms. Their distribution and characteristics are presented in Table 1, with detailed
study information provided in Supplementary Table S1.

3. Microplastics in Aquatic Environments
Sources and Pathways of Microplastics in the Aquatic Environment

Microplastics (MPs; <5 mm) are pervasive contaminants in freshwater, estuarine, and
marine environments. They are generally classified as primary MPs, including microbeads,
industrial pellets, and synthetic fibres, or secondary MPs formed through the degradation
of larger plastic debris [20–23]. MPs occur in varied forms such as fibres, fragments, films,
foams, and pellets, and consist of polymers including polyethylene (PE), polypropylene
(PP), polystyrene (PS), polyvinyl chloride (PVC), and polyethylene terephthalate (PET) [24].
Fibres, largely originating from textiles, are consistently identified as the dominant type in
aquatic systems [25,26].

Aquatic ecosystems are exposed to MPs from diverse anthropogenic sources, including
urban runoff, wastewater discharge, textile washing, tyre wear, mismanaged plastic waste,
fisheries, aquaculture, and maritime operations [27]. Rivers, stormwater networks, and
effluents from wastewater treatment plants (WWTPs) act as major pathways, transferring
MPs from terrestrial environments into estuarine and marine systems [28–31]. Atmospheric
circulation further contributes to dispersal, with deposition recorded in remote regions such
as Arctic and Antarctic snow and sea ice, as well as high-altitude aquatic systems [32–36].
Airborne MPs deposited on soils may subsequently be mobilised into rivers and lakes via
surface runoff [37].

The fate of MPs is determined by physicochemical properties and environmental
conditions, leading to their accumulation in both the water column and sediments [23].
Aquatic invertebrates are particularly susceptible, given their varied ecological niches and
feeding strategies, including filter feeding, deposit feeding, grazing, scavenging, and preda-
tion. MPs may be ingested directly from water and sediments or indirectly through trophic
interactions, thereby facilitating bioaccumulation and trophic transfer within aquatic food
webs [38,39]. Owing to these roles, aquatic invertebrates serve as important indicators
for assessing the ecological consequences of MP contamination. Figure 2 illustrates the
principal sources, pathways, and environmental fate of MPs across interconnected systems.

https://doi.org/10.3390/microplastics5030155

https://doi.org/10.3390/microplastics5030155


Microplastics 2026, 5, 155 6 of 20

Figure 2. Sources and pathways of microplastics in the Aquatic environment. Arrows indicate the
principal transport pathways of microplastics, while dots represent microplastic particles illustrating
their distribution and accumulation across aquatic ecosystems.

4. Microplastic Interactions with Aquatic Invertebrates
A total of 66 studies met the inclusion criteria and were synthesised in this review.

These studies encompassed five major aquatic invertebrate groups: Arthropods (Crus-
taceans and Aquatic Insects; n = 12), Molluscs (n = 7), Sediment-Associated Worms (An-
nelids, Nematodes, and Platyhelminthes; n = 18), Suspension Feeders (Poriferans, Cnidari-
ans, and Tunicates; n = 17), and Echinoderms (n = 12). The included studies represented
freshwater, estuarine, and marine ecosystems and comprised both laboratory and field
investigations. Sediment-associated worms and suspension feeders received the greatest
research attention, whereas molluscs were comparatively underrepresented (Table 1).

4.1. Arthropods (Crustaceans and Aquatic Insects)

Arthropods, encompassing crustaceans and aquatic insects, display diverse feeding
strategies, including filter feeding, detritivory, scavenging, and predation, which strongly
influence microplastic (MP) uptake [40–43]. Filter feeders predominantly ingest suspended
MPs from the water column, whereas deposit feeders acquire MPs through sediment
ingestion. Predatory taxa may additionally accumulate MPs indirectly via trophic transfer
from contaminated prey.

Habitat exerts a decisive influence on exposure pathways. Pelagic crustaceans are
primarily exposed to suspended MPs, while benthic species such as Nephrops norvegicus en-
counter sediment-associated particles. Field investigations reveal that populations inhabit-
ing coastal or wastewater-impacted environments generally exhibit higher MP burdens than
those from less disturbed habitats, reflecting spatial variability in contamination [40,44–46].
Particle characteristics further regulate ingestion and retention. Smaller particles are con-
sistently ingested across arthropod taxa, whereas fibres and irregularly shaped particles
often exhibit prolonged retention due to reduced egestion efficiency [45–47]. Experimen-
tal studies confirm that crustaceans readily ingest polymers such as polyethylene and
polystyrene; however, immediate tissue translocation and nutritional effects may be limited
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under controlled conditions [48]. Retention is also influenced by biological traits, including
gut morphology, body size, and moulting cycles, with ecdysis functioning as a principal
elimination mechanism in crustaceans [46,49].

In aquatic insects, feeding guilds strongly shape MP dynamics. Collector-gatherers
and filter feeders generally exhibit higher ingestion rates than predatory taxa owing to
continuous exposure to contaminated sediments and suspended organic matter [41]. Nev-
ertheless, trophic transfer represents an important accumulation pathway in predatory
insects, with experimental evidence showing that prey-mediated exposure can result in
higher MP burdens than direct uptake [49]. Physiological responses to MP exposure, in-
cluding oxidative stress, metabolic disruption, impaired growth, behavioural alterations,
delayed development, reduced emergence success, and changes in gut microbiota, have
been widely documented in arthropods [47,50]. Beyond aquatic systems, insects with com-
plex life cycles may facilitate the transfer of MPs across ecosystem boundaries. Microplastics
acquired during aquatic larval stages can persist through metamorphosis and subsequently
enter terrestrial food webs, thereby extending exposure to higher trophic levels. The
detection of MPs in edible aquatic insects further underscores potential implications for
human exposure [51].

Overall, MP interactions in arthropods are governed by the interplay among feeding
strategy, habitat-specific exposure, and particle characteristics. Collectively, these factors
determine ingestion, retention, and trophic transfer patterns, emphasising the role of
arthropods as key mediators of MP dynamics within and across aquatic ecosystems.

4.2. Molluscs

Molluscs employ varied feeding strategies, including filter feeding, grazing, and
deposit feeding, which strongly influence microplastic (MP) uptake and retention [52,53].
Bivalves, as dominant filter feeders, are particularly vulnerable to ingesting suspended
MPs from the water column, whereas gastropods acquire MPs through grazing on biofilms
or interacting with sediment-associated particles [54,55]. Consequently, molluscs represent
key organisms linking pelagic and benthic MP pathways [56].

Habitat conditions further shape exposure dynamics. Bivalves inhabiting coastal and
pelagic environments continuously filter large volumes of water, resulting in sustained
exposure to suspended MPs. By contrast, benthic gastropods and other sediment-associated
molluscs are primarily exposed to particles deposited within sediments, where contami-
nation levels are influenced by local hydrodynamics and anthropogenic inputs [57]. Field
investigations, including those conducted in the Persian Gulf, have reported widespread
MP contamination in edible molluscs, with fibres and fragments representing the dominant
particle types [58].

Particle characteristics play a critical role in ingestion, retention, and depuration. Fi-
bres and tyre-derived particles have been shown to persist longer in Mytilus edulis than
more readily egested fragments, underscoring the importance of particle morphology in
toxicokinetics [53]. Similarly, nonlinear uptake and incomplete depuration have been docu-
mented in oysters (Crassostrea virginica), suggesting that MPs may remain within organisms
despite extended clearance periods [57]. Accumulation patterns are also influenced by
polymer type and environmental concentrations, as demonstrated in freshwater species
such as Physa acuta [52].

Microplastics have been detected in multiple molluscan tissues, indicating that ex-
posure pathways may extend beyond ingestion to include adhesion to external surfaces
followed by internalisation [54]. Feeding ecology further influences particle selectivity,
with habitat-specific availability contributing to the predominance of coloured fibres in
certain gastropod species [55]. Physiological responses to MP exposure, including oxidative
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stress, histopathological alterations, and biochemical disruption, have also been widely
documented, highlighting the sensitivity of molluscs to MP contamination [56].

Overall, MP interactions in molluscs are governed by the combined influence of feed-
ing strategy, habitat-specific exposure, and particle characteristics. These factors collectively
determine ingestion dynamics, retention potential, and ecological effects, reinforcing the
importance of molluscs as bioindicators of MP pollution and potential vectors for transfer
to higher trophic levels, including humans.

4.3. Sediment-Associated Worms (Annelids, Nematodes, and Platyhelminthes)

Annelids, nematodes, and benthic platyhelminths (e.g., planarians) are closely linked
to sedimentary habitats, making them particularly vulnerable to microplastic (MP) expo-
sure. Deposit feeding, scavenging, and predatory behaviours facilitate continuous ingestion
of sediment particles and contaminated prey, constituting the primary pathways of MP
uptake in benthic systems [59–62]. These taxa therefore play important roles in mediating
MP dynamics within sedimentary environments [63–65].

Habitat strongly influences exposure, as MPs accumulate in benthic substrates through
sedimentation, increasing their bioavailability to sediment-dwelling organisms. Poly-
chaetes, oligochaetes, meiofaunal nematodes, and planarians are exposed through direct
sediment ingestion and indirect dietary pathways. Tube-dwelling annelids may also in-
corporate MPs into their tubes, potentially acting as localised sinks and indicators of
sediment contamination [65,66].

Species-specific traits and feeding modes further regulate MP ingestion. In annelids,
both filter-feeding and deposit-feeding species ingest MPs, although uptake rates vary
among taxa and feeding strategies [61]. Nematodes exhibit pronounced size-selective
ingestion, with smaller particles (≤5 µm) preferentially consumed and retained due to
morphological constraints such as buccal cavity size [67,68]. Planarians, by contrast, pre-
dominantly acquire MPs through trophic interactions, consuming contaminated prey or
detrital material. Experimental studies demonstrate incomplete egestion and measurable
retention within the digestive tract [62].

Particle characteristics substantially influence retention and transfer potential. Fibres,
which often dominate sedimentary habitats, are readily ingested by non-selective deposit-
feeding annelids, underscoring the role of feeding strategy in microplastic uptake [60].
Incomplete egestion of smaller particles in annelids and nematodes may enhance persis-
tence within organisms, while repeated prey-mediated exposure in planarians can result
in cumulative MP uptake despite relatively low retention following individual feeding
events [69,70]. Such repeated ingestion-egestion cycles may facilitate significant MP fluxes
through benthic food webs, increasing the likelihood of trophic transfer.

Environmental variables, including sediment grain size, organic matter content, and
contamination sources, further influence MP availability and uptake across taxa and
habitats [64]. Co-exposure to MPs and other pollutants, such as heavy metals and per-
sistent organic compounds, may exacerbate physiological stress responses. For instance,
combined exposures in planarians have been shown to intensify oxidative stress, disrupt
metabolic processes, and impair cellular regulation [71,72]. Physiological and ecologi-
cal consequences of MP exposure include oxidative stress, metabolic disruption, altered
growth, and changes in population dynamics. Multigenerational studies in nematodes
suggest that chronic exposure may reduce growth and carrying capacity, with implications
for energy transfer within benthic ecosystems [73,74]. In planarians, MPs can interfere
with stem cell (neoblast) activity and tissue differentiation, impairing regeneration and
highlighting sensitivity at both cellular and organismal levels [62,75,76]. Overall, MP
interactions in sediment-associated invertebrates are governed by the interplay among
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feeding strategy, benthic habitat exposure, and particle characteristics. These organisms act
as bioindicators, intermediary reservoirs, and conduits of MP redistribution, facilitating
retention and trophic transfer within aquatic ecosystems.

4.4. Suspension Feeders (Poriferans, Cnidarians, and Tunicates)

Poriferans, cnidarians, and tunicates are predominantly suspension feeders that cap-
ture or filter particles from the water column, making them highly vulnerable to mi-
croplastic (MP) exposure [77–79]. This feeding mode facilitates direct uptake of suspended
MPs and positions these taxa as important mediators of MP dynamics in pelagic and
reef-associated ecosystems.

Habitat conditions strongly shape exposure patterns. In coastal, reef, and open-water
environments, hydrodynamic processes maintain MPs in suspension and promote their
redistribution, thereby increasing availability to filter-feeding organisms [80,81]. As largely
sessile or slow-moving organisms, poriferans and many cnidarians experience prolonged
localised exposure, whereas planktonic tunicates encounter MPs across broader spatial
gradients [82,83]. These contrasting life-history traits highlight the combined influence of
habitat and organism mobility on MP uptake.

In poriferans (sponges), continuous filtration of large volumes of water can lead to
substantial accumulation of fibres, fragments, and pellets. Reported MP abundances vary
considerably among environments, suggesting that contamination levels are primarily
driven by site-specific conditions rather than species-specific selectivity [78,82]. Morpho-
logical traits further influence retention, with encrusting species often accumulating higher
MP loads than branching forms, and particles frequently adhering to external tissues and
structural components such as spongin fibres [84,85]. The detection of MPs in sponges
from remote regions, including polar habitats, underscores their value as indicators of
widespread contamination [86].

Cnidarians interact with MPs through ingestion, external adhesion, and trophic trans-
fer. Non-selective feeding behaviour facilitates uptake of particles resembling natural
prey, while mucus production enhances retention on external surfaces. In corals, MPs may
interfere with symbiotic associations by occupying spaces associated with algal symbionts,
potentially compromising physiological stability and reef resilience [87]. In gelatinous
cnidarians, including jellyfish, ingestion and egestion rates vary among species, with some
exhibiting rapid clearance and others showing enhanced uptake through prey-mediated
exposure [88,89]. Particle traits, including size, polymer type, and biofilm formation, fur-
ther influence ingestion and retention dynamics while jellyfish such as Pelagia noctiluca
predominantly ingest fibre-dominated microplastics [90].

Tunicates, including ascidians and thaliaceans, are efficient suspension feeders capable
of accumulating MPs within digestive and internal tissues. Experimental studies demon-
strate that species such as Ciona intestinalis readily ingest MPs, with evidence of particle
translocation into internal compartments, indicating potential systemic exposure [91,92].
In planktonic tunicates, exposure has been linked to reduced feeding efficiency, impaired
growth, and metabolic disruption, highlighting their physiological sensitivity to particle
contamination [93]. These findings suggest that tunicates may contribute significantly to
MP transfer across lower trophic levels.

Across suspension-feeding taxa, particle characteristics strongly influence uptake
and retention, with smaller particles more readily captured and fibres frequently domi-
nating due to their widespread occurrence. Although ingestion is often non-selective,
retention and physiological responses vary according to species-specific traits and
environmental conditions.
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Overall, MP interactions in suspension-feeding invertebrates are governed by the
interplay among filtration-based feeding strategies, habitat-specific exposure, and particle
characteristics. These organisms act as effective bioindicators of MP contamination and
contribute to the redistribution and trophic transfer of MPs within aquatic ecosystems.

4.5. Echinoderms

Echinoderms, including sea urchins, sea stars, and sea cucumbers, employ diverse
feeding strategies such as deposit feeding, grazing, and predation, which strongly influence
microplastic (MP) uptake [94–96]. Deposit-feeding taxa, particularly holothurians, are
especially prone to ingesting sediment-associated MPs, whereas grazing and predatory
species may acquire particles incidentally during feeding or indirectly through trophic
interactions [97–100]. Habitat plays a central role in exposure because echinoderms are
predominantly benthic organisms that interact closely with sediments, which act as major
sinks for MPs. Field studies consistently demonstrate strong correlations between MP
concentrations in sediments and those detected within echinoderm digestive tissues, indi-
cating that sediment ingestion constitutes the principal exposure pathway [101,102]. This
relationship is particularly evident in low-energy environments, where fibres frequently
dominate both sediment and biological samples, reflecting local deposition patterns.

Particle characteristics and environmental availability further influence ingestion and
retention. Polymer composition, particle size, and morphology detected in echinoderms
generally mirror those present in surrounding sediments, suggesting largely non-selective
uptake governed by environmental exposure rather than active selection [96,103]. Nonethe-
less, interspecific differences in particle size distributions indicate that biological traits,
including feeding mode and digestive processing, may modulate retention patterns [104].
Studies of commercially important species such as Paracentrotus lividus confirm that lo-
cal contamination levels strongly influence MP accumulation [101]. Feeding strategy
contributes substantially to variation in MP burdens among functional groups. Sediment-
feeding echinoderms, notably sea urchins, encounter microplastics through sustained
interaction with contaminated sediments during foraging, highlighting the importance of
functional traits in modulating exposure intensity within benthic ecosystems [96].

Experimental studies further demonstrate that MP exposure may induce developmen-
tal abnormalities during early life stages, including reduced survival, impaired growth,
developmental delay, and inhibited metamorphosis, indicating heightened sensitivity dur-
ing critical developmental periods [105]. Such effects suggest that MPs may influence
physiological processes beyond simple accumulation, with potential consequences for
population dynamics and ecosystem functioning.

Overall, MP interactions in echinoderms are governed by the interplay among feeding
strategy, benthic habitat exposure, and particle characteristics. Consequently, these organ-
isms serve as effective indicators of sediment-associated MP pollution and contribute to
MP redistribution and trophic transfer within marine food webs.

The occurrence of ingestion, bioaccumulation, trophic transfer, and biomagnification
across the 66 included studies is summarised in Table 2.

5. Trait–Habitat–Particle (THP) Framework: A Conceptual Perspective
5.1. The THP Framework as a Conceptual Tool

Advancing understanding of microplastic (MP) ingestion, bioaccumulation, and
trophic transfer in aquatic invertebrates requires consideration of the biological and envi-
ronmental factors that govern particle uptake. Evidence synthesised in this review indicates
that MP interactions are rarely determined by a single factor but instead emerge from the
interplay among biological and functional traits, habitat-mediated exposure, and parti-
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cle characteristics [106].However, these determinants are often examined independently,
limiting broader interpretation across taxa and ecosystems.

To address this gap, the Trait–Habitat–Particle (THP) framework (Figure 3) is proposed
as a conceptual tool integrating three major determinants: (i) biological and functional traits
(T), (ii) habitat characteristics influencing exposure (H), and (iii) particle properties (P).
Rather than functioning as a predictive model, the framework provides a qualitative basis
for organising existing evidence and identifying mechanisms underlying MP ingestion,
retention, and trophic transfer within aquatic food webs.

Figure 3. Trait–Habitat–Particle (THP) framework illustrating the interaction of biological and
functional traits (T), habitat characteristics (H), and particle properties (P) in shaping microplastic
ingestion, retention, and trophic transfer in aquatic invertebrates. Arrows indicate the conceptual
interactions among the components and their combined influence on microplastic exposure, uptake,
retention, and trophic transfer. The framework is intended as a qualitative conceptual tool rather than
a predictive model. PE = polyethylene; PP = polypropylene; PS = polystyrene; PET = polyethylene
terephthalate; PVC = polyvinyl chloride.

Within this framework, biological and functional traits encompass characteristics that
influence particle encounter and uptake, including feeding features, ontogenetic stage,
physiological state, and behavioural patterns. Habitat characteristics describe environ-
mental conditions that regulate particle availability and exposure, including sediment
properties, pelagic and benthic zones, proximity to pollution sources, and environmental
conditions such as hydrodynamics, temperature, and salinity. Particle properties refer to
the physicochemical attributes of MPs, including particle size, morphology, polymer type,
density and buoyancy, and surface condition, such as ageing, weathering, and biofilm
coating, which influence particle bioavailability and interactions with aquatic invertebrates.

Importantly, these determinants operate interactively rather than independently. For
instance, the influence of particle size may be constrained by feeding mechanisms, while
habitat conditions determine particle distribution and accessibility. Consequently, similar
particles may exhibit different ingestion patterns among functional groups and ecosystems,
underscoring the importance of considering interactions among traits, habitat, and particle
characteristics when interpreting MP dynamics.

https://doi.org/10.3390/microplastics5030155

https://doi.org/10.3390/microplastics5030155


Microplastics 2026, 5, 155 12 of 20

The THP framework is articulated as a conceptual tool rather than a quantitative model
intended for prediction. It serves to synthesise recurrent patterns observed across diverse
studies by linking biological and functional traits, habitat-related exposure, and particle
properties. In doing so, it facilitates comparisons among functional groups and ecosystems
whilst acknowledging the heterogeneity inherent in the available empirical evidence.

5.2. Trait, Habitat, and Particle Interactions

Within the THP framework, biological and functional traits define the primary in-
terface between aquatic invertebrates and MPs. Feeding strategy emerges as the most
consistent determinant of uptake, with filter feeders exhibiting continuous, largely non-
selective ingestion of particles from the water column [107,108], deposit feeders consuming
sediment-bound particles [109,110], and predators acquiring MPs indirectly through trophic
transfer [111]. Morphological and life-history traits, including body size and developmental
stage, further influence ingestion capacity and retention potential [65].

Habitat regulates exposure by shaping MP distribution and availability. Pelagic
systems facilitate encounters with suspended particles, whereas benthic environments act
as sinks where MPs accumulate and persist [110,112]. Proximity to anthropogenic inputs,
such as wastewater discharges and urban runoff, may further elevate exposure levels in
aquatic ecosystems [109].

Particle properties also influence bioavailability and interaction outcomes. Smaller
particles are generally more readily ingested due to their resemblance to natural food items,
while fibres frequently dominate environmental samples and often exhibit prolonged
retention [65]. Surface modification through biofilm formation may enhance ingestion by
increasing similarity to natural prey [113]). MPs may also act as vectors for co-contaminants,
thereby influencing ecological risk profiles [114].

The THP framework may be applied qualitatively to interpret microplastic interactions.
First, biological and functional traits (T) are considered to establish probable pathways of
microplastic encounter, ingestion, and retention. Second, habitat characteristics (H) are
examined to evaluate particle availability and exposure. Third, particle properties (P) are
assessed to interpret potential bioavailability and retention. Considered collectively, these
components provide a qualitative basis for interpreting patterns of ingestion, retention,
and trophic transfer within specific ecological contexts.

5.3. Functional Outcomes and Ecological Implications

The combined influence of biological and functional traits, habitat characteristics,
and particle properties shapes the functional outcomes of MP interactions across aquatic
invertebrate groups. Systems characterised by high trait susceptibility, elevated expo-
sure, and increased particle bioavailability are generally associated with greater ingestion
and retention [106,113].

Sediment-associated functional groups may act as reservoirs due to sustained expo-
sure and continuous ingestion of contaminated substrates [115,116]. By contrast, mobile
and predatory groups may contribute to MP redistribution through trophic transfer, linking
benthic and pelagic compartments [111]. These patterns suggest that MP dynamics are in-
fluenced by the convergence of biological and environmental factors rather than taxonomic
identity alone.

5.4. Cross-Functional Groups Synthesis Under the THP Framework

Consistent patterns emerge across functional groups when interpreted through the
THP framework. Feeding strategy appears to be the primary determinant of MP ingestion,
with filter feeders and deposit feeders exhibiting comparatively higher uptake, whereas
predators contribute mainly through indirect pathways of exposure [107,111]. Habitat
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further modulates these effects, with benthic systems promoting long-term accumulation
and pelagic systems facilitating continuous exposure [110,112].

Particle characteristics exert broadly similar influences across functional groups, with
smaller and fibrous MPs being most frequently ingested due to their bioavailability and
widespread occurrence [65]. Nevertheless, variation within functional groups often reflects
differences in trait–habitat interactions rather than particle properties alone. This synthesis
suggests that MP ingestion patterns may be interpreted through the interaction among
traits, habitat characteristics, and particle properties (Table 3).

Table 3. Functional classification of microplastic interactions in aquatic invertebrates under the
Trait–Habitat–Particle (THP) framework.

Functional
Group

Example Organisms
(Illustrative) Trait (T) Habitat (H) Particle Interaction

(P)
THP-Based Interpretation
(Qualitative)

Filter feeders Bivalves (Mytilus spp.),
sponges, tunicates

Non-selective
filtration; continu-
ous feeding

Pelagic–benthic inter-
face; particle-rich
waters

Small suspended
particles; fibres;
biofilm-coated MPs

Persistent ingestion and
retention of suspended
microplastics through
filtration pathways

Deposit
feeders

Polychaetes,
oligochaetes,
nematodes

Sediment inges-
tion; detritivory

Sediment-rich
benthic habitats;
estuarine and
freshwater sediments

Sediment-bound
particles; fibres; fine
fragments

Sustained uptake and
internal retention of
microplastics due to
continuous sediment
ingestion

Collector-
gatherers

Amphipods, aquatic
insect larvae

Mixed feeding
strategies; detri-
tus collection

Benthic substrates
with organic detritus

Mixed particle types
from sediments and
detritus

Variable ingestion driven
by sediment–
detritus interactions and
feeding selectivity

Grazers

Gastropods, Daphnia
spp. Echinoderms (sea
urchins), Molluscs
(Limpets)

Scraping and
grazing on
biofilms/algae

Littoral zones;
periphyton-rich
surfaces

Biofilm-associated
particles; small
fragments

Ingestion linked to
biofilm-mediated particle
attraction and surface
grazing activity

Predators
Decapod crus-
taceans, aquatic insects,
planarians

Trophic feeding;
prey consumption

Across benthic and
pelagic food webs

Secondary exposure
via contaminated
prey

Indirect ingestion through
trophic transfer; exposure
dependent on prey
contamination levels

Suspension/
selective
feeders

Cnidarians, some
echinoderms

Selective or
passive suspen-
sion feeding

Water column and
benthic interface
zones

Particles influenced
by size, shape, and
organic coatings

Uptake shaped by particle
properties and ambient
concentration gradients

Table note. This classification derives from a qualitative synthesis of recurring patterns reported in the literature
and is intended to illustrate general relationships among organismal traits, habitat exposure, and particle charac-
teristics. The framework should be interpreted as a conceptual tool for hypothesis generation and comparative
interpretation rather than as a validated predictive model.

5.5. Limitations and Future Applications of the THP Framework

The THP framework should be regarded as an exploratory conceptual tool rather
than a validated predictive model. It was developed through qualitative synthesis of het-
erogeneous studies encompassing diverse taxa, habitats, particle types, and experimental
approaches. Consequently, the framework has not yet undergone empirical validation or
quantitative testing across multiple ecosystems.

Differences in study design, methodological approaches, microplastic characterisation,
and quality assurance procedures among the reviewed studies further constrain direct
comparisons and limit generalisability. The framework is therefore intended primarily as
a heuristic device for organising existing knowledge, identifying recurrent patterns, and
generating hypotheses for future research.

Future investigations should evaluate the applicability of the THP framework through
standardised laboratory and field studies conducted across multiple invertebrate groups
and ecosystems. Integrating trait-based approaches with quantitative assessments of
exposure, retention, and trophic transfer may further improve the framework and enhance
understanding of microplastic dynamics within aquatic food webs.
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6. Knowledge Gaps and Future Research Directions
Although evidence of microplastic (MP) ingestion in aquatic invertebrates is expand-

ing rapidly, several critical limitations continue to constrain predictive understanding. A
major challenge is the lack of methodological standardisation across studies, with inconsis-
tencies in sampling approaches, particle extraction procedures, identification techniques,
quality assurance/quality control (QA/QC) practices, and reporting units restricting com-
parability and synthesis [14,117]. Standardisation may be advanced through the adoption
of harmonised reporting requirements across invertebrate studies. At a minimum, studies
should report particle abundance using clearly defined and, where possible, comparable
units; describe digestion and extraction procedures; specify methods used for polymer
confirmation; document contamination controls and procedural blanks; report recovery
controls where applicable; and distinguish whether microplastics were quantified in gut
contents, whole organisms, or specific tissues. Consistent reporting of particle size ranges,
detection limits, and the biological compartment analysed would further improve compara-
bility across invertebrate groups and ecosystems. Such harmonisation would substantially
improve comparability among studies and facilitate large-scale synthesis.

Beyond feeding strategy, biological traits such as behaviour, physiology, and life-
history characteristics remain insufficiently investigated, limiting the development of
robust trait-based frameworks. Habitat variability is also underrepresented, particularly in
deep-sea, estuarine, polar, and tropical freshwater ecosystems, where spatial and temporal
dynamics of MP exposure remain poorly characterised [104,112]. Expanding research
within these understudied environments is necessary to strengthen ecological generalisa-
tion and improve understanding of ecosystem-specific exposure pathways.

The influence of particle characteristics, including morphology, polymer type, age-
ing, and biofilm formation, is not consistently evaluated across functional groups despite
evidence of their importance in ingestion and retention dynamics [113,117]. Quantitative
understanding of trophic transfer also remains limited, particularly regarding transfer
efficiency, retention across trophic levels, and the potential for biomagnification [15,26].
Future investigations should incorporate controlled prey–predator experiments, stable
isotope-assisted food-web analyses, and standardised transfer efficiency metrics to quantify
MP movement across trophic levels under environmentally realistic conditions. Future
investigations should incorporate controlled prey–consumer experiments and, where ap-
propriate, complementary food-web approaches to quantify MP movement across trophic
levels under environmentally realistic conditions. Comparable metrics should include
transfer efficiency, retention time, prey-to-consumer particle ratios, and gut-clearance con-
trols to distinguish transient gut passage from persistent retention. Studies should also
report exposure duration, prey contamination levels, consumer uptake, and post-exposure
depuration periods to improve comparisons across taxa and trophic pathways.

Many current studies rely on controlled laboratory experiments that may not fully cap-
ture the complexity of natural environments. Future research should therefore prioritise eco-
logically realistic and multifactorial study designs that integrate biological and functional
traits, habitat conditions, and particle characteristics under environmentally relevant expo-
sure scenarios. Long-term and multigenerational studies are also required to evaluate cu-
mulative impacts on organismal fitness, population dynamics, and ecosystem functioning.

Finally, while the Trait–Habitat–Particle (THP) framework provides a structured lens
for interpreting MP interactions, its application remains largely conceptual. Empirical
evaluation across multiple functional groups, habitats, and ecosystems would be valuable
for assessing its broader applicability and determining whether the framework can support
future quantitative assessments of microplastic dynamics in aquatic food webs.
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7. Conclusions
Microplastic contamination in aquatic invertebrates is pervasive across freshwater,

estuarine, and marine ecosystems. Evidence synthesised in this review demonstrates that
diverse invertebrate groups ingest and retain microplastics through multiple pathways
shaped by feeding strategy, habitat characteristics, and particle properties. Aquatic in-
vertebrates therefore act not only as recipients of microplastic contamination but also as
mediators of particle transfer within aquatic food webs.

This review highlights that microplastic interactions are governed by the combined
influence of biological and environmental factors rather than taxonomic identity alone. The
proposed Trait–Habitat–Particle (THP) framework provides a conceptual lens for inter-
preting patterns of ingestion, retention, and trophic transfer across functional groups
and ecosystems. However, the framework remains exploratory and requires further
empirical evaluation.

Despite growing evidence of microplastic ingestion and bioaccumulation, quanti-
tative understanding of trophic transfer within aquatic invertebrate food webs remains
limited, and no conclusive evidence of biomagnification was identified among the reviewed
studies. Future research should prioritise methodological standardisation, long-term and
ecologically realistic investigations, and quantitative assessments of trophic transfer across
diverse invertebrate groups and habitats. Supported by future empirical validation and
standardised quantitative data, such efforts may improve ecological risk assessment and
strengthen understanding of microplastic dynamics in aquatic ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microplastics5030155/s1, Supplementary Table S1. Summary of
studies included in the review and their reported evidence of microplastic ingestion, bioaccumulation,
trophic transfer, and biomagnification in aquatic invertebrates.
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