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Abstract

Benthic sediments are recognized as the principal sink for the 'missing plastic;

yet the biological processes governing microplastic (MP) fate within this reservoir
remain critically unresolved. Here, we investigate whether and how marine nematode
communities, the most abundant metazoans in marine sediments, influence the fate
and ecological risk of MPs. Using short-term (9-day) and long-term (30-day) microcosm
experiments, we assessed the influence of MP density and exposure time on nematode
community structure, functional diversity, and sequestration capacity. Our results reveal
that MP sequestration by nematodes only manifests at very high-MP densities. Coun-
ter-intuitively, the most severe impacts on nematode communities occurred at low

MP densities, despite particle uptake remaining below detection there. The magnitude
of the sequestration role of the nematode community heavily depended on nematode
functional characteristics, with opportunistic non-selective ingesters being responsible
for 90% of the MP sequestration in the short-term experiment. With a structurally very
different community at the start, MP uptake in the long-term experiment was consid-
erably lower and shared by a functionally more diverse consortium of more K-selected
taxa with diverse feeding strategies, but all having fairly wide buccal cavities. Our study
reveals that nematode communities are an active and dynamic biological compart-
ment where MPs are processed, transformed, and reintroduced into the food web,

but the quantitative importance of their role in trophic transfer appears very limited.

Keywords: Meiofauna, Benthic food web, Ecological risk, Plastic cycle, Functional
diversity

1 Introduction

Plastic pollution is a pervasive environmental challenge, with debris documented across all
marine ecosystems [1-4]. Global production has generated over six billion tons of plastic
waste deposited into the environment [5]. Cumulative inputs to the oceans were projected
to reach 155 million tons by 2025, a figure that compounds this legacy [6]. In the marine
realm, this material fragments into ubiquitous microplastics (MPs), particles smaller than
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5 mm [7, 8]. This fragmentation dramatically increases their bioavailability and the com-
plexity of tracking their environmental pathways [1].

A critical inconsistency persists in our understanding of the global plastic cycle. The mass
of MPs in surface waters is orders of magnitude lower than predicted by ocean-input mod-
els, a discrepancy termed the 'missing plastic’ paradox [9, 10]. This suggests that the ocean
surface serves as a transient reservoir and that a significant fraction of plastic pollution is
transported to the seafloor [11]. Marine sediments are now recognized as the principal
global sink, potentially sequestering 70 to 90% of all plastic entering the ocean [2, 12]. This
vertical transport is driven by mechanisms including the direct sinking of high density poly-
mers such as polyethylene terephthalate (PET) and polyvinyl chloride (PVC) and, crucially,
the biofouling of buoyant polymers like polyethylene (PE) and polypropylene (PP), which
increases their density and facilitates sedimentation [13-16].

However, the seafloor is not an endpoint but the start of a new biogeochemical cycle,
where the ultimate fate of MPs, whether burial, resuspension, or trophic transfer, is gov-
erned by the activity of benthic organisms. Among the benthic fauna, meiofauna, a diverse
assemblage of microscopic metazoans, are uniquely positioned to interact with, and influ-
ence the fate of, MPs due to their size and intimate association with sediment particles [17].
Within this group, free-living nematodes are the most abundant and diverse metazoans in
marine sediments globally, often comprising over 90% of individuals and acting as a criti-
cal link in benthic ecosystems [18, 19]. The ecological significance of nematodes is mul-
tifaceted. As microscale ecosystem engineers, they actively restructure sediment through
bioturbation, making them primary modulators of the vertical distribution of contaminants
[20]. Concurrently, nematodes occupy a central position in the benthic food web, chan-
neling energy from microbial and detrital pools to higher trophic levels [19, 21]. This dual
role establishes them as a potential bottleneck or conduit for MP transfer within benthic
ecosystems.

Direct ingestion of MPs by nematodes is a confirmed pathway [22—24]. However, the col-
lective consequence of these interactions at the community level, and their impact on the
ecosystem-scale fate of MPs, remain a critical and unexplored knowledge gap. The func-
tional diversity of nematodes, reflected in their varied buccal morphologies and life-his-
tory strategies, suggests that their effects on and responses to MPs are not uniform. This
functional heterogeneity could lead to complex outcomes, from physiological harm to
individuals [25] and community restructuring [26] to profound alterations in ecosystem-
level energy flow and contaminant transfer [27]. To address this knowledge gap, our study
investigates the integrated role of the nematode community as a biological sink, assessing
its structural and functional responses to determine the ecosystem-level consequences of
MP exposure.

Using a combination of short-term and long-term exposure experiments, we specifically
sought to understand this role and how it evolves from the initial toxicological response
and specialist-driven function to the potential for community adaptation and functional
succession. Specifically, we aimed to: (1) quantify the MP sequestration capacity of the
nematode community and determine how its structure is altered by MP exposure; (2) use
a functional-trait approach to identify the nematode taxa that are the primary drivers of
MP sequestration; and (3) provide an order-of-magnitude estimate of the quantitative sig-
nificance of gut storage for the transfer of MPs to higher trophic levels. We formulated
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hypotheses grounded in the established principles that environmental contaminants act
as selective pressures on communities [28], and that the functional traits of nematodes are
good predictors of their ecological roles [29]. Based on this framework, we tested the fol-
lowing: (H1) MP exposure will reduce nematode density and diversity, selecting for toler-
ant, opportunistic taxa and thereby altering the community’s collective capacity to act as
a biological sink and (H2) nematodes with r-like life strategies and non-selective feeding
behaviors supported by wide buccal cavities will ingest MP at higher rates and be gateways
for MP entry into the benthic food web. Addressing these questions is essential for develop-
ing a mechanistic and quantitative understanding of the role of benthic fauna in the global
plastic cycle.

2 Materials and methods
2.1 Study area and sampling

The nematode community was sourced from intertidal sediments at Cupe Beach,
located in Ipojuca, Pernambuco, Brazil (8°27/29.4"S 34°5903.2"W), during the sum-
mer low tides of the 2022-2023 period. The depositional site was selected for its fine-
grained sand matrix and well-characterized meiofauna community [22], which provided
an ideal natural system for microcosm studies. Samples were collected by scraping the
top 2 cm of sediment, the zone of highest meiofaunal abundance and biological activity
[30]. To create a uniform sample, the collected sediment was gently homogenized and
transported to the laboratory in aerated containers with site-sourced seawater. To mini-
mize stress from collection and ensure a stable baseline community, the sediment was
maintained under controlled laboratory conditions (28 °C, 35 salinity) for a seven-day
acclimatization period before initiating the experiments [31, 32]. During this period,
sediment was kept in a single large, aerated aquarium. No external food was added, as
the natural sediment contained sufficient organic matter to sustain the community [22,
32].

2.2 Microcosm setup

To investigate both short-term and long-term responses, two independent experiments
were conducted over 9 and 30 days, respectively. The experimental design was based on
the microcosm set-up established by Vafeiadou et al. (2018) and validated in our previ-
ous research [22]. In brief, each microcosm was prepared in a glass beaker containing a
5-6 cm layer of sediment submerged in 0.2-um-filtered seawater. This sediment com-
prised a homogenized mixture of 300 g of natural, live sediment and 100 g of defaunated
sediment. The sediment was defaunated by freezing (—20 °C for 48 h) and subsequent
thawing, a method that eliminates metazoans while preserving at least part of the native
microbial community [33, 34]. Each microcosm consisted of 400 g of sediment, pre-
pared in a two-step process to ensure a homogeneous distribution of contaminants.
First, the nominal density of MPs for each treatment was thoroughly mixed into 100 g
of defaunated sediment. This portion served as a contaminated carrier matrix. Second,
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this contaminated carrier was carefully and slowly homogenized with 300 g of natu-
ral, live sediment. This two-step method ensures a controlled and even introduction of
MPs throughout the final sediment matrix while minimizing mechanical stress on the
living organisms. A negative-pressure aeration system maintained oxygen at the sedi-
ment—water interface, preventing confounding effects of hypoxia/anoxia (for details on
the design, see Vafeiadou et al., 2018). All microcosms were kept in a temperature-con-
trolled room at 28 +1 °C and 35+ 1 salinity. A total of 16 independent microcosms were
prepared for each experiment (short- and long-term), representing four replicate beak-
ers for each of the four treatment groups (Control, 108, 10°, and 107 particles/mL). To
prevent cross-contamination, the replicates of each treatment were placed in separate
water baths (four water baths in total), all maintained under identical temperature and
light conditions. The initial nematode density was not artificially standardized; instead,
we ensured a homogeneous starting community by adding a standardized mass (300 g)
of homogenized natural sediment to each replicate.

2.3 MP treatment and laboratory sampling

The contaminant source consisted of 1-um diameter fluorescent polystyrene micro-
spheres (Fluoresbrite®; excitation: 441 nm, emission: 485 nm) from Polysciences Europe
GmbH (Germany). This specific size and shape were chosen for their ecological rele-
vance to nematode feeding ecology. Polystyrene is a common polymer in marine pol-
lution. The 1-pum spherical particles are within the optimal size range for ingestion by
many bacterivorous and deposit-feeding nematodes [23, 35], mimicking the size of
their natural bacterial prey. Furthermore, fluorescent spheres are a standard tool that
allows for unambiguous quantification of ingestion. Nominal exposure densities of 10°,
10°, and 107 particles/mL of sediment were established. This range was designed as a
tiered approach: the lowest density reflects levels found in moderately polluted coastal
sediments [15, 16], while the higher densities represent expected future scenarios, ena-
bling the construction of dose—response relationships and the identification of ecologi-
cal thresholds. Detailed procedures for preparing the contaminated sediment via serial
dilutions are described in de Franca et al. (2024). In summary, first, a stock slurry of MPs
was mixed into a portion of defaunated sediment to create a highly concentrated car-
rier sediment (4 107 particles per 100 g). This mixture was manually homogenized for
several minutes until visually uniform and allowed to settle for approximately 30 min.
Second, this carrier sediment was either used directly or serially diluted with uncon-
taminated defaunated sediment to create the stock for each target concentration. Finally,
100 g of the appropriate contaminated sediment stock (or uncontaminated defaunated
sediment for the control group) was homogenized with 300 g of live sediment to estab-
lish each microcosm. The homogeneity of the final mixture relies on this standard-
ized, multi-step process; hence the concentrations are referred to as nominal. Sampling
was conducted at multiple time points within the same replicate microcosms using a
repeated-measures design. In the short-term experiment, sediment subsamples were
carefully collected from each beaker at 3, 6, and 9 days (T3, T6, T9). These intervals
were chosen to capture the rapid response of opportunistic nematodes with often short
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(days to weeks) life cycles. Subsampling was performed using a transparent Perspex
corer (3.6 cm inner diameter), which collects a surface area of approximately 10 cm? A
similar procedure was followed for the long-term experiment, with subsampling at 15
and 30 days (T15, T30). This longer timescale was designed to assess chronic effects and
potential ecological succession within the community, spanning multiple generations of
both opportunistic and more persistent taxa. This design allowed us to track the tem-
poral dynamics within each replicate, and we acknowledge that the subsampling itself
introduces a minor, controlled disturbance.

2.4 Sample processing

Nematodes were extracted from sediment samples using a 300-pm sieve to remove
macrofauna and a 38-pm sieve to retain meiofauna. The retained fraction was then sub-
jected to centrifugation-flotation with Ludox HS40, a non-toxic silica polymer, to sepa-
rate organisms from sediment particles [36]. The extracted nematofauna was first frozen
while alive (—20 °C, 12 h); this step serves to relax the specimens for accurate morpho-
metric measurements and to prevent the egestion of gut contents [37]. They were then
preserved in 4% formaldehyde and stained with Rose Bengal to facilitate their detection
and counting. Total nematode counts were performed under a stereomicroscope (Zeiss
Stemi 305) using magnifications ranging from 16X to 64X. From each replicate, ca 130
nematodes were randomly picked and mounted on permanent slides using the glycerin-
ethanol method [38]. Taxonomic identification to the genus level was performed under
a compound microscope (Zeiss Scope Al) and 40X to 100 X magnification, using estab-
lished keys [39-41] and the Nemys database (Nemys eds. 2025). Identified genera were
then assigned to functional groups. Trophic groups were assessed from buccal morphol-
ogy [42] as: 1A (selective deposit-feeders), 1B (non-selective deposit-feeders), 2A (epis-
trate-feeders), and 2B (predators/omnivores). The Trophic Diversity Index (TDI) was
calculated according to Heip et al. (1985) using the formula: TDI=1—X6?% where 0 is
the contribution of the density of each trophic group to the total nematode density. This
index ranges from 0.25 to 1, where a higher TDI value indicates greater trophic diver-
sity within the nematode community. Life-history strategy was assigned using the colo-
nizer-persister (c-p) scale, which ranks genera from 1 (opportunistic colonizers with an
r-selected life-history strategy) to 5 ( ‘persisters’ characterized by K-selected life-history
traits) [43]. The community Maturity Index (MI), a weighted average of these c-p values,
was calculated using the formula: MI=2Xv(i) X f(i), where v(i) is the c-p value of genus i,
and f(i) is the frequency of that genus. This index is a robust indicator of ecosystem dis-
turbance [44].

Biomass was determined for ca 100 individuals per replicate by measuring body length
(L) and width (W) from images captured using ZEN software connected to a Zeiss
Scope Al microscope, and applying a slightly modified version of the Andrassy [45] for-
mula: Biomass (ug wet weight)=(LxW? / 1.7) x 1.13x 107°. Ingested MPs were quanti-
fied in these same individuals using an epifluorescence microscope (Zeiss Scope.Al) at
40 x magnification. The number of fluorescent microspheres was counted in three dis-

tinct body regions: anterior (pharynx), anterior intestine (gonadal region), and posterior
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intestine (post-gonad to anus), providing a detailed account of particle distribution

within the organism.
2.5 Data analysis

Multivariate analyses were performed on nematode genus abundance and biomass data
to test the impact of MPs on community structure, based on a Bray—Curtis similarity
matrix. Data were fourth-root transformed to down-weight the influence of hyper-abun-
dant taxa and to balance the contribution of rare species. Non-metric multidimensional
scaling (nMDS) ordination was used to visualize patterns in community structure. A
two-way permutational multivariate analysis of variance (PERMANOVA) was subse-
quently used to test for significant differences in community composition. The statistical
model included "Treatment’ (four levels: Control, 103, 10°, 107 particles/mL) and "Time’
(three or two levels, depending on the experiment) as fixed factors, along with their
interaction term. When significant differences were found, pair-wise tests were con-
ducted: for these comparisons, p-values were obtained from Monte Carlo simulations
when the number of unique permutations was low. The genera contributing to differ-
ences in community composition were identified using a similarity percentage (SIMPER)
analysis. The assumption of homogeneous multivariate dispersion was tested using PER-
MDISP to ensure that significant PERMANOVA results reflected shifts in community
composition rather than differences in within-group variability.

Total nematode density, genus richness (S) and Shannon—Wiener diversity (H') were
calculated as a robust measure of overall diversity that accounts for both richness and
evenness, and to specifically isolate changes in the dominance structure of the commu-
nity. Pielou’s evenness (J'), community biomass, and the functional indices (MI and TDI)
were also analyzed. To test for significant effects of "Treatment’ and 'Time’ on these met-
rics, a two-way PERMANOVA based on a Euclidean distance matrix of the normalized
data was employed.

To assess ingestion dynamics, the influence of "Treatment, "Time” and 'regions’ on the
gut load of MPs was evaluated using the same PERMANOVA design on the ingested
MP data. To explicitly link community structure and functional diversity to MP seques-
tration, correlation analyses (Spearman’s rank) were performed to relate the average
ingestion rate within specific functional groups (e.g., trophic groups 1B, 2A; c-p group
2) and diversity indices (total nematode density, genus richness, Shannon—Wiener diver-
sity, Pielou’s evenness) to their defining traits. This analysis also identified the primary
biological vectors for MP entry into the food web. Furthermore, to evaluate the conse-
quences of ingestion on community biomass (Hypothesis H3), the relationship between
the MP gut load on the one hand and total community biomass or individual biomass on
the other was assessed using Spearman’s rank correlation.

All statistical analyses were conducted using PRIMER 7 (with the PER-
MANOVA +add-on) and STATISTICA 7, with a significance level (a) of 0.05. These
software packages, in conjunction with Sigmaplot 12.5, were used to generate all graphi-

cal representations.
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Fig. 1 Temporal and morphospatial distribution of ingested microplastics within nematodes. Heatmap
illustrating the average quantity of 1-um polystyrene microspheres in distinct body regions (pharyngeal,
anterior intestine, posterior intestine) over the course of the short-term (T3, T6, T9) and long-term (T15, T30)
experiments. Each column represents a sampling time point, and each row represents a body region. The
color intensity, from white (low) to black (high), corresponds to the total number of particles, as indicated by
the scale bar (0-1000 particles). Data shown are exclusively from the highest density treatment (107 particles/
mL), as no ingestion was detected in the lower density or control groups

3 Results

3.1 MP sequestration capacity of the nematode community during short- and long-term
exposure

3.1.1 Short-term exposure

Nematodes readily ingested 1-um MP microspheres in the short-term experi-
ment (Fig. S1). However, ingestion was treatment-dependent (Pseudo-F=2386.68;
p=0.0001; PERMDISP =0.0001), with uptake observed exclusively in the highest density
treatment (107 particles/mL) (p=0.001), where a total of 4452 particles were quantified
across 13 distinct genera. Within this treatment, the MP burden increased significantly
over time (Pseudo-F=4.508; p=0.023; PERMDISP =0.623), nearly doubling from the
third to the ninth day of exposure (294 + 164 vs. 581 + 281 particles; p=0.003).

The distribution of the particles also varied significantly among gut regions (Pseudo-
F=102.3; p=0.0001; PERMDISP=0.0002). The pharyngeal region of the nematodes
contained significantly fewer MPs (30.33 +£4.81 particles; p=0.001), whereas the major-
ity of particles were found within the intestine, with a substantially greater accumulation
in the posterior intestinal region (839.33 +127.39 particles) compared to the anterior
part (614.33 +£170.40 particles; p=0.015). The analysis of the time vs. body region inter-
action (Fig. 1) revealed that the MP load in the pharyngeal region remained low and
constant throughout the nine days (ranging from 5.25+1.4 to 8.25+1.24 particles). In
contrast, progressive accumulation was observed in both regions of the intestine, with
a significantly greater build-up in the posterior region over time (145.25+20.34 and
239.75+29.71 particles) compared to the anterior region (69+20.34 and 187.75+20.95
particles, respectively) (p <0.025).

MP uptake was not homogeneous across the community, rather, it was concen-
trated in a few key taxa. Although 13 of the 52 genera identified in the short-term
experiment ingested microspheres, the genus Daptonema, representing over 87% of
the community’s relative abundance, accounted for 89.9% (3998 particles) of the total
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Fig. 2 The figure illustrates the distribution of the number of ingested particles per individual for

each nematode genus where ingestion was detected. The left panel displays data from the short-term
(9-day) experiment, and the right panel displays data from the long-term (30-day) experiment. Data are
shown exclusively from the highest concentration treatment (107 particles/mL). The boxplots represent

the distribution of particle counts only among the individuals that ingested MPs. Each boxplot shows

the median (central black line) and mean (red line). Outliers are plotted as individual black dots. The fractions
below each genus label indicate the prevalence of ingestion within the subsample analyzed for each
replicate. This subsample consisted of up to the first 100 identified nematodes per replicate, as described in
the methods. The fraction is formatted as (number of individuals with ingested particles / total number of
individuals of that genus within the assessed subsample). The ‘Other’ category aggregates several genera that
were present at low abundances and showed minimal ingestion. All data are based on n=4 replicates

community ingestion, with an average of ~10.0 particles per individual (Fig. 2A). The
genera Rhynchonema (112 particles, avg. ~ 22 particles/individual), Marylynnia (96 par-
ticles, avg. ~ 14 particles/individual), Viscosia (78 particles), and Theristus (59 particles,
avg. ~ 12 particles/individual) collectively accounted for 8% of the uptake, while 8 fur-
ther genera collectively contributed less than 3% of the total ingestion, highlighting a
pattern of functional dominance rather than a generalized community response. Across
all exposure times, Daptonema was the genus that contributed most to this similarity
(>85%). The second genus to most consistently ingest MPs across replicates was Ther-
istus (8.53%) after three days, Hypodontolaimus (6.25%) after six days, and Marylynnia
(4.75%) after nine days.

3.1.2 Long-term exposure

In the long-term experiment, MP ingestion remained strongly treatment-dependent
(Pseudo-F =37.056; p=0.0001; PERMDISP=0.0001) and was also exclusively observed
in the highest density treatment (107 particles/mL). Notably, the total MP load quan-
tified over the 30-day period was substantially lower than that observed in the short-
term experiment, with a total of only 571 particles distributed across ten genera. The
duration of exposure did not influence the quantity of ingested particles (p >0.05; Fig. 1),
although gut loads of MPs tended to increase with time. The distribution of particles
across gut regions showed significant differences (Pseudo-F=44.197; p=0.0001; PER-
MDISP=0.111) between the pharyngeal region of the nematodes and both intestinal
regions (p <0.001). However, in contrast to the short-term experiment, there was no sig-
nificant difference in particle accumulation between the anterior and posterior intestine
(85.5+11.03 and 184.5 +54.36 particles, respectively).
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Long-term exposure altered the pattern of functional dominance in MP ingestion.
Instead of a single dominant taxon, the sequestration function was shared among four
key genera: Rhynchonema (170 particles; 29.8%; avg. ~6 particles/individual) (Fig. 2B),
Latronema (126 particles; 22.1%; avg.~7 particles/individual), Marylynnia (120 par-
ticles; 21%; avg. 10 particles/individual), and Theristus (105 particles; 18.4%; avg. ~18
particles/individual). Together, these four genera were responsible for over 91% of all
ingested particles. Gammanema carried approximately 4.7% (27 particles) of the MPs,
while the genera Enoploides, Ascolaimus, Chromadorella, Viscosia and Xyala contrib-
uted a combined total of approximately 4%. SIMPER analysis revealed that T30 exhib-
ited greater within-replicate similarity (56.28%) than T15 (44.79%). At both time points,
Rhynchonema and Latronema were the primary genera contributing to this similarity.
However, their relative contributions shifted over time: at 15 days of exposure, Rhyncho-
nema contributed 83.68% and Latronema only 16.32% to the similarity. By day 30, Rhyn-
chonema and Latronema contributed more equitably, at 55.32% and 44.68%, respectively.

Despite differences in the community response to MP ingestion patterns, a core group
of key taxa for MP sequestration was evident across both temporal scales. Of the 18
genera that ingested MPs, five were present in both experiments. Among these, Rhyn-
chonema, Marylynnia, and Theristus consistently carried MPs in their guts. Across
both experiments, the top-five nematode genera carrying the most MPs in their guts
comprised non-selective deposit-feeders (feeding type 1B. Daptonema, Rhynchonema,
Theristus, all belonging to the same family: Xyalidae), predators/omnivores (feeding
type 2B: Latronema, Viscosia, Gammanema) and one genus of epistrate feeders (2A:
Marylynnia).

3.2 Effects of MPs on community structure and influence on sequestration
3.2.1 Short-term exposure

Short-term exposure to MPs significantly altered the nematode community structure
over time (Pseudo-F=2.25; p=0.01; PERMDISP =0.009), with the genus composition
becoming significantly different from the control after nine days of exposure (p=0.035).
The impact was not dose-dependent but varied among treatments (Pseudo-F=3.027;
p=0.0002; PERMDISP=0.0005). The most pronounced effects were observed in the
lowest-density treatment (10° particles/mL), genus composition of which differed sig-
nificantly from both the experimental control (p=0.0005) and the highest-density
treatment (107 particles/mL; p=0.0032) (Fig. S2). In contrast, communities exposed to
intermediate and high MP densities (10° and 10 particles/mL) did not differ signifi-
cantly from the control (p=0.082).

SIMPER analysis revealed that this dynamic was strongly driven by the genus Dap-
tonema. The greatest dissimilarities in faunal composition were observed between the
107 and 10 particles/mL treatments (70.1%) and between the control and 10° particles/
mL treatments (68.98%). In both cases, the dissimilarity was primarily driven by the
reduced abundance of Daptonema in the 10° particles/mL treatment (Fig. 5). Conversely,
the high similarity between the 107 particles/mL treatment and the control was main-
tained by the consistently high contribution of Daptonema in both. Among-replicate
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T6,T9) and long-term (T15, T30) exposure periods. On the x-axis,'C’' denotes the control group, while 10°,

10° and 107 represent the microplastic densities in particles/mL. The boxplots display the median (black
line), the mean (red line), the interquartile range (25th-75th percentiles), and the full data range (whiskers).
Lowercase letters above the boxes indicate significant differences among treatments at a specific time point,
as determined by pair-wise post-hoc tests (p < 0.05); treatments not sharing a common letter are significantly
different. Asterisks below the time points denote significant temporal differences, where * indicates p <0.05
and ** indicates p<0.01. All data are based on n=4 replicates per treatment group

similarity was highest in the control (54.24%), followed by the 107 (48.4%), 10° (40.37%),
and 10® particles/mL (26.79%) treatments. Daptonema was the primary genus contrib-
uting to this similarity, with its contribution increasing as the density of MPs increased
(Fig. 5).

A total of 2509 individuals distributed across 52 distinct genera were identified
(Table S1). Nematode density differed significantly among treatments (Pseudo-F=39.9;
p=0.0001; PERMDISP=0.157), with lower nematode densities at the low and interme-
diate MP treatments (10® and 10° particles/mL) compared to the control (p =0.006) and
the high MP density treatment (107 particles/mL; p=0.006). Nematode density also var-
ied significantly over time within treatments (Pseudo-F=6.66; p=0.0003). After three
days of exposure, the effect was most pronounced, with all treatments differing from
each other and from the control (p=0.032), and with nematode density being lowest in
the treatment with the lowest MP densities (Fig. 3A). However, a pattern of recovery was
observed in the 107 particles/mL treatment, where density no longer differed from the
control from the sixth day onward. In contrast, the remaining treatments (10* and 10°
particles/mL) continued to exhibit significantly lower densities compared to the control
throughout the experiment (p =0.006).

Neither genus richness (S) nor Shannon—Wiener diversity (H’) of the nematode com-
munity were affected by short-term MP exposure, with no significant effects detected
for time, treatment, or the interaction between these factors (Fig. 3B, C; Table S2). In
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contrast, evenness (J) of the community was significantly affected by the different MP
densities (Pseudo-F=3.950; p=0.033; PERMDISP=0.961). All treatments with MPs
exhibited a substantially higher evenness compared to the control (p=0.002) (Fig. 3D).
Community evenness also varied significantly over time (Pseudo-F=62.859; p=0.0001;
PERMDISP=0.961). This shift in evenness was directly linked to the response of the
dominant genus, Daptonema, and so was community abundance. In both the control
and the highest MP density treatment (107 particles/mL), Daptonema maintained a
high abundance (over 90% of the community), resulting in a very low community even-
ness. Conversely, in the low and intermediate MP treatments (10® and 10° particles/mL,
respectively), the absolute and relative abundance of Daptonema strongly decreased,
particularly in the low-density treatment, where it fell to less than 17% by the third day
of exposure and did not exceed 50% throughout the experiment. This reduction in the
dominance of Daptonema allowed for an increase in the relative abundance of other
taxa, resulting in a community with a more homogeneous distribution.

Correlation analysis confirmed that the restructuring of the nematode community
under short-term MP exposure had direct consequences for its collective function. The
total ingestion capacity of the community was positively correlated with total nema-
tode density (r=0.65, p<0.02) (Fig. 5) but negatively correlated with Pielou’s evenness
(r=-0.58, p<0.04) (Fig. 5; Table S3), illustrating that the biological sink function was
strongly driven by a single taxon rather than by the entire community.

Daptonema was the taxon that most influenced both the structural responses of the
community and its MP sequestration capacity. In the low (10°) and intermediate (10°)
densities, where no uptake was detected, the abundance of Daptonema was significantly
reduced compared to the control. In contrast, at the highest density (10” particles/mL),
Daptonema demonstrated high persistence, maintaining a density similar to that of the
control (Fig. 5). Simultaneously, it functioned as the principal biological sink for MPs,
responsible for almost 90% of all ingested particles. A significant positive correlation
was observed between the density of Daptonema in this treatment and the quantity of
ingested particles (r=0.56, p <0.05).

3.2.2 Long-term exposure

Long-term exposure to MPs resulted in a significant shift in the temporal dynamics of
the nematode community (Pseudo-F =3.450; p=0.01; PERMDISP =0.234), although no
significant treatment effect (Pseudo-F=1.363; p=0.117; PERMDISP=0.252) or time
vs. treatment interaction (Pseudo-F=1.094; p=0.379) was observed. The nMDS ordi-
nation revealed distinct groupings for T15 and T30, and Pearson correlation indicated
that the vectors corresponding to the dominant nematode genera correlated more posi-
tively with T15 than with T30 (p=0.014) (Fig. S3). SIMPER analysis revealed the driv-
ers of this temporal dynamic. At T15, the community structure was primarily driven
by the genera Rhynchonema (37.55%) and Ascolaimus (11.49%), which were the main
contributors to within-treatment similarity at this time-point (40.37%). By T30, however,
the community had restructured; the density of Ascolaimus diminished (as did the gen-
era Latronema, Rhynchonema, Bathylaimus, Marylynnia, and Chromadorella), and the
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Fig. 4 Relationship between community composition by ingestion status, total nematode density, and
ingestion magnitude. The stacked bars represent the relative abundance (%) of the nematode community,
partitioned by ingestion status (primary left y-axis): the green portion shows the abundance of genera with
detected ingestion in a given treatment; the dark grey portion shows the abundance of non-ingesting
genera; and the light grey portion represents the "ingestion capacity"—the abundance of genera that can
ingest but did not under that specific condition. Overlaid on the bars are the mean nematode density (black
circles; middle y-axis, individuals/10 cm?) and the mean number of particles ingested per individual (red
circles; right y-axis). Error bars indicate standard deviation. The x-axis displays the control (C) and MP densities
across short-term (T3, T6, T9) and long-term (T15, T30) exposure. Note that green bars and red points are
present only in the 107 particles/mL treatment, as this was the sole condition where ingestion occurred. All
data are based on n=4 replicates

genus Latronema emerged as the second most abundant (31.99%) after Rhynchonema
(32.33%). Together, these two genera were the primary contributors to similarity at T30
(30.42%).

A total of 693 individuals from 37 distinct genera were identified across the long-term
experiment (Table S4). The different densities of MPs significantly affected nematode
density (Pseudo-F =5.404; p=0.006; PERMDISP =0.446), which was consistently lower
in all MP-exposed treatments compared to the control (p<0.04) (Fig. 3A). In contrast,
diversity indices were not impacted by treatment (Table S5). However, both genus rich-
ness (Pseudo-F=16.307; p=0.003; PERMDISP=0.285) and Shannon—Wiener diver-
sity (Pseudo-F=16.307; p=0.0036; PERMDISP=0.285) varied drastically with time
(Pseudo-F =5.734; p=0.038; PERMDISP =0.0002). This temporal effect was character-
ized by a substantial reduction in biodiversity, with the community losing 16 of the 37
identified genera by day 30 (p=0.003) (Fig. 3B). With the exception of Ascolaimus and
Daptonema, which disappeared from all MP treatments but persisted in the control, all
other genera disappeared from both the control and treatment microcosms between
T15 and T30. A significant time X treatment interaction was detected for Pielou’s even-
ness (J') (Pseudo-F=5.618; p=0.027). This difference was driven by a shift in dominant
taxa in 30 days: whereas the control was dominated by Chromadorella (53.8%), the
community exposed to the highest MP density was co-dominated by a consortium of
Rhynchonema, Latronema, and Theristus (contributing 28%, 20%, and 20%, respectively)
(Table S5).

In stark contrast to the short-term observations, the analysis of the long-term
experiment revealed a decoupling between community structure and the MP seques-
tration function (Fig. 4, 5). None of the community structure metrics, including den-
sity (r=0.57, p=0.18), genus richness (r=0.50, p=0.24), Shannon—Wiener diversity
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Fig. 5 Composition and richness of the MP-ingesting nematode assemblage. The figure illustrates the
temporal dynamics of the nematode genera capable of ingesting MPs, focusing exclusively on the subset
of taxa in which ingestion was detected at least once during the experiments. The stacked bars represent
the relative abundance (%) of these specific genera (left y-axis), and the overlaid points (black circles) show
their corresponding mean genus richness (S) (right y-axis), with error bars indicating the standard deviation.
Therefore, in the 107 particles/mL treatment, the bars represent the composition of the actual ingesting

community. In the control, 10%, and 10° particles/mL treatments (where no ingestion was observed), the bars

represent the composition and richness of the potential ingesting assemblage, showing how this functional
group was structured in the absence of uptake. To better visualize the community structure beyond the
dominant taxon, the data is presented in two panels: the Top Panel shows the full composition of this
assemblage, highlighting the overwhelming dominance of Daptonema in the short-term, while the Bottom
Panel displays the same data with Daptonema excluded to reveal the proportional shifts among the
sub-dominant ingesting genera. The x-axis displays the control (C) and the three MP concentrations across

the experimental time points (T3 to T30). All data are based on n=4 replicates per treatment group

(r=-0.50, p=0.25), and evenness (r=—0.14, p=0.75), showed a significant correlation
with the total density of MPs ingested by the community (p >0.05 for all). Furthermore,
the densities of the individual genera that ingested microspheres also did not correlate

with the number of particles recorded in the nematode guts (Table S6-S7).

Page 13 of 26
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Fig. 6 Temporal dynamics of nematode trophic group composition and trophic diversity (estimated by the
Trophic Diversity Index, TDI). The stacked bars represent the relative abundance (%) of each trophic group
(GT) within the nematode community (left y-axis). Black circles represent the mean TDI of the community
(right y-axis), with error bars indicating the standard error (SE). Trophic groups are abbreviated as follows:
1A =selective deposit-feeders; 1B=non-selective deposit-feeders; 2A =epistrate-feeders; 2B = predators/
omnivores. The x-axis displays the control (C) and the three MP densities treatments (1 0%, 10°, 107 particles/
mL) across the experimental time points (T3 to T30, time in days). All data are based on n=4 replicates per
treatment group

3.3 Functional diversity as a predictor of ingestion, and identification of key MP vectors
3.3.1 Short-term exposure

The functional structure of the nematode community, considering both trophic groups
and life-history strategies, exhibited significant alterations in response to short-term MP
exposure. Regarding the trophic structure, all four feeding groups were present, but their
distributions differed significantly among treatments (Pseudo-F=10.364; p=0.0001),
over time (Pseudo-F=3.71; p<0.001), and in the interaction of these factors (Pseudo-
F=3.9844; p=0.0001). Among the groups, non-selective deposit-feeders (1B) were the
most abundant and showed significant variations across all analyzed factors (p <0.02).
In contrast, selective deposit-feeders (1A) did not differ significantly either by time or
by treatment, remaining the least abundant group throughout the study (Fig. 6). SIM-
PER analysis revealed that the differences in trophic group composition in time were
strongly driven by non-selective deposit-feeders (1B) and epistrate feeders (2A). The
latter was the second most abundant trophic group, varying significantly among treat-
ments (Pseudo-F=3.959; p=0.01). Together, 1B and 2A dominated the nematode com-
munities across most treatments and times, with a combined contribution of 88%—98%.
An exception was observed in the lowest-MP density treatment (10% particles/mL) after
three days, where their joint contribution was approximately 60% (Fig. 6), and predators/
omnivores (2B) increased in relative abundance. Predatory/omnivore nematodes (2B), in
turn, varied significantly across time (Pseudo-F =4.416; p=0.01), independently of MP
exposure. The Trophic Diversity Index (TDI) reflected these structural shifts, differing
significantly among treatments (Pseudo-F=6.8; p<0.01). The MP-exposed treatments
showed higher trophic diversity compared to the control (p <0.05), particularly in the
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Fig. 7 Temporal dynam\cs of nematode I|fefh|story (c-p) group composition. The stacked bars represent
the relative abundance (%) of each colonizer-persister (c-p) group within the nematode community (left
y-axis). Overlaid points (black circles) represent the mean Maturity Index (MI) of the community (right y-axis),
with error bars indicating the standard error (SE). The x-axis displays the control (C) and the three MP density
treatments (103, 10%, 107 particles/mL) across the experimental time points (T3 to T30). All data are based on
n=4 replicates per treatment group

10? particles/mL treatment, which exhibited a trend of increasing trophic diversity over
time (Fig. 6).

Community composition based on life-history groups varied significantly over time
(Pseudo-F =3.989; p=0.001), treatment (Pseudo-F=9.876; p <0.0001), and their interac-
tion (Pseudo-F=4.448; p=0.0001). SIMPER analysis revealed that the differences were
strongly driven by c-p 2 (78-96%), which was the most abundant group, showing sig-
nificant variations across all factors (p <0.01). The second-most abundant group was c-p
3, which contributed mostly to differences in time (Pseudo-F=4.588; p=0.01). Nema-
todes with c-p 4 also differed across treatment vs. time (interaction: Pseudo-F =4.065;
p=0.005). Notably, the control differed from the lower density treatments by the greater
presence of cp-2 groups (p<0.01). Among the MP-exposed treatments, a trend was
observed of increasing proportions of nematodes belonging to c-p 3 and c-p 4 and a
reduction in c-p 2 as MP density increased (p<0.02). This trend persisted over time,
with an increase between T3 and T9 (Fig. 7). Corroborating these patterns, the analysis
of the Maturity Index (MI) also revealed significant alterations in response to MP expo-
sure among treatments (Pseudo-F=4.9032; p<0.01), following a trend similar to that
observed for the c-p values, with MI values decreasing as MP density increased (10°-107
particles/mL; p=0.05) (Fig. 7).

Correlation analyses between MP gut load of nematodes and the functional indices
revealed a clear pattern of taxonomic dominance and functional selectivity. Among
life-history strategies, c-p 2 was dominant throughout most of the experiment and was
responsible for approximately 80—90% of the total ingestion over time (r=0.65, p=0.02).
Among trophic groups, non-selective deposit-feeders (1B) were the main MP sequestra-
tors, showing a positive correlation with gut load (r=0.67, p=0.01). They were followed
by epistrate feeders (2A) and predators/omnivores (2B), whereas selective deposit-feed-
ers (1A) exhibited minimal to no ingestion. Over time, the 1B group maintained the
largest proportion of MP uptake, while the 2A and 2B groups made smaller and more
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Fig. 8 Total nematode biomass across short- and long-term microplastic exposure experiments. The
boxplots show the total community biomass (ug wet weight/10 cm?) in the different experimental
treatments. Data from the short-term exposure (T3, T6, T9; solid grey bars) are plotted against the primary
left y-axis. Data from the long-term exposure (T15, T30; hatched bars) are plotted against the secondary right
y-axis. On the x-axis, 'C’' denotes the control group, while 103, 10°, and 10 represent the microplastic densities
in particles/mL. The boxplots display the median (black line), the interquartile range (25th—75th percentiles),
and the full data range (whiskers). All data are based on n=4 replicates per treatment group

variable contributions. At the genus level, Daptonema (c-p 2; 1B) emerged as the prin-
cipal vector, responsible for approximately 90% of all ingested particles. Other genera,
such as Rhynchonema (1B; c-p 3), and Apodontium, Hypodontolaimus, Karkinochro-
madora, Perepsilonema, Marylynnia, and Viscosia (2A-2B; c-p 3—4), contributed only
minor proportions, confirming that the MP ingestion function was concentrated in a

few taxa within the dominant categories.
3.3.2 Long-term exposure

The functional structure of the nematode community did not exhibit statistically sig-
nificant differences among MP treatments or times in the long term. The four trophic
groups were recorded in all treatments, with non-selective deposit-feeders (1B) being
the most prominent, as in the short-term experiment. However, this time their contri-
bution was smaller (60-70%) except in the 10° particles/mL treatment at T30, where it
dropped sharply to ~ 35% (Fig. 6). A non-significant trend of reduced 1B abundance over
time was observed (Fig. 6). This decline was accompanied by an increase in the relative
abundance of epistrate feeders (2A) and predators/omnivores (2B). In this scenario, the
2B group became the second most abundant, followed by 2A, while selective deposit-
feeders (1A) remained the least abundant group throughout the experiment (Fig. 6). The
TDI showed higher values in the long term compared to the short term, but this differ-
ence was not statistically significant.

The long-term patterns of life-history strategies also differed from those observed in
the short term. Instead of a predominance of c-p 2, the c-p 3 class became dominant,
with contributions varying from approximately 50% to 80% (Fig. 7). The only exception
occurred in the control at T30, where c-p 2 surpassed c-p 3, representing 58% of the
community versus 42%, respectively. At T15 there was a greater participation of less



de Franca et al. Discover Oceans (2026) 3:16 Page 17 of 26

25.0
1 3 Days F 500
o [ 6 Days
£ 20.0 1 C—1 9 Days - 400 ?
o ¢ Part. 3days T
2 150 4 ®  Part. 5days |[[ 300 %
e A Part. 9 days =5
s i - 200 &
4 »
@ 100} = @ LI 100 =
£ 09" -6 &
2 45 F
m i [0}
[} 06 T o
O 0.3+ } m
E § E * = E &l m A | S ~
oo LLIELL el S ll@fd s
Dapto. Maryly. Rhynch. Theris. Visco.
3.0 150
3 15 Days
[ 30 Days
2.5 A _ ® Part. 15 days.
v Part. 30 days || 100
2.0 A _ T
1.5 T 1 T [ 50

1.0 1 _,,_ 7 } I
', : il

0.5 1 -

00 L——= &ﬁﬁ&

(3S7) pajsabul sepoiued Ay

Average Biomass (ug/10cm?)

T T T T T T

Gamma. Latron.  Maryly. Rhynch.  Theris.
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long-term (15 and 30 days) experiments. Error bars indicate the standard error (SE). The top panel highlights
the dominance of Daptonema in both biomass and ingestion during the initial exposure. The bottom panel
demonstrates the loss of Daptonema as a functional vector in MP-exposed treatments and the emergence
of a functionally diverse consortium (Latronema, Marylynnia, Rhynchonema, Theristus) that collectively
contributes to both community biomass and MP sequestration under chronic exposure. Note the significant
difference in the scales of both y-axes between the panels

common c-p groups such as c-p 4, the abundance of which was strongly reduced by T30
(Pseudo-F =8.08; p <0.006) (Fig. 7).
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3.4 Consequences of MP ingestion on community biomass
3.4.1 Short-term exposure

Total nematode community biomass in the short-term experiment exhibited a pattern
similar to that observed for density. Specifically, treatment significantly affected com-
munity biomass (Pseudo-F=3.6476; p=0.03; PERMDISP=0.02), but time and the
interaction of treatment vs. time did not. Exposure to the lowest MP densities (10° par-
ticles/mL) resulted in lower nematode biomass compared to the experimental control
(p=0.04) and to the other MP treatments (p <0.015) (Fig. 8). Notably, the biomass in the
intermediate (10° particles/mL) and high (107 particles/mL) density treatments did not
differ significantly from the control (p>0.39).

In contrast, the composition of biomass by genera differed significantly over time
(Pseudo-F=2.239; p=0.006; PERMDISP=0.222) and among treatments (Pseudo-
F=2.978; p=0.0006; PERMDISP=0.036). Once again, Daptonema was the primary
driver of this response, especially in the 10° particles/mL treatment. The average bio-
mass for genus Daptonema in the low-density treatment ranged from 0.22-2.04 pg/10
cm?® over time, whereas in the control, it ranged from 16.73-26.94 pg/10 cm?, explaining
the high dissimilarity observed between these two treatments (69.07%). Conversely, in
the highest density treatment (107 particles/mL), Daptonema not only maintained a high
biomass (ranging from 9.62-18.32 pg/10 cm?), similar to the control, but was also the
genus with individual biomass being strongly positively correlated with the number of
ingested MP particles (r=0.71, p<0.009) (Fig. 9A).

3.4.2 Long-term exposure

Long-term exposure to MPs did not alter the total nematode biomass over time
(Pseudo-F=0.337; p=0.654; PERMDISP=0.26), by treatment (Pseudo-F=0.333;
p=0.829; PERMDISP =0.642), or in interaction (Pseudo-F=0.282; p=0.895). However,
the composition of biomass by genera differed significantly over time (Pseudo-F=3.528;
p=0.002; PERMDISP =0.009), with the total biomass being substantially higher after
30 days of exposure (p=0.007) (Fig. 8). SIMPER analysis indicated that this change was
driven by an increase in the biomass of the genera Latronema and Marylynnia (Fig. 9B),
which together accounted for 63% of the dissimilarity between the two time points.
Although no correlation was found between the biomass of these specific genera and
MP ingestion (p>0.05), a significant positive correlation was found between the total
community biomass and the total number of ingested particles (r=0.78, p <0.03). This
result indicates that the sequestration function in the long term is linked to the total bio-

logical mass of the community rather than to a single taxon.
4 Discussion
Although benthic sediments are recognized as a principal sink for the ’'missing plas-

tic’ [2, 12], the biological processes that govern the fate of microplastics (MPs) within
this vast reservoir, and the role of the associated biota, remain largely unexplored and
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underestimated. The role of nematodes in particular, the highly abundant and function-
ally diverse small metazoans in marine sediments [18, 19], represents a fundamental gap
in our understanding of the plastic cycle. A key discovery of our study is the decoupling
of the sequestration function from direct ecological harm. Specifically, the sequestration
function is dominated by opportunistic taxa and occurred only at the highest MP den-
sity. Crucially, the most severe adverse effects on the community, such as reduced den-
sity and biomass, occurred at the lower and intermediate densities, where no ingestion
was detected.

4.1 Effects of MPs on community structure and influence on sequestration

Our findings reveal that the nematode MP sequestration function only becomes appar-
ent under conditions of high contamination, well beyond most currently recorded MP
loads in marine sediments (but note that such levels may already be found in highly pol-
luted coastal sediments near urban and industrial zones [46, 47]). This may result from
a particle density-dependent ingestion threshold, consistent with previous observa-
tions [22, 23, 26]. The explanation for this threshold lies in the complexity of the natural
sediment matrix, which effectively reduces the encounter rate between organisms and
microspheres. A simple linear extrapolation supports this interpretation: based on the
ingestion rate of the dominant (Daptonema) in the short-term 107 particles/mL treat-
ment, the theoretical ingestion at 10® particles/mL would be less than 0.4 particles per
individual. Similarly, in the long-term experiment, the predicted uptake would be as low
as~0.02 particles. Such low encounter probabilities make detectable ingestion a highly
improbable event, framing the observed 'threshold’ as a practical detection limit. This is
strongly supported by the contrast with simplified systems: while ingestion in our natu-
ral sediment occurred only at 107 particles/mL, other studies using artificial substrates
detected ingestion at much lower densities [26].

Beyond the MP density threshold, the temporal dynamics of ingestion also revealed
distinct patterns between the acute and chronic exposures. In the short term, the quan-
tity of ingested MPs progressively increased, nearly doubling between the third and
ninth day, which aligns with other short-term studies showing a temporal accumulation
of particles [22, 26, 48, 49]. To provide a more direct comparison of sequestration activ-
ity over time, we analyzed the ingestion loads within the core genera present in both
experiments. In the short-term experiment, Rhynchonema, Marylynnia, and Theris-
tus ingested a total of 112, 96, and 59 particles, respectively. In the long-term experi-
ment, these same genera ingested 170, 120, and 105 particles, respectively (see
Supplementary Table S1-4). Although an increase in the number of ingested particles
was observed, this change was not substantial for at least two of the three genera. This is
consistent with the rapid ingestion and egestion rates of nematodes. Studies have dem-
onstrated that microsphere ingestion can occur in minutes [35], and the particles can
be rapidly egested and potentially re-ingested, thereby establishing a dynamic equilib-
rium rather than indefinite accumulation [35, 50]. Regardless of the temporal scale, the
preferential location of particles within the digestive tract was consistent. In alignment
with literature for both marine and freshwater nematodes [22, 51, 52], we observed that
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a majority of microspheres accumulated in the posterior intestinal region, confirming it
as the principal site of retention and transit for MPs.

Given the absence of any substantial particle uptake at all but the highest MP density,
our short-term results reveal a counter-intuitive pattern: the most severe community-
level impacts occurred in the low and intermediate MP density treatments (10° and 10°
particles/mL). This aligns with previous findings for the broader meiofauna community
[22]. One hypothesis is that low MP densities induce a behavioral avoidance response,
leading to metabolic exhaustion [53, 54]. Such a response is consistent with hormesis,
an ecotoxicological phenomenon documented for MPs at both the population and com-
munity level [33, 55], where low densities can trigger a more pronounced stress response
than higher ones, which may in turn stimulate compensatory adaptations [56]. Alterna-
tively, adverse effects may be mediated by direct physical contact. The mere presence of
MPs can induce adverse effects; for instance, exposure to polystyrene microspheres has
been shown to inhibit nematode reproduction even without detectable ingestion [57].
However, it is difficult to reconcile this hypothesis with the absence of significant adverse
effects at much higher MP densities and hence also much higher encounter rates.

The long-term community dynamics presented a response pattern distinct from that
observed in the short term. Chronic exposure to MPs resulted in a consistent decrease
in nematode density. The community’s dominance structure was also altered, albeit tran-
siently. In contrast to some studies [33, 58, 59], we observed a significant difference in
evenness at T15, where the dominance of Chromadorella in the control was replaced
by a co-dominant consortium of Riynchonema, Latronema, and Theristus in the 107
particles/mL treatment. The persistence of Theristus is at odds with another study [58],
which found this genus to be quite sensitive to MPs. However, this difference in even-
ness did not persist and was likely a consequence of experimental bottling effects, as
demonstrated by a dramatic decrease in all diversity measures in the control, with the
community losing 16 of the 37 genera between T15 and T30. This shift in taxonomic
composition led to a reconfiguration of the principal functional actors involved in MP
sequestration, as discussed below. Given that it was not mirrored by a similar impact
on the nematode communities in the MP treatments, but rather levelled the initially
higher control diversity with that in the MP treatments, this suggests that MP addition
did affect nematode communities during the first 15 days of the experiment and mainly
eliminated taxa that can be classified as ‘broadly sensitive’ to various disturbances.
Remarkably, though, nematode abundances in the controls did remain significantly
higher than in MP treatments, suggesting some compensatory dynamics where the
removal of a number of taxa reduced competitive interactions, leading to an increased
reproduction of tolerant taxa. This is further supported by the fact that biomass did not
follow the abundance trend, pointing to a higher proportion of smaller individuals, for
instance juveniles [60].

4.2 Functional diversity: the shifting identity of MP vectors

The results of our short-term experiment reveal that the sequestration function was gov-
erned by a single functional type, mainly represented by the highly abundant genus Dap-
tonema, but also by Rhynchonema and Theristus, both members of the same nematode



de Franca et al. Discover Oceans (2026) 3:16 Page 21 of 26

family, Xyalidae. These exhibited a dual and paradoxical role. At the lower and interme-
diate MP densities (10> and 10° particles/mL), the sensitive response of Daptonema led
to a drastic reduction in density, which, in turn, increased the community’s evenness.
In stark contrast, at the highest MP density, Daptonema demonstrated high persistence
and functioned as the principal MP vector, responsible for nearly 90% of all MP inges-
tion. Indeed, the total sequestration capacity was positively associated with the density
of Daptonema and negatively with evenness. This finding is perfectly consistent with the
known ecology of Daptonema. As a non-selective deposit-feeder (1B) and an opportun-
ist (c-p 2), it is functionally predisposed to a fairly non-selective particle ingestion in
patches with high abundances of suitable food (mainly protists and/or bacteria) [61] and
is known for its tolerance to various disturbances and adverse conditions [21, 62—64].
Corroborating our result, Corinaldesi et al. (2022) also identified Daptonema (1B) as the
main MP sequestrator after 72 h of exposure. However, in their study, high ingestion was
accompanied by a decrease in abundance compared to the control, whereas in our 10
particles/mL treatment, the abundance of Daptonema remained high. Possible reasons
for its sensitivity to lower MP densities in the present study are discussed under 4.1.

In stark contrast, chronic MP exposure triggered a process of functional ecologi-
cal shifts, altering the identity of the principal ingestion vectors. In the following, it is
important to note that the community composition at the start of the long-term experi-
ment differed substantially from that of the short-term experiment, for instance in the
near-absence of Daptonema, by far the most abundant genus in the short-term trials.
Direct comparisons between both experiments therefore warrant due caution. Given the
near-absence of Daptonema, the sequestration function in the long-term experiment
was not dominated by a single genus but was instead shared among a consortium of
taxa: Rhynchonema, Marylynnia, Latronema, and Theristus. This group assumed the role
of the primary MP sequestrators. This transition of actors reflects a fundamental shift
in the dominant functional diversity. While the acute response was driven by an oppor-
tunist (c-p 2), the chronic response was characterized by genera with more persistent
life-history strategies (c-p 3). Furthermore, the trophic diversity of the MP sequestrators
increased, with the inclusion of predators/omnivores (2B; Latronema) and epistrate-
feeders (2A; Marylynnia), albeit with a feeding strategy that is very similar to that of
non-selective deposit-feeders (1B) [65]. The trophic response appears to be temporally
dependent, with an increase of 1B in some exposures [26] and of 2B in longer exposures
[33, 58], as observed here. Regardless of the taxon, a fundamental limiting factor appears
to be buccal cavity morphology. The absence of ingestion in selective deposit-feeders
(1A) and to a large extent also in (small-bodied) epistrate-feeders (2A) in our study, and
the ingestion only by genera with larger buccal cavities (typically>5 pum) [66-69], cor-
roborate, the findings of Fueser et al. (2019). That study demonstrated that ingestion of
MPs is only possible when the buccal cavity size exceeds the particle diameter by a factor
of approximately 1.3, providing a mechanistic constraint that explains the selection of
certain functional groups as MP vectors.

Synthesizing the functional response, the short-term experiment supported our sec-
ond hypothesis (H2): the sequestration function was driven by a dominant genus,
Daptonema, which combines the traits of an opportunist (c-p 2) and a non-selective
deposit-feeder (1B). This functional dominance is quantitatively supported by the
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Trophic Diversity Index (TDI) results. The higher TDI in the MP treatments was a direct
consequence of the suppression of Daptonema at lower densities, which led to a loss of
dominance and a more even, functionally diverse community. In contrast, the long-term
exposure revealed a functional shift. The sequestration function was no longer monopo-
lized by a single c-p 2 taxon but was shared by a consortium of more persistent (primar-
ily c-p 3) and trophically diverse genera, including predators/omnivores (2B). This shift
towards a more mature and functionally diverse community diluted the clear TDI pat-
tern observed in the short-term, resulting in no significant differences among treatments

in the long term.
4.3 Nematodes as sequestrators of MP: more than an anecdotal role?

Our study demonstrates a dynamic role of nematodes in MP sequestration. Our find-
ings also provide a mechanistic link between an individual’s size and its sequestration
capacity. The consistent positive correlation between estimated nematode biomass and
the number of ingested particles, both in short- and long-term experiments, suggests
that larger individuals are more efficient sequestrators, likely due to higher feeding rates
or larger gut volumes. Thus, body size emerges as a key functional trait predicting an
organism’s contribution to MP fluxes. This establishes nematodes not as a passive sink,
but as an active biological compartment that transforms and potentially reintroduces
MPs into the food web, a role already documented at other levels of the food chain, such
as from copepods to jellyfish in planktonic food webs [70].

The question then is whether this role bears any quantitative significance. Let us make
a ‘back-of-the-envelope’ order-of-magnitude calculation, based on data of the short-
term experiment and using following assumptions: (1) Like in nature, nematodes are
largely concentrated in the upper 2 cm of the experimental microcosms [17, 20]. Here,
we assume that 100% of nematodes are present in that depth layer. (2) Not too dissimilar
to the field community used for the short-term experiment, we envisage a community
completely dominated by (=all individuals belonging to) the non-selective deposit-feed-
ers with r-selected life histories and body sizes similar to Daptonema in our study. (3) All
nematodes in the community at any time carry a gut load of ~10 MPs, the mean value
per individual obtained here after 9 days in the short-term experiment (sum of all three
gut zones), and all these nematodes eventually get eaten by higher-order consumers
(19, 21]. (4) Finally, we assume a nematode abundance of 1000 ind./10cm?, which is ca
5 times the abundance in our experiment, but closer to ‘typical’ abundances in intertidal
sediments [18]. Based on these assumptions, this imaginary but realistic community
would, in a sediment volume of 20 ml containing 107 MPs/ml, in total transfer 1.10 x 10*
MPs to higher trophic levels upon a total sediment load of 2x 10® MPs. This is less than
1% of the sediment MP load and hence of very limited quantitative significance in terms
of trophic transfer. Furthermore, the observed community biomass patterns support
this complex, context-dependent role: biomass was reduced by sublethal stress in the
absence of ingestion (short-term, low-density MP), remained resilient under high inges-
tion by a specialist (short-term, high-density MP), and was maintained through com-

pensatory dynamics despite a chronic loss of density and richness (long-term).
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We should be careful, though, not to overgeneralize from this estimate. First, it holds
at a very high and not yet commonly occurring MP density. While our data strongly sug-
gests that lower MP densities do not trigger uptake by nematodes, more work is needed
to support this conclusion. It holds if there is indeed a minimum threshold density below
which no uptake occurs. However, the absence of MP particles in nematode guts as
observed here, could also have other explanations. For instance, if we assume a linear
dose-dependent storage of particles in nematode guts, the expected number of particles
at a sediment load of 10° and 10> MPs would be 4.2 and 0.042, respectively. In other
words, gut loads would be close to, or even well below detection limits. Moreover, it is
plausible that a large majority of MPs that are ingested pass the gut and are not retained
(de Franga et al,, in press) and that particle retention and accumulation in the gut only
occur from a certain uptake or gut loading onwards. Finally, the very limited quantitative
importance of nematodes in trophic transfer of MPs should not be readily extrapolated
to their potential role in the transfer of MP-associated pollutants. The amount of parti-
cles in the gut at any given time is by no means indicative of ingestion rates, given that
many nematodes have gut passage times in the order of minutes to hours [37]. Hence,
the observed gut loads are but a minute fraction of the total amount of MPs which pass
nematode guts. If gut enzymes dislodge and/or modify pollutants that are adsorbed to
MP surfaces, the cumulative amount of pollutants that enter nematode bodies may well
exceed the amount that can be carried by the observed gut loads by one or two orders of
magnitude [7].

5 Conclusions

In summary, our study demonstrates that the role of the nematode community as a bio-
logical sink for MPs is a dynamic and multifaceted process. The sequestration capacity
(H1) is conditional, dependent on a high-contamination threshold. Under acute expo-
sure, this function is dominated by functional characteristics (H2) related to life history
(opportunistic, c-p 2), feeding strategy (non-selective ingestion, 1B, and to a lesser extent
other nematodes with wide buccal cavities and limited selectivity) and individual nema-
tode size (larger individuals carry more particles inside their guts). We establish the ben-
thos not as a passive sink, but as an active biological compartment that has the potential
to transform and reintroduce MPs into the food web. While our microcosm approach
has inherent limitations, such as the use of a single polymer type and size, it successfully
isolates fundamental mechanisms and lays the foundations for crucial future research.
We urge the scientific community to build upon these findings by: (1) validating these
temporal patterns in situ, under complex environmental conditions; (2) experimentally
exploring the trophic transfer of MPs and its consequences for carbon assimilation in
higher-level consumers; and (3) assessing how different polymer types, shapes, and sizes
alter these biogeochemical pathways.
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