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Enchytraeids drive horizontal redistribution of small microplastics in soils
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1.1.1. Microplastics
Red-coloured polystyrene (PS) microplastic (MP) spheres with diameters of 2.21 ± 0.03 μm, 10.06 ± 0.11 μm (solids content: 5%), and blue-coloured PS MP spheres with diameters of 48.9 ± 0.47 μm, purchased from Microparticles GmbH (Berlin, Germany), were used as test MP in the in vitro experiment (Exp. I). Green-fluorescent PS MP spheres (PS-FluoGreen-W36) with a diameter of 1.99 ± 0.03 μm, obtained from Microparticles GmbH (Berlin, Germany), were used as test MP in the soil experiment (Exp. II). The fluorescent MP were characterised by an excitation wavelength of 502 nm, an emission wavelength of 518 nm, and a solids content of 2.5% (w/w). 
1.1.2. Agar petri dish
Agar powder (product no. 102682316) was purchased from Sigma-Aldrich GmbH (Darmstadt, Germany). 1.5% agar plates (15 g/L agar) media supplemented with cholesterol (final concentration 4 µg/L) were prepared and stored at 20 °C in the dark (Brondani et al., 2022).
1.1.3. Soil sterilisation, preincubation, and microcosm preparation
Surface soil (a 20 × 20 cm area to 15 cm depth) was randomly collected in November 2024 from an arable field in East Flanders, Belgium (Kruisem; 50°55′48.5″N, 3°33′06.7″E). The soil had 79.7% sand, 17.4% silt, and 3.0% clay, corresponding to a loamy sand texture (USDA textural triangle), a pH-KCl of 5.11 and 0.90% organic carbon (on air-dry soil). Fresh soil was passed through a 5 mm sieve to remove stones, plant roots and visible soil animals, and repeatedly homogenised by mixing.  The mixed soil was divided into two portions: one was kept at room temperature for extracting enchytraeid communities, while the other was stored at 4°C for sterilization.
We used a microwave oven treatment to selectively remove all enchytraeids and other soil fauna without drastically altering the microbial biomass and community structure. Briefly, 817.9 g fresh soil was filled in PVC tubes (diameter = 10 cm and height = 10 cm), with a bulk density of 1.4 Mg/m3 and a moisture content of at 50% water filled pore space (WFPS), and microwaved (2 min 15 s at 800 W, 2450 MHz). Soil temperature was measured with a thermometer immediately after microwave irradiation to confirm that it exceeded 90 °C. Selectively sterilised soil was incubated for 1 month and then processed for enchytraeid extraction (methodological details in section 1.1.4) to confirm that no enchytraeids remained in the soil. Then, the soils were inoculated by thoroughly mixing them with 3 % w:w soil powder made from the same (non-irradiated) soils in plastic containersfollowing the procedure of Hu et al. (2023). The soils were preincubated at 20 °C and 55% WFPS for one month to restore the microbial communities (bacteria, fungi, and protists) affected by the microwaving. 
Following preincubation, soil microcosms were prepared in petri dishes to study enchytraeid mediated MP transport. To this end,  241.53 g of fresh soil (equivalent to *** g of oven dry soil) was mixed with 0.2% (w/w) dried grass powder, transferred to an empty petri dish (height *** mm, diameter of 150 mm) and compacted to a layer of 1 cm height, corresponding to a bulk density of approximately 1.2 g/cm³. The moisture content was set to 17.07%, corresponding to 55% water-filled pore space (WFPS). The soil microcosms were left to equilibrate at 20 °C. 
1.1.4. Enchytraeid extraction
Enchytraeids were extracted using a modified cold wet funnel technique.(Panchenko, 2006) 60 g of fresh soil was evenly spread as a thin layer on tissue paper placed atop a nylon mesh supported in a funnel (16 cm in diameter). Tap water was added to the funnel so that the soil layer was in contact with the water surface without being submerged. Samples were left undisturbed at room temperature for 72 h to allow enchytraeids to migrate into the water. The enchytraeid suspension was collected from the funnel outlet and concentrated by sedimentation. Individuals were then identified and hand-picked under a microscope. The extracted enchytraeids were thoroughly homogenised and kept in an incubator at 8 °C.
1.2. Experiment I: MP transport (2, 10, and 50 μm) by enchytraeids in petri dishes
1.2.1. Treatments and experimental setup
To assess the transport capacity of enchytraeids for MP, we conducted a 3-day incubation experiment in which enchytraeids were exposed to MP of 2, 10, and 50 μm, respectively (n = 4 for each size). Control treatments consisted of petri dishes containing only MP of the corresponding size (n = 1 for each size). 50 enchytraeids were introduced into each 1.5% agar plate (15 cm in diameter). The dishes were then left to stand overnight to allow the enchytraeids to redistribute randomly and for any residual surface water from the enchytraeid suspension to evaporate. To divide the dishes without disturbing the agar, a cutter was placed beneath the transparent agar medium as a template, and each petri dish was then marked into five sections (Fig. 1a): Section O (2.2 cm in diameter) and Sections I–IV (defined as concentric rings each 1.6 cm wide). To simulate the initial localised distribution of plastic fragments originating from plastic waste in naturally contaminated soil, a total of 20 µL of the 0.5% (w/w) MP (equivalent to 10 ng) solution was precisely dropped to Section O. 1% Oatmeal suspension, autoclaved before use, was placed on the petri dish surface as a food source for the enchytraeids. One drop of autoclaved 10 g/L oatmeal suspension was dropped at each of the four junctions between Sections II and III, as well as at four evenly spaced points along the outer edge of Section IV (Fig. 1a) (Serbource et al., 2025). The MP and oatmeal suspensions on petri dishes were air-dried for 20 min until no visible liquid movement was observed.  Petri dishes were maintained at a constant temperature of 20°C for 3 d. 
1.2.2. MP detection on petri dishes
After 3 d of incubation, a cutting tool was used to segment the petri dishes content into separate sectional blocks (Fig. 1a). The distribution of the 50 μm MP across different areas was directly counted under the microscope (Bresser stereo microscope with USB 2.0 XLi camera). Given the difficulty in directly identifying 2 and 10 μm MP on the petri dishes, they were washed off the agar blocks before quantification. To facilitate washing, the agar block was gently detached and secured to a plastic plate using double-sided tape. The agar surface was rinsed with 70% preheated ethanol at 50 °C to detach MP and enchytraeids, and the resulting suspension was collected in beakers. Each agar block was sprayed at least 50 times, using approximately 20 mL of ethanol. To avoid cross-contamination of MP from different sections during the MP extraction, MP extraction started at Section IV and from there inwards to Section O. A half circle of agar blocks (selected at intervals) was detected, except for Section O. The ethanol suspension containing MP and enchytraeids was ultrasonicated for 30 s to disperse the enchytraeids and MP, and passed through a 25 μm stainless steel filter membrane to remove the enchytraeids. The enchytraeids on stainless steel mesh were further rinsed three times with deionised water to ensure the removal of MP from the enchytraeid surface. The collected MP suspension was filtered through a Whatman™ membrane (diameter 25 mm, mixed cellulose ester) with pore sizes of 0.2 μm (Chemie GmbH, Germany).  MP on the filter were counted using a Keyence microscope (×1000 for 2 μm MP, and ×500 for 10 μm).  A total of 50 images were randomly counted. The recovery rates were calculated as the ratio of recovered MP in the treatment without enchytraeids to the initially added amount, yielding 99.83% for 2 μm MP and 60.28% for 10 μm MP. A possible explanation is that, in the absence of external disturbance and given the short incubation, the 2 μm MP were more prone to aggregation and were therefore washed off more readily, whereas the 10 μm MP were more likely to adhere to the culture medium.
1.2.3. Transport capability assessment
After quantifying MP in each section, we calculated the final percentage of MP in each section as follows:

(1)

 where  denotes the number of MP quantified in section . To avoid bias arising from differences in MP recovery rates during quantification, the denominator in this equation is the sum of the measured MP counts across all sections, rather than the added amount (10 ng). The average mass–distance was calculated as the weighted sum of the MP mass in each section multiplied by its corresponding distance from the MP addition point:

Average mass-distance (ng·cm)

with the proportion of MP in each section, and MPa the mass of MP added in Exp. I (10 ng). For each section, we selected the middle value and calculated the distance to the centre point of Section O. Given that each cutter circle has a thickness of 0.1 cm, the distances from Section O to the corresponding sections were as follows: Section I 1.9 cm, Section II 3.5 cm, Section 5.1 cm and Section IV 6.7 cm (Fig. 1a).: 
1.3. Experiment II: MP (2 μm) transport by enchytraeids in soil  
1.3.1. Treatments and experimental setup
Extracted enchytraeids were rinsed with tap water in a 150 mm glass Petri dish and individually transferred using a small pipette. Subsequently, 135 individuals were manually introduced into each microcosm, and each treatment was performed in triplicate (n = 3). The samples were incubated at 20 °C for 7 d to allow enchytraeids to evenly distribute within the soil microcosms. After 7 d, MP were added to the central 1.5 cm diameter circle as follows. The added amount (target concentration of 0.1% (w/w)) was calculated based on a soil volume corresponding to the 1.5 cm diameter central circle and a 0.5 cm depth . Given that manual premixing of MP with soil in itself could lead to unintended MP redistribution, the MP suspension (256 μL total, 1.28×106 ng) was instead applied dropwise to the soil surface. To minimise passive MP transport by the added suspension water, the suspension was split into two equal aliquots (128 μL each) and applied 2 d apart. For the no-enchytraeid control, MP were applied to the central soil section, and no enchytraeids were introduced. The petri dishes were closed with a lid and incubated at 20°C for 108 d. Soil moisture was kept constant by weekly additions of demineralized water using a mist spray to the soil surface to minimise advective transport. The lid was replaced every week to prevent condensed water from dripping onto the soil surface and causing advective transport.
At the end of the incubation, a concentric circle cutting tool was used to cut the soil layer into sections O, I, II, III and IV for MP quantification (Fig. 1b). To preserve the spatial boundaries defined by the cutter, the top ~0.2 cm of soil was first removed with a small stainless-steel spatula, and soil from the 0.2–0.6 cm layer was then collected. Sampling proceeded from Section IV to Section O to minimise cross-contamination. After sampling, the soil was air-dried at room temperature and homogenised before MP detection.
1.3.2. MP detection in soil
A reliable method for quantifying 2 μm fluorescent MP in soil was optimised in our previous work. Briefly, 0.1 g of soil was taken for direct detection, and each replicate was analysed in triplicate (i.e., nine measurements per section). To disperse soil, 10 mL of ultrapure water was added, maintaining a soil-to-water ratio of 1:100. The mixture was homogenised in an ultrasonic cleaner for 5 min to achieve uniform dispersion. Then, a 0.5 mL aliquot was taken and filtered through a 0.45 μm filter paper, respectively. The filtration procedure began with the addition of 2 mL of ultrapure water to the filter funnel, followed by 0.5 mL of the test suspension and another 2 mL of ultrapure water to promote particle dispersion, after which the vacuum pump was activated. A total of 50 random images for each subsampling were captured to calculate the MP fluorescence area. The MP could be identified and photographed (at ×20 objective lens) on the filter paper using a fluorescence microscope (Nikon Eclipse Ti2-Widefield, Total Internal Reflection Fluorescence microscopy). To ensure consistency in fluorescence images, the imaging settings of the fluorescence microscope were standardised, with the laser power at the excitation wavelength set to level 3 and the exposure time fixed at 35 ms. The focus was then fine-tuned to capture MP fluorescence in the clearest, smallest possible area with the highest intensity. A total of 50 images (accounting for 15.92% of the filter area) were randomly taken. All captured images were processed semi-automatically using ImageJ macro and batch processing (version 1.54g) to calculate the fluorescence area ratio of each image, with the colour thresholding in ImageJ set from 229 to 255. For each filter, the fluorescence area ratio per image was represented as boxplots using SPSS to identify outliers. Outliers were removed only if they resulted from incorrect recognition caused by background interference in ImageJ.
To establish a calibration curve between fluorescence area ratio and MP concentration, a series of concentrations of 2 μm MP (0.01, 0.025, 0.05, 0.1, 0.5, and 1 mg/kg) was individually mixed with 0.1 g of the loamy sand soil. Given the expected variability, each concentration was prepared in three replicates. The detection was performed following the methodology described above, with the only modification being the image acquisition strategy. For each MP concentration, 30 images per filter were initially acquired. If fewer than two fluorescent particles were observed within the initial 30 images, the number of images was increased to 150 to improve detection accuracy at low MP concentrations. The direct detection method proved to be very robust, as indicated by the strong correlations between MP concentrations and fluorescence area ratios (R2 = 0.9908). MP concentration in soil was calculated as follows: 

       

where Ci denotes the MP concentration in section i, and the fluorescence area ratioi represents the fluorescent area measured for section i (based on the fit in Fig. S1).
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Figure S1. Calibration curve showing the relationship between fluorescence area ratio and MP concentration in loamy soil  
 
1.3.3. Transport capability assessment
We calculated the percentage distribution of MP in each section relative to the total MP addition as:

(4)

 with Ci the MP concentration in section i (calculated using Eq. X), Wi the dry-soil volume of section i, and MPa the mass of MP added in this experiment (1.28 × 10⁶ ng).
The weighted mass-distance was calculated as:




 with  the proportion of MP in each section, and MPa the mass of MP added in this experiment (1.28 × 10⁶ ng). Compared with the agar-based assay, the spiking area (Section O) was enlarged in this experiment to prevent the MP droplet from overflowing beyond Section O. The distances were adjusted as follows: Section I, 2.3 cm; Section II, 3.7 cm; Section III, 5.1 cm; and Section IV, 6.5 cm (Fig. 1).:  
1.4. Statistical analyses
One-sided one-sample t-tests were used to assess whether enchytraeids increased microplastic distribution in the surrounding sections and weighted mass-distance in vitro relative to a control without enchytraeids, based on the a priori hypothesis that enchytraeids redistribute microplastics from the central to surrounding sections. Pairwise two‑sided Welch t‑tests were additionally performed to compare weighted mass-distance among different microplastic sizes. In the soil microcosm experiment, enchytraeid effects on both microplastic redistribution and weighted mass-distance were also evaluated using one-sided Welch’s t-tests. Uncertainty/precision was assessed using 95% confidence intervals for the mean constructed from Student’s t distribution.
Table S1 
Summary of bioturbation-driven transport of MP and nanoplastics in soils
	Bioturbation
	Species
	MP types
	Size (μm)
	Shapes
	Matrices
	MNP quantification
	Reference

	Earthworms
	Lumbricus terrestris
	Pd-labelled PS
	0.256 ± 0.004
	Sphere
	Microcosm soil columns (sandy loam), 10 cm diameter and 30 cm depth
	Yes
	(Heinze et al., 2021)

	Earthworms
	Lumbricus terrestris L.
	PE
	710–850,
1180–1400,
1700–2000,
2360–2800
	Sphere
	Microcosm soil columns (sandy loam), 19.2 cm height and  17.0 cm diameter
	Yes

	(Rillig et al., 2017)

	Earthworms
	Lumbricus terrestris
	PE, PP, PET, and PVC

	20–400, and 500–2000
	Particles, fibres, films, and spheres
	Soil incubation microcosm, 20 cm (length) × 10 cm (width) × 30 cm (height)
	Yes
	(Zhang et al., 2025)

	Earthworms
	Lumbricus terrestris
	LDPE
	≤50 and 63–150
	Particles
	Sandy soil mesocosms
40 × 30 × 3 cm
	Yes
	(Huerta Lwanga et al., 2017)

	Earthworms
	Lumbricus terrestris
	PET
	890 ± 665 
	Fibre
	Microcosm soil columns (sandy loam), 10 cm diameter and 30 cm depth
	Yes
	(Heinze et al., 2026)

	Earthworms
	Eisenia fetida and  Amynthas carnosus
	PE, PP, PET, PS, PA, PVC, PU, PAN, and PC

	20–300 
	Fiber, fragment, granule, film, and foam
	Glass columns (15 cm inner diameter × 40 cm height)
	Yes
	(Huang et al., 2026)

	Earthworms and collembolans
	Seven species of earthworms and six different species of collembola 
	LDPE
	3–620
	Fragment 
	PVC columns (10 cm in diameter x 23 cm in height)
	Yes (smaller fragments might escape detection by FTIR)
	(Quigley et al., 2026)

	Collembolan
	Folsomia candida, and
Proisotoma minuta
	urea-formaldehyde
	<100 and 100–200
	Particles
	A mixture of plaster of Paris and activated charcoal (3:1), a 5 mm thick layer, and 4.0 cm diameter
	Yes
	(Maaß et al., 2017)

	Collembolan
	Folsomia candida
	PP
	<100 and 100–200
	Particles
	Sieved soil layer 2.5 mm
	Yes
	(Luo et al., 2023)

	Nematodes
	C. elegans
	Fluorescent PS
	0.10
	Sphere
	Microcosm soil columns (sandy loam),  20 cm height and  2 cm diameter
	No
	(Chan et al., 2023)

	Nematodes
	C. elegans
	PS
	0.1, 1, and 5
	Sphere
	NGM agar plate (unknown diameter), soil microcosm corridor (20 cm × 2 cm)
	No
	(Yang et al., 2025)

	Amoeba
	Dictyostelium discoideum
	Fluorescent  PS
	0.02, 0.1, and 1
	Sphere
	Petri dish and microcosm soil columns
	No
	(Zhang et al., 2022)


Polystyrene (PS), polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET), polyvinyl chloride (PVC), low-density polyethylene (LDPE).


Table S2 
MP concentrations, regional distribution, and mass–distance metrics for each treatment in soil microcosms.
	sections
	MP concentration (mg/kg)
	MP distribution (%)
	Mass˗distance

	
	No enchytraeids
	Enchytraeids
	No enchytraeids
	Enchytraeids
	No enchytraeids
	Enchytraeids

	I
	0.035±0.011
	0.359±0.138
	0.066±0.038
	0.68±0.78
	5.7±8.7 
1000 ng·cm
	38.7±31.5
1000 ng·cm

	II
	0.006±0.009
	0.022±0.011
	0.017±0.039
	0.068±0.039
	
	

	III
	0.002±0.003
	0.012±0.007
	0.009±0.02
	0.051±0.053
	
	

	IV
	0.004±0.006
	0.023±0.012
	0.028±0.079
	0.15±0.14
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