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Abstract

Microplastic contamination is an increasing concern in terrestrial ecosystems, yet behav-
ioral responses of soil-dwelling organisms remain less studied than conventional toxicity
endpoints. This laboratory study assessed avoidance and mortality in three earthworm
species, Eisenia fetida, Lumbricus terrestris, and Allolobophora chlorotica, and one soil-dwelling
insect, Amara sp. (Carabidae), exposed to polyethylene microplastics at 0.10–0.30% (w/w).
After 72 h, avoidance generally increased with polyethylene concentration, reaching 57.33%
in E. fetida, 44.24% in L. terrestris, 51.90% in A. chlorotica, and 68.00% in Amara sp. at 0.30%
polyethylene. Significant positive concentration effects were detected for E. fetida (odds
ratio (OR) = 1.40, 95% CI: 1.10–1.79, p = 0.007) and Amara sp. (OR = 1.71, 95% CI: 1.33–2.19,
p < 0.001), whereas trends in L. terrestris and A. chlorotica were not significant. Among the
three taxa tested in the same soil matrix, polyethylene concentration significantly affected
avoidance, while taxon and the taxon × concentration interaction were not significant.
Mortality at 0.30% polyethylene was 12% in E. fetida, 26% in L. terrestris, and 36% in A.
chlorotica, with none recorded in Amara sp. These findings support combining behavioral
and mortality endpoints when assessing microplastic effects on soil fauna.

Keywords: polyethylene microplastics; avoidance behavior; soil fauna; earthworms; Amara
sp.; mortality

1. Introduction
Microplastic (MP) contamination has emerged as an increasing ecological concern in

terrestrial environments, particularly in agricultural soils, where plastics are introduced
through practices such as mulching, compost and sewage sludge application, irrigation,
and atmospheric deposition [1]. Once incorporated into soil, MPs can interact with the
soil matrix and alter physicochemical properties, including aggregate stability, porosity,
bulk density, and water-holding capacity [2]. Their surface properties may also facilitate
interactions with other contaminants, such as pesticides and heavy metals, potentially
modifying their transport, persistence, and bioavailability in soil [3]. Consequently, MPs
may affect soil organisms through both direct and indirect pathways [2–4]. Direct exposure
through ingestion or contact with contaminated substrates may result in physiological,
cellular, and behavioral responses, whereas indirect effects may arise from MP-induced
changes in soil properties and interactions with other environmental contaminants [3–5].
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At broader ecological scales, such effects may influence species interactions and ecosystem
functioning, emphasizing the need to consider organism-level responses within the wider
context of terrestrial ecosystems [5].

Soil organisms are fundamental components of terrestrial ecosystems, contributing
to organic matter transformation, nutrient cycling, soil aggregation, and the formation
and maintenance of soil pore networks. Earthworms are particularly important ecosystem
engineers because their burrowing and casting activities modify soil structure and influence
organic matter transformation and microbial processes [6]. Their interactions with soil
microorganisms can further affect nutrient turnover and the functioning of the soil microbial
food web [7]. Soil-dwelling insects such as carabid beetles (Coleoptera: Carabidae) also
represent functionally important components of agroecosystems, encompassing taxa with
diverse feeding strategies and ecological roles within terrestrial food webs [8,9]. Because
soil organisms differ substantially in their feeding strategies, ecological niches, mobility, life
cycles, and physiological characteristics, their responses to environmental stressors cannot
necessarily be expected to be uniform. Consequently, the effects of MP contamination
may vary among soil taxa depending on their ecological and physiological characteristics,
as well as on MP properties and exposure conditions, highlighting the need to consider
taxon-specific responses when assessing the ecological effects of MPs in soil [3,10].

Ecotoxicological assessments of soil organisms commonly rely on endpoints such as
survival, growth, and reproduction [11,12]. Although these endpoints are essential for
evaluating adverse effects, behavioral responses can provide complementary information
on sublethal effects of environmental stressors [13–15]. Avoidance responses, in particular,
can be detected over relatively short exposure periods and, in some cases, may show
greater sensitivity than conventional toxicity endpoints [13,16,17]. Behavioral responses
may include changes in movement, burrowing activity, feeding or foraging activity, and
habitat selection or avoidance, reflecting different ways in which soil organisms respond to
unfavorable environmental conditions [12–14]. In the context of MP contamination, such
responses are particularly relevant because changes in movement or habitat selection may
alter the spatial distribution of soil organisms even under exposure conditions associated
with low or absent mortality. Recent studies have therefore highlighted the value of
integrating behavioral responses with conventional toxicity endpoints when assessing the
effects of MPs on soil fauna [16,18–20].

Among behavioral endpoints, avoidance is particularly informative because it reflects
an organism’s ability to discriminate between favorable and unfavorable substrates and to
alter its spatial distribution accordingly [14,21]. In soil ecotoxicology, avoidance tests have
been standardized as rapid, sublethal screening tools, particularly for earthworms, which
can discriminate between contaminated and uncontaminated soils and move away from
unfavorable substrates [14,21]. Avoidance may therefore complement conventional toxicity
endpoints by providing information on habitat selection that is not captured by mortality,
biomass, or reproduction alone [14,15]. According to Bodor et al. [3], behavioral responses
to MPs can vary with organism and MP characteristics, while Letwin et al. [20] reported
variable avoidance responses across different polymer types and exposure concentrations.

Although available studies indicate that soil invertebrates may differ in their responses
to MP contamination [10,16,22], comparative evidence among soil taxa remains limited.
A global meta-analysis by Wei et al. [22] showed that MP effects on soil biota were influ-
enced by MP type, particle size, concentration, and exposure duration. Weltmeyer and
Roß-Nickoll [10] likewise reported variable effects among invertebrate groups exposed to
mulch-film-derived MPs, emphasizing the role of biological and exposure-related factors
in shaping MP effects. In a direct comparison, van Loon et al. [16] evaluated four soil
invertebrate species; notably, earthworms exhibited avoidance behavior whereas isopods
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did not. These contrasts are particularly relevant for avoidance because ecological character-
istics such as feeding strategy, burrowing activity, mobility, and habitat use may influence
exposure to MPs and behavioral responses to contaminated soil [3,12,16]. Comparative
evaluation among soil taxa may therefore help determine the extent to which avoidance
responses are consistent among taxa or vary in relation to their ecological traits.

Despite the increasing number of studies addressing the effects of MPs on soil fauna,
behavioral endpoints have been investigated less extensively than conventional fitness-
related endpoints such as survival, growth, and reproduction [11,12]. The systematic
review and meta-analysis by Ji et al. [11] showed that MP exposure can affect a wide range
of biological endpoints in soil invertebrates, with responses varying according to MP char-
acteristics, concentration, and exposure duration. Möhrke et al. [12] and Hanif et al. [23]
similarly documented effects across multiple biological endpoints, including behavioral,
physiological, developmental, reproductive, and survival-related responses. Importantly,
sublethal responses may occur under exposure conditions associated with low or absent
mortality [12,23]. However, comparative studies evaluating avoidance and mortality within
the same experimental framework across multiple soil taxa remain limited. Joint assess-
ment of these endpoints may therefore provide a more comprehensive characterization of
organism responses to MP exposure than either endpoint considered alone.

Available evidence indicates that MP concentration can influence biological responses
of soil invertebrates, although concentration-dependent patterns are not consistent across
taxa or endpoints [3,11]. Ji et al. [11] reported clear concentration-related effects in nema-
todes, whereas comparable trends were not consistently observed in earthworms. Bodor
et al. [3] emphasized that the effects of MPs depend not only on concentration but also
on polymer type, particle size, and shape. Studies specifically addressing avoidance
have produced contrasting concentration–response patterns, with concentration-dependent
avoidance reported in E. fetida [19,24], whereas other studies found weak, variable, or
no clear avoidance responses across different exposure ranges [20,25]. Collectively, these
findings indicate that avoidance responses cannot be predicted from MP concentration
alone and may also depend on organism characteristics, MP properties, and experimen-
tal conditions. Assessment across a defined concentration gradient may therefore help
characterize the strength and consistency of concentration-related avoidance responses.

The interpretation of MP effects on soil fauna is further complicated by substantial vari-
ation in experimental exposure conditions. Differences in soil physicochemical properties,
exposure matrices, and other experimental conditions can influence organism responses
and hinder direct comparisons among studies [3,12,26]. En-Nejmy et al. [26] further high-
lighted the transport and redistribution of MPs within soil and the importance of soil and
environmental conditions in determining their fate and effects. In addition, laboratory
exposure concentrations do not always reflect environmentally realistic scenarios, empha-
sizing the need to consider environmental relevance when interpreting ecotoxicological
findings [12,27]. Consequently, differences among experimental systems need to be care-
fully considered when comparing biological responses across studies or taxa, particularly
when exposure matrices are not equivalent.

Taken together, these gaps highlight an additional limitation of the current evidence
base: its strong taxonomic bias toward a limited number of model organisms, particularly
earthworms and nematodes [3,11,12]. Other components of the soil fauna remain consid-
erably less investigated, limiting the extent to which current findings can be generalized
across soil invertebrates. In this context, inclusion of Amara sp. (Carabidae) provides infor-
mation for a soil-associated insect taxon for which experimental evidence on behavioral
responses to MPs remains particularly limited.

https://doi.org/10.3390/microplastics5040191

https://doi.org/10.3390/microplastics5040191


Microplastics 2026, 5, 191 4 of 17

To address these knowledge gaps, the present study assessed avoidance behavior and
mortality in three earthworm species, Eisenia fetida, Lumbricus terrestris, and Allolobophora
chlorotica, and one soil-dwelling insect, Amara sp. Specifically, we tested whether (1) increas-
ing polyethylene concentration affected the probability of occurrence in the uncontaminated
compartment and (2) concentration-related avoidance responses differed among taxa tested
in the same soil matrix.

2. Materials and Methods
2.1. Test Organisms, Test Substrates and Microplastic

The colonies of Eisenia fetida (Savigny, 1826) and compost used in the bioassays were
purchased from the local earthworm farm (Apatin, Serbia). Only adult earthworms with
fully developed clitellum and individual mass above 300 mg were used in the tests. Spec-
imens of Lumbricus terrestris Linnaeus, 1758 and Allolobophora chlorotica (Savigny, 1826),
as well as ground beetles (Carabidae), were collected from the agricultural fields of the
Institute of Field and Vegetable Crops, Novi Sad (Vojvodina, Northern Province of the
Republic of Serbia), using a shovel, digging up to 50 cm in depth. The collected organisms
were carefully placed by hand in plastic containers containing a sufficient amount of soil
and transported to the laboratory. Only adult earthworms of these two species with fully
developed clitellum and individual mass above 500 mg were used in tests. The earthworm
masses were measured using the analytical scale Kern 440-47N (KERN & SOHN GmbH,
Lörrach, Germany). Additionally, collected carabid beetles were identified to the genus
level, and only adults belonging to the genus Amara were used in the experiments.

To minimize the potential influence of differences in soil physicochemical properties,
the same soil matrix was used in all bioassays with L. terrestris, A. chlorotica, and Amara
sp. Soil was collected from the same agricultural fields and at the same time as these test
organisms, transported to the laboratory in bags, and subsequently used for the preparation
of both control and MP-amended compartments. The sampling site, previously designated
as “Banat 1”, was physicochemically characterized in our earlier study [19]. Previously
reported characteristics of soil from this site included a loamy clay texture, a pH of 7.32 in
KCl and 8.33 in H2O, and an organic matter content of 3.11% [19]. Detailed physicochemical
characteristics and the corresponding analytical procedures are reported in Baloš et al. [19].
Initial water content, water-holding capacity and bulk density were not determined for
the soil batch used in the present bioassays and were therefore not available for inclusion
in the soil characterization. The fields had not been treated with agrochemicals during
the year preceding sampling. The soil was not sterilized in order to preserve its natural
characteristics and avoid introducing an additional experimental stressor. In contrast, the
bioassays with E. fetida were conducted using the purchased compost in which this species
was maintained.

The microplastic used in all bioassays originated from field-collected agricultural
mulch film and was obtained from the same sample used in our previously published
study [19], in which Fourier-transform infrared spectroscopy (FTIR) using a Nicolet iS20
FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) confirmed the polymer
identity as polyethylene (PE). Therefore, FTIR characterization was not repeated as part of
the present study. For the current experiments, the field-collected mulch film was manually
cut into irregularly shaped particles with a maximum dimension of <5 mm. The resulting
particles were heterogeneous in size and shape. A quantitative particle-size distribution
and film thickness were not determined, and the weathering/aging state of the field-
collected material, as well as the presence and composition of potential additives or surface
residues, were not characterized. Thus, although the polymer identity was confirmed as
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PE by FTIR, these additional physicochemical characteristics of the test material remained
undetermined.

2.2. Experimental Design and Exposure Conditions

The experiments were conducted as laboratory bioassays under controlled environ-
mental conditions using two-section custom-made stainless-steel chambers with a capacity
of 2 L. The containers allowed sufficient light access and gaseous exchange between the soil
and the air, as they were covered with fine mesh, secured to the sides with tape in order to
prevent the earthworms and Amara sp. from escaping.

The effects of MP-amended test substrate on organism distribution between the control
and MP-amended compartments were assessed using a modified avoidance-test protocol
based on EN ISO 17512-1:2020 [21]. Each taxon was tested separately. For the purpose
of these tests, 500 g of the respective test substrate was spiked with 0.5, 0.75, 1.0, 1.25, or
1.5 g of MP particles in glass beakers, thoroughly mixed to ensure an even distribution of
the particles, and poured into the right compartment of each container. Consequently, the
PE concentrations were 0.10%, 0.15%, 0.20%, 0.25%, and 0.30% (w/w), corresponding to
1.0–3.0 g PE kg−1 of test substrate. The selected PE concentration range was based on our
previous study [19] and on concentrations applied in controlled soil ecotoxicological studies
with PE microplastics [28,29]. Each PE concentration was tested using five independent
replicates per taxon. The left compartment of each treatment replicate contained the
corresponding test substrate of the same origin but without added MP particles. In addition,
five control replicates were established per taxon, with both compartments containing 500 g
of the corresponding unamended test substrate. The MP particles and test substrate were
weighed using an analytical balance (Kern 440-47N, KERN & SOHN GmbH, Lörrach,
Germany).

At the beginning of the bioassay, the containers were split into two equal sections
using a custom-made vertically introduced plastic divider. Both compartments were filled
with the respective test substrate to a depth of approximately 70 mm. Thereafter, the
plastic divider was removed, and the test organisms were placed along the separating line.
Because of differences in body size and biomass, ten E. fetida or Amara sp. individuals
and five L. terrestris or A. chlorotica individuals were introduced into each replicate. The
organisms were placed individually at the center of the separating line and allowed to
burrow freely.

All containers were maintained in the same environmental chamber at 22 ± 2 ◦C
and 38–42% relative humidity, under a 16:8 h light:dark cycle. Temperature and relative
humidity were monitored using a Profi-Thermo-/Hygrometer HygroLogg Pro (TFA Dost-
mann GmbH & Co. KG, Wertheim, Germany). The bioassays lasted 72 h, representing
an extension of the 48-h exposure period specified in EN ISO 17512-1:2020 [21]. The 72-h
exposure period was applied uniformly to all tested taxa as part of the comparative multi-
taxon design, allowing avoidance and mortality to be assessed at the same experimental
endpoint. During the exposure period, no additional food was provided to the earthworms
or Amara sp., and no additional water was added to the test substrate. For Amara sp., these
conditions were applied as part of the same comparative experimental design; however,
EN ISO 17512-1:2020 [21] is an earthworm avoidance protocol and does not represent a
taxon-specific standardized procedure for this beetle.

At the end of the bioassay, the two compartments were separated again using the
same plastic divider. The dividers were inserted while the containers remained in the
environmental chamber to minimize potential organism movement associated with changes
in temperature or humidity. Earthworms and Amara sp. were then counted separately
in each compartment. For earthworms intersected by the divider during its insertion,
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individuals were assigned a value of 0.5 to each compartment when approximately equal
portions of the body occurred on both sides of the divider. When a larger portion of the body
was located in one compartment, or when the compartment containing the prostomium
could be identified, the individual was assigned entirely to that compartment [19].

2.3. Avoidance and Mortality Assessment

Avoidance (A), expressed as a percentage, was calculated according to the following
equation:

A (%) = ((nc − nt)/N) × 100, (1)

where A is avoidance (in %), nc is the number of surviving individuals in the unamended
test substrate, nt is the number of surviving individuals in the MP-amended test substrate,
and N is the total number of surviving individuals recovered from both compartments [21].
Because avoidance was calculated exclusively from surviving individuals, mortality within
a replicate reduced the number of organisms contributing to the behavioral endpoint.
Consequently, avoidance percentages describe the distribution of the surviving subset
rather than that of all individuals initially introduced into the replicate.

Mortality was calculated as the percentage of dead individuals relative to the initial
number of individuals introduced into each replicate (5 or 10). Specimens were considered
dead when they showed no movement following gentle tactile stimulation or when visible
signs of desiccation were observed.

2.4. Statistical Analyses

Descriptive statistics, including arithmetic means, standard deviations, and mortality
percentages, were calculated using Microsoft Excel 2019 (Microsoft Corporation, Redmond,
WA, USA). Statistical analyses were performed using Statistica 14.0.0.15 (TIBCO Software
Inc., Palo Alto, CA, USA).

Each chamber containing a defined number of organisms was considered one exper-
imental replicate and the experimental unit. Avoidance responses were analyzed using
generalized linear models (GLMs) with a logit link, based on the proportion of surviving
individuals recorded in the control compartment relative to the total number of surviving in-
dividuals recovered from both compartments in each replicate. Microplastic concentration
was included as a continuous predictor and scaled so that model estimates corresponded to
an increase of 0.10 percentage points (w/w) in PE concentration. For earthworms, fractional
counts resulting from individuals intersected by the divider were retained according to
the predefined scoring procedure described above, without rounding. A quasibinomial
formulation was therefore used to accommodate proportional responses containing frac-
tional assignments. Model dispersion was evaluated using the Pearson dispersion statistic.
No evidence of overdispersion was detected; consequently, no additional correction for
overdispersion or beta-binomial modelling was required.

The effect of PE concentration on avoidance was first evaluated separately for each
taxon. Effect estimates were expressed as odds ratios (ORs) for a 0.10 percentage-point
increase in PE concentration, together with 95% confidence intervals (CIs) and p-values.
The adequacy of treating PE concentration as a continuous predictor was assessed by
comparing these models with models in which concentration was treated as a categorical
factor. An additional GLM including taxon, PE concentration, and their interaction was
used to evaluate whether concentration-dependent responses differed among taxa. This
analysis was restricted to L. terrestris, A. chlorotica, and Amara sp., which were tested in the
same soil matrix. E. fetida was excluded from this formal cross-taxon comparison because it
was tested in a different substrate. The taxon × concentration interaction was used to test
whether the concentration–response relationship differed among the three taxa under the
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same soil conditions. In the absence of a significant interaction, the reduced additive model
was used to evaluate the overall effects of PE concentration and taxon.

Mortality was expressed as the percentage of dead individuals in each replicate.
Because mortality data were discrete and characterized by a high proportion of zero values,
differences among PE concentrations were assessed using the Kruskal–Wallis test. When a
significant overall difference was detected, pairwise comparisons were performed using
Dunn’s post hoc test with Holm adjustment for multiple comparisons. Amara sp. was not
subjected to inferential analysis of mortality because no mortality was recorded in any
treatment or control replicate.

For all statistical analyses, statistical significance was assessed at α = 0.05.

3. Results
3.1. Avoidance Behavior

Avoidance responses of the four tested taxa were assessed after 72 h of exposure to
different PE concentrations. The distribution of organisms between the control and PE-
amended compartments and the corresponding mean avoidance values are summarized in
Table 1.

Table 1. Distribution of surviving specimens between compartments containing unamended (nc)
and polyethylene (PE)-amended (nt) test substrate and corresponding avoidance responses (A%) at
different PE concentrations after 72 h of exposure.

Taxon
PE Concentrations (%)

0.10 0.15 0.20 0.25 0.30

E. fetida
nc ± SD 5.10 ± 0.74 5.70 ± 0.67 5.70 ± 0.67 5.70 ± 0.67 6.80 ± 0.57
nt ± SD 4.90 ± 0.74 4.30 ± 0.67 3.90 ± 0.74 3.70 ± 0.97 2.00 ± 1.37

A% 2.00 14.00 18.89 21.89 57.33

L. terrestris
nc ± SD 2.70 ± 0.27 2.90 ± 0.42 3.20 ± 0.57 2.70 ± 0.45 2.60 ± 0.42
nt ± SD 2.20 ± 0.27 1.90 ± 0.42 1.70 ± 0.57 1.40 ± 0.42 1.10 ± 0.74

A% 10.22 21.00 30.67 32.33 44.24

A. chlorotica
nc ± SD 2.80 ± 0.27 2.90 ± 0.42 3.00 ± 0.35 2.70 ± 0.45 2.40 ± 0.42
nt ± SD 1.80 ± 0.27 1.70 ± 0.27 1.40 ± 0.65 0.90 ± 0.55 0.80 ± 0.45

A% 22.00 26.00 38.00 51.67 51.90

Amara sp.
nc ± SD 5.00 ± 0.71 6.00 ± 0.00 6.40 ± 0.55 7.00 ± 0.71 8.40 ± 0.89
nt ± SD 5.00 ± 0.71 4.00 ± 0.00 3.60 ± 0.55 3.00 ± 0.71 1.60 ± 0.89

A% 0.00 20.00 28.00 40.00 68.00

Numerically, avoidance generally increased with increasing PE concentration in all
four tested taxa (Table 1). At the highest PE concentration (0.30%), mean avoidance ranged
from 44.24% in L. terrestris to 68.00% in Amara sp., while intermediate values were recorded
for A. chlorotica (51.90%) and E. fetida (57.33%).

Avoidance responses were further evaluated using GLMs based on the proportion
of surviving individuals recorded in the control compartment. Taxon-specific analyses
showed a significant positive effect of increasing PE concentration on avoidance in E.
fetida and Amara sp., whereas the positive concentration–response trends observed for
L. terrestris and A. chlorotica were not statistically significant (Table 2). The magnitude
of the concentration effect was greatest in Amara sp., with an odds ratio of 1.71 per 0.10
percentage-point increase in PE concentration.
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Table 2. Taxon-specific generalized linear model (GLM) results for avoidance responses to increasing
PE concentration.

Taxon Odds Ratio * 95% Confidence Interval p-Value

E. fetida 1.40 1.10–1.79 0.007

L. terrestris 1.30 0.91–1.87 0.147

A. chlorotica 1.40 0.96–2.04 0.084

Amara sp. 1.71 1.33–2.19 <0.001
Note: * Odds ratios are expressed for a 0.10 percentage-point increase in PE concentration. Values
greater than 1 indicate increasing odds of an individual being recorded in the control compartment
with increasing PE concentration.

The cross-taxon analysis of L. terrestris, A. chlorotica, and Amara sp. showed no signifi-
cant taxon x PE concentration interaction, indicating no evidence that the concentration–
response relationships differed among the three taxa tested in the same soil matrix (Table 3).
Following removal of the non-significant interaction, the reduced additive model showed
a significant overall effect of PE concentration, whereas the overall effect of taxon was
not significant. Across the three taxa, the odds of occurrence in the control compartment
increased by a factor of 1.53 for each 0.10 percentage-point increase in PE concentration.

Table 3. Cross-taxon generalized linear model analysis of avoidance responses to increasing PE
concentration.

Model Effect Chi-Square (χ2) Degrees of Freedom p-Value

Taxon × PE
concentration 1.74 2 0.418

PE concentration 1 22.33 1 <0.001

Taxon 1 0.75 2 0.687
Note: The cross-taxon analysis included L. terrestris, A. chlorotica, and Amara sp., which were tested in
the same soil matrix. E. fetida was excluded because it was tested in a different substrate. 1 Effects
of PE concentration and taxon were evaluated using the reduced additive model following the
non-significant taxon × PE concentration interaction. In the reduced model, the odds ratio for PE
concentration was 1.53 (95% confidence interval: 1.28–1.83) per 0.10 percentage-point increase in PE
concentration.

Model diagnostics indicated no evidence of overdispersion, and comparison with
models treating PE concentration as a categorical factor provided no evidence that the
continuous concentration specification was inadequate.

3.2. Mortality

Mortality of the tested soil organisms was assessed after 72 h of exposure to different
PE concentrations (Figure 1). No mortality was recorded in Amara sp. in either the control
or PE treatments. At the highest PE concentration (0.30%), mean mortality reached 36%
in A. chlorotica, 26% in L. terrestris, and 12% in E. fetida. Mortality was recorded at all
tested PE concentrations in L. terrestris and A. chlorotica, whereas in E. fetida it was first
observed at 0.20% PE. A low level of mortality (4%) was also recorded in the L. terrestris
control group, corresponding to one individual among the 25 organisms used across the
five control replicates.
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Figure 1. Mortality of the tested soil organisms after 72 h of exposure to different polyethylene (PE)
concentrations. Boxes represent the 25th–75th percentiles, central markers indicate medians, and
whiskers represent the minimum–maximum range (n = 5 replicates per concentration). No mortality
was recorded in Amara sp.

Mortality in E. fetida did not differ significantly among PE concentrations and the
control (Kruskal–Wallis: H = 9.881, df = 5, p = 0.079). For L. terrestris, the overall Kruskal–
Wallis test indicated a significant difference among groups (H = 12.479, df = 5, p = 0.029);
however, none of the pairwise comparisons remained significant following Dunn’s post
hoc test with Holm adjustment. Mortality in A. chlorotica also differed significantly among
groups (H = 18.958, df = 5, p = 0.002). Dunn’s post hoc test with Holm adjustment showed
significantly higher mortality at 0.25% (adjusted p = 0.042) and 0.30% PE (adjusted p = 0.004)
compared with the control. Because no mortality occurred in Amara sp., inferential analysis
was not performed for this taxon.

4. Discussion
The present study showed that avoidance responses generally increased with increas-

ing PE concentration, although the strength and statistical support for this relationship
varied among the tested taxa. Taxon-specific analyses confirmed a significant positive
concentration effect for E. fetida and Amara sp., whereas the positive trends observed for L.
terrestris and A. chlorotica were not statistically significant. Among the three taxa tested in
the same soil matrix, the overall effect of PE concentration was significant, while neither the
taxon × concentration interaction nor the overall effect of taxon was significant. Thus, the
results provide evidence that PE concentration influenced avoidance behavior but do not
support statistically confirmed differences in concentration–response relationships among
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these three taxa. Across these three taxa, the odds of occurrence in the control compartment
increased by a factor of 1.53 (95% CI: 1.28–1.83) for each 0.10 percentage-point increase in
PE concentration. Nevertheless, the descriptive responses showed substantial avoidance at
the highest PE concentration, reaching 68.00% in Amara sp., 57.33% in E. fetida, 51.90% in A.
chlorotica, and 44.24% in L. terrestris.

The PE concentrations used in the present study were higher than microplastic mass
concentrations reported in some agricultural field soils. For example, Qi et al. [30] reported
estimated microplastic mass concentrations of 3.12, 5.63, and 7.99 mg kg−1 dry soil in agri-
cultural soils from three regions of China, with PE representing the dominant polymer type.
These field concentrations were substantially lower than the experimental range applied in
the present study (1.0–3.0 g kg−1). Accordingly, the concentrations used here should be
regarded as controlled experimental exposure levels rather than direct representations of
typical field concentrations. An additional limitation concerns the characterization of the
field-collected mulch film used as the PE source. Because particle-size distribution, film
thickness, weathering/aging state, and potential additives or residues were not charac-
terized, any contribution of these material-specific properties to the observed biological
responses cannot be distinguished from effects associated with the PE matrix itself.

4.1. Concentration-Dependent Avoidance Responses

The positive relationship between PE concentration and avoidance observed in the
present study is consistent with our previous findings for E. fetida. Baloš et al. [19] re-
ported avoidance responses of E. fetida exposed for 48 h to 0.10, 0.20, and 0.30% PE in
three agricultural soils. Avoidance ranged from 18.67% to 27.40% among soil types, and PE
concentration had a significant effect, with stronger responses at 0.20 and 0.30% than at
0.10%. In the present study, E. fetida likewise showed a significant positive concentration
effect, with avoidance reaching 57.33% at 0.30% PE. However, concentration-dependent
avoidance has not been consistently demonstrated across studies. Trakić et al. [25] found
no clear avoidance response in E. fetida exposed to considerably higher MP concentrations
(2.5–7%), while Letwin et al. [20] reported generally weak and variable responses to several
MP polymers, without significant differences among concentrations. These findings con-
trast with the significant positive concentration effect observed for E. fetida in the present
study and indicate that MP concentration alone may not determine avoidance behavior;
polymer characteristics, soil properties, and experimental conditions may also contribute
to variation among studies. In this context, the absence of measurements of initial water
content, water-holding capacity and bulk density for the test soil represents a methodologi-
cal limitation, because these properties can influence soil structure and moisture conditions
and may consequently affect organism behavior.

For L. terrestris, avoidance increased numerically from 10.22% at 0.10% PE to 44.24%
at 0.30% PE, but the concentration effect was not statistically significant (OR = 1.30, 95%
CI: 0.91–1.87, p = 0.147). Baeza et al. [31] similarly reported no clear preference or dose–
response relationship in L. terrestris exposed to different plastic materials. Although that
study also documented physical and biochemical effects following MP exposure, these
observations do not establish the mechanism underlying avoidance behavior. Therefore,
the numerical shift toward the uncontaminated compartment observed in the present study
should be interpreted as a positive concentration-related trend rather than evidence of a
statistically confirmed concentration–response relationship for L. terrestris.

The potential importance of exposure concentration is further supported by Ding
et al. [24], who compared biodegradable MPs and PE in E. fetida and identified concentration
as an important determinant of biological responses, reporting an estimated 10% effect
concentration (EC10) for avoidance of 40 g kg−1. This value was substantially higher than
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the PE concentrations used in the present study (1.0–3.0 g kg−1), and direct comparison
is limited by differences in exposure conditions and MP characteristics. Nevertheless,
together with the present findings, these studies indicate that behavioral responses to MPs
may vary quantitatively with exposure level while remaining strongly dependent on the
experimental context.

A. chlorotica and Amara sp. also showed increasing avoidance with increasing PE
concentration. The concentration effect was not statistically significant in A. chlorot-
ica (OR = 1.40, 95% CI: 0.96–2.04, p = 0.084), whereas Amara sp. showed a significant
concentration-related response and the largest estimated concentration effect in the taxon-
specific analyses (OR = 1.71, 95% CI: 1.33–2.19, p < 0.001). Thus, the taxon-specific analyses
provided different levels of statistical support for positive concentration-related responses,
although this should not be interpreted as evidence of statistically different concentration–
response relationships among taxa.

Overall, the results support a graded rather than binary interpretation of avoidance
responses to PE contamination. Increasing PE concentration was associated with a general
numerical shift toward the uncontaminated compartment across the tested taxa, although
statistically significant concentration effects were demonstrated only for E. fetida and Amara
sp. Physical effects on earthworms have been reported following MP exposure [31], while
MP-induced changes in soil properties have been proposed as a possible driver of avoidance
behavior in terrestrial oligochaetes [32]. Moreover, according to Syed et al. [33], earthworm
avoidance can be influenced by chemosensory cues. However, these potential mechanisms
were not directly investigated in the present study and therefore remain hypothetical in
relation to the observed avoidance responses.

4.2. Variation in Avoidance Responses Among Tested Taxa

At the descriptive level, avoidance responses varied among the tested organisms,
particularly at the highest PE concentration. At 0.30% PE, avoidance reached 44.24% in L.
terrestris, 51.90% in A. chlorotica, and 68.00% in Amara sp. Among these three taxa, which
were tested in the same soil matrix, however, neither the taxon × concentration interaction
nor the overall effect of taxon was statistically significant. Thus, the observed numerical
differences should not be interpreted as evidence of statistically confirmed taxon-specific
differences in avoidance. E. fetida showed 57.33% avoidance at the same PE concentration,
but because this species was tested in compost rather than in the soil matrix used for the
other taxa, it was excluded from the formal cross-taxon comparison.

Ecological characteristics nevertheless remain relevant when considering why re-
sponses to MPs may vary among soil organisms and experimental contexts. Saartama
et al. [34], in a two-year field study conducted in Finland, Germany, and Spain using
conventional low-density PE and biodegradable poly(butylene adipate-co-terephthalate)
(PBAT)–starch-blend MPs, reported that responses of soil invertebrates varied among or-
ganism groups, MP types, geographical regions, and sampling years. The authors also
observed treatment-related increases in earthworm abundance and biomass in deeper soil
layers and proposed downward movement from MP-treated topsoil as one possible expla-
nation. They further noted that A. chlorotica and L. terrestris differ in ecological strategy and
vertical distribution within the soil profile. Although the present study did not examine
vertical movement, these findings indicate that ecological characteristics may contribute to
variation in how earthworms respond to MP-contaminated soil.

The ecological strategies of L. terrestris and A. chlorotica provide additional context for
interpreting their descriptive response patterns. A. chlorotica is an endogeic, geophagous
species that occupies a range of depths in the soil profile and can adjust its burrowing
depth in response to unfavorable conditions [35], whereas L. terrestris is an anecic species
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characterized by a distinct vertical burrowing strategy [36]. Capowiez et al. [36] demon-
strated substantial differences in burrow-system architecture between anecic and endogeic
earthworms, with endogeic species producing more highly branched and less continuous
burrow systems. However, because the present study did not directly examine burrowing
activity or vertical movement, these ecological differences should be regarded as possi-
ble contextual factors rather than demonstrated mechanisms underlying the observed
avoidance responses.

This interpretation is also consistent with Papazlatani et al. [37], who compared anecic
L. terrestris and endogeic Aporrectodea caliginosa exposed to 0.2% low-density polyethylene
MPs and found that earthworm life form was a stronger determinant of gut bacterial
community composition than MP treatment. Although gut microbiome responses cannot
be directly equated with avoidance behavior, their findings illustrate that ecological strat-
egy can influence biological responses to MP exposure and may contribute to variability
among studies.

Among the taxa tested in the same soil matrix, Amara sp. showed the highest de-
scriptive avoidance at 0.30% PE (68.00%) and a significant positive concentration effect.
However, the behavioral response of Amara sp. should be interpreted in the context of
the experimental conditions. Unlike the earthworm tests, the 72-h exposure of Amara
sp. without supplemental food or water was not based on a taxon-specific standardized
avoidance protocol and may have influenced beetle activity and distribution independently
of, or in interaction with, PE exposure. Although these conditions were identical across
all Amara sp. treatments and therefore do not provide a treatment-specific explanation for
the observed concentration effect, the avoidance response cannot be attributed exclusively
to PE exposure. Field evidence indicates that carabid beetles can be exposed to MPs in
terrestrial environments. Meacci et al. [38] detected ingested MPs in 32% of examined
carabids, with ingestion frequency differing significantly among sampling sites (p = 0.028)
and reaching 75% and 87.5% during July and August, respectively, at the site subjected
to intense summer tourism. These findings provide relevant field evidence of MP expo-
sure in carabid beetles and ecological context for considering Amara sp. in MP research,
although the behavioral response observed in the present study should not be generalized
to Carabidae as a whole.

More broadly, interactions between terrestrial invertebrates and MPs may extend
beyond effects on individual organisms. Al Malki et al. [39] detected MPs in several
terrestrial taxa, including L. terrestris, and proposed terrestrial biota as potential indicators
of MP contamination. Gallitelli et al. [40] further demonstrated that saproxylic beetle larvae
can mechanically fragment plastic and highlighted their potential contribution to MP
redistribution and transfer through terrestrial food webs. These studies do not demonstrate
comparable processes in Amara sp., but they emphasize the wider ecological relevance of
interactions between soil-associated invertebrates and plastic contamination.

4.3. Mortality Effects

Mortality provided additional information on the effects of PE exposure across the
tested taxa. Avoidance and mortality represent distinct but complementary endpoints
for characterizing organism responses to contaminant exposure [14,15]. The relationship
between avoidance and mortality requires particular caution because the avoidance end-
point was calculated only from surviving individuals. Thus, in treatments with mortality,
especially for L. terrestris and A. chlorotica, the number of organisms contributing to the
behavioral endpoint was reduced. Moreover, if mortality was not random with respect to
individual sensitivity or behavior, the surviving subset may not fully represent the behav-
ioral response of the group initially exposed. Avoidance percentages in these treatments
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should therefore be interpreted as the distribution of surviving individuals and considered
together with the corresponding mortality response. Because the present protocol extended
the standard 48-h exposure period specified in EN ISO 17512-1:2020 to 72 h [21], the longer
exposure duration may have contributed to the mortality observed in some treatments,
particularly in L. terrestris and A. chlorotica. This possible contribution of exposure duration
should also be considered when evaluating the observed mortality patterns.

In E. fetida, mortality increased at the higher PE concentrations, but the overall treat-
ment effect was not statistically significant. This distinction between observed patterns and
statistically supported effects is also evident in previous studies. Ding et al. [24] observed
higher mortality at the highest PE exposure levels, but neither MP type nor concentration
had a statistically significant effect on mortality. Trakić et al. [25] reported no mortality
in E. fetida after 7 or 14 days of exposure to commercial glitter MPs, whereas mortality
became evident after 28 days at the higher concentrations. Together, these findings suggest
that mortality responses in E. fetida may vary with exposure conditions and duration,
although increases in mortality are not consistently supported by statistically significant
treatment effects.

A low control mortality of 4% was recorded in L. terrestris and was considered the
baseline level when interpreting treatment-related mortality. For L. terrestris, the omnibus
test indicated differences in mortality among treatments, although no individual pairwise
comparison remained significant after correction for multiple comparisons. Previous stud-
ies further illustrate the importance of experimental context when interpreting survival
responses in this species. Huerta Lwanga et al. [41] reported no mortality after 14 days
of exposure to PE MPs incorporated into surface litter, whereas mortality occurred after
60 days at higher exposure levels and reached 25% at the highest concentration tested.
Prendergast-Miller et al. [42] observed neither mortality nor avoidance in L. terrestris ex-
posed to polyester microfibres at 0.1% and 1.0% (w/w) for 35 days. Nevertheless, exposure
to 1.0% microfibres induced marked molecular responses, including a 24.3-fold increase
in metallothionein-2 expression and a 9.9-fold decrease in heat shock protein 70 expres-
sion. These studies demonstrate that survival responses can differ substantially among
exposure scenarios and that the absence of mortality does not necessarily preclude other
biological effects.

In contrast, A. chlorotica showed the clearest treatment-related mortality response in
the present study, with significantly higher mortality at the two highest PE concentrations
than in the control. Experimental data on MP-related mortality in A. chlorotica remain scarce,
limiting direct species-specific comparison with previous studies. Given the scarcity of com-
parable data, the present result adds species-specific information on the mortality response
of A. chlorotica to PE exposure, while broader conclusions will require further studies.

No mortality was recorded in Amara sp. at any PE concentration. However, the
absence of mortality should not be interpreted as evidence of an absence of biological
effects, as sublethal responses to MP exposure have been reported in terrestrial beetles
without detectable effects on survival [43,44]. Experimental studies specifically addressing
the effects of MPs on carabid beetles remain scarce, and evidence from coleopteran taxa
can therefore provide useful, although indirect, context. El Kholy et al. [43] exposed the
tenebrionid beetle Blaps polychresta to 2% (w/w) irregularly shaped polystyrene, polyethy-
lene terephthalate, and polyamide MPs for 30 days. Although survival was unaffected,
MP exposure reduced defecation rate, altered digestive enzyme activities, and caused
histological and ultrastructural changes in the midgut. Similarly, Kokalj et al. [44] exposed
Tenebrio molitor to conventional PE and biodegradable PBAT–starch-blend MPs at concen-
trations of 0.005–5% (w/w) over two generations. No significant effects on survival were
detected, whereas exposure to 5% PE MPs reduced larval growth and moulting in the first
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generation. Although these studies involved different beetle taxa and exposure conditions,
they demonstrate that biologically relevant effects of MPs may occur in the absence of
detectable effects on survival.

Overall, the mortality results complement the avoidance data by providing an addi-
tional endpoint for characterizing responses to PE exposure. Direct comparisons among
studies are nevertheless influenced by differences in exposure duration, MP concentration,
particle characteristics, and exposure matrix. Taken together, the results support the joint
interpretation of behavioral and mortality endpoints when evaluating the effects of PE
contamination, particularly when mortality reduces the number of individuals contributing
to the avoidance response.

5. Conclusions
The present study demonstrates that PE concentration can influence avoidance be-

havior in soil-dwelling organisms under laboratory conditions, although the strength
and statistical support of the response varied among the tested taxa. Significant positive
concentration effects were observed in E. fetida and Amara sp., while the corresponding
responses in L. terrestris and A. chlorotica were not statistically significant. Among the three
taxa tested in the same soil matrix, PE concentration had a significant overall effect on
avoidance, whereas neither the taxon × concentration interaction nor the overall effect of
taxon was significant. Amara sp. showed the largest estimated taxon-specific concentration
effect, with avoidance reaching 68% at 0.30% PE in the absence of mortality. Together, these
findings highlight the value of assessing behavioral and mortality endpoints in parallel
and expand the available information on responses of soil-dwelling taxa to PE exposure.
The conclusions are restricted to the tested taxa, PE concentrations, substrates, and 72-h
laboratory exposure conditions and should not be generalized to other microplastic types
or exposure scenarios.
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