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A B S T R A C T   

Synthetic fibers released from sewage sludge and tire particles released from traffic are among the most common 
types of microplastics in soil. In soil, microplastics may interact with chemicals, such as plant protection products 
used in agriculture. Most studies on the interactions of microplastics and chemicals focused on aquatic envi-
ronments and only few addressed soil arthropods. To increase the understanding of the combined effects of 
microplastics and chemicals on soil arthropods, we studied the effects of polyester fibers and tire particles on the 
toxicity of the insecticide chlorpyrifos. Springtails (Folsomia candida) and woodlice (Porcellio scaber) were 
exposed in Lufa 2.2 soil to a range of chlorpyrifos concentrations (0.0088–0.8 and 0.2–3.9 mg kg− 1 dry soil, 
respectively) without or with 0.05 % w/w (“low”) or 0.5 % w/w (“high”) of microplastics. Tire particles reduced 
the lethality of chlorpyrifos to springtails (LC50 = 0.13–0.14 mg kg− 1 dry soil) and isopods (LC50 = 1.6 mg kg− 1 

dry soil) by a factor of 2- > 2.5 and the chlorpyrifos-induced inhibition of acetylcholinesterase (AChE) activity 
and changes in electron transfer system (ETS) activity in P. scaber by a factor of 2–4. Polyester fibers reduced the 
chlorpyrifos-induced inhibition of AChE activity by a factor of 2 and increased (ETS) activity in P. scaber by a 
factor of >3. The fibers did not affect the toxicity of chlorpyrifos to the survival of P. scaber or the survival and 
reproduction of F. candida. These results indicate that the bioavailability of chlorpyrifos may be decreased by 
microplastics, especially by tire particles. This study shows the importance of applying a mixture toxicity 
approach for understanding the threats of microplastics to soil, but also suggests that the organism and the 
endpoints chosen are crucial for the interpretation of the effects of combined exposures to microplastics and 
chemicals.   

1. Introduction 

A number of reports have pointed to the contamination of terrestrial 
ecosystems, in particular agricultural soils, with microplastics (Chen 
et al., 2020; Van den Berg et al., 2020; Haixin et al., 2022; Huang et al., 
2021; Li et al., 2022; Nizzetto et al., 2016). Particles of various polymer 
composition (polyethylene, polypropylene, polystyrene, polyester, 
polyvinyl chloride and nylon), shapes (spheres, fibers, fragments, films, 
pellets), and sizes have been detected in soils (Wang et al., 2022b). In 
many studies, fibers present the largest share of microplastics in soil 
(Corradini et al., 2019), which agrees with the findings that fibers are a 
predominant type of microplastics also in sewage sludge (Li et al., 2018; 
Talvitie et al., 2017; Alavian Petroody et al., 2021), commonly used as 

soil fertilizer (Carr, 2017; Corradini et al., 2019; Li et al., 2018). The 
predominant type of synthetic fibers in sewage sludge is polyester, 
originating from washed textiles (De Falco et al., 2018; Henry et al., 
2019; Kärkkäinen and Sillanpää, 2020; Alavian Petroody et al., 2020) . 
In addition to sewage sludge application, other routes of microplastics to 
soil are e.g. fragmentation of agricultural plastic films, wastewater 
irrigation (Bläsing and Amelung, 2018) and atmospheric deposition 
(Dris et al., 2016; Kole et al., 2017), with a substantial contribution of 
particles from tire wear (Kole et al., 2017; Lassen et al., 2015; Siegfried 
et al., 2017). Tire particles vary in composition but typically consist of 
rubber/elastomer (styrene-butadiene), carbon black, different metals, 
zinc oxide, sulphur, oils, silica and a large number of additives (Lassen 
et al., 2015; Kole et al., 2017). These particles can be mixed with road 
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pavement particles resulting in tire and road wear particles (Siegfried 
et al., 2017). 

Agricultural soils are sinks to many organic contaminants (Pose-Juan 
et al., 2015; Sun et al., 2018), especially pesticides. An estimated 80–90 
% of the applied pesticides hit non-target vegetation and remain as 
residues in agricultural soils (Sun et al., 2018). During the interactions of 
microplastics with co-contaminants, processes like aggregation, sorp-
tion, desorption and transformation occur (Bhagat et al., 2021). These 
processes can substantially change the surface properties of plastics and 
lead to altered fate and toxicity of plastics and/or contaminants in 
exposed soil organisms (Tourinho et al., 2019; Wang et al., 2019; Ramos 
et al., 2015; Bhagat et al., 2021; Wang et al., 2022b). In addition, 
chemicals like pesticides can also migrate inside the plastic matrix and 
subsequently be released back to soil to some extent. This was shown for 
chlorpyrifos and procymidone with meso- and macro-particles from 
low-density polyethylene plastic film (Ramos et al., 2015). The degra-
dation of pesticides can also be affected by the adsorption on micro-
plastics. Polyethylene agricultural films (pieces of 16 cm × 12 cm) 
decreased the degradation of several types of organochlorine and 
organophosphorus pesticides in comparison to degradation in aqueous 
solution (Nerin et al., 1996). 

The role of microplastics as carriers of chemicals to organisms has 
been investigated using different types of contaminants and organisms 
from different trophic levels (Bellas and Gil, 2020; Besseling et al., 2019; 
Browne et al., 2013; Garrido et al., 2019; Kleinteich et al., 2018; 
Montero et al., 2022; Rivera-Hernández et al., 2019; Wang et al., 
2022a). In most studies, microplastics were incubated with contami-
nants and organisms subsequently exposed to the microplastics with 
adsorbed chemicals. The majority of these studies and critical reviews 
(Horton et al., 2018; Koelmans et al., 2016; Lohmann, 2017) concluded 
that microplastics could act as vectors and expose organisms to the 
pollutant, but the extent of exposure is significantly lower than other 
exposure pathways. In turn, studies on the interaction of microplastics 
and chemicals, where organisms were exposed simultaneously to mix-
tures of both pollutants, reported different outcomes in terms of effects. 
In some studies the effect of the chemical was higher (Xu et al., 2021; 
Boughattas et al., 2022; Dolar et al., 2021; Guilhermino et al., 2018; 
Felten et al., 2020; Hanachi et al., 2021) and in some other studies lower 
(Wang et al., 2019; Dolar et al., 2021; Yang et al., 2020) when micro-
plastics were present. In some cases, effects of chemicals were observed 
only when microplastics were added (Bhagat et al., 2021), while in other 
cases toxicity did not change by microplastics addition (Ma et al., 2020). 

Although the number of studies on the interactions of microplastics 
and chemicals has risen in recent years, they mostly focus on aquatic 
environments (Felten et al., 2020; Garrido et al., 2019; Horton et al., 
2018; Kleinteich et al., 2018; Rehse et al., 2018; Zhang et al., 2019; 
Zocchi and Sommaruga, 2019; Beiras and Tato, 2019; Bellas and Gil, 
2020; Magara et al., 2019; Wang et al., 2019). In soils, almost all of the 
studies concern earthworms and only few data is available on arthro-
pods (Table S1). 

To increase the understanding of how mixtures of microplastics and 
pollutants affect soil arthropods, we investigated the effects of micro-
plastics on the toxicity of the pesticide chlorpyrifos. Chlorpyrifos is an 
insecticide with several agricultural applications reflected in its world- 
wide use since its introduction in 1965 (John and Shaike, 2015). 
Although its use is restricted in several countries, chlorpyrifos is still 
widely used in developing countries (Murphy et al., 2012) and is 
commonly detected in water and food (Mahajan et al., 2019). Chlor-
pyrifos is characterized by poor water solubility, low volatilization and 
slow degradation under aerobic conditions. The primary mechanism of 
chlorpyrifos toxicity is based on the specific inhibition of acetylcholin-
esterase, an enzyme known to be involved in neurotransmission (Sepčić 
et al., 2019) but having also many other functions (Kim and Lee, 2018). 

We investigated how microplastics affect chlorpyrifos toxicity to two 
terrestrial arthropods, the woodlouse Porcellio scaber and the springtail 
Folsomia candida, two important soil decomposers. Two types of 

microplastics with high environmental relevance, but varying polymer 
compositions, chemical additives and shapes were tested: polyester fi-
bers and tire particles. The aims were to elucidate (i) how the co- 
exposure with microplastics alters the effects of chlorpyrifos on soil 
arthropods, and (ii) whether the effects are dependent on the type of 
microplastic and the exposed arthropod species. 

2. Materials and methods 

2.1. Microplastics 

As microplastic materials, we used polyester fibers and tire particles, 
which were obtained and characterized in detail in the scope of our 
recent studies (Selonen et al., 2020; Selonen et al., 2021; Dolar et al., 
2021). Briefly, the polyester fibers were prepared by cutting a fleece 
blanket and cryo-milled using a homogenizer (MillMix 20, Domel, 
Slovenia). The approximate length of the fibers was 220 ± 200 μm, 
ranging from 12 to 2870 μm (Selonen et al., 2020). The tire particles 
(<180 μm) were produced from mixed end-of-life passenger car tires by 
cryo-milling. The powder contained several synthetic rubbers including 
styrene-butadiene rubber (SBR), butadiene rubber (BR), and butyl rub-
ber (IIR) as well as 10–35 % natural rubbers and 25–35 % carbon black. 
The tire particles were irregular fragments, and the dominant fraction of 
particles was 80–110 μm (mean 102.9 μm; volumetric distribution; 
Selonen et al., 2021). The chemical characterization of the material 
revealed several trace elements with Zn (22,700 mg kg− 1), Al (1300 mg 
kg− 1), Co (139 mg kg− 1) and Cu (130 mg kg− 1) presenting the largest 
shares. Eight different polycyclic aromatic hydrocarbons were detected: 
Benzo[ghi]perylene (0.492 mg kg− 1), fluorene (0.189 mg kg− 1), benzo 
[a]pyrene (0.152 mg kg− 1), benzo[b + j]fluoranthene (0.119 mg kg− 1), 
phenanthrene (0.127 mg kg− 1), benzo[k]fluoranthene (0.0830 mg 
kg− 1), pyrene (0.048 mg kg− 1), and fluoranthene (0.0135 mg kg− 1). The 
highest concentration of the measured organic compounds was detected 
for benzothiazole (89.2 mg kg− 1). Tire particles contained 0.351 mg 
chlorpyrifos kg− 1 (Selonen et al., 2021). 

2.2. Test organisms 

Springtails Folsomia candida were obtained from a laboratory culture 
at the A-LIFE Section Ecology and Evolution, Vrije Universiteit, 
Amsterdam. F. candida were cultured on moist plaster of Paris amended 
with charcoal (10:1, w/w) at 16 ◦C, 75 % relative humidity, and illu-
mination (12 h:12 h light:dark), and fed with dry baker's yeast. The tests 
were performed with 10–12 day old, age-synchronized springtails. 

Woodlice Porcellio scaber were collected from a compost heap in a 
non-polluted garden in Ljubljana, Slovenia. The woodlice were cultured 
under constant temperature (20 ± 2 ◦C) and illumination (16:8 h light: 
dark) regimes in a climate-controlled chamber at the University of 
Ljubljana. They were kept in glass containers with a mixture of moist 
loamy sand and peat at the bottom, fed on dry leaves from common 
hazel (Corylus avellana), common alder (Alnus glutinosa) and carrots. For 
the experiment healthy adult animals (30–60 mg fresh body mass) of 
both sexes were used excluding molting individuals and females with 
marsupia. 

2.3. Experimental setup 

Two sets of experiments were run: (i) chlorpyrifos and fiber co- 
exposure, and (ii) chlorpyrifos and tire particles co-exposure. Each of 
these two experiments had three treatments (Fig. S1): chlorpyrifos only, 
chlorpyrifos + low microplastic concentration (0.05 % w/w) and 
chlorpyrifos + high microplastic concentration (0.5 % w/w). Micro-
plastic concentrations were chosen to be non-toxic to the test organisms, 
based on previous studies (Selonen et al., 2020; Selonen et al., 2021) 
while the lowest concentration also was chosen to be realistic for 
microplastic levels in field soils (see e.g. Wei et al., 2022). Each of the 
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treatments was done in 5 replicates. Chlorpyrifos (98 %, Cheminova 
Ltd., Denmark; CAS No. 2921-88-2) was used as a test chemical. 

Crucial for this study was to obtain reliable dose-response relation-
ships for the toxicity of chlorpyrifos to the test species and endpoints 
used at the different microplastic concentrations tested. For that reason, 
F. candida was exposed to nominal concentrations of 0.01, 0.03, 0.11, 
0.33 and 1.0 mg kg− 1 and P. scaber to nominal concentrations of 0.3, 0.6, 
0.9, 1.2, 3 and 6 mg kg− 1 of chlorpyrifos in dry soil. The test concen-
trations were selected based on preliminary range-finding test 
(Table S2) on woodlice and earlier studies done in the same laboratory 
with springtails (Crommentuijn et al., 1995). These concentrations are 
close to levels found in soil after spraying the pesticide at recommended 
doses (Fang et al., 2009). Since chlorpyrifos was added as dissolved in 
acetone, two controls were prepared for each treatment: (i) a negative 
control without chlorpyrifos and acetone, and (ii) a solvent control 
without chlorpyrifos but treated with acetone (Fig. S1). 

2.4. Spiking of soil with chlorpyrifos and microplastics 

All exposures were done in standard agricultural soil Lufa 2.2 (Lufa 
Speyer, Germany) (Table S3). Chlorpyrifos was dissolved in acetone and 
applied to the soil. The solvent control was prepared by adding the same 
concentration of acetone as in chlorpyrifos treatments. The acetone was 
left to evaporate overnight in a ventilation hood, after which the 
microplastics were added to the microplastic treatments. The soil 
moisture content was adjusted to 40 % of the water holding capacity for 
woodlice and 50 % water holding capacity for springtails and divided 
over the test jars. The next day, food and the animals were added to the 
jars. 

Chlorpyrifos concentrations in the test soils were measured at the 
beginning of the experiments for three nominal concentrations most 
relevant for its toxicity; 1.2, 3.0 and 6.0 mg kg− 1 for woodlice test soils 
and 0.03, 0.11 and 0.33 mg kg− 1 for springtail test soils, by in Groen 
Agro Control, The Netherlands using certified methods. The detection 
limit was 0.01 mg kg− 1 dry soil. 

2.5. Folsomia candida test 

Springtail tests followed OECD guideline 232 (OECD, 2009). Ten 
F. candida with age of 10–12 days were introduced into each replicate 
100 mL jar with 20–30 g moist soil and fed with 5 mg baker's yeast 
moistened with water (1:2). The test was performed at 20 ± 2 ◦C in 16 
h:8 h light:dark cycle. Springtails were fed once a week. After four weeks 
of exposure, the content of each test jar with springtails was transferred 
to a 250 mL beaker, 100 mL water was added and the number of sur-
viving F. candida adults and produced juveniles floating to the surface 
were counted from the picture taken of the water surface (Nikon 
D5200), using image processing program (ImageJ®). 

2.6. Porcellio scaber test 

Five woodlice were placed into each replicate 200 mL glass jar 
containing 30 g test soil and dry leaves of common hazel (Corylus avel-
lana). The tests were performed at 20 ± 2 ◦C in the dark for 3 weeks. Soil 
moisture content was checked every three days. Once a week, survival of 
the woodlice was assessed, and the hazel leaves were replaced. After 3 
weeks exposure, 10–15 animals per test group were dissected, the gut 
was discharged, and the rest of the body stored at − 20 ◦C for mea-
surements of acetylcholinesterase (AChE) and electron transfer system 
(ETS) activity. Sample processing, measurements and calculations for 
AChE and ETS activity are described in the supporting information 
(Method S1). 

2.7. Data analyses 

The differences between negative control and acetone control in the 

measured endpoints were tested using Student's t-test. When no statis-
tically significant differences were detected, the negative and acetone 
control data were combined for further statistical analyses. 

Median lethal (LC50) values for springtails and woodlice were 
calculated using the trimmed Spearman-Karber method (Hamilton et al., 
1977). Median effective concentrations (EC50) as well as EC20 and 
EC10 values for springtails were determined by fitting a three- or four- 
parameter logistic dose-response model to the data using IBM SPSS 
version 27. No-observed effect concentrations (NOECs), describing the 
highest chlorpyrifos concentration with no statistically significant dif-
ference to control, were estimated using one-way ANOVA followed by 
Dunnett's post-hoc test. When the data did not meet the assumptions of 
normal distribution or homoscedasticity for parametric tests, Mann- 
Whitney U test was applied (OriginPro v2021b, OriginLab, North-
ampton, MA, USA Corporation). 

LC50s and EC50s for the toxicity of chlorpyrifos in the three treat-
ments (controls, low and high microplastic concentrations) were 
compared using a one-sided t-test (at p < 0.05) as described by Van 
Gestel et al. (2012). First the absolute difference between log LC50s 
(δlog LC50) was calculated. Then the summed standard error (ΣSE) of 
δlog LC50 was calculated as the square root of the sum of the (SE (log 
LC50))2 values. The δlog LC50 and ΣSE were compared with a critical 
t0.05 value at the corresponding degrees of freedom (n1 + n2 − 6; n1 and 
n2 are number of independent observations in the dose-response curves 
for the two treatments; 6 the number of parameters used to fit the two 
logistic dose-response curves to the data). When the absolute value of 
δlog LC50 was larger than t0.05*ΣSE, it was concluded that δlog LC50 is 
significantly different from 0, which means that the log LC50s are 
significantly different from each other. 

3. Results 

3.1. Soil properties and Chlorpyrifos concentrations in soil 

In the springtail tests, the pH (0.01 M CaCl2) of the test soil ranged 
between 5.2 and 5.6 for the fiber test, and between 6.0 and 6.3 for the 
test with the car tire wear particles, without a clear effect of the 
microplastics or chlorpyrifos. The chlorpyrifos concentrations measured 
in the three selected samples on average (±SD) were 65.1 ± 2.36 % (n =
6) of the nominal ones in woodlice test soils and 80 ± 8.8 % (n = 6) in 
springtail test soils (Table S4). Since the concentrations selected for 
chemical analyses were close to the effect concentrations, and recoveries 
were similar across all samples analyzed, we assumed they apply to all 
test concentrations. Hence measured concentrations were estimated to 
be: 0.20; 0.39; 0.59; 0.78; 2.0 and 3.9 mg kg− 1 dry soil for woodlice and 
0.0088; 0.026; 0.088; 0.26; 0.8 mg kg− 1 dry soil for springtails. These 
measured concentrations were used to calculate LC50, EC50, EC20 and 
EC10 values. 

3.2. Effects on Folsomia candida 

Control survival of the springtails was >80 % in all tests. The number 
of juveniles was always higher than 100 in the controls, and the coef-
ficient of variation was <30 % except for the low tire particles treatment 
where it was 33 %. So, the validity criteria were fulfilled. The responses 
of water and acetone controls only differed significantly for the test 
without tire particles (student t-test; P-value <0.05; Table S5). In that 
case, the data were analyzed using only the acetone control. For all other 
tests, results of the water and acetone controls were combined for the 
data analysis. 

Fibers did not affect the NOEC(survival) or LC50 of chlorpyrifos, nor 
the reproduction EC50, EC20 or EC10 for F. candida (Table 1; Fig. 1). 
The NOEC(reproduction) of chlorpyrifos was lower for fiber treatments 
compared to no-fiber treatments (Table 1; see Tables S6 and S7 for 
corresponding statistics). 

Tire particles affected the lethal toxicity of chlorpyrifos to F. candida 
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Table 1 
Median lethal (LC50), effective (EC50) and no-observed-effect concentrations (NOEC) (in mg kg− 1 dry soil) for the toxicity of chlorpyrifos to springtails (Folsomia 
candida) and woodlice (Porcellio scaber) in treatments without microplastics (chlorpyrifos only) or in the presence of polyester fibers or tire particles in 0.05 % and 0.5 
% concentrations in Lufa 2.2 soil. AChE = acetylcholinesterase; ETS = Electron Transport System activity.   

Fibers Tire particles  

Chlorpyrifos only Low concentration (0.05 
%) 

High concentration (0.5 
%) 

Chlorpyrifos 
only 

Low concentration (0.05 
%) 

High concentration (0.5 
%) 

Folsomia candida 
LC50 0.13 (0.12–0.15) 0.14 (0.14–0.15) 0.12 (0.10–0.15) 0.14 (0.12–0.17) 0.13 (0.11–0.16) 0.32 (0.27–0.39) 
EC50 (reproduction) 0.10 (0.065–0.14) 0.089 (− )a 0.084 (− )a 0.085 (− )a 0.042 (0.028–0.055) 0.060 (0.039–0.080) 
EC20 (reproduction) 0.074 

(0.042–0.11) 
0.081 (− ) 0.073 (− ) 0.074 (− ) 0.021 (0.011–0.031) 0.026 (0.011–0.041) 

EC10 (reproduction) 0.061 
(0.012–0.11) 

0.077 (− ) 0.068 (− ) 0.066 (− ) 0.014 (0.0053–0.023) 0.016 (0.0037–0.028) 

NOEC (survival) 0.088 0.088 0.088 0.088 0.088 0.088 
LOEC (survival) 0.26 0.26 0.26 0.26 0.26 0.26 
NOEC 

(reproduction) 

0.088 0.0088 0.026 0.026 0.026 0.026 

LOEC 
(reproduction) 

0.26 0.026 0.088 0.088 0.088 0.088 

Porcellio scaber 
LC50 1.6 (1.4–1.9) 2.1 (1.6–2.6) 1.8 (1.4–2.4)  >3.9 >3.9 
NOEC (survival) 0.78 0.78 0.78  2.0 2.0 
LOEC (survival) 2.0 2.0 2.0  3.9 3.9 
NOEC (AChE) 0.39 0.78 0.78  0.78 >2.0 
LOEC (AChE) 0.59 2.0 2.0  2.0 >3.9 
NOEC (ETS) 0.59 >2.0 >2.0  >2.0 <0.59b 

LOEC (ETS) 0.78 >3.9 >3.9  >3.9 0.59  

a No reliable 95 % confidence interval could be calculated due to the very steep dose-response relationship. 
b A different type of effect was observed as in the case of other concentrations. 

Fig. 1. The survival (A, B) and number of juveniles (C, D) of the springtail Folsomia candida exposed for 28 days to chlorpyrifos only (no fiber, no tire particles), 
chlorpyrifos-tire particles mixtures or chlorpyrifos-polyester fiber mixtures in Lufa 2.2 soil. Low (0.05 %) and high (0.5 %) concentrations of fibers or tire particles 
were used. 
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(Fig. 1). LC50 values for the toxicity of chlorpyrifos were 0.14 and 0.13 
mg kg− 1 dry soil in the no tire particles and low tire particles treatments, 
and significantly higher (0.32 mg kg− 1 dry soil) in the high-tire particles 
treatment (t-test, p < 0.05), indicating lowered toxicity of chlorpyrifos to 
survival (Table 1). EC50 values, in turn, varied from 0.085 mg kg− 1 dry 
soil in the no tire particles treatment to 0.045 and 0.060 mg kg− 1 dry soil 
in the low and high tire particles treatments, respectively, but did not 
significantly differ due to the steep dose-response curves and wide 95 % 
confidence intervals. Also EC10 or EC20 values did not significantly 
differ between tire particle treatments (Table 1). 

3.3. Effects on Porcellio scaber 

The survival of P. scaber was dose-relatedly decreased upon chlor-
pyrifos exposure (LC50 = 1.6 mg kg− 1 dry soil) (Table 1). This effect was 
unchanged in the presence of fibers, but the co-exposure with tire par-
ticles evidently increased the survival of woodlice (Fig. 2 A, B; Table 1), 
with LC50 > 3.9 mg kg− 1 dry soil for both low and high tire particle 
concentrations. Mortality (corrected for control) was 43 % and 26 %, 
respectively at low and high tire particle concentrations, suggesting a 
dose-related effect of the tire particles on chlorpyrifos toxicity. 

Chlorpyrifos significantly decreased the activity of AChE with the 
lowest observed effect concentration (LOEC) at 0.59 mg chlorpyrifos 
kg− 1 dry soil (Table 1). The co-exposure with fibers resulted in lower 
inhibition of AChE activity as the LOEC was 2.0 mg chlorpyrifos kg− 1 

dry soil for both the low- and high-concentration treatments (Table 1). 
This was also observed for the low-tire particle treatment, and even 
more pronounced in the case of the high-tire particle treatment where no 
AChE inhibition was observed up to 2.0 mg chlorpyrifos kg− 1 dry soil. 
An increase in AChE activity at low chlorpyrifos concentrations was 
found in the case of co-exposure with the high-tire particle concentra-
tion, indicating a hormetic effect (Fig. 3 A, B). 

Electron transfer system (ETS) activity was significantly increased 
only at 0.78 mg chlorpyrifos kg− 1 dry soil and a trend of increase was 
noticed at 2.0 mg chlorpyrifos kg− 1 dry soil (p = 0.06). In the case of co- 
exposure with fibers or low concentration of tire particles, ETS activity 
was not changed compared to the control (Fig. 3 C, D). However, a 
different pattern of ETS activity change was observed in co-exposure 
with the high tire-particle concentration where a significant decrease 
of activity was noticed at 0.78 mg and 2.0 mg chlorpyrifos kg− 1 dry soil 
(Fig. 3 C). This means that co-exposure of tire particles or fibers with 
chlorpyrifos resulted in a different effect on ETS activity compared to 
chlorpyrifos exposure alone. 

4. Discussion 

We show that the presence of microplastics in soil affects the toxicity 
of chlorpyrifos for the woodlouse Porcellio scaber and the springtail 
Folsomia candida. This was more pronounced for tire particles, which 
evidently decreased the lethality of chlorpyrifos to both organisms and 
the chlorpyrifos-induced inhibition of AChE activity and ETS activity 
changes in the woodlice. Polyester fiber co-exposure only affected the 
chlorpyrifos-induced inhibition of AChE activity and increase of ETS 
activity in the woodlice, but no other influences (survival and repro-
duction) on chlorpyrifos toxicity for springtails and woodlice was found. 

The decrease in AChE activity inhibition and changes in ETS activity 
by microplastics co-exposure suggest that the bioavailability of chlor-
pyrifos to woodlice was decreased by both types of microplastics. As 
chlorpyrifos is a specific inhibitor of AChE (Sanchez-Hernandez et al., 
2014; Muangphra et al., 2016; Rodríguez-Seijo et al., 2018), a decrease 
of its inhibition suggests a lower available concentration of the inhibitor. 
The same phenomenon was observed for the ETS activity in woodlice. 
Chlorpyrifos exposure alone increased ETS activity, which implies 
increased metabolic activity and energy consumption and has previ-
ously been observed (Verslycke et al., 2004). In the case of co-exposure 
with fibers and low concentration of tire particles, this effect was no 
longer observed. However, in the case of high tire particle co-exposure, a 
decrease of ETS activity was found compared to controls. Obviously, 
when the chlorpyrifos concentration was increased in co-exposure with 
high-tire particle concentrations, the ETS activity was no longer 
increased but decreased, most likely due to the complex mixture of 
chemicals present in tire-particles and chlorpyrifos. 

The results of this study are in line with our previous work on 
woodlice, where the effects of chlorpyrifos on woodlice haemocytes 
were assessed when co-exposed with the same type of microplastics 
(Dolar et al., 2021). Also, this work showed decreased bioavailability of 
chlorpyrifos to woodlice in case microplastics were present. This was 
shown by decreased AChE inhibition in the haemolymph and decreased 
effects on the viability of haemocytes in the presence of fibers, which 
was taken as an indication that less chlorpyrifos entered the haemo-
lymph. The decreased bioavailability of chlorpyrifos by tire particles 
may also explain the reduced impact of chlorpyrifos on the survival of 
the springtail F. candida. Accordingly, Álvarez-Ruiz et al. (2021) found 
that microplastics decreased the bioconcentration factor (BCF) and 
accelerated the elimination of chlorpyrifos in the mussel Mytilus gallo-
provincialis. The reduced chlorpyrifos availability by microplastics 
(polyethylene, <22 um) was reported also for marine algae Isochrysis 
galbana (Garrido et al., 2019), however, the organisms were exposed to 

Fig. 2. The survival of the woodlice Porcellio scaber exposed to chlorpyrifos only (no-fiber, no-tire particles), chlorpyrifos-tire particle mixtures (A) or chlorpyrifos- 
polyester fiber mixtures (B) in Lufa 2.2 soil. Low (0.05 %) and high (0.5 %) concentrations of fibers or tire particles were used. 
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chlorpyrifos-loaded microplastics and not co-exposed in mixtures. In 
any case, in the study of Garrido et al. (2019), over 70 % of the chlor-
pyrifos present in an aqueous solution was sorbed onto polyethylene 
microplastic particles after 2 h incubation, showing a high capacity of 
this type of microplastic to bind chlorpyrifos. Simultaneous exposure to 
a mixture of chlorpyrifos and microplastics on the other hand resulted in 
enhanced effects on the survival, feeding and egg production of the 
copepod Acartia tonsa after 48 h exposure to chlorpyrifos and 1.4–42 um 
polyethylene particles (Bellas and Gil, 2020), and in alterations in amino 
acid and fatty acid composition in the muscles of rainbow trout (Onco-
rhynchus mykiss) after 96 h exposure to chlorpyrifos and 22–467 um 
irregular polystyrene fragments (Hanachi et al., 2021). 

In the case of other soil organisms where other types of chemicals 
were tested, most of the studies (80 %) reported that microplastics 
increased the bioaccumulation of the co-exposed chemical leading to 
increased effect (Table S1 review). This was recorded for different types 
of chemicals: metals (cadmium, arsenate (As(V)), pesticides (atrazine, 
monocrotophos, dufulin, 2,4-dichlorophenoxyacetic acid) as well as for 
different types of polymers. However, in all of these studies, earthworms 
were used as the test organisms. The only study that exposed woodlice to 
chlorpyrifos and microplastics reported the opposite effect, in accor-
dance with the present study with the same test organism and another 
arthropod species (Dolar et al., 2021). Ma et al. (2020), in turn, found 
hardly any effect of microplastics on tetracycline toxicity to enchy-
traeids and their microbiome. It seems that the organism and the choice 
of endpoints are crucial for the interpretation of mixture toxicity studies 

(Cedergreen and Streibig, 2005). 
As shown by our study, the result of microplastics-chlorpyrifos 

exposure was different for the two arthropod species tested, F. candida 
and P. scaber. Tire particles had a greater effect on the lethality of 
chlorpyrifos for woodlice than for springtails although the latter were 
exposed for a week longer. This effect on woodlice survival was already 
observed at a low concentration and increased at the high concentration 
of tire particles, while for springtails effects were observed only in the 
latter case. It is possible that divergent exposure routes explain the 
differences in the results between the species, since woodlice are mainly 
exposed to soil contaminants through oral uptake of soil particles (Vijver 
et al., 2005), while springtails are mainly, but not exclusively, exposed 
to contaminants in the pore water (Waalewijn-Kool et al., 2014; Talaber 
et al., 2020). As microplastics are known to affect the soil biophysical 
environment, such as for example water holding capacity and the 
number of water stable aggregates (de Souza Machado et al., 2018), 
further studies are needed to confirm the fate of pollutants in the pres-
ence of microplastics in the soil to help interpreting the toxicity out-
comes of microplastics-co-contaminant mixtures. 

We showed that the outcome of joint exposure was different for 
polyester fibers than for tire particles. Tire particles affected both lethal 
and biochemical impacts of chlorpyrifos, while the only effect of poly-
ester fibers was a decreased AChE inhibition and a change in ETS ac-
tivity in woodlice. The visual characterization with a scanning electron 
microscope (SEM) revealed that tire particles had irregular shapes and 
that even nanoscale particles were present in the tire particle test 

Fig. 3. Acetylcholinesterase (AChE) (A, B) and Electron transfer system (ETS) (C, D) activities of the woodlice Porcellio scaber exposed to chlorpyrifos only (no-fiber, 
no-tire particles), chlorpyrifos-polyester fiber mixtures or chlorpyrifos-tire particle mixtures in Lufa 2.2 soil. Low (0.05 %) and high (0.5 %) concentrations of fibers 
or tire particles were used. Asterisks* denote a statistically significant difference in comparison to respective controls (p < 0.05). 
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material (Selonen et al., 2021). Thus, tire particles had potentially a 
larger surface area than the fibers that were regular in shape and smooth 
in surface. This could imply a higher adsorption potential for chlor-
pyrifos and consequently lower bioavailability. Besides size and shape, 
polyester fibers and tire particles differ in polymer composition, which 
affects the pollutant adsorption potential (Bakir et al., 2014; Tourinho 
et al., 2019). It has been shown that some polymers can adsorb chlor-
pyrifos efficiently. For example, in the study of Garrido et al. (2019) over 
70 % of the chlorpyrifos present in an aqueous solution was adsorbed 
onto ethylene microplastic particles (<22 um) after 2 h incubation in a 
shaker. It also has been concluded that generally higher partitioning to 
microplastics occurs in soil than in aquatic environments (Tourinho 
et al., 2019). How adsorption/desorption of chlorpyrifos and other 
pesticides occurs specifically in the case of polyester or tire particles in 
soil is currently unknown. As synthetic fibers and tire particles are 
among the most common types of microplastics and the majority of their 
emissions end up in terrestrial environments (Nizzetto et al., 2016; Kole 
et al., 2017), more knowledge on their interactions with the chemicals 
present in soils is needed. 

5. Conclusions 

This study is one of the few reporting the effect of microplastics on 
the toxicity of pesticides to soil arthropods. Our findings indicate that 
the effects of microplastics on the toxicity of the pesticide chlorpyrifos to 
Porcellio scaber and Folsomia candida depend on the type of micro-
plastics. Tire particles significantly decreased the chlorpyrifos-induced 
mortality of woodlice and springtails, while polyester fibers did not. 
Together with decreased inhibition of AChE and changed ETS activity in 
woodlice, our data show that both types of microplastics, but in 
particular tire particles, decrease the bioavailability of chlorpyrifos. The 
effect of microplastics on the toxicity of chlorpyrifos may differ for or-
ganisms that inhabit different soil niches. This study shows that mixture 
toxicity studies with microplastics and other pollutants are important to 
understand realistic threats of microplastics to the soil environment. 
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