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Hazard/Risk Assessment

Variation in the Chemical Sensitivity of Earthworms from
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Abstract: The chemical risk of pesticides for nontarget soil macroorganisms has mainly been assessed using the compost
earthworm Eisenia fetida. However, E. fetida does not occur in agroecosystems, and it is generally less sensitive than other
earthworm species. Thus, the extrapolation of its response to pesticides to other earthworm species may lead to un-
certainties in risk assessment. Because toxicity data for other earthworms are scarce, we assessed the chemical sensitivity
of five species (Allolobophora chlorotica, Aporrectodea caliginosa, Aporrectodea longa, Aporrectodea rosea, and
Lumbricus rubellus) from different habitats (forests, wetlands, and grasslands), as well as E. fetida, to imidacloprid and
copper in single-species acute toxicity tests. In addition, we examined the relationship between earthworm traits (ecotype
and weight), habitat characteristics (ecosystem type and soil pH), and chemical sensitivity. The lower limits of the haz-
ardous concentration affecting 5% (HC5) of species were 178.99 and 0.32 mg active ingredient/kg dry weight for copper
and imidacloprid, respectively. Some concentrations that have been measured in European agroecosystems for both
pesticides were above the HC5s, indicating toxic risks for these organisms. Furthermore, soil pH from the sampling habitat
played a significant role, with earthworms sampled from extremely acidic soils being less sensitive to copper
than earthworms from neutral soils. In addition, endogeic earthworms were more sensitive to imidacloprid than epigeic
earthworms. This may translate to changes in soil functions such as bioturbation, which is mainly carried out by endogeic
earthworms. Our results suggest that risk assessment should include a wider range of earthworms covering different
habitats and ecosystem functions to achieve a better protection of the biological functions carried out by these key soil
organisms. Environ Toxicol Chem 2023;42:939-947. © 2023 The Authors. Environmental Toxicology and Chemistry
published by Wiley Periodicals LLC on behalf of SETAC.
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INTRODUCTION assessment of pesticides on nontarget soil macroorganisms in
the European Union, regulated by the European Commission
(EC) under legislation 1107/2009 (European Union, 2011) and
guidance document SANCO/10329/2002 (Santé et Con-
sommateurs Directorate General Health and Consumers, 2002).
Eisenia fetida is considered to be a species complex (Rémbke
et al., 2016) consisting of at least E. fetida and Eisenia andrei
(BOUCHE, 1972). This species meets the basic requirements for
being a standard test organism because it is easy to rear under
laboratory conditions (Paradise, 2001). Consequently, several
standardized guidelines have been developed to assess the
acute (International Organization for Standardization [ISO], 2012;

Earthworms are ecosystem engineers (Jones et al., 1994;
Jouquet et al, 2006), playing key roles in pedogenesis
(Edwards, 2004; Lee & Foster, 1991), soil structure (Bernier, 1998;
Kavdir & ilay, 2011), and soil fertility (Edwards & Bohlen, 1996). In
addition to their ecological relevance, earthworms are bio-
indicators of soil pollution caused by toxic substances such as
heavy metals (Suthar et al., 2008) and pesticides (Pelosi
et al., 2014). The compost earthworm Eisenia fetida (SAVIGNI,
1826) has been used as a standard organism for the risk
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only earthworm representative has often been criticized be-
cause of the lack of realism in terms of extrapolating its
responses to chemicals to other species with different
functional roles found in the field (Edwards, 2002). There-
fore, current risk assessment leads to uncertainties when
E. fetida responses are extrapolated to different ecosystems
inhabited by earthworms with variable chemical sensitivity
(Forbes et al., 2021). In addition, the European Food Safety
Authority (EFSA) is aiming to shift the focus of the pesticide
risk-assessment protection goals on biodiversity and eco-
system services by integrating multiple stressors, scales, and
environmental compartments (Devos et al, 2019; EFSA
Scientific Committee, 2016). Hence, ecotoxicological data
need to be linked with ecosystem functions and services to
identify sensitive communities and protect their ecological
roles (Faber et al., 2019; Maltby et al., 2017). However,
toxicity information for soil organisms is generally scarce
(Frampton et al., 2006; Weyers et al., 2004) and, specifically
for earthworms, mainly comes from tests with E. fetida
(Forbes et al., 2021; Pelosi et al., 2014), making up almost
80% of soil acute earthworm toxicity studies (US Environ-
mental Protection Agency [USEPA], 2022). Therefore, a data
gap to future risk assessment has been recognized where
toxicity data derived from multiple field earthworm species is
required to establish links with their ecosystem functions
(Forbes et al., 2021).

The present study aimed to provide information on the
sensitivity of six earthworm species toward acute chemical
exposure. For this purpose, we conducted single-species
tests based on the soil test described in OECD guideline 207
(OECD, 1984) using earthworms sampled from different
habitats, such as grasslands, forests, and wetlands, as well as
E. fetida. Insecticides and fungicides are typically the most
toxic pesticides for earthworms (Pelosi et al., 2014). Hence,
we chose the insecticide imidacloprid and a copper-based
fungicide (copper Il sulfate pentahydrate) for the present
study. Also, both substances have been tested on other
earthworm species in addition to E. fetida and, therefore,
provide further data which may be compared and used to
complement our results (see Capowiez et al., 2005; Haque &
Ebing, 1983). Imidacloprid acts on the nervous system,
blocking nicotinic acetylcholine receptors (Talcott, 2013), and
is known to be toxic for earthworms at low soil concentrations
(i.e., 0.2 mg/kg; Zang et al., 2000). Copper acts by denaturing
proteins and enzymes in an organism's cells (Dalecki
etal., 2017), and long-term use causes its accumulation in soil
(Fagnano et al., 2020). Thus, copper can be present at high
concentrations, >200 mg/kg, in soils treated with this fungicide,
especially in vineyards (Komarek et al., 2010; Steinmetz
etal., 2017), which may pose a risk for earthworms (Streit, 1984).
Thus, we aimed to derive species sensitivity distributions (SSDs)
of earthworms for both copper and imidacloprid and the haz-
ardous concentrations which affect 5% of the species (HC5), to-
gether with their lower 95% confidence limit (Newman
et al., 2000; Posthuma et al., 2001). In addition, we explored
relationships between earthworm chemical sensitivity, their bio-
logical traits, and ecosystem characteristics.

MATERIALS AND METHODS

Source of earthworms and ecosystem
characterization

Adult earthworms from the species Allolobophora chlorotica
(SAVIGNY, 1826), Aporrectodea caliginosa (SAVIGNY, 1826),
Aporrectodea longa (UDE, 1885), Aporrectodea rosea
(SAVIGNY, 1826), and Lumbricus rubellus (HOFFMEISTER, 1843)
were collected by hand in winter and fall of 2020 around Landau
in der Pfalz, Germany (Supporting Information, Table S1).
Sampling sites, located outside of agricultural areas, were se-
lected to cover the major ecosystems of the region, that is,
grasslands, forests, and wetlands (Supporting Information,
Table S1), including both acidic and neutral soils. The same
ecosystems were sampled for imidacloprid and copper tests,
and dominant species at the sampling time were collected
(Supporting Information, Table S1). Live organisms were first
identified to species in situ, which was confirmed prior to the test
following the identification keys of B&hrmann & Miller (2015) and
Kriick (2018). Earthworms were then stored in 1-L polypropylene
containers (18cm length x 13.2cm width x 6.8 cm height) with
approximately 700 g of natural soil (i.e., soil collected from their
ecosystem of origin; Supporting Information, Table S1), which
had been transported to the laboratory and stored for acclima-
tization in a climate chamber (16 +1°C, 65+ 10% humidity,
600 + 200 lux, and 16:8-h light: dark cycle) for 1 week prior to the
ecotoxicological assessment. In addition, the pH of the natural
soil (Supporting Information, Table S1) was measured at the
laboratory in 0.01 M CaCl, following ISO (2005). Natural soil pH
was classified according to the Soil Survey Manual (Soil Science
Division Staff, 2017) as follows: extremely acidic (3.5-4.4), slightly
acidic (6.1-6.5), and neutral (6.6-7.3). Because E. fetida is not a
typical soil species (Krlick, 2018), this species was obtained from
a domestic compost pile (Supporting Information, Table S1)
as well as from a laboratory culture (ECT Oekotoxikologie,
Flérsheim/Main, Germany).

Pesticides

The insecticide imidacloprid (Kohinor® 70 WG; Leu+Gygax,
Birmenstorf, Switzerland; 70% active ingredient [a.i.]) and
the fungicide copper Il sulfate pentahydrate (CuSO,4-5H,0;
Centrum Metal Odczynniki Chemiczne, Falenty, Polen; 25%
a.i.) were used in the present study. For the ecotoxicological
assessment, the substances were weighed to the nearest
0.01mg (AT2671 DeltaRange® 205 g/0.01 mg; Metler Toledo)
and diluted in ultrapure water, and stock solutions were
created using serial dilutions.

Ecotoxicological assessment

The mortality tests were based on OECD guideline 207
(OECD, 1984), with the following adaptations. Instead of arti-
ficial soil, we used the standard soil LUFA 2.2 (Land-
wirtschaftliche Untersuchungs- und Forschungsanstalt, Speyer,
Germany; Supporting Information, Table S2) as the test
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substrate, which is widely used as a standard soil for the eco-
toxicological assessment of soil invertebrates (Lokke & van
Gestel, 1998). In addition, the test temperature was decreased
from 20°C to 16 °C, which is a more typical temperature for
field situations (Lowe & Butt, 2005). Range-finding tests for
both substances were done based on previously reported E.
fetida median lethal concentrations (LC50s): 2.26 mg/kg for
imidacloprid (Wang et al., 2019) and 643 mg/kg for copper
(Neuhauser et al., 1985). For the tests, geometric series with
seven concentrations of imidacloprid (ranging from 0 to
5.41 mg a.i./kg; Supporting Information, Table S3) or copper
(ranging from 0 to 1075.6 mg a.i./kg; Supporting Information,
Table S3) were tested on earthworms from the same species
and ecosystem, with one experimental unit per concentration.
An experimental unit consisted of approximately 690 g of moist
LUFA soil (Supporting Information, Table S2), spiked with 20 ml
(to achieve a final soil moisture of ~20%; Supporting In-
formation, Table S3) of the desired test concentration together
with 10 earthworms. Ultrapure water was used for the control.
After spiking, the soil was thoroughly mixed, homogenized,
and transferred to 1-L polypropylene containers (18 cm
length x 13.2cm width x 6.8 cm height). At the beginning of
the test, the earthworms were weighed (Supporting In-
formation, Table S1) to the nearest mg (PA214® 210g/
0.0001 g; OHAUS) and introduced to the soil immediately after
spiking. Test boxes were closed with perforated lids to allow
gas exchange and stored in randomized positions in a climate
chamber under the same conditions as for the acclimatization
period. The LUFA soil pH (ISO, 2005) and moisture (ISO, 1993)
were measured at the beginning and end of the test (Sup-
porting Information, Table S3). Survival was assessed by testing
the organism's reaction to a gentle mechanical stimulus on
Days 7 and 14 after the chemical application. In addition, ap-
proximately 10 g of soil were sampled on Days O, 7, and 14,
and stored at —20 °C to analyze pesticide concentrations.
Imidacloprid concentrations were quantified by Eurofins
Umwelt Stidwest (Speyer, Germany). Briefly, 20 m| of acetone
was added to a 5-g dried soil sample, shaken for 60 min, and
centrifuged. Then an aliquot of 200 pl was taken, evaporated
to dryness, and reconstituted with 500 ul methanol and 500 pl
water. The sample was filtrated, and the imidacloprid
concentration was quantified via high-performance liquid
chromatography-tandem mass spectrometry using a re-
covery standard. Copper contents were extracted at the iES
Landau as follows: 10 ml of aqua regia (HNO3 + 3 HCI, 65%
and 32% suprapure assay, respectively; Carl Roth, Germany)
was added to a 5-g dried soil sample. Samples were digested
using microwave-induced (Mars Xpress; CEM, Germany) aqua
regia at 800 watts and 60 min of digestion phase at 175°C.
Then, samples were diluted 1:10 with Milli-Q water and
quantified with inductively coupled plasma atomic emission
spectroscopy (700 Series; Agilent, Germany). Measured
copper concentrations were consistently up to 30% lower
than nominal concentrations (Supporting Information,
Table S4), indicating incomplete recovery from the soil
matrix. Imidacloprid measured concentrations (Supporting
Information, Table S4) varied around nominal concentrations,

which were always included within the confidence intervals of
measurements. Following the majority of existing studies
(USEPA, 2022), nominal concentrations of the pesticides at
the beginning of the test were measured and are reported
throughout our study.

Data analysis

Following Ritz et al. (2019), LC50s were calculated
(Supporting Information, Table S3) after 7 (when possible) and
14 days of exposure for all tested species by fitting binomial
dose-response models to the data. Model fits were compared
using the Akaike information criterion, and the best-fit model
was selected (Supporting Information, Figures S1-528). The
intraspecific differences in LC50s (Supporting Information,
Table S5) were assessed via pairwise comparisons of multiple
binomial dose—-response curves (Ritz et al., 2019). Furthermore,
SSDs (Posthuma et al., 2001) were fitted for both pesticides
using the 14-day LC50 values for all examined species and
literature data from comparable studies (i.e., soils with similar
organic matter content; Supporting Information, Table S6)
because 7-day LC50s were not available for all tests (Sup-
porting Information, Table S3). If multiple LC50 values from the
same species were available, the geometric mean LC50 was
calculated (Supporting Information, Table Sé). Values of HC5
were derived from these distributions, and parametric boot-
strap 95% confidence intervals (Cls), from 1000 iterations, were
calculated to obtain the lower limits of the HC5. In addition,
potential associations between earthworm chemical sensitivity
in terms of LC50, habitat (grassland, wetland, forest), natural
soil pH, fresh weight, and ecotype (endogeic, epigeic, anecic)
were analyzed via analysis of covariance (ANCOVA). Eisenia
fetida, an epigeic compost earthworm rarely found in nature
(Kriick, 2018), was excluded from these calculations. Because
Aporrectodea longa was the only anecic species tested for
both pesticides, anecic and endogeic earthworms were
merged into one category, “nonepigeic,” for analysis. In
addition, soil pH classes “slightly acidic” and “neutral” (Soil
Science Division Staff, 2017) were combined into one category
for the analysis because pH values were close to 6.5, which is
the limit between these classes. All statistical analyses and
figures were created with R Ver 4.2.1 for Windows together
with the add-on packages “drc” (Ritz et al., 2015), “multcomp”
(Hothorn et al., 2008), “plotrix” (Lemon, 2006) for
dose-response modeling, “fitdistrplus” (Delignette-Muller &
Dutang, 2015), “reshape2” (Wickham, 2007), “ggplot2”
(Wickham, 2016), “ggpubr” (Kassambara, 2020) for the SSD,
and “car” (Fox & Weisberg, 2019) for the ANCOVA.

RESULTS

Acute toxicity

In total, 14 tests were run for each pesticide, with six species
of earthworms from the genera Allolobophora, Aporrectodea,
Eisenia, and Lumbricus (Supporting Information, Table S3).
Earthworm 14-day LC50s (Supporting Information, Table S3) for
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imidacloprid ranged between 0.72 and 3.53mg a.i/kg dry
weight, and values for copper ranged from 199.99 to
433.09mg a./kg dry weight. Intraspecific differences
(Supporting Information, Table S5) showed that Aporrectodea
caliginosa collected from an extremely acidic grassland
(4.24 pH; Supporting Information, Table S1), for imidacloprid
(Figure 1A), and an extremely acidic forest (4.16pH;
Supporting Information, Table S1), for copper (Figure 1B), were
significantly less sensitive than Aporrectodea caliginosa sam-
pled from the other ecosystems. Furthermore, laboratory-
raised E. fetida were significantly less sensitive than E. fetida
collected in the field for both chemicals (Figure 1C,D).

SSDs

Additional LC50 values were included from the literature to
fit the SSDs (Supporting Information, Table S6). Allobophora
chlorotica tested in the present study was the most sensitive
species to acute imidacloprid and copper exposure. The HC5
(95% Cl) derived from the SSDs for imidacloprid (Figure 2A)
and copper (Figure 2B) were 0.70 (0.32-1.47) and 201.51
(178.49-234.07) mg a.i./kg dry weight, respectively.

Earthworm sensitivity and habitat characteristics

Chemical sensitivity to imidacloprid differed significantly
between epigeic and nonepigeic earthworms (Fp ¢ = 17.45,
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p<0.01; Table 1). The LC50s of nonepigeic earthworms were
generally twice as low as those from epigeic earthworms
(Figure 3). Earthworm sensitivity to copper increased sig-
nificantly with increasing soil pH of their ecosystem of origin
(F1,ey=11.66, p=0.01; Table 1). Thus, earthworms obtained
from extremely acidic soils were approximately twice as re-
sistant to copper than those sampled in neutral soils (Figure 4).

DISCUSSION

SSDs and implications for risk assessment

The European Union (EU) pesticide risk assessment for soil
organisms defines a safety factor of 5 (EFSA Panel on Plant
Protection Products and Their Residues et al., 2017) to assess
the acceptable risk of a substance (Regulation EU 546/2011
[EU, 2011]). For an acceptable risk, the differences in the sen-
sitivity of the standard test organism E. fetida and other
earthworm species (i.e., LCS50g fetiga/LC500ther species) should
be lower than the safety factor of 5 (Frampton et al., 2006).
Although E. fetida, tested in the present study, was not the
most sensitive species to imidacloprid (Figure 2A) and copper
(Figure 2B), the ratio of the LC50¢, feriga to the most sensitive
species in our study, Allobophora chlorotica, was less than the
safety factor for both substances (Supporting Information,
Table S3; Figure 2A,B). Still, the species tested in our study,
including E. fetida, were very sensitive to copper and imida-
cloprid, which are known to be toxic compounds for
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FIGURE 1: Intraspecific variation of earthworm chemical sensitivity for Aporrectodea caliginosa exposed to imidacloprid (A) and copper (B) and
Eisenia fetida exposed to imidacloprid (C) and copper (D). Black points represent the 14-day median lethal concentration and whiskers their
respective 95% confidence interval. For Aporrectodea caliginosa the x-axis shows the habitat of origin (soil pH). Different letters show significant
differences (p < 0.05). LC50 = median lethal concentration; a.i. = active ingredient.
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FIGURE 2: Species sensitivity distributions for imidacloprid (A) and
copper (B) calculated from earthworm species sensitivity (red line). Black
points (data from the present study) and open points (literature) represent
the 14-day median lethal concentration values of earthworm species.
Species names are aligned by sensitivity in ascending order from bottom
to top on the y-axes, with the most sensitive at the bottom. Dashed lines
enclose the parametric bootstrap (95% confidence interval; 1000 iter-
ations). Blue transparent lines display all parametric bootstrap samples.
The open triangle marks the hazardous concentration affecting 5% and
the black square its lower limit. a.i. = active ingredient.

earthworms (see Streit, 1984; Wang et al., 2012). Short et al.
(2021) exposed different earthworm species to imidacloprid
and found that the safety factor proposed by the EFSA did not
cover the most sensitive species tested, Amynthas gracilis

TABLE 1: Comparison between earthworm traits, habitat character-
istics, and chemical sensitivity for imidacloprid and copper

LC50 imidacloprid LC50 copper

Covariate df F p df F P

Ecotype 1 17.45 0.005 1 0.01 0.91
Weight 1 0.23 0.65 1 0.04 0.85
Habitat 2 1.54 0.29 2 0.31 0.74
pH 1 1.1 0.34 1 11.66 0.01

Statistically significant differences (p < 0.05) are printed in bold.
LC50 = median lethal concentration.
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FIGURE 3: Comparison between epigeic and nonepigeic earthworm
imidacloprid median lethal concentrations. Different letters show sig-
nificant differences (p<0.05). LC50 =median lethal concentration;
a.i. = active ingredient.

(KINBERG, 1866). In addition, Frampton et al. (2006) performed
a pesticide analysis using SSDs and soil invertebrates. In ad-
dition to oligochaetes, mainly arthropods reacted very sensi-
tively to insecticides, as expected. They also concluded that
E. fetida was not the most sensitive soil organism, and in most
cases, the safety factor did not cover the range of chemical
acute sensitivities of all species analyzed. These findings
question the strong reliance of the current risk-assessment
framework on E. fetida and underline the need to test
pesticides on more ecologically relevant and sensitive soil
organisms (Forbes et al., 2021).

The HC5s derived for imidacloprid (Figure 2A) and copper
(Figure 2B) are useful as a proxy for potential mortality risk for
earthworms under field conditions when compared with
measured and recommended field concentrations. To be more
conservative, the lower limit of the Cl of the HC5 is often
considered to achieve a higher level of protection. In European
vineyards, concentrations of copper in topsoil and subsoil were
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FIGURE 4: Comparison between copper median lethal concentrations
of earthworms sampled in extremely acidic (4.16-4.24), slightly acidic
(6.18-6.38), and neutral (6.65-6.74) soils. Different letters show sig-
nificant differences (p<0.05). LC50 =median lethal concentration;
a.i. = active ingredient.
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reported up to 600 mg/kg (Komarek et al., 2010) and even
1600 mg/kg in the study area, around Landau in der Pfalz,
Germany (Steinmetz et al., 2017), which is characterized
by long-term intensive viniculture. This shows that the soils
in some areas that are heavily contaminated with copper,
especially vineyards, may exert acute toxicity to earthworms.
Regarding imidacloprid, concentrations in agricultural soils
were reported up to 0.65 mg/kg after 1 month of application in
crops (Donnarumma et al., 2011). The most sensitive species,
that is, Allobophora chlorotica and Aporrectodea rosea
(Figure 2A; Supporting Information, Table S3), may have a
survival risk in such soils. Nevertheless, because imidacloprid
use is currently restricted to greenhouses in the EU (Regulation
EU 2018/783 [EC, 2018]), a low risk for earthworms populations
can be expected. In a recent monitoring study, the maximum
concentration of imidacloprid found was 0.06 mg/kg (Silva
et al., 2019). However, sublethal endpoints, such as re-
production, are more relevant for risk assessment than acute
endpoints because they are typically affected at much
lower concentrations than the observed LC50 (Neuhauser &
Callahan, 1990). For example, E. fetida reproduction was
negatively affected at a concentration of 0.87 mg imidacloprid/
kg soil, while its acute LC50 was 2.26 mg imidacloprid/kg soil
(Wang et al., 2019). Nevertheless, information on sublethal
effects for other substances and earthworm species is scarce
compared with acute data; only approximately 16% of earth-
worm  toxicity studies addressed sublethal endpoints
(USEPA, 2022). Although laboratory culturing of field earth-
worm species may be challenging, the mineral dweller Apor-
rectodea caliginosa promises to be a good candidate for
evaluating the chronic effects of pesticides (Bart et al., 2018).
Moreover, the update of the I1SO 11268-2 (ISO, 2023) in-
corporates environmentally relevant species, for example,
Aporrectodea caliginosa and Dendrodrilus rubidus (SAVIGNY,
1826), for testing pollutant effects on earthworm reproduction.

Intraspecific variation in chemical sensitivity

The differences in chemical sensitivity among populations of
Aporrectodea caliginosa could be partially related to the or-
ganisms' ecosystem of origin (Figure 1A,B; Supporting In-
formation, Table S5). Aporrectodea caliginosa is a species
complex, often divided into different species (see Sims &
Gerard, 1985) or subspecies (see Briones, 1996). Although
differences in this classification are rather phenotypic than
taxonomic (Bart et al., 2018), organisms used in the present
study were identified morphologically (cf., Krlick, 2018). Thus,
the sensitivity differences obtained (Figure 1A,B; Supporting
Information, Table S5) may be between different species that
could not be morphologically separated. In this context, DNA
barcoding probably will reveal Aporrectodea caliginosa cryptic
species, which should be considered in future studies (Rémbke
et al., 2016). Furthermore, the chemical sensitivity of E. fetida
differed by origin, with individuals from a laboratory culture
being less sensitive than those from compost (Figure 1C,D;
Supporting Information, Table S5). Laboratory-raised organ-
isms fulfilled the standardization recommendations of the acute

OECD guideline (OECD, 1984), for example, adult, weight,
age, whereas only adult earthworms of unknown age were
considered from compost. Moreover, laboratory test organisms
were cultured in a moderately acid substrate (pH 5.82;
Supporting Information, Table S1), whereas compost earth-
worms were raised in a slightly alkaline substrate (pH 7.43;
Supporting Information, Table S1). The different substrates
may have influenced their chemical response because pH ap-
pears to affect earthworm sensitivity to pesticides (see next
section). Including additional earthworm species in risk as-
sessment would be confronted with the challenge of stand-
ardization, with field organisms potentially failing to live and
reproduce under laboratory conditions (Frind et al., 2010).
Nevertheless, the inclusion of field earthworms in standardized
guidelines, such as the ISO 11268-2 (ISO, 2023), will help to
improve risk assessment of soil organisms.

Earthworm sensitivity and habitat characteristics

Abiotic soil characteristics, such as soil type, pH, and
moisture, influence earthworm biodiversity (Edwards &
Bohlen, 1996). Furthermore, our results show that soil pH ap-
pears to affect earthworm sensitivity to pesticides (Figure 4 and
Table 1). We are not aware of other studies that investigated
the relationship between earthworm pesticide sensitivity and
habitat characteristics and can only speculate on the reasons
for our results. Ontogenetic traits acquired during earthworm
development may explain the observed differences with soil
pH (see Briones & Alvarez-Otero, 2018). For example, a re-
duced sensitivity to copper in earthworms from highly acidic
soil may be an adaptation to low pH values (<5.5), in which
toxic metals such as copper are mobilized (Fernandez-Calvifio
et al., 2008). Moreover, recent studies have used tox-
icogenomic analysis to investigate and explain why some
species are more sensitive to a certain compound (cf., Short
et al., 2021). Pesticide uptake in earthworms is mainly through
direct contact and oral ingestion (see Short et al., 2021,
Streit, 1984). Uptake varies among different species, as do their
toxicokinetic and toxicodynamic traits; and these dynamics
mainly determine organism sensitivity to pesticides (Ashauer &
Jager, 2018). Thus, toxicogenomic experiments combined with
earthworm populations from different habitats could clarify the
differences in earthworm sensitivity and habitat relationships
observed in the present study.

The variation in earthworm sensitivity seen in the present
study may affect soil functions such as bioturbation, that is,
reworking of soil performed by soil organisms (Meysman
et al., 2006). Nonepigeic earthworms contribute considerably
to this process (Lee & Foster, 1991). Furthermore, anecic and
endogeic earthworms are more sensitive than epigeic earth-
worms (Figure 3), especially to insecticides (Pelosi et al., 2014),
which may result in a reduction in populations and cast pro-
duction (Lal et al., 2001) and affect ecosystem functioning.
Identifying sensitive traits and thresholds for safeguarding
ecological functions would require further studies considering
earthworm ecological groups and species within these groups
(Forbes et al., 2021).
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CONCLUSION

Our results confirm that the standard test organism E. fetida
is not the most sensitive earthworm species (Frampton
et al., 2006; Pelosi et al., 2013). Protecting the ecosystem
services and functions provided by these soil invertebrates
would require the inclusion of more ecologically relevant and
sensitive earthworms in risk assessment (Forbes et al., 2021;
ISO, 2023). While the sensitivities of earthworms showed no
clear differences between ecosystem types, they varied with
soil pH. The protection of a region-specific soil community and
its ecological roles would require considering the soil charac-
teristics of their habitat of origin. Furthermore, the higher
sensitivity to imidacloprid shown by soil-inhabiting compared
with epigeic earthworms could affect ecosystem services, such
as bioturbation, if sensitive species are lost.

Supporting Information—The Supporting Information is avail-
able on the Wiley Online Library at https://doi.org/10.1002/
etc.5589.
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