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Abstract
Climate change can alter the toxic effects of pesticides on soil invertebrates. However, the nature and magnitude of the
influence of climatic factors on clothianidin impacts in tropical soils are still unknown. The influence of increasing
atmospheric temperature and the reduction in soil moisture on the toxicity and risk of clothianidin (seed dressing formulation
Inside FS®) were assessed through chronic toxicity tests with collembolans Folsomia candida in a tropical field soil (Entisol).
The risk of clothianidin for collembolans was estimated using the Toxicity-Exposure Ratio (TER) approach. Organisms were
exposed to increasing clothianidin concentrations at 20, 25 and 27 °C in combination with two soil moisture conditions (30
and 60% of the maximum water holding capacity—WHC). The effect of temperature and soil moisture content on
clothianidin toxicity was verified through the number of F. candida juveniles generated after 28 days of exposure to the
spiked soil. The toxicities estimated at 25 °C (EC50_30%WHC= 0.014 mg kg−1; EC50_60%WHC= 0.010 mg kg−1) and 27 °C
(EC50_30%WHC= 0.006 mg kg−1; EC50_60%WHC= 0.007 mg kg−1) were 2.9–3.0-fold (25 °C) and 4.3–6.7-fold (27 °C) higher
than those found at 20 °C (EC50_30%WHC= 0.040 mg kg−1; EC50_60%WHC= 0.030 mg kg−1), indicating that clothianidin
toxicity increases with temperature. No clear influence of soil moisture content on clothianidin toxicity could be observed
once the EC50 values estimated at 30% and 60% WHC, within the same temperature, did not significantly differ. A
significant risk was detected in all temperatures and soil moisture scenarios studied, and the TER values indicate that the risk
can increase with increasing temperatures. Our results revealed that temperature could overlap with soil moisture in
regulating clothianidin toxicity and reinforce the importance of including climatic factors in the prospective risk assessment
of pesticides.
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Introduction

Global climate changes are expected to cause substantial
impacts on the ecology of soil communities (Mekala and
Polepongu 2019). For instance, increases in atmospheric
temperatures and the frequency of drought events can alter
the metabolism and physiology of soil organisms, resulting
in impacts on their growth and reproduction (Noyes et al.
2009). Although the evolutionary responses of the species
may protect them against changes in the environment,
researchers have been suggesting that the ability of some
soil organisms to adapt their physiology or morphology
does not keep up with the speed of climate changes,
increasing the number of species living near their physio-
logical limits (Noyes et al. 2009; Hoffmann, Sgró (2011)).

On the other hand, there is a growing concern about the
pollution of agricultural soils by neonicotinoid insecticides
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(Wood and Goulson 2017; Atwood et al. 2018; Wu et al.
2020; Yu et al. 2021; Bonmatin et al. 2021; Gunstone et al.
2021). In recent years, neonicotinoids have been frequently
used to treat agricultural seeds, mainly due to their effi-
ciency in protecting seedlings after germination by offering
a broad-spectrum control of chewing and sap-sucking
insects (Bonmatin et al. 2015; Goulson 2013). Neonicoti-
noids are a new class of synthetic insecticides and represent
approximately one-third of the global pesticide market
(Maino et al. 2021).

Clothianidin, a neonicotinoid that belongs to the
N-nitroguanidines group, acts on the nicotinic acetylcholine
receptors in the central nervous system of insects, causing
paralysis and death of exposed organisms (Fakhereddin and
Dogan 2021; Pearsons et al. 2021). Clothianidin is among
the three most worldwide used neonicotinoids insecticides,
with dominant usages in the United Kingdom and Latin and
North America (Bass et al., 2015; Yang et al., 2022).
Although some studies have demonstrated the higher
insecticidal activity of clothianidin compared to the top-
selling neonicotinoid, imidacloprid, its ecotoxicological
effects on non-target soil invertebrates are less studied
(Ihara et al., 2004; Bandeira et al., 2021). Due to its high
persistence in soil, with half-lives ranging from 148 to
6931 days depending on the soil type (Goulson 2013), some
authors suggest that >80% of clothianidin applied in seed
treatment can remain in the soil once the roots effectively
absorb <20% of the active ingredient (a.i.) after seed ger-
mination (Sur and Stork 2003; Alford and Krupke 2017).
Therefore, soil invertebrates may be chronically exposed to
clothianidin residues in agricultural soils, impacting their
population and, consequently, their ecosystem services
(Wood and Goulson 2017).

Although the ecotoxicological effects of clothianidin
both as pure compounds (De Lima e Silva et al. 2019) and
as commercial formulations (Ritchie et al. 2019; Bandeira
et al. 2021) on soil invertebrates have been reported in the
last years, studies on the influence of climate changes on the
toxic potential of this insecticide to soil organisms were not
found. Increases in the global atmospheric temperature
ranging from 1.0 to 5.7 °C are expected until 2100,
depending on the greenhouse gas emissions (IPCC—Inter-
governmental Panel on Climate Change (2021)). In Latin
America, the warming trend is around 0.2 °C per decade,
based on the average temperature increase of the last 30
years (WMO—World Meteorological Organization (2022)).
Due to these temperature increases, lower precipitation and
higher soil evaporation rates are likely in the coming years,
resulting in lower soil moisture in some regions (Dai 2013).
These changes in climatic factors may be critical in estab-
lishing trigger values for the Ecological Risk Assessment
(ERA) of pesticides to soil invertebrates. For instance,
higher temperatures can modify the pesticide bioavailability

in soils (Biswas et al. 2018; Kaka et al. 2021) and their
toxicokinetics on invertebrates by increasing the chemicals’
accumulation and their metabolism, resulting in increased
toxicities (Noyes et al. 2009; Velki and Ečimović 2015).
Decreased soil moisture contents can influence the pesticide
sorption-desorption processes in soil and increase the
bioavailable concentrations of pesticides for soil inverte-
brates in the soil solution (Shelton and Parkin 1991; Garcia-
Valcarcel and Tadeo 1999). Since interstitial water in the
soil is one of the main exposure routes for collembolans, its
lack or excess can modulate the toxicity of chemicals to
these arthropods in soil (Ogungbemi and van Gestel 2018).
Equally, soil species living in dry soils may be subjected to
dehydration, which can have an adverse impact on their
development and modify their responses to pesticides (Lima
et al. 2011; Bandow et al. 2014b; Hennig et al. 2021).

Several studies have demonstrated that the increase in
temperature and the reduction in soil moisture content can
increase the toxicity of certain pesticides to soil fauna
(Bandow et al. 2014a, b; Jegede et al. 2017; Bandeira et al.
2020b; Hennig et al. 2021, 2022), but so far it is still
unclear how these factors affect the toxicity of clothiani-
din. Thus, this study aimed to assess the influence of
increased atmospheric temperatures and reduced soil
moisture contents (alone and in combination) on clothia-
nidin chronic toxicity for collembolans Folsomia candida
in a tropical field soil. The risk of exposure to the predicted
environmental concentrations (PEC) also was estimated for
the species. We hypothesized that: (1) the increases in
atmospheric temperature or reductions in soil moisture
contents increase the toxicity of clothianidin to F. candida;
(2) the combination of higher temperature and lower soil
moisture has an increased influence on clothianidin toxi-
city to the collembolans when compared to the influence of
these climatic factors in isolation (i.e., only higher tem-
peratures or only lower soil moistures); and (3) the risk of
exposure to PEC of clothianidin increases with the increase
of the temperature and with the reduction of the soil
moisture.

Materials and methods

Chronic toxicity assays were performed in a complete fac-
torial design of 6 × 3 × 2, where collembolans were exposed
to a tropical field soil spiked with five increasing con-
centrations of clothianidin plus a control (the same test soil
containing only distilled water up to the levels needed to
achieve the desired soil moisture), under three different
temperatures and two soil moisture levels. The assays were
performed with five replicas, and an extra replica (without
collembolans) was used to measure the soil moisture and
pH at the end of the assays.
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Test species

Collembolans F. candida were reared in cylindrical plastic
containers with a mixture of powdered plaster of Paris,
water and powdered activated charcoal in a proportion of
10:7:1 (w:w:w), following ISO (2014). The containers were
closed with perforated lids to allow gas exchange. The
culture was kept in a climate-controlled room (20 ± 2 °C)
with a photoperiod of 12:12 h light:dark. Twice a week,
individuals were fed with granulated dry yeast (Sacchar-
omyces cerevisiae), and the moisture of the culture medium
was adjusted with distilled water.

To obtain age-synchronized F. candida juveniles, newly
laid eggs were carefully collected from culture containers
with a wet brush. The egg clusters were then transferred to a
piece of the breeding substrate, which was placed on a new
culture container (without organisms). After 48 h of the start
of hatching, the piece of the breeding substrate containing
the eggs was removed, ensuring that the newborn juveniles
were between 0 and 2 days old. Ten days after this proce-
dure, the juveniles of the new culture container were age
synchronized (10–12 days old) and appropriate for use in
the assays (ISO 2014).

Test soil

The soil used in the chronic toxicity assays with col-
lembolans was an Entisol of sandy texture, sampled in the
municipality of Araranguá, State of Santa Catarina, Brazil
(29° 00’S, 49° 31’W), in areas with no history of con-
tamination by pesticides. Soil samples were taken from the
superficial soil layer (0–20 cm), sieved through a 2.0 mm
mesh, air-dried and defaunated through three cycles of
freezing and thawing, as described in Alves et al. (2013).
Samples were stored in the laboratory, at room temperature,
before use in ecotoxicological assays. The pH (4.4) in 1M
KCl and the maximum water-holding capacity (WHC -
31.6%) were determined according to ISO (2014). The soil
organic matter (2.2%), sand (93.8%), clay (4.1%) and silt
(2.1%) contents, and the cation exchange capacity (CEC -
1.36 cmolc dm

−3) were measured following the methods
described in Tedesco et al. (1995). The detailed chemical
and physical properties of this Entisol were previously
reported in Bandeira et al. (2020a).

Test substances

The seed dressing commercial formulation Inside FS, con-
taining 600 g clothianidin L−1, was used to spike the soil
samples. The same nominal concentrations (0.011, 0.017,
0.026, 0.039 and 0.060 mg kg−1, plus a negative control
containing only distilled water) were used in the different
scenarios of temperatures and soil moisture contents.

Concentrations were chosen based on preliminary assays
and literature data (Bandeira et al. 2021). The range of
concentrations used in the assays is environmentally rele-
vant once values of the same order of magnitude
(0.012–0.063 mg kg−1; Dankyi et al. 2014; Ramasu-
bramanian 2013) were already found in field soils.

An aqueous stock solution (10 mg a.i. L−1) was prepared
at the beginning of the assays and used to obtain the spiking
solutions with the abovementioned concentrations of clo-
thianidin. These spiking solutions were prepared in volumes
calculated to achieve the desired soil moisture (30% WHC
and 60% WHC) in Entisol samples (250 g per treatment).

The PEC of clothianidin 28 days after the sowing of
treated seeds was estimated on the software ESCAPE®
(EPPO 2003) for the three tested atmospheric temperatures.
The lowest manufacturer’s recommended dose to treat corn
seeds (2.1 g a.i. per kg of seeds), at a sowing density of
30 kg of corn seeds per hectare and an incorporation depth
of 10 cm in the soil profile, were assumed for the calcula-
tions. A soil density of 1.5 g cm−3 (Souza et al. 2005) was
used to calculate the soil mass in contact with the amount of
insecticide applied and an interception of the insecticide by
plants of 1.5% (Alford and Krukpe 2017). In addition, a
clothianidin half-life (DT50) of 58 days was used for the
temperature of 20 °C (De Lima e Silva et al. 2019); the
DT50 values estimated using the ESCAPE® for the tem-
peratures of 25 and 27 °C were 39 and 33 days, respec-
tively. Finally, the PEC values estimated via ESCAPE®
software for the 20, 25 and 27 °C were 0.035, 0.033 and
0.031 mg kg−1, respectively.

Test environment

The ecotoxicological assays were conducted in climate-
controlled chambers with a constant light intensity of
400–800 lux and a photoperiod of 12:12 h light:dark, under
six different climate scenarios, which were based on the
full factorial combination of three atmospheric tempera-
tures (i.e., 20, 25 and 27 °C) and two soil moisture contents
(30% WHC, simulating a scenario of water restriction/
drought; and 60% WHC, standard soil moisture). The test
temperatures used had different reasons. Thus, 20 °C is the
standard condition for laboratory ecotoxicity tests with soil
invertebrates, 25 °C is a suitable temperature scenario for
tropical regions (ISO (2012); Owojori et al. 2019; Bandeira
et al. 2020a, b; Hennig et al. 2022), and 27 °C is a scenario
that simulates a 2-degree increase in the atmospheric
temperature as a consequence of global warming (IPCC—
Intergovernmental Panel on Climate Change (2021)).
Then, the six climate scenarios tested were: (a) 20 °C/30%
WHC; (b) 20 °C/60% WHC; (c) 25 °C/30% WHC; (d)
25 °C/60% WHC; (e) 27 °C/30% WHC; and (f) 27 °C/
60% WHC.
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Collembola chronic toxicity assays

Chronic toxicity assays were performed according to ISO
11267 (2014). Collembolans were exposed to Entisol
samples spiked with the five increasing concentrations of
clothianidin (and the control) in glass vessels (4 cm dia-
meter, 9 cm height) containing 30 g of soil (spiked or con-
trol) with moisture adjusted to the desired percentage of
maximum WHC. Then, ten 10–12 days old individuals
were inserted into each container. S. cerevisiae (≅2 mg) was
given as food on the first and 14th days of the assays. Five
replicates were performed for each treatment, besides an
extra replica, without organisms, which was used to mea-
sure the soil moisture and pH at the end of the assays.
Containers were closed with pressure lids, and the assays
were kept in climate-controlled chambers with a tempera-
ture of 20, 25 or 27 °C. Twice a week, containers were
opened to allow gas exchanges and soil moisture adjustment
(weight-based). On the 28th day, the content of each replica
(soil+ organisms) was submerged in water with five drops
of black ink to favor the observation of surviving adults and
juveniles that floated. Subsequently, the replicates were
photographed in high resolution using a digital camera, and
the images were analyzed through the software ImageJ®
version 1.47, when the number of juveniles was counted.

Data analysis

The normality and homoscedasticity of the data were
checked through the Kolmogorov-Smirnov and Bartlett
tests, respectively. When necessary, logarithmic transfor-
mations were applied to the data to meet the ANOVA
assumptions. Significant differences between the number of
juveniles generated in treatments and the respective control
(in each tested scenario) were tested through a one-way
ANOVA followed by a Dunnett post-hoc test (p < 0.05).
These results supported the determination of the no

observed effect concentration (NOEC) and the lowest
observed effect concentration (LOEC). Simultaneously,
significant interactions between clothianidin concentrations,
soil moisture, and temperatures on collembolans reproduc-
tion were checked using a factorial ANOVA. The 50%
lethal concentrations (LC50) for 28-d adult survival were
estimated by a variable slope sigmoidal function, following
Gainer et al. (2018). The a.i. concentration that decreased
the reproduction by 10% and 50% (EC10 and EC50,
respectively) were estimated by fitting non-linear regres-
sions to the data (Environmental Canada 2007). The sig-
nificant differences between the EC50 values from the six
distinct exposure scenarios (temperatures × soil moistures)
were tested via a generalized likelihood ratio test (p < 0.05),
as described in Natal-da-luz et al. (2011). All statistical
analyses were performed in the software Statistica® version
13.5.0.17.

The risk of clothianidin on F. candida was estimated
following the Toxicity-Exposure Ratio (TER) approach (EC
2003), which was calculated by dividing the EC10 value
obtained in each one of the six tested scenarios (tempera-
tures × soil moistures) by the PEC estimated for the same
temperature level (TER= EC10/PEC). A significant risk of
clothianidin was assumed when the value of TER was lower
than 5 (EC 2003).

Results

All the validity criteria for the ecotoxicological assays (ISO,
2014) performed at 20 °C were met (Table S1). Although
assays performed at 25 and 27 °C did not fully meet the
validity criteria of the guideline ISO 11267 (Table S1), their
results were considered because the validity criteria estab-
lished in ISO (2014) were designed to check the F. candida
reproductive performance at the standard temperature
(20 °C). Also, the pH of the soil samples did not

Table 1 NOEC, LOEC, ECx and LC50 (± 95% confidence intervals) values obtained in the chronic toxicity assays with collembolans Folsomia
candida in Entisol after the exposure to increasing concentrations of clothianidin under two soil moisture contents (30 and 60% of the soil water-
holding capacity—WHC) and three atmospheric temperatures (20, 25, and 27 °C)

Temperature Soil moisture NOEC LOEC EC10 EC50 LC50

20 °C 30% WHC 0.026 0.039 0.022 (0.009–0.036) 0.040 (0.031–0.049)aA 0.066 (0.044–0.098)

60% WHC 0.026 0.039 0.016 (0.005–0.027) 0.030 (0.022–0.039)aA 0.051 (0.041–0.065)

25 °C 30% WHC 0.017 0.026 0.006 (0.002–0.012) 0.014 (0.010–0.018)aB 0.018 (0.013–0.026)

60% WHC 0.017 0.026 0.004 (0.001–0.007) 0.010 (0.007–0.013)aB 0.014 (0.009–0.021)

27 °C 30% WHC <0.011 0.011 0.001 (0.0001–0.002) 0.006 (0.002–0.009)aC 0.006 (0.004–0.009)

60% WHC 0.011 0.017 0.001 (a) 0.007 (0.002–0.011)aB 0.021 (0.016–0.027)

Different lowercase and uppercase letters indicate a significant difference between EC50 values from 30 to 60% WHC within the same temperature
and between 20, 25 and 27 °C within the same soil moisture, respectively, based on a generalized likelihood ratio test (p < 0.05; Natal-da-Luz et al.
2011)
aData did not allow the estimative of 95% confidence intervals

Influence of temperature and soil moisture on the toxic potential of clothianidin to collembolan. . . 85



significantly change with clothianidin application and
throughout time (Table S2).

The inhibitory effect of clothianidin on collembolans
reproduction started (LOEC values) at the same con-
centration for both soil moisture contents in tests conducted
at 20 and 25 °C (Table 1 and Fig. 1). At 27 °C, the LOEC
was lower in the soil with 30% WHC (Table 1). However,
no significant differences (p > 0.05) were found between the
EC50 values estimated from distinct soil moistures within
the same temperature based on the generalized likelihood
ratio test (Table 1).

Clothianidin toxicity to Folsomia candida increased with
increasing atmospheric temperatures, as evidenced by the
decrease in the EC50 and LC50 values with the increase in
the temperature (Table 1 and Figs. 2 and 3). In soil samples
with 30% WHC, the EC50 values at 25 and 27 °C were 2.9
and 6.7-fold lower (p < 0.05) than the value at 20 °C,
respectively (Table 1). The toxicity (EC50-based) was also
significantly higher (p < 0.05) at 27 °C compared to 25 °C at
30% WHC. In samples with 60% WHC, EC50 values were
significantly lower (p < 0.05) than those obtained at 20 °C,
but the toxicity (EC50-based) did not differ between 25 and
27 °C (p > 0.05; Table 1).

The factorial ANOVA showed that the studied factors, in
isolation (concentrations, temperatures or soil moisture),
could significantly influence (p < 0.001) F. candida repro-
duction (Table S3). In addition, significant interactions
(p < 0.001) were observed between clothianidin concentra-
tions and temperatures, concentrations and soil moisture,
temperatures and soil moisture contents, and between the
three factors (Table S3).

TER values indicated a significant risk of clothianidin
toward F. candida in all scenarios tested, regardless of
temperature or soil moisture (Table 2). However, the TER

values decreased with increasing temperature at both 30 and
60% WHC, revealing a higher risk at 25 and 27 °C.

Discussion

Collembolans are poikilothermic ectotherms, which means
their body temperature is subject to variations with changes
in environmental temperature (Everatt et al. 2013). The
increase of offspring production in the control treatment at
25 °C (60% WHC) compared to 20 °C (Fig. 1) was also
observed by Hennig et al. (2022) in Entisol and can be a
strategic response to the low-level stress exposure. When
experiencing temperatures slightly above the ideal range for
species reproduction (Fountain and Hopkin, 2005),

Fig. 1 Mean number (± standard deviation; n= 5) of Folsomia can-
dida juveniles (y-axis) found in Entisol after 28 days of exposure to
increasing concentrations of clothianidin (x-axis) under two soil
moisture contents (30 and 60% of the soil water-holding capacity—
WHC) and three atmospheric temperatures (20, 25 and 27 °C). Dark

gray bars represent the juveniles in the assays at 30% WHC, while
light gray bars represent the juveniles in the assays at 60% WHC.
Asterisks (*) indicate a significant reduction in the number of juveniles
compared to the control treatment (Dunnett’s test, p < 0.05)

Fig. 2 Clothianidin EC50 values (±95% confidence intervals [┬]) from
chronic toxicity assays with Folsomia candida in Entisol under two
soil moisture contents (30 and 60% of the soil water-holding capacity
—WHC) and three atmospheric temperatures (20, 25 and 27 °C)
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collembolans may have increased egg production as a nat-
ural effort to guarantee the species’ perpetuation (i.e., a
hormetic stimulation; Rix and Cutler 2022; Cutler et al.
2022). On the other hand, when the heat stress is accen-
tuated, collembolans may suffer alterations in gene and
protein expression and disturbances in their metabolism
(Waagner et al. 2010). In these situations, they can modify
their energy partitioning by designating more resources to
mechanisms that alleviate heat stress, such as the induction
of antioxidant enzymes (Hackenberger et al. 2018) and,
consequently, less energy to reproductive outputs. This is
probably the reason for the lower reproductive performance
observed in the control treatments at 27 °C, compared to 25
and 20 °C. According to Fountain and Hopkin (2005), at
27 °C, F. candida adults lay substantially fewer eggs than at
20 °C, and at the lower temperature, the hatching success is
also more significant when compared to temperatures above
27 °C.

Once collembolans have a permeable integument
(Bahrndorff et al. 2007), they have a limited capacity to
regulate water exchange between their body and the exter-
nal medium (Everts et al. 1991; Morgado et al. 2016).
Consequently, drought scenarios can disturb their water
balance, leading to metabolic disorders and energy

reallocation, ultimately impacting their reproductive per-
formance (Capela 2015). Recently, Wang et al. (2022)
verified that although collembolans can survive in extreme
drought scenarios, small decreases in soil water potential are
sufficient to impact their reproductive output negatively.
This could be the reason for the lower reproduction in
control treatments at the drier condition since the number of
juveniles in the controls at 30% WHC represented 69%,
33% and 50% of that produced at 60% WHC, at 20, 25 and
27 °C, respectively (Fig. 1). The drier condition is probably
out of the suitable soil moisture range for F. candida
reproduction, which is close to 60% WHC (van Gestel and
Van Diepen 1997; Crouau et al. 1999).

The deleterious effects of clothianidin on collembolans
reproduction, observed in all assays performed regardless of
soil moisture content or temperature (Fig. 1), are probably
related to its action on the nicotinic acetylcholine receptors
in the central nervous system of insects (Pearsons et al.
2021), and are in line with previous literature reports. For
instance, Bandeira et al. (2021) reported the clothianidin
toxicity (EC50= 0.15 [0.12–0.18] mg kg−1) to F. candida
after the exposure to Inside FS (600 g clothianidin L−1) in a
tropical artificial soil (TAS; Sandy Loam; 1.4% OM,
CEC= 3.3 cmolc dm

−3). Ritchie et al. (2019) obtained an
EC50 value of 0.069 (0.039–0.12) mg kg−1 after the expo-
sure of F. candida to the commercial formulation Titan
(600 g L−1 clothianidin) in a Sandy Loam field soil (2.5%
OM, CEC= 13 cmolc dm

−3). De Lima e Silva et al. (2019)
found an EC50 of 0.05 (0.05–0.06) mg kg−1 for clothianidin
(pure a.i.) in a LUFA 2.2 soil (Loamy Sand, OM ≈ 4%,
CEC ≈ 10 cmolc dm

−3). In our study, at the standard con-
dition (i.e., 20 °C and 60% WHC), the EC50 values
(Table 1) were lower than the ones found in the literature,
indicating that the toxicity observed in this work was even
higher. This is certainly due to the differences in the soil
properties, namely the clay, sand and silt contents. CEC
also showed differences between the sandy soil used in our
assays (Entisol—see section Test soil) and those from the

Fig. 3 Mean number (± standard deviation; n= 5) and dose-response
curves of Folsomia candida adults found in Entisol after 28 days of
exposure to increasing concentrations of clothianidin, under two soil

moisture contents (30 and 60% of the soil water-holding capacity—
WHC) and three atmospheric temperatures (20, 25 and 27 °C). The
LC50 values were represented by squares (■)

Table 2 Toxicity-Exposure Ratio (TER) calculated for the exposure of
Folsomia candida to the Predicted Environmental Concentration
(PEC) of clothianidin 28 days after sowing treated seeds in Entisol
under two soil moisture contents (30 and 60% of the soil water-holding
capacity—WHC) and three atmospheric temperatures (20, 25, and
27 °C)

Temperature 30% WHC 60% WHC

PEC TER PEC TER

20 °C 0.035 0.629 0.035 0.457

25 °C 0.033 0.182 0.033 0.121

27 °C 0.031 0.032 0.031 0.032

TER values <5 (in bold) indicate significant risk
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cited studies, which probably led to a higher amount of
clothianidin bioavailable for collembolans in the soil solu-
tion (van Gestel 2012; Ogungbemi and van Gestel 2018;
Bandeira et al. 2020a).

When we add increased temperatures to the directly
impacted life traits of collembolans, they also influenced the
toxicity of clothianidin to F. candida, since lower EC50

values were observed in our experiments at 25 and 27 °C,
when compared to 20 °C, under both soil moisture contents
(Fig. 2 and Table 1). This confirms the first hypothesis of this
study and agrees with other studies that observed the same
trend of increased pesticide toxicity to soil invertebrates with
increasing temperatures (Lima et al. 2015; Velki and
Ečimović 2015; Bandeira et al. 2020b; Hennig et al. 2022).
This can be due to the decrease in pesticide sorption onto the
soil particles with increasing temperature, which results in
increased bioavailability in soil pore water (Broznić and
Milin 2012). Exposure to temperatures above optimum may
have increased the vulnerability of soil organisms to the toxic
effects of pesticides once heat stress can alter the expression
of genes (Nota et al. 2010). They induce the generation of
reactive oxygen species (Tumminello and Fuller-Espie
2013), impair the protein-synthesizing capacity (Tripathi
et al. 2011) and reduce the activity of enzymes involved in
detoxification processes of soil invertebrates (Ferreira et al.
2016). In addition, when exposed to pesticides at tempera-
tures above their optimal range, soil invertebrates may
experience alterations in their homeostasis and metabolism
rates, resulting in enhanced uptake of chemicals (Römbke
et al. 2007; Lima et al. 2015; Hackenberger et al. 2018). In
these circumstances, organisms may allocate more energy to
self-defense mechanisms induced by the combined chemical
and heat stress, reducing the resources destined to growth
and reproduction (Ferreira et al. 2016).

Our second hypothesis could not be confirmed, once our
experiments showed no clear influences of soil moisture
content on the toxicity of clothianidin (Table 1). Although a
decrease in soil moisture did not affect the toxicity of clo-
thianidin in the sandy Entisol, higher toxicities at the lower
soil moisture content (30% WHC) were observed for F.
candida, when testing the fungicide pyrimethanil in a
clayey OECD artificial soil (Bandow et al. 2014b). The
same was true when the neonicotinoid imidacloprid in
Oxisol (a clayey soil) and TAS (Hennig et al. 2020), as well
as for the phenylpyrazole fipronil when tested in Oxisol
(Hennig et al. 2022). This indicates that the influence of soil
moisture on pesticide toxicity may be soil-type dependent
and vary with the molecule. On the other hand, in agree-
ment with our findings, Hennig et al. (2020) also did not
observe an evident influence of soil moisture on the toxicity
of imidacloprid for F. candida in Entisol. A possible
explanation for the absence of any impact of soil moisture
on clothianidin toxicity in Entisol is that the reduction in

soil moisture tested in our experiment was not great enough
to be critical. It did not cause significant increases in the
bioavailability of CLO in soil solution, once the partition of
hydrophilic pesticides between the solid phase and the soil
solution does not seem to change with soil contents in
predominantly sandy soils (Ochsner et al., 2006). At
extreme drought scenarios, collembolans can maintain
hydration by absorbing water from surfaces under relatively
dry conditions (Eisenbeis 1982; Bayley and Holmstrup
1999). As sandy-textured soils generally have thicker water
films surrounding soil particles than fine-textured soils
(Saarenketo 1998; Demeure et al. 1979), the exposure to
Entisol probably allowed the water uptake by collembolans
even in scenarios of reduced soil moisture content.

Despite the significant three-way interaction between
clothianidin concentration, temperature and soil moisture
(Table S3), our data suggest that reducing soil moisture in
scenarios of heat (i.e., 25 and 27 °C) did not promote sig-
nificant increments in the clothianidin toxicity (EC50-based)
compared to the standard soil moisture content. Therefore,
the second work hypothesis cannot be confirmed. However,
for pyrimethanil, Bandow et al. (2014b) observed that in a
warm scenario (26 °C), the reduction of soil moisture from
70% WHC to 30% WHC resulted in a 1.5-fold reduction in
the EC50 value for F. candida in an OECD artificial soil.
These results suggest that the combined effect of heat and
drought on the toxic effects can depend on the tested pes-
ticide and soil type and indicates that the number of existing
studies performed to understand the influences of climate
changes on pesticide toxicity are still incipient to explain
completely the complex relationships between pesticides,
environmental matrixes and climate.

Our PEC values estimated for the different temperature
scenarios (Table 2) are compatible with residual con-
centrations already found in agricultural soils, indicating
that the estimate is realistic. For instance, Jones et al. (2014)
reported clothianidin values ranging from <0.0002 to
0.013 mg kg−1 in field soils from eastern England that
received treated seeds in the previous 3 years. In soils from
cocoa farmings in Ghana, Dankyi et al. (2014) found resi-
dual levels of clothianidin ranging from 0.012 to
0.023 mg kg−1. Ramasubramanian (2013) found clothiani-
din concentrations of 0.031 (±0.003) and 0.063
(±0.003) mg kg−1 in soil 60 days after spray application in
sugarcane at doses of 50 and 100 g a.i. ha−1, respectively.
Based on our LOEC values, these clothianidin residual
levels are expected to impact the F. candida reproduction if
the contamination occurs in Entisol at 25 and 27 °C, and
high levels of contamination, such as those reported by
Zhang et al. (2016) (2.06 mg kg−1), could cease the repro-
duction of F. candida.

The significant risk found in all tested scenarios (Table 2)
reveals that the exposure of collembolans to clothianidin in
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Entisol can be harmful regardless of the climatic factors. The
TER values showed that the risk is higher at 25 and 27 °C
than at 20 °C, confirming our third working hypothesis. The
increase in the risk with increasing temperature (from 20 to
25/27 °C) was confirmed by the 2.8–6.7-fold decrease in the
EC10 values (Table 2). A higher risk of chlorpyrifos (Jegede
et al. 2017) and imidacloprid (Bandeira et al. 2020b) to F.
candida was also detected at 28 °C when compared to 20 °C,
which corroborates our findings and reinforces the impor-
tance of pesticide risk assessment approaches that take into
account the scenarios of climate change.

Conclusion

Climate change induced by anthropogenic actions will exert
uncertain consequences on the bioavailability and toxicity
of pesticides in soil. Our results demonstrated that the toxic
effects of clothianidin toward F. candida reproduction in
Entisol are increased by increases in atmospheric tempera-
ture but not by reductions in soil moisture. Higher toxicities
(EC50-based) were observed at the increased temperatures
(25 and 27 °C) compared to the standard one (20 °C). On
the other hand, the reduction in soil moisture (from 60 to
30% WHC) content caused no influence on insecticide
toxicity, regardless of the temperature tested. Significant
risk (TER-based) of clothianidin toward F. candida was
detected at all temperature and soil moisture scenarios tes-
ted, suggesting that the exposure of collembolans to clo-
thianidin in Entisol is harmful regardless of the altered
environmental conditions. However, the TER values also
showed that the risk increased with temperature. Our data
suggest that clothianidin toxicity may vary under different
climatic conditions in sandy soils and reinforces the
importance of including climatic factors in the prospective
risk assessment of pesticides.
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