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Abstract
Purpose Imidacloprid is a widely used seed dressing insecticide in Brazil. However, the effects of this pesticide on non-target
organisms such as soil fauna still present some knowledge gaps in tropical soils. This study aimed to assess the toxicity and risk of
imidacloprid to earthworms Eisenia andrei and collembolans Folsomia candida in three contrasting Brazilian tropical soils.
Materials and methods Acute and chronic toxicity assays were performed in the laboratory with both species in a tropical
artificial soil (TAS) and in two natural soils (Oxisol and Entisol), at room temperature of 25 °C. The ecological risk was calculated
for each species and soil by using the toxicity exposure ratio (TER) and hazard quotient (HQ) approaches.
Results and discussion Acute toxicity for collembolans and earthworms was higher in Entisol (LC50 = 4.68 and 0.55 mg kg−1,
respectively) when compared with TAS (LC50 = 10.8 and 9.18 mg kg−1, respectively) and Oxisol (LC50collembolans =
25.1 mg kg−1). Chronic toxicity for collembolans was similar in TAS and Oxisol (EC50 TAS = 0.80 mg kg−1; EC50 OXISOL =
0.83 mg kg−1), whereas higher toxicity was observed in Entisol (EC50 = 0.09 mg kg−1). In chronic assays with earthworms,
imidacloprid was also more toxic in Entisol (EC50 = 0.21 mg kg−1) when compared to TAS (EC50 = 1.89 mg kg−1). TER and HQ
values indicated a significant risk of exposure of the species to imidacloprid in all soils tested, and the risk in Entisol was at least
six times higher than in Oxisol or TAS.
Conclusions The toxicity and risk of imidacloprid varied significantly between tropical soils, being the species exposure to this
pesticide particularly hazardous in very sandy natural soils such as Entisol.
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1 Introduction

The use of plant protection products (PPPs) in agricultural
areas of intensive production has been increasing in Brazil,
as a result of human population growth and, consequently,
due to the increase in food production. In conventional agri-
culture the use of pesticides in seed dressing is a common
practice, because it allows to prevent or to reduce the inci-
dence of pests and diseases in the early stages of the crops
(Douglas and Tooker 2015), helping to reach high productiv-
ity levels.

Neonicotinoids are a class of insecticides widely used in
chemical seed treatment. The choice for this group in agricul-
tural crop areas is mainly due to its high efficiency in the
control of insect pests (Jeschke et al. 2011; Goulson 2013).
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Although imidacloprid (IUPAC: (E)-1-(6-chloro-3-
pyridylmethyl)-N-nitroimidazolidin-2-ylideneamine) has
been banned in some countries (EFSA 2018), this is one of
the world’s top-selling insecticides for seed dressing and it is
also used for foliar applications or via direct application on the
soil (Van der Sluijs et al. 2015). This active ingredient (a.i.)
blocks the transmission of nerve impulses in insects,
preventing the degradation of acetylcholine through the inhi-
bition of acetylcholinesterase (Ihara and Matsuda 2018). In
this way, this systemic insecticide can cause paralysis and,
eventually, the death of exposed individuals.

Seed treatment with insecticides today commonly is con-
sidered an indispensable practice for large-scale food produc-
tion, but it is also responsible for introducing pollutants into
the soil (Wood and Goulson 2017). Due to the persistence and
low absorption of imidacloprid by plants (Goulson 2013),
residues of this a. i . have been found in the soil
(Donnarumma et al. 2011; Ge et al. 2018) and may pose a risk
to terrestrial ecosystems, especially for ecological receptors
such as soil invertebrates (Bonmatin et al. 2014; Pisa et al.
2015).

Considering that the direct effects of xenobiotics on terres-
trial ecosystems are difficult to measure, soil invertebrates are
used commonly as indicators of soil quality in ecotoxicolog-
ical assays (De Silva et al. 2009; Alves et al. 2017). This type
of study has increased in tropical regions in the last decade,
although most of them have been carried out with tropical
artificial soil (TAS) (Niemeyer et al. 2017). Although artificial
soils are recommended internationally for terrestrial ecotoxi-
cological assays, their ecological relevance is limited, because
the results of the assays based on this type of soil may not
accurately represent the toxicity of pesticides in natural soils
and, therefore, should not be directly extrapolated to field
conditions (Chelinho et al. 2014).

In addition, the bioavailability of contaminants to soil or-
ganisms is directly influenced by intrinsic soil characteristics,
such as the amount and type of clay minerals and soil organic
matter, among others (Amorim et al. 2005; Ogungbemi and
van Gestel 2018). Although these soil attributes have influ-
ence on the toxicity of pesticides to edaphic species (De Silva
et al. 2009; Chelinho et al. 2014), this is neglected frequently
in ecotoxicological studies, especially in those using only ar-
tificial soils. Particularly in Brazil, where a wide variety of soil
textural classes occur (EMBRAPA 2006), the tolerance of
species to pesticides may vary according to soil type, espe-
cially between soils with distinct textural characteristics (e.g.,
clayey and sandy soils). Thus, to reduce the uncertainty of the
toxicity and risk of pesticides for the regulation of pesticides in
tropical regions, several authors have recommended the use of
natural tropical soils as test substrates in terrestrial ecotoxico-
logical assays (Niva et al. 2016; Niemeyer et al. 2017).

Therefore, the aim of this study was to assess the toxic
potential and risk of imidacloprid for the earthworm

E. andrei and the collembolan F. candida in three contrasting
Brazilian tropical soils. Laboratory ecotoxicological assays
were set up using an artificial soil and two natural soils from
southern Brazil.

2 Materials and methods

2.1 Test species

The species E. andrei (Oligochaeta) and F. candida
(Collembola) were reared and maintained in the laboratory,
in a climate-controlled room with an atmospheric temperature
of 20 ± 2 °C, according to the recommendations of ISO guide-
lines (ISO 2012, 2014). Earthworms were maintained in plas-
tic boxes containing a mixture of horse manure, coconut fiber,
distilled water, and fine sand in a proportion of 100:50:330:15
(weight-based), respectively. Weekly, the earthworms were
fed with cooked oat flakes, and the moisture of the breeding
medium was adjusted with distilled water.

The collembolans F. candida were reared and maintained
in a substrate containing activated charcoal (powdered), plas-
ter of Paris (powdered), and distilled water, in a proportion of
1:10:6 (weight-based), respectively. Twice a week, the col-
l embo lans were f ed wi th granu la t ed dry yeas t
(Saccharomyces cerevisiae), and the moisture of the substrate
was adjusted with a few drops of distilled water.

2.2 Test soils and substance

A tropical artificial soil (TAS) and two natural tropical soils
were the test substrates in this study. TAS is a mixture of fine
sand (more than 50% of the particles between 0.05 and
0.2 mm), kaolinite clay and powdered coconut husk, in a
proportion of 75:20:5 of dry weight (DW), respectively
(Garcia 2004; De Silva and van Gestel 2009). The pH of the
TAS was adjusted to 6.0 ± 0.5 with CaCO3, according to ISO
11268-2 (ISO 2012). Two soils with different characteristics
were also selected for the study: an Entisol with a higher sand
content (above 90%) and an Oxisol with a higher clay content
(approximately 59%). The soil samples were taken from the
surface layer (0–20 cm) of the soil profile in areas with no
history of pesticide use in the municipalities of Araranguá
(29° 00′ S 49° 31′ W) and Chapecó (27° 06′ S 52° 42′ W),
Brazil, respectively. The natural soils were sieved (# 2.0 mm
opening), and all existing soil macrofaunal individuals were
killed by a freeze and thaw defaunation process, as described
in Alves et al. (2013).

The following physical and chemical properties of the soils
(Table 1) were determined according to Tedesco et al. (1995):
available contents of Al, Ca, Mg, and Mn (KCl); P and K
(Mehlich 1); Cu, Zn and Fe (Mehlich); H+Al (Shoemaker–
McLean–Pratt–SMP buffer method); soil organic matter
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(SOM) by spectroscopy; clay (densitometry); and sand (gra-
vimetry). Cation-exchange capacity (CEC) was calculated by
the sum of available K, Ca, Mg, and Al contents. The pH (1M
KCl) and the soil maximum water holding capacity (WHC)
were determined following ISO (2012).

The commercial formulation MUCH 600 FS®–containing
imidacloprid (600 g of a.i. L−1) was chosen for the study,
because of its frequent use in seed treatments in Brazilian
agricultural areas.

Ecotoxicological assays were carried out individually in
each soil. Immediately before the beginning of the tests, the
three different soils were spiked with five increasing concen-
trations of imidacloprid. For all treatments, the soil moisture
was adjusted with distilled water to approximately 60% of
their WHC. A control treatment containing only distilled wa-
ter (also at 60% of the WHC) was run for each test soil. The
range of nominal imidacloprid concentrations (in mg of a.i.
per kg of dry soil—mg kg−1) used in acute and chronic toxic-
ity assays (Table 2) were based on a range-finding test and
literature data (Alves et al. 2013; Alves et al. 2014; de Lima
et al. 2017).

2.3 Acute toxicity assays

All ecotoxicological assays with both species were run in a
climate-controlled roomwith a temperature of 25 ± 2 °C and a

photoperiod of 12 h, where the earthwormswere acclimated in
the respective test soil at least 24 h before the beginning of the
tests.

Impacts of imidacloprid on the survival of E. andrei were
assessed through acute toxicity tests, according to ISO 11268-
1 (ISO 1993). Ten adult earthworms (with apparent clitellum)
weighing between 250 and 600 mg were randomly inserted
into cylindrical plastic containers (14.8 cm diameter and
9.8 cm height) containing approximately 600 g of wet soil,
spiked with imidacloprid or only with distilled water (control
soil). Individuals were fed at the start of the test and after
7 days with 10 g of uncontaminated horse manure and dis-
tilled water (5 mL), per experimental unit. The soil moisture
was adjusted weekly (weight-based) with distilled water. Four
replicates were performed for each treatment. After 14 days,
the surviving earthworms were manually removed, gently
rinsed with distilled water, weighed, and the survival, and
biomass loss of earthworms were evaluated.

Acute toxicity assays with F. candidawere based on guide-
line ISO 11267 (ISO 2014). Thirty grams of wet soil (spiked
or control) were added to glass containers (7.5 cm diameter
and 6.0 cm height). Then, ten collembolans with synchronized
ages between 10 and 12 days were inserted in each experi-
mental unit. Five milligrams of dried granulated yeast were
supplied as food for the organisms at the beginning of the test.
The containers were sealed hermetically during the test period
except for twice a week when they were opened for air renew-
al and soil moisture adjustment (addition of distilled water
based on weight loss). There were five replicates for each
treatment. After 14 days, the number of surviving adult col-
lembolans was assessed as described in Alves et al. (2014).

2.4 Chronic toxicity assays

Chronic toxicity assays with E. andrei were performed ac-
cording to ISO 11268-2 (ISO 2012). Reproduction assays
were carried out in a similar way to the acute toxicity assays,
except for a longer exposure time (56 days), feeding frequen-
cy (worms were fed weekly during the test period), and
imidacloprid concentrations (Table 2). Four replicates were
used for each treatment, and after 28 days of exposure, the
surviving adult earthworms were removed, rinsed with water,
counted, and weighed. Only the soil, the eventual juveniles
and the generated cocoons remained in the container during
the last 28 days of the test. On day 56, the plastic containers
were inserted in a water bath (60 ± 5 °C) for 1 h, where juve-
niles were counted as described by Alves et al. (2013).

The effect of imidacloprid on the reproduction of
F. candida was assessed according to ISO 11267 (ISO
2014). The procedures for the assays were identical to those
of the acute toxicity tests with F. candida, differing only in the
concentrations (Table 2), exposure time, and the counting
method. Five replicates were prepared for each treatment.

Table 1 Physical and chemical characteristics of tropical artificial soil
(TAS), Entisol and Oxisol, used in the ecotoxicological tests with the
species E. andrei and F. candida

Parameter TAS Entisol Oxisol

pH (1 M KCl) 5.9 ± 0.1 4.2 ± 0.1 3.9 ± 0.1

SOM % (m/v) 1.4 ± 0.0 2.2 ± 0.1 3.7 ± 0.1

P (mg dm−3) 23.4 ± 4.8 4.8 ± 1.0 3.4 ± 0.4

K (mg dm−3) 422 ± 48.1 42 ± 2.8 136 ± 11.3

Ca (cmolc dm
−3) 1.2 ± 0.1 0.6 ± 0.1 0.7 ± 0.1

Mg (cmolc dm
−3) 1.1 ± 0.3 0.5 ± 0.1 0.5 ± 0.0

Al (cmolc dm
−3) < 0.1 0.3 + 0.0 4.4 ± 0.3

H +Al (cmolc dm
−3) 1.8 ± 0.4 4.0 ± 1.3 16.6 ± 4.5

Cu (mg dm−3) 0.9 ± 0.1 0.7 ± 0.1 1.9 ± 0.1

Fe (g dm−3) > 5.0 > 5.0 > 5.0

Mn (mg dm−3) < 2.5 < 2.5 21.6 ± 0.1

Zn (mg dm−3) 0.6 ± 0.1 1.1 ± 0.1 0.7 ± 0.1

CEC (cmolc dm
−3) 3.3 ± 0.2 1.4 ± 0.2 5.9 ± 0.2

Clay (g kg−1) 143 ± 0.0 41.5 ± 2.2 593 ± 7.1

Silt (g kg−1) 185 ± 0.0 20.5 ± 1.4 352.5 ± 57

Sand (g kg−1) 672 ± 0.0 938 ± 4.2 5.4 ± 1.4

WHC (%) 46.3 ± 1.7 31.6 ± 1.1 45.1 ± 0.8

Values are expressed in mean ± standard deviation; n = 2

SOM Soil organic matter, CEC Cation exchange capacity, WHC Water
holding capacity
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After 28 days, the contents of each experimental unit were
submerged in distilled water in similar fashion to the proce-
dure described for the acute toxicity test; however, in this case,
the experimental units containing the living floating individ-
uals were photographed in high resolution. The images were
analyzed using the computational software ImageJ® to ac-
count for the number of juveniles generated during the assay.

2.5 Estimation of PEC and PNEC

The predicted environmental concentrations (PEC) were cal-
culated for each soil based on the procedure described by
Alves et al. (2013), simulating a worst-case scenario. The
calculated PEC values of imidacloprid were based on a soy-
bean field with a sowing density of 100 kg of seeds ha−1 at a
depth of 0–5 cm, with soil densities of 1.0 g cm−3 for TAS and
Oxisol and 1.5 g cm−3 for Entisol. According to the commer-
cial recommendation, one needs 200 mL of the insecticide
Much 600 FS (600 g a.i. L−1) to treat 100 kg of soybean seeds,
resulting in an amount of 120 g of imidacloprid ha−1. The
calculated PEC values (Table 2) were checked by a method-
ology proposed by the European and Mediterranean Plant
Protection Organization (EPPO 2003), using the software
ESCAPE®, assuming a single application of the pesticide,
without interception of the crops, during one planting cycle.
The predicted no-effect concentrations (PNEC) were calculat-
ed by dividing the lowest EC10 of each soil by an assessment
factor of 100 (EC 2003), as described in Renaud et al. (2018).

2.6 Data analysis

The results of the ecotoxicological tests were analyzed using
Statistica 7.0® software. The normality and homoscedasticity
of the reproduction data were ascertained through the
Kolmogorov-Smirnov and Bartlett’s tests, respectively; when
necessary, logarithmic transformations were applied in order
to comply with the analysis of variance (ANOVA) assump-
tions. When significant differences (p < 0.05) were detected
by ANOVA, the means of the treatments were compared with
the control through Dunnet’s post-hoc test, in order to deter-
mine the no observed effect concentration (NOEC) and lowest
observed effect concentration (LOEC). In addition,

concentrations that reduced reproduction by 10% and 50%,
in relation to the control treatment (EC10 and EC50, respec-
tively), were estimated using non-linear regression models
(the exponential, Gompertz, or logistic model), recommended
by Environmental Canada (2007). The lethal concentration
values of 50% (LC50) of the populations for the acute toxicity
tests were estimated through the probitic model, using
PriProbit® software.

To estimate the ecological risk of imidacloprid for both soil
fauna species in the tropical soils, the PECwas compared with
the EC10 and PNEC, respectively, through two different ap-
proaches: (1) toxicity-exposure ratios (TER), obtained by di-
viding the EC10 by PEC (TER = EC10/PEC), as described in
EC (2002); (2) hazard quotients (HQ), obtained by dividing
the PEC by PNEC (HQ = PEC/PNEC), in accordance with the
guidelines for the risk assessment of new and existing sub-
stances, proposed by the European Commission (EC 2003).
Significant risk was considered for the tested species when
HQ> 1 or TER < 5.

3 Results

3.1 Suitability of soils for ecotoxicological assays

In the controls of the acute and chronic assays with TAS and
Entisol, no mortality of E. andrei was observed. On the other
hand, in a preliminary assay with Oxisol, the number of
E. andrei juveniles was lower than 30 in all control replicates
(data not shown). Therefore, the results for earthworms in
Oxisol were not presented in this study. The mean mortality
for adult collembolans in the controls of the assays with TAS,
Entisol, and Oxisol was respectively 7.5%, 4%, and 12% in
the acute toxicity tests, and 12%, 6%, and 30% in the chronic
tests. The mean number (± standard deviation) of E. andrei
juveniles generated in the controls of TAS and Entisol was
163 ± 36 and 208 ± 15, respectively. In the controls of TAS,
Entisol, and Oxisol, the mean number of juvenile collembo-
lans was, respectively, 298 ± 48, 210 ± 46, and 100 ± 28. For
all assays, the coefficients of variation in the controls were
lower than 30%. The number of adults (7 individuals = 30%
mortality) and of juvenile collembolans found in two

Table 2 Predicted imidacloprid
environmental concentration
(PEC) for each soil. Nominal
concentrations of imidacloprid
used in the acute and chronic
toxicity tests with E. andrei and
F. candida in tropical artificial soil
(TAS), Entisol, and Oxisol.
Concentrations are expressed as
mg of imidacloprid per kg of dry
soil (mg kg−1)

Test soil PEC

(mg kg−1)

Test species Imidacloprid concentrations (mg kg−1)

Acute toxicity assays Chronic toxicity assays

TAS 0.24 E. andrei 0; 10; 16; 24; 36; 54 0; 0.25; 0.5; 1; 2; 4

F. candida 0; 4; 8; 16; 32; 64 0; 0.25; 0.5; 1; 2; 4

Entisol 0.16 E. andrei 0; 0.1; 0.2; 0.4; 0.8; 1.6 0; 0.12; 0.18; 0.27; 0.4; 0.6

F. candida 0; 4; 8; 16; 32; 64 0; 0.25; 0.5; 1; 2; 4

Oxisol 0.24 F. candida 0; 4; 8; 16; 32; 64 0; 0.25; 0.5; 1; 2; 4
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replicates of the Oxisol control (R4 = 88 and R5 = 72 juve-
niles) did not meet the validity criteria established by ISO
11267 (ISO 2014) for the chronic toxicity assays.
Nevertheless, the results of this assay were considered in this
study because an interesting dose-response relationship could
be observed using this soil. In general, the validity criteria for
the toxicity tests with the three soil types were met for both
species (ISO 1993, 2012, 2014), except for the assays with
F. candida (chronic) and E. andrei (acute and chronic) in
Oxisol.

3.2 Acute toxicity assays

The survival of E. andrei and F. candida was reduced in all
spiked soils (Fig. 1), with the intensity of the effect varying
according to the concentration tested and soil type. The LOEC
values for mortality in the natural sandy soil (Entisol) were, in
general, lower than in the other soils (Table 3). Lowest LC50

values for both species were found in Entisol, confirming that
the lethal effect of imidacloprid on this species was higher in
this soil (Table 3). Significant mortality of collembolans
started at 8.0 mg kg−1 for TAS and at 16.0 mg kg−1 for
Oxisol. In TAS, acute toxicity was similar for earthworms
(LC50 = 9.18 mg kg−1) and collembolans (LC50 =
10.8 mg kg−1), whereas, higher toxicity was found for earth-
worms (LC50 = 0.55 mg kg−1) when compared with collem-
bolans (LC50 = 4.68 mg kg−1) in Entisol.

3.3 Chronic toxicity assays

A reduction of the number of juveniles was observed in all
tested soils for both species (Fig. 2), and this effect increased
with increasing concentrations of imidacloprid. The highest
chronic toxicity was observed in Entisol (EC50earthworms =
0.21 mg kg−1; EC50collembolans = 0.09 mg kg−1), where the
number of F. candida and E. andrei juveniles were reduced
at the lowest tested concentrations (Table 3). For earthworms,
the chronic toxicity (EC50-based) in the Entisol was about nine
times higher in comparison with the chronic toxicity in TAS
(Table 3). Similar EC50 values were found for collembolans in
Oxisol (0.83 mg kg−1) and in TAS (0.80 mg kg−1).

3.4 Ecological risk assessment

Both approaches used to calculate the potential risk of
imidacloprid for the tested species (TER and HQ) indicated
a significant risk of exposure for soil fauna to the expected
levels of the a.i. in the environment (PEC), in all tested soils
(Table 4). Considering the values of TER, the risk for collem-
bolans is similar when exposed to the a.i. in TAS or Oxisol.
The lowest TER values for F. candida and E. andrei were
determined in Entisol, revealing the highest risk in this soil.
HQ values confirm these results, indicating that the risk is at
least six times higher in Entisol than in the other soils
(Table 4).

Fig. 1 Mean number of adult Eisenia andrei (upper line) and Folsomia
candida (lower line) survivors found in soils treated with increasing
imidacloprid concentration, after 14 days of exposure. Asterisk (*)

indicates significant differences (p < 0.05) between the treatment and
the control (Dunnet’s test). (┬) Standard deviation (n = 4 for
earthworms; n = 5 for collembolans)
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Table 3 Ecotoxicological
parameters (NOEC, LOEC, LC50,
EC10, and EC50) obtained in
the acute and chronic toxicity
tests with the species E. andrei
and F. candida, in tropical
artificial soil (TAS) and in natural
tropical soils (Entisol andOxisol).
The nominal concentrations are
expressed in mg of imidacloprid
per kg of dry soil (mg kg−1)

Test species Endpoint Parameter Concentration (mg kg−1)

TAS Entisol Oxisol

E. andrei 14-d mortality NOEC < 10.0 0.20 n.a.

LOEC 10.0 0.40 n.a.

LC50 9.18

(8.81–9.57)

0.55

(0.48–0.62)

n.a.

56-d reproduction NOEC 1.0 < 0.12 n.a.

LOEC 2.0 0.12 n.a.

EC10 0.66

(0.20–1.13)

0.03

(a)

n.a.

EC50 1.89

(1.36–2.42)

0.21

(0.10–0.32)

n.a.

F. candida 14-d mortality NOEC 4.0 < 4.0 8.0

LOEC 8.0 4.0 16.0

LC50 10.8

(8.99–12.8)

4.68

(3.17–6.07)

25.1

(18.4–37.2)

28-d reproduction NOEC 0.5 < 0.25 0.5

LOEC 1.0 0.25 1.0

EC10 0.20

(0.01–0.39)

0.02

(0.01–0.03)

0.20

(0.01–0.39)

EC50 0.80

(0.53–1.07)

0.09

(0.07–0.11)

0.83

(0.42–1.24)

The 95% confidence interval is in parenthesis. a Data did not allow the estimation of the 95% confidence interval

n.a. Not available because the earthworms did not survive in the soil

Fig. 2 Mean number of Eisenia andrei (upper line) and Folsomia
candida (lower line) juveniles found in soils treated with increasing
imidacloprid concentration, after 56 and 28 days of exposure,

respectively. Asterisk (*) indicates significant differences (p < 0.05)
between the treatment and the control (Dunnet’s test). (┬) Standard
deviation (n = 4 for earthworms; n = 5 for collembolans)
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4 Discussion

The lower survival and reproduction of E. andrei in Oxisol
indicates that this soil was not able to maintain this population
during the test period (data not shown). In the same way, the
mean number of F. candida juveniles was lower than the min-
imum for validation of the test (ISO 2014) in this soil, indi-
cating that both species presented lower reproductive perfor-
mance in Oxisol, when compared with the other soils. This
may be due to the pedogenetic characteristics of this soil, such
as its higher clay content (Table 1). Similar effects were ob-
served for the collembolans F. candida (Domene et al. 2011)
and the oligochaetes E. andrei and E. crypticus (Chelinho
et al. 2011) in fine-textured soils, possibly due to the greater
difficulty of colonization and occupation of porous space by
these organisms in such heavy clayey soils. In addition, ac-
cording to Amorim et al. (2005), there may be a positive
influence of the porous structure in sandy soils (e.g., Entisol
and TAS) on the reproduction of soft-bodied organisms that
allows for better mobility and reproductive performance of
these soil invertebrates.

In our study, the negative effects of imidacloprid on the
biological parameters of both species were detected in all as-
says. Adverse effects of this a.i. on F. candida and E. andrei
were also seen in other studies (Alves et al. 2013; Alves et al.
2014; Chevillot et al. 2017), and they have been attributed to
the mode of action of imidacloprid on soil organisms. This
molecule acts by blocking the acetylcholine receptors in the
nervous system of the organisms, through irreversible agonist
connections, leading to the accumulation of the neurotransmit-
ter acetylcholine (Catae et al. 2018). The systemic action of
this a.i. may trigger a number of negative effects on exposed
individuals, such as reduced fecundity, disorientation, paraly-
sis, changes in DNA and in detoxifying enzymes, and even
death (Laycock et al. 2012; Ge et al. 2018; Simon-Delso et al.

2015; Wang et al. 2016; de Lima et al. 2017; Sillapawattana
and Schäffer 2017).

Although the mode of action of imidacloprid seems to be
similar for the two tested species, the toxicity values were
different (Table 3). In general, collembolans were more sensi-
tive to imidacloprid than earthworms in the chronic toxicity
assays, since lower EC50 values were found for F. candida in
all soils. The higher sensitivity of F. candida to imidacloprid
compared with E. andrei was identified equally in other stud-
ies (Alves et al. 2013; Alves et al. 2014; de Lima et al. 2017)
and may be explained by their different intrinsic sensitivity to
this class of pesticide, as well as to different exposure routes of
the species. When acting on the nervous system of the ex-
posed species, the neonicotinoids are generally more selective
for the nicotinic acetylcholine receptors (nAChRs) of arthro-
pods when compared with oligochaetes (Akeju 2014). A
higher selectivity of the imidacloprid by the collembolan’s
receptor sites also may be expected due to the phylogenetic
proximity of this species to the arthropods, which are the main
target of the action of imidacloprid.

On the other hand, it is well known that earthworms absorb
the contaminants mainly by passive diffusion of pore water
through the dermal layer, in addition to the intestinal absorp-
tion, which occurs together with the ingestion of soil particles
(Belfroid et al. 1994). Collembolans, however, are exposed
mainly through the absorption of pore water by specific or-
gans, such as the ventral tube (Fountain and Hopkin 2005).
When earthworms are exposed to high concentrations of
imidacloprid in the soil, probably the absorption of the a.i.
from the soil solution directly through the skin may be fa-
vored. This could be an explanation for the higher mortality
of E. andrei compared with F. candida in the acute toxicity
assays in Entisol (Table 3), especially because earthworms are
in a compulsory exposure to high concentrations of the con-
taminant (dermal contact + feeding). For collembolans, the
short-time exposure at high concentrations (as in the case of
acute toxicity assays) seems to be less harmful, because they
can avoid the consumption of pore water and also stay
protected from the direct contact with contaminated soil by
an exoskeleton.

Some studies have evaluated the chronic toxicity of
imidacloprid to soil fauna species using representative soils
from temperate regions. Wang et al. (2019) and Ge et al.
(2018) found EC50 values of 0.70 and 0.87 mg kg−1, respec-
tively, for hatchability and number of juveniles when E. fetida
was exposed to pure imidacloprid in an OECD artificial soil.
Ogungbemi and van Gestel (2018) found EC50 of 0.63 and
2.07 mg kg−1 when F. candida was exposed to the pure a.i. in
OECD artificial soils containing 5% and 10% of peat, respec-
tively. Similarly, Mabubu et al. (2017) reported an EC50 of
0.82 mg kg−1 for F. candida reproduction when the pure com-
pound was tested in OECD artificial soil (5% peat). On the
other hand, a relatively lower toxicity was found by Alves

Table 4 Ecological risk for the exposure to imidacloprid in tropical
artificial soil (TAS), Entisol, and Oxisol, estimated via toxicity exposure
ratio (TER) and hazard quotient (HQ) approaches

Soil Tested species PNECa

(mg kg−1)
TER b HQ c

TAS E. andrei 0.002 2.75d 120e

F. candida 0.83d

Entisol E. andrei 0.0002 0.19d 800e

F. candida 0.12d

Oxisol F. candida 0.002 0.83d 120e

a PNEC = lowest EC10/100
b TER= EC10/PEC
cHQ = PEC/PNEC
d TER< 5, indicating a significant risk for the tested species
e HQ > 1, indicating significant risk and the need for future investigations
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et al. (2013, 2014) when soil invertebrates were exposed to the
commercial formulation Gaucho (600 mg a.i. L−1) in a trop-
ical artificial soil with 10% coconut husk. They found EC50

values of 4.07 mg kg−1 for E. andrei (Alves et al. 2013) and
> 1 mg kg−1 for F. candida (Alves et al. 2014). The toxicity
of imidacloprid (pure a.i.) also was tested in a natural LUFA
2.2 soil, and an EC50 of 0.39 mg kg−1 for E. andrei was
found (de Lima et al. 2017). The EC50 values ranged from
0.1 to 0.3 mg a.i. kg−1 in studies with F. candida (de Lima
et al. 2017; van Gestel et al. 2017; Ogungbemi and van
Gestel 2018).

Despite the methodological differences between the report-
ed studies, a relatively similar imidacloprid toxicity for col-
lembolans is common between artificial substrates with re-
sembling compositions, especially with regard to the organic
matter content. For example, the EC50 values reported in the
assays with OECD soils containing 5% peat (Mabubu et al.
2017; Ogungbemi and van Gestel 2018) are similar to our
EC50 in TAS, which contains 5% coconut fiber. A lower
imidacloprid toxicity could be identified in assays where arti-
ficial substrates containing 10% of organic material were used
(Alves et al. 2013, 2014; Ogungbemi and van Gestel 2018),
suggesting that, when the soil texture is quite similar, the SOM
has an important influence on imidacloprid bioavailability. On
the other hand, different toxicities can be seen between natural
soils, which have similar SOM contents but present distinct
textures. The EC50 values for F. candida found in natural
LUFA 2.2 soil, containing about 4% SOM and less than
20% clay + silt (de Lima et al. 2017; van Gestel et al. 2017),
were at least two times lower than those found for Oxisol
(Table 3), which has 3.7% SOM but high levels of silt + clay
(> 90%).

Some authors also suggest that the adsorption of insecti-
cides such as imidacloprid on soils may decrease with increas-
ing pH (Sheng et al. 2005; Ping et al. 2010), indicating that
lower bioavailability may occur in soils with low pH.
However, in this study, the imidacloprid bioavailability seems
to have beenmainly modulated by silt and clay contents, since
the toxicity values (Table 3) found in the natural soils with
similar pH (3.9 vs 4.2), but with clearly different textures
(Table 1), varied almost by an order of magnitude.
Furthermore, similar toxicities were found in TAS (EC50 =
0.80) and Oxisol (EC50 = 0.83), which presented the largest
difference of pH (5.9 vs 3.9, respectively), but closer silt +
clay contents (Table 1). Similarly, in soils from temperate
regions, the pH does not appear to be the main modulating
factor for imidacloprid toxicity to soil fauna (de Lima et al.
2017; van Gestel et al. 2017; Ogungbemi and van Gestel
2018).

The abovementioned results suggest that the toxicity of
imidacloprid is not exclusively driven by the organic material
or pH, but it is also regulated by their interactions with the
mineral soil fraction, which probably had a stronger influence

on the sorption of the imidacloprid molecules than SOM and
pH in our assays.

Some studies have identified a key role of the fine-textured
soil mineral fraction in pesticide toxicity (Rutherford et al.
1992; Ogungbemi and van Gestel 2018). Mineral particles
with high specific surface area are able to adsorb the
imidacloprid molecules and therefore decrease their bioavail-
ability to soil invertebrates (Ogungbemi and van Gestel 2018).
Thus, the higher amounts of clay and silt in the Oxisol used in
our study could partially explain the relatively lower toxicity
of imidacloprid, when compared with that reported by de
Lima et al. (2017) and van Gestel et al. (2017) in the natural
LUFA 2.2 soil, as well as the lower acute toxicity for collem-
bolans in this soil when compared with TAS (Table 3).
Likewise, the highest toxicity found in Entisol in this study
could be due to its low contents of clay and silt, which prob-
ably led to a greater fraction of the contaminant available for
uptake by the organisms in the soil solution (van Gestel 2012;
Peijnenburg et al. 2012). For animal wastes such as swine and
pig manure (Segat et al. 2015; Maccari et al. 2016), deleteri-
ous effects on soil invertebrates were also higher in Entisol,
when compared with Oxisol. There are some differences be-
tween the toxicity values reported in the literature and our
results, obtained in this present study. They should not be
attributed exclusively to the differences in soil properties, be-
cause most of the abovementioned studies were performed at
20 °C instead of 25 °C, as ours, and were based on the effects
of the pure substance instead that of commercial formulations
of imidacloprid. However, the use of commercial formulations
in ecotoxicological assessments is more ecologically relevant
than the use of pure active ingredients, since pesticides are
used via formulations in agricultural areas (Renaud et al.
2018).

Although our PEC values (Table 2) are estimated based on
a conservative approach by considering the worst-case scenar-
io, similar imidacloprid concentrations have been found in
agricultural soils. In soils from cocoa plantations, residues of
imidacloprid ranged between 0.005 and 0.25mg kg−1 (Dankyi
et al. 2014). Donnarumma et al. (2011) identified residues of
imidacloprid of 0.65 mg kg−1, 30 days after sowing of seeds
treated with the commercial formulation Gaucho 350 FS.
When considering direct applications of imidacloprid on the
crops, residues in soil may reach concentrations above
4 mg kg−1 (Sharma and Singh 2014), and even higher levels
of this a.i. may occur in the environment after successive
applications (Ge et al. 2018). The detected imidacloprid con-
centrations in the reported studies are closer or even higher
than our LOEC values for chronic assays with earthworms
(0.12–2 mg kg−1) and collembolans (0.25–1.0 mg kg−1), indi-
cating that species reproduction is easily affected by the ex-
pected levels of imidacloprid in tropical regions.

In addition, this study found lethal effects of imidacloprid
in Entisol at concentrations 2.5 and 25 times higher than the
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PECs for earthworms and collembolans (Tables 2 and 3), re-
spectively. In TAS and Oxisol, the species survival was affect-
ed only at concentrations higher than those causing mortality
in Entisol. Although in the European Union the acute toxicity
tests with earthworms are no longer required for the registra-
tion of Plant Protect Products (EU 2013), in Brazil, this is the
unique assay with soil organisms required for pesticide regis-
tration (Brazil 1996). Because of this, our results also high-
light the need to include more sensitive and ecologically rel-
evant endpoints (such as reproduction) as a requirement for
pesticide registration into the national regulations (Niva et al.
2016).

5 Conclusions

Imidacloprid caused mortality and reduced the reproduction
of E. andrei and F. candida in all performed assays, and the
toxic effects were modulated by the soil type. Our results
revealed a higher toxicity and risk of imidacloprid for edaphic
species in natural sandy soil and highlighted the importance of
using different soil types to predict the effects of pesticides in
tropical regions.
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