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Abstract

To attend the increasing demand for food and energy, vast monocultures such as sugarcane, soy, and corn, often adopts
routinely intensive application of pesticides and chemical fertilizers, disregarding their potential effects on non-target soil
organisms, which are crucial for soil functioning. In this study, we present the assessment of toxic effects of the commercial
herbicide DMA® 806 BR (active ingredient: 2,4-D) and of the insecticide Regent® 800 WG (active ingredient: fipronil) to
the non-target terrestrial plant Raphanus sativus var. acanthioformis (dicotyledon) and to the collembolan species Folsomia
candida, in combination with different soil moisture conditions in natural and artificial tropical soils. Plant growth and bio-
mass were severely affected by the presence of DMA alone, with significant differences from the control treatment already
detected at 0.13 mg/kg/dw. Upon low soil moisture (20%, 40%, 60% WHC), the toxicity of DMA to plants was diminished,
exhibiting an antagonistic pattern of interaction between DMA and soil moisture. Soil composition had a significant influ-
ence on survival and reproduction of collembola especially at high soil moisture content. In the natural soil, 80% of the water
holding capacity (WHC) induced 100% collembola mortality whereas, in the tropical artificial soil (TAS), this same moisture
condition had a negligible effect on survival. Reproduction was mainly affected by fipronil under drought conditions (20%
WHC) at both soil types, possibly correlated with increased concentration of fipronil in the soil pore water at such condi-
tions. Results herein presented highlight the requisite of including abiotic fluctuations in hazard assessment of pesticides to
preserve soil function provided by biota.

Highlights

Soil moisture contribute on determining 2,4-D toxicity to terrestrial plants.
Soil moisture contribute on determining fipronil toxicity to Folsomia candida.
High-moisture levels increased plant species sensitivity to the herbicide 2,4-D.
Soil properties influences collembola sensitivity to pesticide contamination.
Dry conditions (20% WHC) + fipronil (1/8 RD) decrease F. candida
reproduction in 70%.
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Introduction

As the world population rises, there is a continuous attempt
to meet global demands for food and energy supply, caus-
ing the vast monocultures (such as sugarcane and soy) to
apply on its management routine, pesticides and chemical
fertilizers (Marcato et al. 2017; de Menezes Oliveira et al.
2018). Sugarcane crops play a fundamental role in Brazil's
economy, however they also represent one of the crops in
which pesticides are mostly applied. Among the various
active ingredients (a.i.) used in sugarcane fields to elimi-
nate pests and maintain productivity, the herbicide 2,4-D
and the insecticide/termiticide fipronil stands as some of the
top 10 most applied ingredients (Christofoletti et al. 2017;
IBAMA 2017).

The active ingredient 2,4-D is an auxinic substance
largely pulverized on agricultural fields to eliminate broad-
leaved weed species from cultures of monocotyledonous
species, such as sugarcane. However, ecotoxicological
tests have described growth inhibition and genotoxic
effects of this substance on non-target organisms. In the
presence of 0.3 mg/L of 2,4-D, bean seedlings of Phaseo-
lus vulgaris L (dicotyledonous) suffered a 74% inhibition
in root growth (Cenkci et al. 2010). Also, DNA changes
in mitotic cells of Triticum aestivum L. (Monocotyledon)
were reported upon exposure of these plants to 50 mg/L of
2,4-D (Kumar 2010). Moreover, severe effects of the pes-
ticide have been observed on the germination and growth
of two plant species: Raphanus sativus var. acanthioformis
(dicotyledonous) and Allium cepa (Monocotyledon), at
environmental concentrations (<4.7 mg 2,4-D/kg dw soil)
(Triques et al. 2021).

Regarding fipronil, although its use has been restricted in
Europe since 2009 (Regulation (EC) 1107/2009) (European
Commission 2009) due to insufficient scientific information
about its potential harmful effects on bees, it has been widely
used in Brazil. Fipronil is a phenylpyrazole insecticide
mainly applied to eliminate insects and termites, which are
harmful to different types of crops, and to eliminate ectopar-
asites in animal diseases prevention. Hence, this compound
may reach the soil when directly applied to agricultural fields
and/or through animal excretion (Gupta and Milatovic 2014;
Zortéa et al. 2018a). Negative effects of the exposure of the
in-soil organisms to fipronil have already been demonstrated.
Alves et al. (2014) observed that at concentrations below the
recommended dose for application in agricultural fields, the
insecticide can impact the survival and reproduction of non-
target collembola species Folsomia candida, which was also
confirmed by Triques et al. (2021). In addition, fipronil can
leach from the soil into adjacent freshwater bodies, where it
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can affect non-target aquatic organisms, such as cladocerans
(Silva et al. 2012) midges (Pinto et al. 2021b) odonates (Pisa
et al. 2014) and amphibians (Boscolo et al. 2017), among
other aquatic organisms (Pinto et al. 2021a).

In addition to being exposed to a cocktail of anthropo-
genic pollutants, including pesticides, soil organisms often
face changes in abiotic factors such as temperature, UV radi-
ation intensity, soil moisture and pH, among others. Acting
as natural stressors, abiotic conditions may influence organ-
ism’s sensitivity to contaminants, especially in extreme cli-
matic events such as drought and floods (Jdnsch et al. 2005;
Holmstrup et al. 2007; Ferreira et al. 2010; Krab et al. 2013).
Increasing in frequency and duration of abnormal droughts,
floods and higher temperatures have the potential to impact
the ecological structure and functioning of terrestrial eco-
systems, interfering in biotic and abiotic aspects, such as
organism’s density, species composition, spatial distribution,
degradation of organic matter, water content and soil avail-
able oxygen (Krab et al. 2013).

Regarding chemical sensitivity, terrestrial organisms
show a broad range of responses when subjected to concomi-
tant exposure to chemicals and varying abnormal conditions.
For instance, the effects of the pesticide carbaryl on F. can-
dida reproduction was decreased under high temperatures,
whereas the terrestrial plant Brassica rapa and the terrestrial
oligochaete Eisenia andrei displayed higher sensitivity to
carbaryl under high temperatures and decreased sensitivity
under low temperatures (Lima et al. 2011). Soil pH can also
alter the dissolution rate of metal nanoparticles in the soil
pore water, turning it more available for uptake by organisms
(Waalewijn-Kool et al. 2014).

At the broader organizational level such as invertebrate
community, Menezes-Oliveira et al. (2014) investigated the
combined effects of extreme temperature conditions and
copper contaminated soil on terrestrial invertebrates. The
authors observed synergistic effects on some species and
showed that extrapolating effects to soil organisms from
non-polluted to polluted areas turn out not possible when
the stress factors are combined. Considering this evidence,
and the current changes in climatic conditions, it is crucial
to understand the interaction between natural and chemical
factors on soil organisms to better predict the environmental
risks that this combination may pose to terrestrial ecosys-
tems, especially in tropical conditions, for which information
is scarce. Therefore, the present study aimed to analyze the
combined effects of different soil moisture conditions and
two pesticides intensively applied in sugarcane crops, 2,4-D
and fipronil, on two soil species, representing different taxa
and dissimilar ecosystem functions. To assess the effects
of varying moisture conditions and herbicide combinations,
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the non-target plant species Raphanus sativus var. acanthi-
oformis was chosen as a model organism. To investigate the
possible adverse effects of different soil moisture conditions
and insecticides, the chosen model species was the collem-
bola Folsomia candida. In both cases, the assays were per-
formed in natural and artificial tropical soil.

Material and Methods
Test Organisms

The chosen test organisms were the terrestrial plant species
Raphanus sativus var. acanthioformis (dicotyledon) and the
collembola species Folsomia candida. For plant bioassays,
organic seeds (i.e., with no pesticide coating) were obtained
from a local agro centre, presenting satisfactory purity and
germination potential (> 99% and 88%, respectively). As for
soil invertebrate tests, organisms were obtained from stabi-
lized laboratory cultures, which have been maintained for
several generations under controlled conditions of tempera-
ture (20 +2°C) and photoperiod (16:8 h light: dark). Folso-
mia candida organisms were maintained in a Plaster of Paris
substrate and fed on Saccharomices cerevisae twice a week.

Test Chemicals

Commercial formulations of the herbicide DMA® 806 BR,
hereafter referred to as DMA, and the insecticide Regent®,
hereafter Regent, were obtained from a local commerce sup-
plier. Formulations were applied in this study to reproduce
a more realistic condition of exposure of both pesticides in
the field. DMA is an auxinic herbicide from the chemical
group of Aryloxyalkanoic acid. Marketed by Dow Agro-
Sciences, this soluble concentrate has as active ingredient
2,4-D dimethylamine salt (80.6% m/v) with 67.0% (m/v)
equivalent to the 2,4-D acid and 41.9% (m/v) corresponding
to inert ingredients. Classified by the Brazilian environmen-
tal agency as extremely toxic to human health and dangerous
to the environment, DMA application in sugarcane monocul-
tures is recommended to be done through pulverization over
the crops or in the moist soil in the pre and/or post-emer-
gence seasons of the target plants, depending on the weed
species. The herbicide mode of action consists in modify-
ing the cell wall plasticity, protein synthesis and ethylene
production of dicotyledonous (broad-leaved) plant species
meristematic cells, causing abnormal growth, senescence,
and death of the plant (Song 2014; Foloni 2016).

Regent is a phenylpyrazole insecticide/termiticide com-
mercialized by the BASF company. The dispersible granu-
late formulation has 80% fipronil as an active ingredient (g/
kg) with the other 20% composed of inert ingredients (Aubin
and Elbeuf 2018). Highly toxic to human health and very

dangerous to the environment, according to the manual of
instructions of the product, this commercial formulation is
applied in sugarcane planting furrow aiming to eliminate
insects such as Diatraea saccharalis (Lepidoptera) and Mig-
dolus fryanus (Coleoptera), among other arthropods consid-
ered as pests in agricultural systems (Boscolo et al. 2017;
Christofoletti et al. 2017). The toxic action of fipronil is acti-
vated via ingestion, interfering in the central nervous system
of arthropods, such as bees, collembola, and beetles. It pre-
vents neurotransmitter y-aminobutyric acid (GABA) from
acting on chloride channels of neural cells, which causes
neuronal hyperactivity, overexcitation, severe paralysis and
death of the organism (Gunasekara et al. 2007; Nogueira
Cardoso and Lopes Alves 2012; Gupta and Milatovic 2014;
Pisa et al. 2014).

Test Soils

Soil types used in all assays were tropical artificial soil
(TAS) and natural soil (NS). TAS was prepared in the labo-
ratory following the adaptation from Rombke and Garcia
(2000) and consisted of a mixture of 75% fine sand, 20%
kaolinitic clay and 5% coconut fibre powder. The natural
soil was obtained from an experimental field at the Sao
Paulo Agribusiness Technology Agency (APTA) located in
Brotas municipality, the eastern countryside of the state of
Sédo Paulo — Brazil. The natural soil characteristics were:
89.8% sand; 8.2% clay and 2.0% silt, with 2.5% organic
matter content, average pH=4.3, cation exchange capacity
(CEC)=37.8 mmolc/dm? and 27% of maximum water hold-
ing capacity (WHC). After collection, the natural soil was
sieved to 2 mm and dried at 60 °C overnight.

Soil Spiking

The soil spiking procedure followed the method described
in our previous work (Triques et al. 2021). Stock solutions
of the pesticide were mixed into premoistened soil. The total
amount of soil needed for all replicates of a given concen-
tration was spiked at the same time. After homogenization,
subsamples were transferred to the corresponding test vessel.
The amount of soil used in each vessel varied according to
the test organism. The concentration of the pesticides used
in each experiment was chosen based on both commercial
products effects observed in previous single tests with both
test species, on the same soil types (Triques et al. 2021). For
the previous experiments, concentrations were derived from
the recommended dose (RD) for application in sugarcane
fields, as established by each commercial product’s (c.p)
manufacturer. For the herbicide DMA, the recommended
dose is 7 pL of c.p/kg of dw soil, which corresponds to
4.7 mg of 2,4-D/kg dw soil (active ingredient), used to con-
trol broad-leaved weeds during their pre-emergence period.
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Regarding the insecticide Regent, the recommended dose
is 1.3 mg of c.p./kg of dry weight (dw) soil (1.04 mg of
fipronil/kg of dw soil), indicated to control the beetle Mig-
dolus fryamus (Aubin and Elbeuf 2018). From those assays,
effect concentrations (EC) [EC,,, EC,, e EC5,] were deter-
mined, which originated the concentration ranges of the pre-
sent work. Details of each experiment are presented in the
following sections. Although commercial formulations were
applied in this study, all nominal concentrations applied in
the ecotoxicological assessment of the herbicide DMA and
the insecticide fipronil are presented as active ingredient.

Plant Growth Tests

Following the procedures of the guideline ISO 11269-2
(ABNT 2012) seeds of Raphanus sativus var. acanthio-
formis were exposed to the herbicide DMA. The concentra-
tions of DMA applied were different for each type of soil,
as we previously observed that soil composition influences
the sensitivity of R. sativus to the herbicide DMA (Triques
etal., 2021). For NS, concentrations of DMA were: 0; 0.125;
0.25; 0.5; 1.0 and 2.0 mg of 2,4-D/kg dw soil. For the TAS,
where plants displayed higher sensitivity to DMA, concen-
trations applied were: 0; 0.001; 0.005; 0.01; 0.1 and 1.0 mg
of 2,4-D/kg dw soil. For both types of soils, five different
soil moisture conditions were combined with each herbicide
concentration, being them 20%; 40%; 60%; 80% and 100%
of each soil water holding capacity (WHC). In a full facto-
rial design, for each moisture condition, three replicates for
the control group (no pesticide) and two replicates for the
different herbicide concentrations were used. By decreasing
the number of replicates, it is possible to use more treat-
ments (combinations of stressors) in each experiment, to
acquire a full analysis of the response surface. This has been
advocated as a way to increase both reliability and power
of the analysis (Jonker et al. 2005) as the response surface
analysis is based on a regression model. Conical polysty-
rene test vessels (8.9 cm height; 6.7 cm bottom diameter;
10.0 cm top diameter) containing 250 g of spiked soil for
each replicate were used, where ten seeds of the test species
were planted. Soil moisture was maintained through daily
replenishment of water, based on test vessels weight loss of
all treatments, except for the 80% WHC, for which a self-
watering system was used. This system consisted of a fiber-
glass wick (5-10 mm @) located at the bottom of the test
vessels and connected to independent conical polystyrene
containers (5.5 cm height; 5.0 cm bottom diameter; 7.0 cm
top diameter), filled with distilled water. The 80% WHC
was considered as the control condition for water content.
The test started when 70% of the seeds have emerged in the
control group and lasted for 14 days, under controlled condi-
tions. After that period, different endpoints were measured
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in all experimental treatments: individual shoot length (SL),
fresh weight (FW) biomass (B) and hydric content (HC).

Collembola Survival and Reproduction Tests

Tests followed the procedures of the ISO 11267:2011
guideline (ABNT 2018), using both natural (NS) and arti-
ficial (TAS) soils. Folsomia candida was exposed to the
insecticide/termiticide Regent at concentrations of 0; 0.06;
0.13; 0.26 mg of fipronil/kg dw soil. Following the same
experimental design of the plant assays, five different soil
moisture contents were combined with each fipronil con-
centration (20%; 35%; 50%; 65% and 80% WHC), with
the 50% WHC soil moisture considered as the control
condition for soil moisture. For each moisture condition,
there were five replicates for the control group and four
replicates for all other treatments, each containing 50 g of
the spiked soils. At the starting of the experiment, each
test vessel received ten organisms of Folsomia candida,
within the same age interval (10-12 days). The reproduc-
tion test lasted for 28 days, food and water replenishment
were weekly performed. The experiment was conducted at
20 +2 °C and a photoperiod of 16:8 h (light: dark). After
28 days of exposure, the test vessels were fulfilled with
tap water and the content of each vessel was transferred
to a larger (10 cm @) recipient. Water-soluble stamp ink
was added to each recipient and carefully stirred with a
spatula, allowing animals to float. Finally, digital pictures
were taken, and the total number of organisms in each test
vessel was calculated using the software ImageJ (Schnei-
der et al. 2012).

Soil Chemical Analysis

Soil samples preparation for analytical measurements of
DMA and fipronil were conducted according to Triques
et al. (2021). Soil samples (~ 50 g) spiked with the differ-
ent concentrations tested, of both pesticides in the different
soils (NS and SAT), were processed by the Environmental
Chemistry Laboratory of the State University of Campinas
(UNICAMP—Sao Paulo, Brazil). Fipronil and 2,4-D were
quantified by the 6410B Triple Quadrupole Liquid Chro-
matograph/Mass Spectrometer. Procedures for the extrac-
tion of the analytes were adapted from De Amarante et al.
(2003). The solid-liquid extraction was performed through
three cycles (10 min each) with the addition of 20 ml of
dichloromethane (degree HPLC > 99.8%) each. Recovery
rates in NS and SAT, respectively, were 50 and 33% for
fipronil and 34 and 72% for 2,4-D. The limits of detection
were 0.00001 mg/kg (dw soil) for fipronil and 0.0007 mg/
kg (dw soil) for 2,4-D.
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Statistical Analysis

A one-way analysis of variance (ANOVA) was used to
detect differences between treatments against the con-
trol group on isolated exposures. A two-way analysis of
variance was used to assess interactions between both
soil moisture content and pesticide concentration factors
(x=0.05). Kruskal-Wallis ANOVA on Ranks was per-
formed whenever data were not normally distributed, and
data transformation did not correct for normality (SPSS,
1997). A non-linear regression model was used to deter-
mine the ECs, values of the pesticides in different soil
moisture conditions (y,,,, = (1 + Conc/ECs,)°, where: y, ..
is the maximum response (number of juveniles produced
or survival rate at control conditions); Conc is the concen-
tration of the pesticide; ECs is the effect-concentration
for 50% of exposed organisms and b is the slope of the
curve. A generalized likelihood test was used to compare
predicted ECs, values at different exposure conditions, on
SPSS v. 27 (IBM Corp 2020).
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Results and Discussion
Soil Chemical Analysis

Recovery rates of fipronil were 50% in NS and 33% in TAS
whereas the recovery rates for DMA were 34% in NS and
72% in TAS. Similarly to our previous work (Triques et al.
2021), the low recovery rates of both pesticides are believed
to be linked to extraction procedures during the analyti-
cal procedure. To simplify comparisons and data report,
results herein are presented and discussed based on nominal
concentrations.

For both plants and collembola, all tests fulfilled the legit-
imacy criteria stated in each guideline adopted.

Plant Growth Tests
Isolated Exposures

Under flood conditions, represented by 100% soil WHC,
no plant emergence was observed at both soil types. In the
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DMA 806 BR® (2,4-D mg/kg DW soil)

Fig. 1 Isolated effects of DMA.® 806 BR in Natural Soil (NS) on
plant growth (A), biomass (B), fresh weight (C) and hydric content

(D). Dark blue bars represent average measurements of the replicates,

and the error bars represent the standard error of the average meas-
urements. Asterisks indicate statistical differences (ax=0.05) against
the control condition (0 mg/kg DMA BR and 80% moisture)
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Fig.2 Isolated effects of different soil moisture conditions, on Natu-
ral Soil (NS), on plant growth (A), biomass (B); fresh weight (C) and
hydric content (D). Dark blue bars represent the average measure-

natural soil, the presence of DMA alone (i.e., under con-
trol moisture condition of 80% WHC) caused a significant
decrease in plant performance, measured by the parameters
shoot length, fresh weight, dry weight, and hydric content, as
shown on Fig. 1 (values of ANOVA testing are represented
in the Figure). Plant growth and biomass gain were highly
affected by the presence of DMA alone, with significant
differences from the control treatment already detected in
the first tested concentration (0.13 mg/kg/dw). The hydric
content, however, was only affected at the DMA concentra-
tion of 0.5 mg/kg/dw. These results agree with our previous
study where single effects of DMA on R. sativus were evalu-
ated and which revealed the herbicide impairment on plant
parameters such as fresh weight, dry weight, and hydric
content at environmentally relevant concentrations of DMA
(Triques et al. 2021).

Considering different moisture conditions in the natural
soil (Fig. 2), plant growth (2A) and fresh weight (2C) were
only significantly affected at the extremely dry condition,
represented by the 20% WHC. However, the biomass gain
(2B) was significantly lower when compared to the control
treatment (80%) at water percentages of 60, 40 and 20. In
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ments of the replicates, and the error bars represent the standard error
of the average measurements. Asterisks indicate statistical differences
against the control condition (80% moisture)

the tropical artificial soil, DMA impaired plant growth at all
concentrations tested (Fig. 3) while plant fresh weight (3A)
was only reduced at 1 mg DMA /kg dw soil. Moreover, the
dry weight (3B) of plants exposed to DMA alone in tropical
artificial soil was not affected and the hydric content (3C) of
plants was significantly different from the control at DMA
concentrations of 0.001 and 1 mg/kg dw soil. Considering
the effects of different soil moisture conditions on plants,
in the tropical artificial soil (Fig. 4), growth was reduced at
the 20% treatment, while varying water content in the soil
exerts no effect on plant fresh weight. On the other hand, the
biomass was significantly lower at the 60%, 40% and 20%
conditions while the hydric content of plants was higher
when compared to the control at those same conditions. This
suggests that under water limiting conditions, R. sativus, like
other plant species, tend to accumulate solutes in the root,
thus attracting water to it (Liu and Stiitzel 2004) or decreas-
ing stomatal respiration.

The overall pronounced plant growth increase according
to soil water content conditions is related to the importance
of water as a limiting factor in terrestrial plants development.
Subject to constant water loss through evapotranspiration,
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Fig.3 Isolated effects of DMA® 806 BR in Tropical Artificial Soil
(TAS) on plant growth (A), biomass (B), fresh weight (C) and hydric
content (D). Dark blue bars represent average measurements of the

plants in soils with adequate water supply present higher
photosynthetic rates, with greater protein synthesis and cell
expansion, more stomatal conduction, and less solute and
abscisic acid accumulation, which greatly influence their
growth (Lazar 2003). On the other hand, the excessive water
content may harm plant emergence and growth due to seed
rot by soil saturation and consequent anaerobiosis in the
substrate (Lima et al. 2011). The present results alert for
the damaging effects of droughts and floods on the develop-
ment of terrestrial plants. As reported by Trenberth (2011),
alterations in rainfall regimes as well-hydrological cycle, are
considered as some of the consequences of climate change
on Earth’s water distribution and are considered, whenever
at greater frequency and magnitude, as extreme events. The
increase in temperature generates higher rates of evapora-
tion and, thus, dryness of surfaces. In this way, drought
events can become longer and intense, potentially leading
to wildfires and heatwaves (Williams et al. 2019). In addi-
tion, increasing atmosphere moisture causes more frequent
and intense precipitation events (e.g., tropical storms and
cyclones, thunderstorms, orographic rainfall), increasing the
risk of flooding (Trenberth 2011).

Furthermore, we could detect that the influence of soil
moisture on plant growth was soil dependent. Differences

replicates, and the error bars represent the standard error of the aver-
age measurements. Asterisks indicate statistical differences (a=0.05)
against the control condition (0 mg/kg DMA BR and 80% moisture)

in organic matter source and texture of both soils may have
contributed to the magnitude of effects observed concern-
ing the varied soil moisture conditions. At the artificial soil,
powder of coconut fibre (source of organic content) and the
lack of components of natural soils, such as silt and clay,
may have contributed to decreased water absorption by soil
particles and consequently increasing water availability to
plants, which occurred even at driest condition on the arti-
ficial soil (Lazar 2003).

Plant Test - Combined Exposure

To identify the influence of soil moisture on DMA toxic-
ity to plants, an EC5, of DMA was estimated (non-linear
regression model, 3-parameter equation, see statistical analy-
sis section) for each plant development parameter (SL, FW,
B and HC), at each soil moisture condition (Table 1). On
the natural soil, an extremely low ECs, value (3% 10~'! mg/
kg a.i) of DMA was estimated for plant fresh weight and
biomass at control moisture condition (80% WHC), which,
when compared to the ECs, value for those same parameters
at lower soil water percentages (20%, 40% and 60%), indi-
cates an antagonistic pattern of combination between DMA
and water availability. This means that under lower water
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Table 1 ECs, values of DMA (mg/kg soil dw), estimated by the non-linear regression model, at the different soil moisture conditions in both
types of soil (VS Natural Soil, TAS Tropical Artificial Soil)

Soil Endpoint . ) .
type Soil moisture (%WHC)
20% 40% 60% 80%

Shoot
lenght 0.01 (0-0.04) 0.08(0.05-0.11)  0.14(0.1-0.18)  0.06 (0.015 - 0.10)
Fresh i

NS weight 0.006 (nd) 0.07 (0-0.17) 0.10 (0.08 -0.14)  3x10™"! (n.d)
Dry weight ~ 0.35 (n.d) 0.6 (0 - 0.28) 0.13(0.05-0.20)  3x10™" (n.d)
Shoot 1.56 (n.d) 1.0 (n.d) 0.96 (n.d) 1x107 (0 -2x10%)
lenght . . . . . . X X
Fresh

TAS weight 2.0(0-2.4) 0.94 (n-d) 0.90 (n.d) 0.85 (n.d)
Dry weight 1.0 (n.d) 1.0 (n.d) 1.4 (0-3.4) 0.71 (0 - 4.93)

The grey area represents the optimal soil moisture condition (control condition). Values in brackets represent the 95% confidence intervals of the
ECj5 estimates. (n.d — not determined)
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Fig.5 Growth parameters of the terrestrial plant R. sativus var.
acanthioformis exposed to the herbicidle DMA® 806 BR (active
ingredient 2,4-D), at different concentrations (x axis), under varying

availability, DMA effects on plant fresh weight and biomass
(i.e., fresh and dry weight) is soothed, as suggested by higher
ECj, values of DMA at such conditions (Fig. 5). This ten-
dency was confirmed by the two-way ANOVA (supplemen-
tary material- Fig. S2) which revealed that the effects of
DMA on all plant parameters are dependent on the moisture
of the soil which plants were exposed to (p-value <0.001).
The antagonistic pattern was also observed at the tropical
artificial soil (TAS) when considering plant shoot length.
Fresh weight and biomass were not differently affected by
DMA under variable water content in soil, which is demon-
strated by the interpolation of the 95% confidence intervals
of the ECy, value for DMA under control condition (80%
WHC) and the lower moisture conditions (20%, 40% and
60%—Table 1, Fig. 5). Considering that contaminant expo-
sure to plants is made through the soil pore water, these
outcomes were possibly due to 2,4-D high water solubil-
ity and, consequently, higher bioavailability to plant uptake
as soil water content increases. This possibly explains the
absence or less pronounced effects of 2,4-D under lower
soil moisture conditions (20% WHC), in which soil sorp-
tion of the compound is likely greater, thereby decreasing

soil moisture conditions on natural soil, for 14 days. Error bars cor-
respond to standard errors of the replicate measurements [rn° repli-
cates =3 (control); n° replicates =2 (treatments)]

bioavailability for uptake by plants (Luiz Lonardoni Foloni
2016) Fig. 6.

Combined effects of natural and chemical stress factors
such as soil moisture and pesticides have been investigated by
other authors. For instance, the toxic effect of the insecticide
carbaryl to Triticum aestivum and Brassica rapa shoot length
was increased at simulated flood conditions, indicating a syn-
ergistic interaction between the insecticide and soil water con-
tent (Lima et al. 2011). As for fresh weight and biomass, the
authors suggested an antagonistic interaction between the two
stress factors when carbaryl was present in the soil with low
water content, thus corroborating the findings of the present
study. Furthermore, antagonistic interaction, in this case, can
be explained by the fact that under contaminated soil and low
water availability, soluble xenobiotics such as 2,4-D become
less bioavailable to the plants (Bonmatin et al. 2015). Our
results show inhibitory effects of DMA® 806 BR (2,4-D) on
Raphanus sativus var. acanthioformis even at concentrations
five times (for TAS) and 40 times (for NS) lower than its rec-
ommended dose of application (4.7 mg 2,4-D / kg dw soil).
This may represent an added environmental risk, considering
that drifts from spray applications of DMA can reach adjacent
sensitive crops, such as tobacco, cotton, tomato, and grape
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Fig.6 Growth parameters of the terrestrial plant R. sativus var. acan-
thioformis exposed to the herbicide DMA® 806 BR (active ingredi-
ent 2,4-D), at different concentrations (x axis), under varying soil

crops (Foloni 2016), potentially leading to negative effects
on such species. Considering the high solubility of DMA
(900 mg/L) and its easy transportation from application site
to adjacent water bodies through leaching (Islam et al. 2018),
one should consider the different factors influencing pesticides
toxicity on soil organisms to better predict their effects on the
environment and be able to propose different methods and or
conditions for the application of the pesticides without harm-
ing the terrestrial biota.

Collembola Reproduction Tests
Isolated Exposures - Fipronil

The impact of fipronil and moisture conditions, applied
as single stressors, on the survival and reproduction of
springtails, are summarized in Table S1. The exposure to
fipronil alone, at the control soil moisture condition (50%
WHC) induced F. candida adult mortality in a concen-
tration-depended manner, with 38% mortality observed
at the highest concentration of fipronil (0.26 mg/kg dw)
in both types of soil. In the natural soil, reproduction
was not affected by any of the concentrations of fipronil,
when compared to the control treatment (0 mg/kg dw),
whereas in the artificial tropical soil, reproduction of F.

@ Springer

moisture conditions on Tropical Artificial Soil, for 14 days. Error bars
correspond to standard errors of the replicate measurements [n° repli-
cates =3 (control); n° replicates =2 (treatments)]

candida was significantly reduced at 0.26 mg fipronil/kg
dw (Dunnet-t test, p=0.008) (Fig. 7). These results are in
accordance with our previous study where a LCj, value for
fipronil was obtained as 0.21 mg/kg/dw soil. Furthermore,
reproduction was equally affected at both soil types [ECs,
(NS)=0.27 (0.13-0.4); EC5, (TAS)=0.26 (0.19-0.34)].
Zortéa et al. (2018b) also observed a significant decrease
in offspring production by F. candida at concentrations of
0.3-mg fipronil/kg/dw in tropical artificial soil, corroborat-
ing the results of the present study.

Isolated Exposures - Soil Moisture

The treatment with 20% water content in the soil induced
12% of adult mortality in the natural soil and 4% on the
tropical artificial soil, whereas the other extreme condition
(80% water content) induced 100% mortality of organisms
in the natural soil and 12% in the artificial soil (Fig. 7). Dif-
ferent soil moisture conditions in the artificial tropical soil
induced no effect on collembola mortality or reproduction.
However, on the natural soil, the 80% WHC moisture con-
dition produced 100% mortality of adult organisms. There-
fore, no reproduction output is available for the 80% WHC
condition in the natural soil. A strong decrease in survival
and reproduction of the collembola species exposed to 75%



Int J Environ Res (2022) 16:61

Page 110f17 61

120 @
100 i, 3
I I I I E
_ 80 i
£ =
z 60 g
=
@ ]
x 40 2
<
20
0
20 35 50 65 80

Soil moisture (% WHC)

600
m
500
W I I ] TAS
300 I
200 I
100
0
20 35 50 65 80

Soil moisture (% WHC)

120
600
100
I g S0 I
_ 80 1 B I
.g I I i *
£ 60 = 300 |
- g l
X 40 g 200
20 < oo
0 0
0 0.06 0

0.13
Fipronil concentration (mg/kg/dw)

0.26

Fig.7 Single effects of soil moisture (A & B) and Fipronil concentra-
tions (C & D) on survival and reproduction of the collembola Folso-
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Tropical Artificial Soil). Asterisk on figure D indicate significant
difference in the number of juveniles, compared to control treatment

WHC of an artificial soil (10% organic matter, 20% kaolin
clay and 70% quartz sand) was observed by Van Gestel and
Van Diepen (1997).

The accentuated differences in collembola sensitivity to
soil moisture between the two types of soil studied here are
related to soil characteristics promoting distinctive reac-
tions at the organism level. Domene et al. (2011) compared
life-traits of F. candida in different soil compositions and
reported a significantly lower reproduction of organisms
in the more fine-textured soils (with higher silt and fine
sand content, like the natural soil used in this study). In
an avoidance study, where different textured soils were
examined in combination with varying levels of organic
matter (2%, 5% and 10%), Natal-Da-Luz et al. (2008)
demonstrated that springtails never avoided the coarser-
textured soil with 10% organic matter, which suggests that
organisms have somehow a preference for those type of
soil. Accordingly, Van Gestel and Mol (2003) described
higher mortality rates of F. candida exposed to cadmium
in two natural soils (with 2.5% and 1.4% clay content)
when compared to OECD and Lufa 2.2, which are more
likely sandy soils. Considering that the natural soil used in
the present study is rather loamy and that collembola has a

0.06 0.13

Fipronil concentration (mg/kg/dw)

(0 mg/kg/dw). Vertical bars represent average values of the percent-
age of surviving animals (A and B) and average number of juveniles
produced at each treatment. Error bars represent standard error of the
averages. [Number of replicates (control) =5; (treatments) =4]

permeable integument (Hgjer et al. 2001; Skovlund et al.
2006), the higher sensitivity to greater water content in the
natural soil may be a function of increased fipronil toxic-
ity, which becomes more bioavailable for organisms as
water percentage increases, as uptake can occurs via soil
pore water through collembola integument. In addition, an
osmoregulatory mechanism has been described for those
animals, a process in which cell membrane plays a vital
role (Skovlund et al. 2006). In an event of environmental
hydric stress, the osmo-regulation may be hampered thus
leading to organisms reduced tolerance.

Combined Exposures—Survival

Upon combined exposures to fipronil and different soil
moisture conditions, adult survival rates were lower in the
natural soil, when compared to the artificial soil, with 100%
mortality observed for the 80% water content in the natural
soil (Fig. 8A).

In the tropical artificial soil, 80% moisture condition did
not influence fipronil toxicity, as observed by the similar
survival rates at all concentrations tested (Fig. 9A). At the
20% water content, however, springtail mortality seemed
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to be determined by fipronil concentration in the soil, with
a major difference in mortality rates between natural and
artificial soil observed at the concentration of 0.06 mg/kg/
dw soil of fipronil (NS — 38%; TAS — 24%). However, at
this same fipronil concentration and upon “control” soil
moisture (50%) the situation is reversed, and a higher mor-
tality rate is observed in the artificial soil in comparison
with the natural soil (TAS — 32%; NS — 24%). This cor-
roborates the premise that soil composition plays a major
role in governing pesticide mobility, sorption and thereby,
bioavailability to organisms (Spark and Swift 2002). Over-
all, F. candida perform better and display less sensitiv-
ity to xenobiotics in coarsely sand soils with low organic
matter content (Domene et al. 2011; de Menezes Oliveira
et al. 2018; Natal-Da-Luz et al. 2008; Triques et al. 2021)
likely because those soil characteristics are not suitable for
pesticide sorption (Rodriguez-Cruz et al. 2006). As argued
by de Menezes Oliveira et al. (2018), the feeding habits of
edaphic species such as F. candida can contribute to higher
exposure to contaminants in natural soils. By feeding on
soil microorganisms and dead organic material (which are
present in a higher percentage in natural soils), organisms
are prone to ingest pesticides that are adsorbed onto the
soil organic material. In the case of fipronil, the sorption
coefficients (k) for soils with different compositions were

@ Springer

reported to be closely related with the soil organic carbon
content rather than to clay content [ky=1.94 (soil compo-
sition of 5% organic matter, 10% clay, 4% silt, 84% sand);
ky=4.89 (soil composition of 1.67% organic matter, 33%
clay, 27% silt, 40% sand)]. Moreover, fipronil sorption on
soil particles tends to increase with increasing clay con-
tent and organic matter in the soil (Ying and Kookana
2001) whereas desorption seems to be inversely correlated
with soil organic carbon (Singh et al. 2016). Cogitated
together, data regarding fipronil behavior in soils point out
to a higher adsorption and retention behavior on soils with
relatively high organic carbon and less clay, such as the
natural soil-applied in the present study. Thus, we spec-
ulate that the higher toxicity of fipronil observed in the
natural soil is attributed to the ingestion of organic carbon
particles with adsorbed fipronil, by springtails.

Combined Exposures—Reproduction

The influence of soil moisture conditions on the toxicity
of fipronil on collembola reproduction is summarized in
Figs. 8B and 9B for the natural soil and artificial tropical
soil, respectively, where the average number of juveniles
produced at each pesticide concentration and soil moisture
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content is displayed. At the control condition (0 mg/kg/
dw fipronil and 50% WHC), there was no difference in the
number of juveniles produced between the two soil types
(t-test; p=0.8). Also, a concentration of fipronil causing
a 50% effect on juvenile production (ECs,) was estimated
for each soil moisture (Table 2). For the natural soil, at
the 65% WHC, the ECy, value of fipronil was extrapo-
lated by the non-linear regression model, due to the lack of
dose—response relationship between fipronil concentrations
and juveniles produced by the springtails in that condition.

For the remaining soil moisture conditions, the lack of
the 95% confidence intervals for the ECs, estimates does
not allow inferences to be made concerning an increase or
decrease in toxicity of fipronil as soil moisture changes.
Therefore, we compared the ECs, of fipronil between control
moisture (50%) and drought condition (20%) in the natu-
ral soil, using a generalized likelihood ratio (GLR). The X?
value of 1.6 (<3.84) indicates no difference between the
ECj, values in both conditions which suggest that the toxic-
ity of fipronil, in the natural soil, is not altered under drought
conditions. However, it is worth considering the accentuated
decrease in reproduction observed at the 20% WHC condi-
tion in the natural soil, at a fipronil concentration of 0.06
(1/8 of recommended dose) (Fig. 8). Based on the similar
ECs, values and the interpolation of the 95% confidence
intervals, the toxicity of fipronil to collembola reproduction

0.06 0.13
Fipronil concentration (mg/kg/dw soil)

was not modified in the tropical artificial soil at varying soil
moisture conditions (Fig. 9).

In Fig. 10, the reproduction output of collembola is rep-
resented at extreme conditions of drought (20% WHC) and
high moisture (80% WHC) on both types of soils, compar-
atively to the control soil moisture (50% WHC) for each
fipronil concentration. Under drought conditions, F. candida
seems to be more sensitive in the natural soil, compared with
the TAS as indicated by the 74% decrease in the number
of juveniles (comparatively to the control moisture of 50%
WHC) observed at 0.06 mg fipronil/kg dw soil, while this
same percentage decrease in the number of juveniles was
observed in TAS at 0.26 mg fipronil/kg dw soil (Fig. 10).

Thus, our data suggest that under dry soil conditions, the
effect of fipronil on F. candida reproduction might be inten-
sified at low doses of contamination and could be soothed
as concentration increases. Other authors have investigated
how soil moisture influences pesticides or metal toxicity to
collembola. Bandow et al. (2014) found that the effects of
the fungicide pyrimethanil on the reproductive output of F.
candida were intensified in low soil moisture conditions in
artificial OECD soil (5% peat, 20% kaolin, 74-74.9% quartz
sand), which was associated with a greater concentration of
the fungicide in the soil pore water. Furthermore, the effect
of imidacloprid on collembola reproduction was assessed
under different moisture conditions and soil types (loamy
and sandy) in the study of Brailio Hennig et al. (2020).
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Table2 ECjs, values of fipronil (mg/kg dw soil), estimated by the non-linear regression model, at the different soil moisture conditions in both

types of soil (VS natural soil, 7AS tropical artificial soil)

Soil Moisture

20% 35% 50% 65% 80%
NS 0.37 (n.d) 0.25 (n.d) 027 (0.13-0.41) 252 (n.d) n.d
TAS 023(0.14-0.32)  0.26(022-0.30)  0.26(0.19-0.34)  0.26(0.17-0.34)  0.25(0-0.57)

The grey area represents the optimal soil moisture condition (control condition). Values in brackets represent the 95% confidence intervals of the

ECj5 estimates. n.d — not determined
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Fig. 10 Reproductive output of Folsomia candida exposed to fipronil
in simulated extreme conditions of drought (A & B) and high mois-
ture (C) at two soil types: natural soil and tropical artificial soil.
White vertical bars represent control condition for moisture content

In this case, it was observed that the toxicity of imidaclo-
prid was accentuated in the drier condition for the loamy
soil, whereas in the sandy soil, no correlation was observed
between soil moisture and imidacloprid toxicity. Those
observations somehow corroborate our findings, given
that collembola displayed greater sensitivity to fipronil in
drought conditions in the natural soil (loamy) when com-
pared to the TAS (sandy soil).
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(i.e., 50% WHC of soil) at each fipronil concentration values in red
represent the percentage decrease in n° of juveniles produced at each
fipronil concentration, in relation to control values

There is a direct relationship between climate change
and precipitation regimes. In summary, rise in temperature
increases water evaporation thus leading to drought condi-
tions (Trenberth 2011). The present data (in alignment with
previously mentioned studies) reveals that F. candida could
have difficulties producing enough offspring under extreme
conditions such as drought. In the other extreme condition
where a high-water percentage in the soil might be present,
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organisms may not survive at all, depending on soil char-
acteristics, as we observed 100% mortality of collembola
on natural soil at 80% of WHC. This highlights the urgent
need to consider environmental variables arising from cli-
mate change (such as the fluctuations in soil moisture) on the
management and pesticide application on crops, to preserve
soil function.

Conclusions

In this study, we performed combined exposures of two
broadly used sugar cane pesticides in Brazil [the her-
bicide DMA® 806 BR (a.i. 2,4-D) and the insecticide
Regent® 800 WG (a.i fipronil)] with varying soil moistures
in two soil types (natural and tropical artificial soil). We
aimed to unravel the effects of such pesticides in non-target
organisms (the terrestrial plant Raphanus sativus var. acan-
thioformis and the soil invertebrate Folsomia candida) when
combined with varying soil moisture conditions. Our results
demonstrated that soil moisture content plays a role in deter-
mining the toxicity of both studied pesticides to plant and
collembola. Our model plant species showed increased sen-
sitivity to DMA under high-moisture levels, likely because
of the facilitated herbicide solubility in such conditions and
consequently, increased bioavailability for uptake by plants.

The use of two soil types in this study highlighted the
importance of soil composition as a limiting factor for
collembola survival and reproduction, as well as sensi-
tivity to pesticide contamination. This was evidenced by
the complete lack of survival of F. candida in the 80%
WHC condition in the natural soil, whereas in the tropical
artificial soil, the survival rate of organisms in the same
moisture conditions was negligible. As for reproduction
output, under dry conditions represented by 20% WHC,
and in the presence of fipronil at 1/8 of the recommended
dose of application, the reproduction of F. candida suf-
fered a 70% decrease. This data underlines the importance
of taking into account soil composition in ecotoxicological
assessments, especially for broadly used pesticides in trop-
ical regions. Considering the fast pace at which climatic
related events are occurring, this work also highlights the
significance of including varying abiotic conditions in the
assessment of chemical contamination in soils for a con-
sistent prevision of effects, thus improving environmental
protection programs.
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tary material available at https://doi.org/10.1007/s41742-022-00433-6.
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