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Abstract

This study aimed (1) to assess the ability of collembolans Folsomia candida to avoid soils contaminated with three seed
dressing insecticides imidacloprid, clothianidin, and fipronil; (2) to assess the effects of the insecticides on collembolans’
locomotion behavior; (3) to check if changes in the locomotion behavior would explain the avoidance/preference responses;
and (4) to evaluate the possibility to use locomotion behavior as toxicity biomarker of the tested insecticides. Avoidance
and locomotion behavior assays with collembolans F. candida were performed with commercial seed dressing formulations
of three insecticides (imidacloprid, clothianidin, and fipronil). Results showed no avoidance behavior at any concentration,
while a “preference” was observed with increasing concentrations of the three tested insecticides. Significant reductions in
the locomotion of exposed collembolans were observed at>1 mg kg™' for imidacloprid (18-38%) and fipronil (29-58%)
and >4 mg kg™~! for clothianidin (10-47%). At the higher insecticide concentrations, the collembolans had their trajectories
restricted to smaller areas, with a tendency for circular movements. Our results confirm that the “preference” for contami-
nated soils with neurotoxic substances is likely due to locomotion inhibition impairing the ability of organisms to escape.
This effect highlights that only avoidance assays may be not sufficient to assure the safety of some substances and confirm
the potential of locomotion behavior as a sensitive toxicity biomarker for neurotoxic insecticides.

Keywords Imidacloprid - Fipronil - Clothianidin - Non-avoidance - Locomotion impairment

Introduction

Seed-dressing insecticides are widely used in conventional
Responsible Editor: Chris Lowe agricultural practices to ensure plant protection and food
production (Bonmatin et al. 2015). In 2018, neonicotinoids
had a market value of approximately US$ 4752 million,
with imidacloprid and clothianidin being among the three
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g;‘;;’ﬁrsny of Santa Catarina, FlorianGpolis, SC 88040-970, nylpirazole fipronil accounts for almost one-third of the
global insecticide market (Trinh et al. 2022). Although

the outdoor usage of these substances has been prohibited
in Europe due to the negative impacts on pollinators (EU
2013; EFSA 2018a, b), they continue to be used in North
and Latin America; together, these active ingredients

P4 Paulo Roger Lopes Alves
paulo.alves @uffs.edu.br

Laboratory of Soil Ecotoxicology, Federal University
of Fronteira Sul, Av. Fernando Machado 108 E, Chapec6,
SC 89802112, Brazil

Ecotoxicology of Aquatic Microorganisms Laboratory—
GRIL—EcotoQ—TOXEN, Department of Biological

Sciences, University of Quebec at Montreal, reached 111 tons sold in Brazil in 2020 (IBAMA 2021).
Succ. Centre-Ville, Montréal, QC H3C 3P8, Canada They act on the nervous system of the exposed insects
4 Laboratory of Environmental & Analytical Biochemistry by blocking the transmission of nerve impulses (Martinez
of Contaminants, Department of Chemistry, University et al. 2019), therefore inducing paralysis of the exposed

of Quebec at Montreal, CP 8888, Succ. Centre-Ville,

’ organisms. Several studies have addressed the deleterious
Montréal, QC H3C 3P8, Canada

@ Springer



Environmental Science and Pollution Research (2023) 30:20159-20167
https://doi.org/10.1007/s11356-022-23584-7

RESEARCH ARTICLE q

Check for
updates

The use of sewage sludge as remediation for imidacloprid toxicity
in soils

Felipe Ogliari Bandeira' - Mikael Renan Lodi? - Thalia Smaniotto Graciani? - Sabrina Oroski? - Jorge Luis Mattias? -
Elke Jurandy Bran Nogueira Cardoso® - Paulo Roger Lopes Alves?

Received: 14 June 2022 / Accepted: 8 October 2022 / Published online: 17 October 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

This study investigated the influence of the sewage sludge (SS) soil amendment on the chronic toxicity of imidacloprid
(through the seed dressing formulation MUCH 600 FS®—600 g active ingredient L™!) to collembolans Folsomia candida.
Individuals 10-12 days old were exposed to two contrasting tropical soils (Oxisol and Entisol) amended with SS doses (0,
20, 40, 80, 160, and 320 g SS kg_1 soil; the SS doses have low intrinsic toxicity, which was checked before its applica-
tion) in a full factorial combination with five imidacloprid concentrations (varying from 0.25 to 4 mg kg~' in Oxisol and
0.03-0.5 mg kg~ in Entisol) plus a control. None of the SS doses (without imidacloprid) in both soils reduced the number
of generated juvenile collembolans. The imidacloprid concentrations reducing the collembolan reproduction in 50% (ECs)
in Oxisol and Entisol without SS were 0.49 and 0.08 mg kg™, respectively. However, the ECj, values generally increased
with increasing SS doses in soils, varying from 1.03 to 1.41 in Oxisol and 0.07 to 0.21 in Entisol. The SS-amended soils
showed 2.1- to 2.9-fold lower imidacloprid toxicity (ECs,-based) in Oxisol and 1.8- to 2.7-fold lower toxicity in Entisol. Our
results suggest the most effective SS doses alleviating the imidacloprid toxicity (ECs,-based) to collembolans are 20 g kg™!
in Oxisol and 80 g kg™! in Entisol. These results indicate that the tested SS has the potential to be employed as a soil amend-
ment agent by reducing the toxicity of imidacloprid to the reproduction of F. candida.

Keywords Collembolans - Folsomia candida - Tmidacloprid - Tropical natural soil - Waste management

Introduction collection and treatment systems reach the entire population.

The main alternatives to handle SS are incineration, dump-

The production of sewage sludge (SS) from wastewater treat-
ment plants (WWTPs) increased in recent years, and the
treatment and disposal of SS have become a matter of envi-
ronmental concern (Breda et al. 2020; Gopinath et al. 2021).
In Brazil, it is estimated that about 1.5 million tons of SS
are generated annually (Da Silva et al. 2021; Brasil 2017),
with the potential to double this amount when wastewater
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ing at sea, composting, landfilling, and application to agri-
cultural soils (Lombardi et al. 2017; Izydorczyk et al. 2021).

Sludge amendment in agriculture is generally the most
cost-effective option in countries with large farmland areas,
as it can provide several benefits related to soil conditioning
and crop production. This type of waste contains significant
organic matter contents (OM, generally > 50%) with a large
surface area and numerous binding sites in humic and ful-
vic acids, which can act as pesticide sorbents (Carpio et al.
2021). Thus, soil amendments with SS may reduce the bio-
available fraction of pesticides in soils, alleviating their toxic
effects on edaphic non-target species.

Imidacloprid is a neonicotinoid insecticide that can
impact several non-target soil invertebrate species at envi-
ronmentally relevant concentrations (Bandeira et al. 2020a,
b; Bernardino et al. 2021; Haas and Nauen 2021; Huang
etal. 2021; Pisa et al. 2021). Although the use of imidaclo-
prid has been restricted in the European Union (EU) since
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ARTICLE INFO ABSTRACT

Editor: Dr. R. Maria Sonia This study aimed to assess the chronic toxicity and risk of clothianidin in a seed dressing formulation to non-

target soil invertebrates. The toxicity assays were performed with two oligochaetes (earthworms Eisenia andrei

Keywords: and enchytraeids Enchytraeus crypticus) and three collembolans (Folsomia candida, Proisotoma minuta and Sinella
Collembolans curviseta) species following ISO protocols. Risk assessment (via Hazard Quotient approach — HQ) was based on
Eizt}llw:;rer?; the hazardous concentrations for 95% of the species (HCs), derived from chronic Species Sensitivity Distributions
Neon}i]cotinoi ds (SSD) for clothianidin, and on its predicted environmental concentrations (PEC). Four SSD scenarios were
Clothianidin generated with literature and/or this study data, following different data selection criteria (i.e., general, only

data from tests using similar formulations, similar soils, or identical soil/formulation). In our experiments, a
higher clothianidin toxicity (ECso-based) was found for collembolans (varying from 0.11 to 0.28 mg kg~ be-
tween species) followed by the earthworms (4.35 mg kg’l), while the enchytraeids were the least sensitive (33.5
mg kg~ 1. HQ indicated a significant risk of clothianidin to soil invertebrates because the estimated PEC were at
least 16.6 times higher than HCs and are expected to affect the whole group of collembolans. Despite the criteria
for data inclusion have influenced the HCs values, no substantial changes were observed for the risk outcomes.
To our knowledge, this is the first study assessing the chronic ecological risk of clothianidin to beneficial soil
fauna based on a probabilistic SSD approach. Data from this study can help to derive more reliable protection
thresholds for clothianidin in soils.

1. Introduction

The treatment of seeds with pesticides is a technique applied
worldwide in commercial crops, such as soybean, corn and wheat
(Labrie et al., 2020). Neonicotinoids are the most widely used insecti-
cide class for seed treatment and are registered in more than 120
countries (Borsuah et al., 2020). Clothianidin is an N-nitroguanidine
neonicotinoid insecticide used through foliar spraying, soil treatment
and especially for seed dressing (Grout et al., 2020). This molecule acts
competing with acetylcholine by the nicotinic receptors, thus promoting
the paralysis and/or nervous hyperstimulation of exposed organisms
(Hilton et al., 2018; Thara and Matsuda, 2018). In this way, clothianidin
protects the crop by providing a systemic, broad-spectrum control of

soil-inhabiting insect pests (Atwood et al., 2018).

Although its use has been restricted and/or prohibited in some Eu-
ropean Union since 2013, mainly due to its adverse effects on honey bee
colonies (EFSA (European Food Safety Authority), 2018c), some EU
member states are still using clothianidin through emergency authori-
zations to prevent severe pest damage to crops (Carrasco-Navarro and
Skaldina, 2019; EFSA (European Food Safety Authority), 2018a, 2018b).
Also, clothianidin sales outside Europe have continued to grow in the
last years, and this active ingredient (a.i.) remains intensively used in
agricultural areas of the American and Asian continents (Chevillot et al.,
2017; Bass and Field, 2018; Grout et al., 2020; Ramasubramanian,
2021). In 2012, clothianidin was among the three most used neon-
icotinoids and accounted for 14.7% of the total neonicotinoid sales (Bass
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The influence of temperature on the chronic toxicity and risk of imidacloprid to soil non-target species
was assessed in tropical soils. Earthworms Eisenia andrei and collembolans Folsomia candida were
exposed to a tropical artificial soil (TAS) and two natural tropical soils from Brazil (Entisol and Oxisol)
with increasing concentrations of imidacloprid under atmospheric temperatures of 20, 25 and 28 °C. The
effect of temperature on the reproduction of both species was assessed through the number of juveniles
and earthworm’s growth, and the risk associated was estimated through the Toxicity-Exposure Ratio
(TER). Toxicity of imidacloprid increased with temperature in all tested soils, being generally lower in TAS
soil (ECsps of 1.48, 0.66 and 0.40 mg kg~ for E. andrei and 0.3, 0.2 and 0.06 mg kg~ for . candida at 20,
25 and 28 °C, respectively) compared to Entisol (ECss of 0.19, 0.03 and 0.14 mg kg~! for E. andrei and
0.04, 0.02, 0.01 mg kg’1 for E candida at 20, 25 and 28 °C, respectively) and Oxisol (ECsos of 0.21, 0.07,
0.06 mg kg~ for E. andrei and 0.16, 0.09, 0.06 mg kg~ for F. candida at 20, 25 and 28 °C, respectively)
within each temperature for both species. These values indicate that properties of TAS may not be
representative of natural/local soils to adequately estimate the toxicity of pesticides to non-target soil
species. At higher temperatures, the variability of imidacloprid toxicity between soils was lower, which
suggests that the influence of soil properties on imidacloprid toxicity was overshadowed by temperature.
TER values revealed that risk is also greater at higher temperatures. Data reported enforce the need for
the inclusion of more realistic conditions in single-species tests in prospective risk assessment of pes-
ticides to avoid underestimation of risk to non-target species.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction this active ingredient (a.i.) can help to achieve high levels of food

production, its residues in the soil may cause deleterious effects on

Seed treatment with neonicotinoid insecticides is a common
practice in conventional agricultural systems all over the world
(Bonmatin et al., 2015). Imidacloprid is the largest selling neon-
icotinoid in the world (Simon-Delso et al., 2015; Jeschke et al.,
2011), and its wide use for seed dressing is mainly due to its good
cost-effectiveness in controlling a broad spectrum of insect plagues
(Jeschke et al., 2011; Goulson, 2013; Atwood et al., 2018). Although
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non-target soil organisms (EI-Naggar and Zidan, 2013; Smith et al,,
2016).

In order to protect the ecological services promoted by soil
fauna, such as soil structure maintenance, organic matter decom-
position and nutrient cycling (Belfroid et al., 1994; Thimm et al.,
1998), laboratory ecotoxicological tests with soil key-species have
been adopted to identify the effects and (prospectively) assess the
risk posed by pesticides to soil fauna (De Silva et al., 2009; Alves
et al., 2013, 2019; Niemeyer et al., 2017; Daam et al., 2019). In
these types of bioassays, species used as test organisms are
generally exposed to pollutants under standardized environmental
conditions (ISO, 2012, 2014), such as a temperature of 20 °C and a
substrate composed of a standard artificial soil. These conditions
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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 (LCso=4.68 and 0.55 mg kg ',
respectively) when compared with TAS (LCso=10.8 and 9.18 mg kg ', respectively) and Oxisol (LCsocoltembolans =
25.1 mg kg ). Chronic toxicity for collembolans was similar in TAS and Oxisol (ECsq tas=0.80 mg kg '; ECso oxisor =
0.83 mg kgﬁl), whereas higher toxicity was observed in Entisol (EC50=0.09 mg kgfl). In chronic assays with earthworms,
imidacloprid was also more toxic in Entisol (EC5o=0.21 mg kgfl) when compared to TAS (EC5o=1.89 mg kgfl). 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.

Keywords Springtails - Ecotoxicity - Neonicotinoids - Entisol - Oxisol - Pesticides

1 Introduction
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ARTICLE INFO ABSTRACT
Editor: Henner Hollert Nanopesticides, such as nanoencapsulated atrazine (nATZ), have been studied and developed as eco-friendly alterna-
tives to control weeds in fields, requiring lower doses. This review contains a historical and systematic literature review
Keywords: - about the toxicity of nATZ to non-target species. In addition, the study establishes protective concentrations for non-
gant"h‘?rbllmde target organisms through a species sensitivity distribution (SSD) approach. Through the systematic search, we identi-
cotoxicology

fied 3197 publications. Of these, 14 studies addressed “(nano)atrazine's toxicity to non-target organisms”. Chronolog-
ical and geographic data on the publication of articles, characterization of nATZ (type of nanocarrier, size,
polydispersity index, zeta potential), experimental design (test species, exposure time, measurements, methodology,
tested concentrations), and toxic effects are summarized and discussed. The data indicate that cell and algal models
do not show sensitivity to nATZ, while many terrestrial and aquatic invertebrates, aquatic vertebrates, microorganisms,
and plants have high sensitivity to nAZT. The SSD results indicated that D. similis is the most sensitive species to nATZ,
followed by C. elegans, E. crypticus, and P. subcapitata. However, the limitations in terms of the number of species and
endpoints available to elaborate the SSD reflect gaps in knowledge of the effects of nATZ on different ecosystems.

Non-target species
Protective concentrations
Risk assessment
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Abstract

Nanoplastics (NPs) and neonicotinoids are common pollutants in aquatic ecosystems. Although their co-occurrence is expected in
multiple environments, studies assessing their combined effects are still limited. This toxicological assessment investigated the po-
tential effects of polystyrene NPs (PSNPs), clothianidin (CLO), and their mixtures on four aquatic species: the freshwater cladoceran
Daphnia magna, the duckweed Lemna minor, the green algae Chlamydomonas reinhardtii, and the cyanobacteria Microcystis aeruginosa.
Toxicological tests were performed following International Organization for Standardization and Organisation for Economic Co-
operation and Development protocols. Acute, chronic (multigenerational) and swimming behavior tests were performed with D.
magna, and growth inhibition tests were run with L. minor, C. reinhardtii, and M. aeruginosa. Abbott's model was used to predict the
toxicological interactions of the mixtures for each one of the tested species. The D. magna immobility and swimming behavior tests
revealed that the combined toxicities of PSNPs and CLO are decreased when the compounds are present as a mixture. Antagonistic
interactions were also observed for C. reinhardtii growth, whereas for L. minor and M. aeruginosa, interactions ranged from antagonism
to additivity. Chronic multigenerational tests with D. magna revealed that neonates obtained from the exposed parental generation
showed a delay in the first brood during the recovery (nonexposure) phase, but this effect disappeared at the next generation, which
indicates that microcrustaceans will probably be able to recover on a long-term scale if contamination is stopped. Our results provide
new insights into the combined toxicity and ecological risk of NPs and neonicotinoids toward aquatic organisms.

Keywords: mixture toxicity, antagonism, multigenerational, swimming behavior

Introduction uncontrolled presence in aquatic compartments can induce toxic
effects on water-living organisms (Duchet et al., 2023; Raby
etal., 2018).

In addition to the risks posed by NEOs as single compounds, it
must be considered that pesticides are rarely found alone in
aquatic environments. In this context, microplastics (MPs) are
one of the most common water contaminants with widespread
occurrence worldwide (Yusuf et al., 2022). Most of the MPs reach-
ing the environment originate from the fragmentation of MPs

Neonicotinoids (NEOs) are synthetic insecticides used to control
sucking and biting insects in multiple crops such as cotton, rice,
soybeans, and corn (Alsafran et al., 2022). Due to their high selec-
tivity for the nicotinic acetylcholine receptors (nAChRs) of target
organisms and low toxicity to mammals, these substances have
experienced rapid growth since their discovery; today, NEOs ac-
count for approximately 25% of pesticide usage worldwide

(Zhang et al., 2023). Despite their effectiveness in controlling due to UV irradiation and mechanical abrasion, but they can also
pests, studies have shown deleterious effects of these com- be “primary” MPs intentionally manufactured for cosmetic and
pounds on nontarget organisms, such as soil invertebrates and personal care products and in the textile and electronic industry
pollinators (Pisa et al., 2021). Also, their high solubility in water (Chellasamy et al., 2023). These can enter the aquatic environ-
favors their leaching and runoff to aquatic ecosystems. For in- ment by domestic or industrial sewage discharge and can com-
stance, NEOs have been found in multiple surface water bodies prise a wide range of sizes, shapes, and types, with polystyrene
worldwide, including channels, puddles, rivers, streams, and (PS) being one of the most abundant plastic polymers found in

wetlands (Morrissey et al, 2015). In this manner, their freshwater bodies (Di & Wang, 2018).
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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 (ECs¢_3ogwuc = 0.014 mg kgfl; ECsg_go%wuc = 0.010 mg kgfl) and 27 °C
(ECs0_30%wnc = 0.006 mg kgfl; ECs0_o%wnc = 0.007 mg kgfl) were 2.9-3.0-fold (25 °C) and 4.3-6.7-fold (27 °C) higher
than those found at 20 °C (ECs_spgwnc = 0.040 mg kg™ ECsg_so%wuc = 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 ECs, 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.

Keywords Climate changes * Neonicotinoids * Springtails - Pesticide Risk Assessment - Soil Fauna

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

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1007/s10646-

023-02621-2. in impacts on their growth and reproduction (Noyes et al.
2009). Although the evolutionary responses of the species
24 Paulo Roger Lopes Alves may protect them against changes in the environment,

paulo.roger.lopes @gmail.com researchers have been suggesting that the ability of some

' Federal University of Fronteira Sul, Av. Fernando Machado 108 soil organisms to adapt their physiology or morphology

E, 89802112 Chapecé, SC, Brazil does not keep up with the speed of climate changes,
2 Department of Soil Science, Santa Catarina State University, Av. increasing the number of species living near their physio-
Luiz de Camdes, 2090, 88520-000 Lages, SC, Brazil logical limits (Noyes et al. 2009; Hoffmann, Sgr6 (2011)).
3 Department of Soil Science, University of Sdo Paulo, Avenida On the other hand, there is a growing concern about the
Pidua Dias, 11, 13416-900 Piracicaba, Brazil pollution of agricultural soils by neonicotinoid insecticides
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Abstract

This study assessed the influence of three tropical soil types and soil moisture content on the toxicity and risk of the
insecticide fipronil to collembolans Folsomia candida. Chronic toxicity tests were performed in a Tropical Artificial Soil
(TAS), an Oxisol and an Entisol spiked with increasing concentrations of fipronil to assess the effects on the reproduction
and growth of the species. The soil moisture contents were kept at 60% (standard condition) and 30 or 45% (water
restriction) of their water holding capacity (WHC). The toxicity of fipronil on collembolans reproduction was about three
times higher in Entisol compared to TAS or Oxisol. Higher toxicities were also found in the drier TAS (ECsg 30%wnc = 0.20
\B) EC50 60%WHC — 0.70 mg kgil) and Oxisol (EC50 45%WHC — 0.27 vs EC50 60%WHC — 0.54 mg kgil), while in Entisol lower
impacts were found in the drier samples (ECsg 30swnc = 0.41 vs ECs goewnc = 0.24 mg kg™ 1). For all tested soils, the size
of generated collembolans was reduced by the fipronil concentrations, regardless of soil moisture. However, the drier
condition increased the effect on the growth in TAS and Entisol for some concentrations. A significant risk of exposure was
found in TAS and Oxisol at drier conditions and, for Entisol, regardless of the soil moisture. The toxic effects and risk of
fipronil on collembolans were higher in the natural sandy soil. The soil moisture content increase or decrease the toxicity of
the insecticide for collembolans, depending on soil type.

Keywords Climate change * Collembolans - Pesticides * Seed dressing * Soil ecotoxicology

Introduction These particular soil characteristics, such as texture, pH,

cation exchange capacity (CEC), clay and OM contents help
The Brazilian territory is composed of a wide variety of soil ~ to regulate the water availability and the pesticide bioa-
types with different characteristics (EMBRAPA 2006). vailability/toxicity to collembolans (Amorim et al. 2005;
Chelinho et al. 2014; Ogungbemi and Van Gestel 2018;
Bandeira et al. 2019). Some studies comparing the toxicity
of pesticides in different types of soils indicate that the toxic
Supplementary information The online version contains effects may be enhanced in sandy soils when compared with
supplementary material available at https://doi.org/10.1007/s10646- fine-textured soils (Amorim et al. 2005; Domene et al.

021-02490-7. .
2012; Bandeira et al. 2019).
P4 Paulo Roger Lopes Alves In addition to the influence of soil types, climatic factors
paulo.roger.lopes @gmail.com also play an important influence on the behavior and
' Department of Soil Science, Santa Catarina State University, Av. dynamics of pesticides lFl soils. According to th,e Inter-
Luis de Camdes, 2090, Lages, SC 88520000, Brazil governmental Panel on Climate Change (IPCC), an increase
2 Federal University of Fronteira Sul, Av. Fernando Machado 108 in drought events is expected for tr(.)p lc?ﬂ countries in the
E, Chapecé, SC 89802112, Brazil next years, as a consequence of climatic changes (IPCC
3 Federal University of Fronteira Sul, Av. Jacob Reinaldo 201_4)' Although the ?ons?quepces ma}./ Var}./ for Brazilian
Haupenthal, 1580, Cerro Largo, RS 97900000, Brazil regions, a 20% reduction in rainfall regimes is expected by

Centro de Educacdo Superior do Oeste, Santa Catarina State the year 2040, 35% between 2041 and 2970’, and 50%
University, Beloni Trombeta Zanin, 680-E, Chapecé, SC 89815-  between 2071 and 2100, for five of the six biomes that
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1 | INTRODUCTION

According to the Intergovernmental Panel on Climate
Change, changes in precipitation patterns and, conse-
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Abstract

Shifts in precipitation regimes due to the predicted climate changes can alter the
water content in tropical soils and, consequently, may influence the toxicity of
pesticides to soil fauna. This study assessed the influence of soil moisture con-
tent on the toxicity of the insecticide imidacloprid to the collembolans Folsomia
candida in two tropical soils and evaluated the risk of this active ingredient for
this species in the soils tested through the toxicity exposure ratio approach. Acute
and chronic toxicity tests with F. candida were performed using an Entisol and an
Oxisol. The soils were spiked with increasing imidacloprid concentrations while
simulating normal water availability (60% of the water holding capacity [WHC])
and water restriction (30 or 45% WHC) for the tests. In the Oxisol, the reduction
of soil moisture content significantly increased the toxic effects of imidacloprid
on F. candida’s survival (LCs, at 45% WHC = 23.8 vs. LCs, at 60% WHC >64 mg
kg™) and reproduction (effective concentration causing reductions in species
reproduction of 50% [ECs;] at 45% WHC = 0.32 vs. EC5, at 60% WHC = 2.83 mg
kg_l), but in the Entisol no clear influence of the soil moisture on the toxicity of
imidacloprid for collembolans was found. A significant risk for F. candida was
observed in the Oxisol only when in water restriction, whereas in the Entisol
it occurred regardless of soil moisture, suggesting that the imidacloprid hazard
and risk for F. candida may be increased if soil moisture decreases due to climate
changes, depending on the soil type.

quently, in soil moisture contents are expected for the next
years (Gouin et al., 2013; IPCC, 2013). In Brazil, an increase
in arid regions is predicted due to the decrease in pre-
cipitation regimes until the end of the century (Marcos
Junior, Da Silva Silveira, Vasconcelos Junior, Guimaraes, &

Abbreviations: CEC, cation exchange capacity; EC, effective
concentration; LC, lethal concentration; PECty,, time-weighted
average predicted environmental concentration; TER, toxicity-exposure

ratio; WHC, water holding capacity.

Ferreira Da Costa, 2018). According to Magrin et al. (2014)
and the PBMC (2014), for 90% of Brazilian biomes, reduc-
tions in precipitation regimes by 5-20% are expected by
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Abstract

The aim of this study was to assess the effect of temperature on the toxicity of fipronil toward earthworms (Eisenia andrei)
in two Brazilian soils (Entisol and Oxisol) with contrasting textures. In the case of Entisol, the influence of soil moisture
content on toxicity was also investigated. Earthworms were exposed for 56 days to soils spiked with increasing concentrations
of fipronil (8.95, 19.48, 38.22, 155.61, and 237.81 mg kg_1 for Entisol; 12.99, 27.94, 48.42,204.67, and 374.29 mg kg_1 for
Oxisol) under scenarios with different combinations of temperature (20, 25 and 27 °C) and soil moisture content (60 and 30%
of water holding capacity (WHC) for Entisol and 60% WHC for Oxisol). The number of juveniles produced was taken as
the endpoint, and a risk assessment was performed based on the hazard quotient (HQ). In Entisol, at 60% WHC the fipronil
toxicity decreased at 27 °C compared with the other temperatures tested (EC5,=52.58, 48.48, and 110 mg kg~! for 20, 25,
and 27 °C, respectively). In the case of Oxisol at 60% WHC, the fipronil toxicity increased at 27 °C compared with other
temperatures (EC5,=277.57, 312.87, and 39.89 mg kg~! at 20, 25, and 27 °C, respectively). An increase in fipronil toxicity
was also observed with a decrease in soil moisture content in Entisol at 27 °C (EC5,=27.95 and 110 mg kg™' for 30% and
60% WHC, respectively). The risk of fipronil was only significant at 27 °C in Entisol and Oxisol with water contents of 30%
and 60% WHC, respectively, revealing that higher temperatures are able to increase the risk of fipronil toxicity toward earth-
worms depending on soil type and soil moisture content. The results reported herein show that soil properties associated with
climatic shifts could enhance the ecotoxicological effects and risk of fipronil for earthworms, depending on the type of soil.

Keywords Global warming - Eisenia andrei - Phenylpyrazole - Natural soils - Soil ecotoxicology - Hazard quotient

Introduction

According to the Intergovernmental Panel on Climate
Change (IPCC), increases in global temperatures and the
occurrence of extreme weather events are expected in the
coming years. In a global scenario, an increase of around

Responsible Editor: Chris Lowe
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paulo.roger.lopes @gmail.com 2021 and 2040. In Brazil, although the predicted conse-
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The presence of exotic species of plants in a region is associated with anthropogenic activities due to their
economic and commercial benefits. When these exotic species hinder the development of native species, they are
considered invasive. In Brazil, two species stand out: Pinus spp. and Eucalyptus spp. Their presence within eco-
systems may result in environmental imbalances caused by allelopathy. The allelochemicals released by these
invasive species can enter the environment through rainfall, decomposition of plant material, root exudation, and
volatilization. The high solubility of phenolic compounds produced by these plants allows them to reach water
bodies and potentially affect aquatic organisms. In light of this, a toxicological evaluation was conducted by
exposing Daphnia magna, Aliivibrio fischeri, Landoltia punctata, and Lactuca sativa seeds to soil elutriates from
areas with exotic and native vegetation. The samples were collected in close proximity, with the primary dif-
ference being the type of vegetation cover. Upon characterization, the soil covered by native species was found to
contain higher levels of organic matter and moisture, whereas the soil with exotic species appeared drier.
Overall, the toxicological evaluation revealed that elutriates from native vegetation induced greater toxic effects
on the aquatic organisms D. magna and A. fischeri. Conversely, elutriates from exotic vegetation showed lower
concentrations of total phenolic compounds but still exhibited toxic effects on the development of L. sativa seeds
and caused notable structural damage to the aquatic macrophyte L. punctata.. This study highlights the impor-
tance of investigating reforested areas dominated by exotic species to better understand the potential environ-
mental impacts caused by invasive plants.

1. Introduction

Exotic species are organisms introduced outside their natural range,
and their spread is associated with anthropogenic activities, as their
displacement from native habitats to new ecosystems does not occur
naturally. When their presence in an ecosystem disrupts the develop-
ment of native species, they are considered invasive. In Brazil, notable
invasive plant species include those from the genera Pinus spp. and
Eucalyptus spp. These species were introduced primarily for timber
production to meet the demands of rail transport and steam engines, as
well as to supply markets for paper, pulp, plywood, veneers, and sheets
(Shimizu, 2008; Rodrigues et al., 2021). These species were selected due
to their rapid growth, high seed production, ease of dispersion, elevated

germination rates, and early maturation compared to native species
(Moretto, 2021).

One of the key concerns regarding invasive species is their potential
for allelopathy—a phenomenon in which one organism exerts harmful
or beneficial effects on another through the release of chemical sub-
stances into the environment (Zhang et al., 2021). In this process, sec-
ondary metabolites—known as allelochemicals—are produced by plants
to protect against biotic and abiotic stressors (Rizvi and Rizvi, 1992).
These biomolecules mediate interactions with other plants, pests,
pathogens, insects, herbivores, and a variety of other organisms
(Mithofer and Boland, 2012). Klironomos (2002) evaluated five invasive
exotic plants and five rare native plants and discovered that the invasive
exotic plants typically exhibited positive feedback (increased growth)
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