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Abstract

Purpose: This study aimed to elucidate how soil type governs the dissipation and biological effects of three widely used
neonicotinoid insecticides (imidacloprid, thiamethoxam, and clothianidin) on key microbial functions linked to soil health.
We evaluated whether contrasting soils differ in their sensitivity and resilience to pesticide exposure.

Methods: Microcosm experiments were conducted using two representative Araucanian agricultural soils of Chile: an organic
matter—rich Andisol (Freire series) and a clay-rich Inceptisol (Chufquen series). Soils were treated with recommended (1x)
and elevated (10x) doses and incubated for 30 days. Enzymatic activities, bacterial abundance (16S rRNA), nitrogen fixation
potential (nifH), nitrification potential, inorganic nitrogen dynamics, and pesticide dissipation were monitored.

Results: Neonicotinoid effects were strongly soil-dependent. The Andisol showed higher functional sensitivity, with marked
inhibition of urease, dehydrogenase, and nitrification shortly after application. In contrast, the Inceptisol exhibited greater
microbial stability and resilience, likely related to higher clay-mediated adsorption. Across both soils, effects were mostly
transient, with recovery of microbial functions despite persistent residues. Dissipation patterns also varied between soils and
compounds.

Conclusions: This study provides novel evidence that neonicotinoid effects on enzymatic and molecular indicators have not
been previously evaluated in an integrated manner in Araucanian soils of Chile. Soil type is a key determinant of pesticide
fate and impact. Although short-term disturbances occur, microbial communities show resilience; however, the persistence of

certain compounds highlights the need to consider potential accumulation and effects on non-target organisms.

Keywords: insecticides, soil enzymes, nitrogen cycling, soil health indicators, agricultural soils
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1 Introduction

Accounting for approximately 24 % of the global insecticide market, neonicotinoids (NNIs) are extensively used in over 120
countries (Hladik et al. 2018; Sparks et al. 2020). NNIs are neuro-active systemic insecticides that are highly effective against
a broad range of pests. Their use, however, has generated controversy due to high adverse effects on non-target organisms,
including bees and other pollinators (Paoli & Giurfa, 2024). Although many newer compounds exist to reduce the NNI’s
environmental toxicity and ecological impact, imidacloprid (IMI), clothianidin (CLO), and thiamethoxam (THM) are still
commonly used in agriculture (Elumalai et al. 2022). NNIs are used as seed coatings, foliar sprays, or in direct application to
soil for a variety of crops, including maize, soybeans, oilseed rape, sunflower, cereals, beets, potatoes, and pastures, among
others. Typically, 2 - 20% of the applied doses are taken up by the roots and translocated to all plant parts (Radolinski et al.
2019), enabling protection against insect pests during plant growth (Sanchez-Bayo et al. 2013; Mortl et al. 2020).
Simultaneously, substantial fractions of the applied NNIs do not get absorbed by the plants and are prone to be released to
soil and may affect soil microbial processes (Bonmatin et al. 2015; Karpouzas et al. 2016).

NNIs typically exhibit aqueous solubilities of 180-570,000 mg L' (PPDB, 2024), exhibit low adsorption onto soil
particles compared with other pesticide groups (Zhang et al. 2018; Pietrzak et al. 2020; Bricefio et al. 2025), and have a half-
life (DTso) in soil between 3 to 174 days (Mortl et al. 2020; PPDB, 2024). Their environmental fate is influenced by many
factors including their physico-chemical properties, soil properties, or the composition and activity of the soil microbial
community (Gangola et al. 2023). If present in soils, NNIs may also impact soil microbiomes and their ecosystem functions
such as nutrient cycling or the biotransformation of pesticides (Cycon et al. 2013; Zhang et al. 2018). For instance, Bricefio
et al. (2024) reported that NNIs may affect both the diversity and activity of soil microbial communities or specific groups
thereof that play a crucial role in soil structure, function and fertility (Meena et al. 2020).

The activity of soil microbial enzymes is a key indicator of soil quality and health (Wotejko et al. 2020). The effects
of IMI and other NNIs on soil activity have been studied for a variety of enzymes, including dehydrogenase, urease, -
glycosidase, fluorescein diacetate hydrolase, acid phosphatase, phosphomonoesterase, protease, catalase, phosphatase,
amylase, and arginine deaminase activities according to the review carried out by Akter et al. (2023). Knowledge of NNI
effects on nitrogen cycling (N-cycling) is of predominant importance for plant growth and health (Singh et al. 2015). Soil N-
cycling includes microbial N fixation by diazotrophic prokaryotes carrying nitrogenase activity and nifH gene. Nitrification
is the process by which bacteria carrying amoA gene convert NH4"-N via NO>™-N to NO5™-N. Finally, denitrification is the

conversion of NO3-N to N gases that are released from the soil to the atmosphere. Given that microbial diversity and activity
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(Gangola et al. 2023) as well as the fate and bioavailability of NNI may be site and soil-specific, it is necessary to understand
the response in soil across different soil types (Wolejko et al. 2020).

While the European Union has banned outdoor agricultural uses of IMI, THM, and CLO since 2018, these
compounds are still widely used in many South American countries and remain approved with restrictions in the United States.
IMI has emerged as a global contaminant (Pang et al. 2024) due to its persistence (DTso) of 40-124 days and its mobility in
soil, with a Ko of 249-336 mL g'! and a solubility of 610 mg L!. As for IMI, CLO is considered to be persistent, with an
approximate DTsoof 214 days. With aqueous solubility of 327 mg L' and a K,c of 160 mL g'! it is mobile and has the potential
to leach into groundwater and runoff into surface waters. Unlike IMI, both CLO and THM incorporate a sulfur atom into its
molecular structure. THM has very high-water solubility (4,100 mg L") and a low to moderate K, of 23-265 mL g*! and has
a lower environmental half-life (DTso = 16-75 days (Hilton et al. 2019)).

In the context of our research into site-specific analysis of NNI-induced environmental risks and optimised
agricultural pesticide management, we conducted a thorough assessment of the dissipation and effects of three widely used
NNI insecticides (IMI, THM, CLO) on enzymatic activities, microbial abundance and N-related functions in two distinct
agricultural soils (i.e. an Andisol and an Inceptisol) commonly encountered in southern Chile, varying in terms of organic

matter content and texture.

2 Materials and Methods

2.1 Soils and pesticides

Two soils were collected from two different agricultural sites in the Araucania region of Chile. The first soil was an Andisol
of the Freire series (medial, mesic, typical placuands; 38°50'S, 72°35'W), and the second was an Inceptisol of the Chufquen
series (mixed, mesic, fluventic humic dystrudepts; 38°22'S, 72°37'W) (CIREN, 2002). The Andisol was obtained from the
Maquehue Experimental Field, owned by the Universidad de La Frontera, while the Inceptisol was collected from a privately
owned field. In both cases, the selected plots were not under active crop management and had no recent history of pesticide
application. At each site, at least five subsamples were collected from the topsoil (0—20 cm depth) across the sampling area
and subsequently homogenized to obtain a representative composite sample for each soil type. After sampling, the soils were
air-dried at room temperature (20 + 2 °C) for 5 days, sieved through a 2 mm mesh, and stored at 4°C until use. The soil

physico-chemical properties are shown in Table 1.
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The insecticides IMI (CoH1oCIN50O,), THM (CsH;oCIN5O3S) and CLO (CsHsCINsO,S) were obtained from Sigma-

Aldrich GmbH, Switzerland and were of analytical or high-performance liquid chromatography (HPLC) grade.

2.2 Microcosm set up and sampling

Stored soils were incubated at 20 °C and at 40-50 % of its water-holding capacity for two weeks in the dark prior to use. For
each of the sampling time points six replicates microcosms were prepared for each of the three NNIs applied: three were
sacrificed for pesticide quantification and three for genetic and soil biochemical analyses. The setup consisted of 50 mL glass
Falcon tubes to which 20 g of soil was placed. Each NNI was applied separately to independent soil microcosms, and no
mixtures of compounds were used. The average dose recommended by AFIPA Chile for various crops for pest control or an
elevated dose ten times (10x) higher than the recommended dose was used. For the calculation of the nominal application
rates of each pesticide in the studied soils, a distribution in the first 5 cm of depth and a bulk density of 0.75 g cm™ was
considered. In this case, the doses of the active ingredient (a.i.) were 0.20 mg kg™' (IMI), 0.16 mg kg™! (THM), and 0.038 mg
kg! (CLO). An aliquot of a standard solution of each pesticide resuspended in acetonitrile was added, and soil samples were
homogenised with a sterilised spatula and manual stirring, the control sample was also spiked with acetonitrile. Then, the
moisture content was adjusted to 40-50 % of the water-holding capacity. Incubation was performed in the dark at 22 £ 1 °C,

and microcosms were destructively sampled on days 1, 15, and 30.

2.3. Enzymatic activities

Urease activity was quantified according to the method described by Kandeler and Gerber (1988). Briefly, 1 g of soil was
incubated with 1.5 mL of 0.08 mol L™! urea solution at 37 °C for 2 h, then 13.5 mL of 2 mol L™! KCI solution was added and
shaken for 30 min. The resulting suspension was filtered, and the filtrate was analysed for ammonia by the previously
described colorimetric method. Determination of the acid phosphatase activity followed the method described by Tabatabai
and Bremmer (1969). Briefly, 1 g of soil was incubated with modified universal buffer (MUB) adjusted to pH 6.5, and 1-mL
p-nitrophenyl phosphate (pNPP) at 30°C for 1 h, then 1 mL of CaCl, (0.5 M) and 4 mL of NaOH (0.5M) were added to stop
the reaction. After centrifugation, sample was read in microplate reader at 400 nm and expressed as pg p-nitrophenol g™! soil.
The B-glucosidase activity was determined as described by Tabatabai (1982). Briefly, 1 g of soil was incubated with buffer
MUB-HCI, pH 6.0, and 1-mL p-nitrophenyl-f-D-glucopyranoside (25 mM) at 37°C for 1 h, then was added 1 mL of CaCl,
(0.5 M) and 4 mL of a mixture of Tris (hydroxymethyl) aminomethane (THAM)/NaOH, pH 12, were added to stop the

reaction. After centrifugation, the sample was read in a microplate reader at 400 nm and expressed as pmoles p-nitrophenol
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¢! soil h''. Dehydrogenase activity was quantified by the reduction of 2,3,5-triphenyltetrazoliumchloride (TTC) to triphenyl
formazan (TPF), according to Serra-Witting et al. (1995). Briefly, 3 g of soil samples were mixed with TTC solution (3 %)
and deionised water (DI) (1:1) and incubated at 37 °C for 24 h in the dark. After incubation, the TPF produced was extracted

with methanol, filtered, and determined by a microplate reader at 485 nm.

2.4. DNA extraction and real-time PCR

On days 1 and 30, DNA from the soil was extracted using the commercial NucleoSpin® Soil kit (Macherey-Nagel) following
the manufacturer’s instructions. For DNA quantification, 2 uL of each sample were quantified using the QuantiFluor ONE
dsDNA reagent in a Quantus Fluorometer (Promega Inc., USA). Total bacterial abundance was quantified by gPCR targeting
the 16S rRNA gene, while N-cycle-related nifH genes were also quantified. All measurements were carried out in
QuantStudio3 (ThermoFisher Inc, USA) using the standard curve protocol with EvaGreen as dye with four replicates per
treatment. The reactions were set up to a 10 pL final volume using HotFire Firepol Hotstart Supermix 2x (Solis Biodyne,
Estonia) as mastermix. For each gene, 500 pM of each primer was added to the reactions, and 1 pL of each DNA sample was
used as template. An initial incubation of 12 min at 95 °C was used to activate the polymerase, followed by 40 cycles of 95
°C for 20 s, 55 °C for 20 s, and 72 °C for 30 s. A melt curve (60 — 95 °C) was performed after the amplification cycles to
assess the reaction specificity. All standard curves used in this experiment were synthesised as dsDNA gBlocks by IDT DNA

(IDT, USA). The standard curves data was linearised, and sample Ct values were interpolated to estimate copy numbers.

2.5. Nitrification potential

The potential for nitrification in soil was determined as described by Berg & Rosswall (1985): 5 g of fresh soil was placed in
50 mL centrifuge tubes, to which 20 mL of a solution containing 1 mM (NH4).SOs4 and 1.5 M NaClOs was added. Tubes were
incubated on a mechanical shaker at 400 rpm at approximately 20 °C for 5 h, and the control was stored at -20 °C for the same
period. At the end of the incubation period, the control samples were thawed and, together with the treated samples, 1 mL of
2 M KCl was added. After shaking, the suspensions were centrifuged at 3,820 g for 10 min and the supernatant was collected.
The nitrite concentration in the supernatant was determined colourimetrically using a buffer solution of NH4Cl and the colour
reagent N-(1-naphthyl)ethylenediamine. After 5 min, the absorbance was measured at 520 nm in a microplate reader. The NO,
concentration in the soil samples was calculated from calibration curves of sodium nitrite (NaNQO) solution at concentrations

ranging from 0 - 1 ug NO>-N mL™",
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2.6. Determination of ammonium (N-NH4") and nitrate (N-NO3")

Extractable N-NH4* and N-NOs~ from microcosms at all sampling dates was quantified as described earlier. For extraction,
2.5 g of soil was shaken with 12.5 mL of 1 mol L™ KCl for 30 min, centrifuged at 950 g for 15 min, and filtered. Concentration
of N-NH4" was determined colourimetrically as described by Kandeler and Gerber (1988). For this, 1 mL of filtrate was
diluted to 10 mL with DI water, then 2 mL of 0.1 % sodium dichloroisocyanurate and 5 mL of sodium salicylate solution
(prepared from 0.12 % sodium nitroprusside, 17 % sodium salicylate, and DI water) were added. After 30 min incubation at
room temperature, absorbance was measured at 620 nm. Nitrate was quantified by a vanadium (III) and Griess reagent method
(Doane and Horwath 2003; Keeney and Nelson 1982) with spectrophotometric reading at 540 nm. A reagent solution
containing 200 mg sulfanilamide and 10 mg N-(1-naphthyl)ethylenediamine dihydrochloride in 400 mL DI water was mixed
with 400 mg vanadium (IIT) chloride in 50 mL of 1 mol L™! HCI. Then, 0.4 mL of filtrate was combined with 2 mL of reagent,

incubated at 60 °C for 2 h, and left at room temperature for 20 min before measurement.

2.7. Determination of pesticide concentration in soil

The extraction of IMI, THM, and CLO from soil microcosm samples was performed using acetonitrile. Briefly, 20 g of soil
and 40 mL of solvent were placed in a 100 mL Erlenmeyer flask, shaken at 300 rpm for 30 min, sonicated for 20 min, and
then centrifuged at 8,600 g for 10 min at 4 °C. The method showed high extraction efficiency, with recovery rates exceeding
85% for all pesticides. Subsequently, 10 mL of the supernatant were concentrated to dryness using an SPD121P SpeedVac®
concentrator (Thermo Scientific Savant®), reconstituted in 2 mL of acetonitrile, filtered through a 0.22 um PTFE membrane
filter, and analysed using a Shimadzu Prominence HPLC chromatograph LC-20AT with a diode-array detector (SPD-M20A)
and a Purospher® STAR RP-18 column (150 x 4.6 mm). The mobile phase was acetonitrile and 0.1 % phosphoric acid (40:60
v v~! for IMI and THM and 50:50 v v™! for CLO) injected at a flow rate of 1 mL min~'. The column temperature was maintained
at 40 + 1 °C, and the detector was set to acquire data at 270 nm, 252 nm, and 267 nm for IMI, THM, and CLO, respectively.
Instrument calibration and quantification were performed using pure reference standards (0.05-50 mg L") for each pesticide.
The limits of detection (LOD) and quantification (LOQ) were determined according to the IUPAC Harmonized Guidelines
for single laboratory validation of analytical methods (Thompson et al. 2022). The LOD was calculated using the formula
LOD = (Sy/S), where Sy is the standard deviation of the response and S is the slope of the calibration curve. The resulting

LODs for IMI, THM, and CLO were 0.012, 0.097, and 0.025 mg L™, respectively. LOQs were calculated using the formula
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LOQ = 10(Sy/S), yielding values of 0.036, 0.294, and 0.075 mg L™* for IMI, THM, and CLO, respectively (Bricefio et al.

2025).

2.8. Statistical Analysis

All experiments were performed in triplicate. The results were expressed as mean values + standard deviation. The data were
subjected to statistical analyses of variance (ANOVA), and all mean separations were determined using the Tukey test (p <
0.05). Homogeneity of variances was verified using Levene’s test. The analyses were conducted using SPSS Statistics for

Windows, Version 26.0 (IBM Corp., Armonk, NY, USA).

3 Results

3.1 Effects on soil enzymatic activities

Key enzymes involved in the cycling of carbon, N, and phosphorus (i.e. urease, S-glucosidase, acid phosphatase and
dehydrogenase) exhibited significant, albeit mostly transient, changes in soil enzymatic activity in response to IMI, THM and
CLO, with the highest sensitivity being shown by urease and dehydrogenase. IMI and CLO had a greater effect than THM,
particularly at higher doses (Figure 1). Overall, the organic matter—rich Andisol exhibited greater functional sensitivity,
whereas the clay-rich Inceptisol showed higher enzymatic stability, as described in more detail below.

Urease: Urease activity (Fig. 1A, B) was lower in the Andisol (< 8 umol NHa4" g™! h™!) than in the Inceptisol soil (< 17 pmol
NH." g7t h!). IMI significantly influenced the urease activity on days 15 and 30 in both soils, yet not on day 1. Except for the
CLO (10x) on day 1, which revealed a significant reduction in activity, a similar trend was observed for CLO in the Andisol.
In the Inceptisol, however, no significant differences were observed compared with the uncontaminated control after 30 days.
THM generally showed minor effects in both soils; however, it induced a significant drop in activity (~ 50 %) on day 30 in
the Inceptisol.

Acid phosphatase: Acid phosphatase activity (Fig. 1A,B) was consistently lower in the Andisol than in the Inceptisol but
increased over time in both soils. In the Andisol, enzyme activity ranged from 138—183 ug pNP g' h™! on day 1 and reached
up to 310 pg pNP g™ h™! by day 30, with the highest values observed under THM. In the Inceptisol, activity ranged from 326—
391 pg pNP g h™! on day 1, with no significant differences among treatments. A reduction was observed on day 15 under
IMI (10x) and CLO treatments, whereas THM (10x) increased activity by approximately 20% relative to the control at day

30.
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f-glucosidase: B-glucosidase activity (Fig. 1A,B) showed minor changes in the Andisol on days 1 and 30. However, on day
15, activity decreased across all treatments by 32—67% relative to day 1, with the smallest reductions observed in the control
and THM-treated soils. Activity recovered by day 30, reaching 58—69 pumol pNP g h™!. In the Inceptisol, B-glucosidase
activity remained largely unaffected on days 1 and 15, with a slight increase observed under THM treatments at day 30.

Dehydrogenase: Dehydrogenase activity (Fig. 1A,B) clearly fluctuated between days 1, 15, and 30 in the Andisol. On day 1,
activity was low (< 0.5 pg g™' h™') and revealed significant impacts of IMI, IMI (10%), and CLO. By day 15, a ~230-1060 %
increase in dehydrogenase activity to > 1.0 pg g™* h™ was evident for all treatments except the control and THM (10x), which
increased only ~ 0.7 pg g ! h™'. The enzyme activity of the contaminated soils dropped sharply again to ~0.15-0.70 ug g ' h'!
on day 30. However, the control and THM (10x) remained at levels observed on day 15. Contaminating the Inceptisol resulted
in significantly reduced dehydrogenase activity except for CLO (10x). On day 15, the enzyme activity of soils treated with
THM and IMI was clearly enhanced compared to the control and the other treated soils. At day 30, soil activity remained

relatively stable, with the control, CLO and THM treatments maintaining values above 1.0 ug g* h™".

3.2 Effects on 16S rRNA and nifH gene copy numbers

The effect of IMI, THM and CLO on bacterial abundance and nitrogenase activity was quantified by 16S rRNA and nifH gene
copy numbers on days 1 and 30 (Figure 2A,B). In the Andisol (Fig. 2A), a significant 1.3-2.3-fold increase (~35-130%) in
16S rRNA copy numbers was observed on day 1 in the presence of pesticides, reaching values close to 5 x 10° copies g'. By
day 30, 16S rRNA abundance decreased across all treatments to around 2 x 10°¢ copies g!, with no significant differences
among treatments. In the Inceptisol (Fig. 2B), a slight increase was observed under THM (10%) on day 1. By day 30, a slight
decreasing trend was observed; however, no significant differences relative to the control were detected. In the Andisol (Fig.
2A), nifH gene abundance on day | ranged between 2—5 x 10°¢ copies g', with the highest values observed under CLO
treatments. By day 30, copy numbers decreased across all treatments to approximately 2—3 x 10° copies g!, with no significant
differences among treatments. In the Inceptisol (Fig. 2B), nifH gene abundance increased in all contaminated treatments on
day 1 by >50% relative to the control, with IMI (10x), THM, and CLO showing the highest values, reaching up to ~6 x 10°
copies g '. By day 30, nifH abundance in IMI (10x)-treated soil reached approximately 8 x 10° copies g and was significantly

higher than in all other treatments.

3.3 Effects on the soil nitrification potential
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Figure 3 shows the nitrification potential (ug NO>—N g™! 5h™!) in the Andisol and Inceptisol exposed to IMI, THM and CLO.
At day 1 in the Andisol (Figure 3A), a significant inhibition of the nitrification potential was observed in IMI (10x), THM
(10x) and CLO (10x) treated soils (< 0.2 pg NO2—N g™' 5h™") as compared to the control or IMI, THM and CLO treatments.
At days 15 and 30, the inhibitory effect disappeared, and nitrification rates in all treatments converged to values around 0.5
pg NO2—N g 5h! with no significant differences among the treatments detected. The nitrification potential of the Inceptisol
(Figure 3B) on day 1 was approximately 3-fold higher than in the Andisol, except for IMI (10x), THM (1x) and THM (10x),
which caused a 40-95% inhibition of soil nitrification. The inhibition however was reversible, as nitrification activity of all

Inceptisol treatments stabilised at around 1.5 pg NO2>™—N g! 5h!, with no significant differences among treatments.

3.4 Effects on soil ammonium and nitrate concentrations

Ammonium: The ammonium (N-NH4") concentrations varied between treatments and soils over time (Tables 2) with the
uncontaminated Inceptisol soil having a ~4-fold higher N-NH4* concentration (421.2 mg kg!) than the Andisol at day 1. In
the Andisol, initial N-NH4* concentrations were 92.0 — 100.0 mg kg, with no significant differences among treatments. By
day 30, a marked decrease in the N-NH4*content was observed in all treatments, particularly in the case of IMI (10x), with a
value of 27.0 mg kg~!. In the Inceptisol, N-NH4* concentrations ranging from 272.7 to 421.2 mg kg™ at day 1 and were 3-4-
fold higher than at day 30 yet didn’t exhibit any significant differences among the soil treatments. In most cases, the effect of
pesticides did not exceed a deviation of >25% compared to soil control. The greatest deviation representing inhibition was
observed in Andisol soil with IMI and IMI 10X, and in Inceptisol soil on day 1 of application.

Nitrate: IMI, THM and CLO treatments of the Andisol soil resulted in lower N-NOs™ concentrations at day 1 (Table 3), with
reductions relative to the control being significant for IMI (10x) (80.2 mg kg™'), THM (87.4 mg kg™"), THM (10x) (68.9 mg
kg™), and CLO (68.3 mg kg™). By day 30, N-NOs~ concentration increased in all treatments indicating recovery of
nitrification activity independent of the treatment history. In the Inceptisol soil, N-NO3™ contents ranged from 171.6 to 255.3
mg kg at day 1 and increased slightly by day 30. At this time point, THM showed a response comparable to the other
pesticides, despite the slight positive deviation from the control. The strongest inhibition of nitrification was observed in the
Andisol on day 1 after application of IMI (10x), THM, and THM (10x). This inhibitory effect persisted for THM (10x) after

30 days.

3.5 Neonicotinoid dissipation

10
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On day 1, >98% of the initially applied IMI, THM and CLO could be recovered in both soils; however, compound-dependent
dissipation patterns were observed at days 15 and 30 (Figure 4). In the Andisol, continuous dissipation of THM (52-72%)
over 30 days was observed, whereas removal of IMI (25-30%) and CLO (8-16%) slowed after 15 days and remained largely
unchanged until day 30. In the Inceptisol, CLO showed the greatest and continuous dissipation, reaching 55-75% removal
after 30 days, while IMI (20-50%) and THM (18—40%) showed limited dissipation that occurred mainly within the first 15

days.

4 Discussion

In our study, we quantified the dissipation and impact of three commonly used NNI insecticides on enzymatic activities
involved in carbon, nitrogen, and phosphorus cycling (urease, f-glucosidase, acid phosphatase, and dehydrogenase) chosen
as indicators of soil health, as enzymes quickly respond to environmental or human-induced soil changes (Wolejko et al.
2020). Furthermore, microbial abundance, and N-related functions in two representative agricultural soils from southern

Chile; i.e. an Andisol (Freire series) and an Inceptisol (Chufquen series) were evaluated.

4.1 Soil enzyme activity and bacterial biomass
The enzymatic activities evaluated in this study revealed that NNI application significantly modified the functional responses
of soil microbial communities, with variations depending on soil type, pesticide type and concentration, and exposure time.
The soil type also played a decisive role in modulating microbial responses. The Andisol was generally more sensitive to
pesticide application than the Inceptisol with high organic matter and high clay content. Andisol also showed reduced enzyme
activity even in the absence of pesticides than the Inceptisol. The composition of microbial communities normally varies
across different soil types (Yuan et al. 2024), with typically increased microbial biomass and diversity in soils with higher
clay content (Gregory et al. 2007). Moreover, the relative abundances of certain fungi and filamentous bacteria are often
higher in clay-rich soils (Xia et al. 2020), which could be influencing the increased activity observed in the Inceptisol soil.
Fine soil particles are important for soil recovery and resilience, suggesting that clayey soils have a strong capacity to self-
organise after disturbance (Bonetti et al. 2017).

The Inceptisol maintained microbial activity and overall functionality under chemical stress, likely due to its higher
clay-driven adsorption capacity for NNIs, which seems to play a more decisive role than the organic matter content of the

Andisol (Bricefio et al. 2025). Moreover, the high nutrient abundance in the Inceptisol soil, particularly phosphorus,
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potassium, and total bases (Table 1), may have contributed to Andisol being more easily disturbed by NNI application, as
reported by Zhang et al. (2018). In addition to adsorption processes, the nature of the organic matter associated with Al and
Fe compounds in Andisols may also contribute to the greater functional sensitivity observed in this soil. Volcanic soils are
characterized by the stabilization of organic matter through interactions with short-range-order minerals and Al/Fe complexes.
In Andisols, humic substances are strongly associated with these mineral fractions, resulting in organic matter pools with long
turnover times and reduced availability for microbial mineralization (Sollins et al. 1996; Takahashi & Dahlgren, 2016).
Furthermore, these interactions may promote enzyme immobilization and decrease extracellular enzymatic activity (Diez et
al. 2006). NNIs' toxicity alters enzyme activities, leading to a time-dependent inhibitory effect in some cases. In general, IMI
and CLO would be the most toxic pesticides, affecting specific soil functions, such as N and carbon mineralisation processes
by suppressing microbial urease producers, or affecting microbial vitality for carbon cycling (Nannipieri et al. 2012), as
indicated by our results for urease and B-glucosidase activity, respectively. Inhibitory patterns of urease activity under IMI
exposure have been reported, attributed to a decrease in microbial biomass or shifts in community structure (Cycon et al.
2013; Zhang et al. 2021). However, the adverse effect of IMI on urease activity was observed immediately after application.
In contrast, a stimulatory response was detected at the higher IMI (10 mg kg-1) dose at subsequent sampling times (Cycon et
al. 2015). There are no reported studies on CLO for comparative purposes.

Pesticide application can decrease, increase or have no effect on soil activity (Palma et al. 2023). In our study, the
central tendency showed a slight increase in acid phosphatase and B-glucosidase activity in Andisol, possibly associated with
a transient stimulation of microbial metabolism. However, an inhibitory effect of NNIs on day 15 of urease activity in the
Andisol and Inceptisol, acid phosphatase in Inceptisol, and B-glucosidase in Andisol soil indicates an eventual toxic impact,
possibly due to accumulation of the pesticides or the eventual apparition of intermediate degradation products of IMI, some
of them widely reported, e.g., 6-chloronicotinic acid (Castillo-Diaz et al. 2017; Zhang et al. 2023). No similar or related
studies were found for CLO; however, their toxicity has been reported on non-target soil invertebrates (Bandeira et al. 2021).

Dehydrogenase, which reflects the overall oxidative activity of soil microorganisms, showed the most significant
differences among soils. Its initial inhibition in both soils confirms that NNI exposure rapidly suppresses microbial respiration,
as observed in other studies with IMI and acetamiprid, suggesting that dehydrogenase activity is sensitive to NNIs (Wang et
al. 2014). The subsequent increase by day 15 suggests that surviving microbial populations adjusted their metabolism or that
specific resistant groups proliferated. However, the substantial decline in Andisol by day 30 indicates that prolonged exposure

to lethal compounds limited microbial adaptation (Jyot et al. 2015), potentially due to sustained pesticide accumulation or
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energy metabolism impairment. In the Inceptisol, the more stable dehydrogenase levels after 30 days reveal greater resilience
and metabolic recovery. Pesticides, as the NNIs studied here, can temporarily inhibit soil activity, and this inhibition can be
recovered or even enhance the enzyme’s activity once the insecticide has been degraded (Wang et al. 2014). The THM was
the pesticide that showed a milder effect, especially at early stages, similar to that reported by Jyot et al. (2015), which may
be related to its lower persistence, limiting microbial contact. However, this apparent lower impact should be interpreted
carefully, since THM can be transformed into CLO, a more persistent NNI metabolite with greater environmental persistence
and mobility (Hilton et al. 2019). Interestingly, in the Inceptisol at day 1, lower pesticide doses appeared to exert a greater
inhibitory effect on dehydrogenase activity than the corresponding higher doses. This non-linear response may be associated
with differences in pesticide bioavailability. At higher concentrations, stronger adsorption onto clay minerals may reduce the
immediate availability of NNIs to microorganisms, partially attenuating their inhibitory effects (Zhang et al. 2018; Wotejko
et al. 2020). In addition, rapid microbial adaptation or shifts in microbial community composition may also contribute to this
response pattern (Wang et al. 2014).

Modification in potential enzyme activities and functional gene abundances offer insights into alterations in the
microbial communities to perform ecosystem function (Stache et al. 2025). In our study, the effect of the NNIs on 16S gene
abundance was negligible, with only differences observed at day 1 in Freire soil, where an upward trend was observed, but
the THM (10x) treatment was significantly different (P<0.05) from the soil without pesticide application. With respect to N
cycling, nifH gene abundance was most influenced by pesticide application in the Inceptisol, with increases observed on days
1 and 30 after application, highlighting all treatments and IMI (10x), respectively. Studies have reported that NNIs such as
IMI may differentially affect part of the microbial community, observing that Gram-negative bacteria are more tolerant to this
exposure than Gram-positive bacteria (Cycon et al. 2013). This could indicate a small proliferation of certain groups of
microorganisms associated with N-fixation. Chen et al. (2017) reported that the phylum Bacteroidota was the most abundant
in soils exposed to paichongding, a novel insecticide with higher insecticidal activity than IMI. In the same way, Zhang et al.
(2018) reported that Proteobacteria increased after IMI, THM, and thiacloprid in different types of soil. Bacteroidetes and

Proteobacteria play key roles at different steps of the N cycle (Ren et al. 2018; Zhang et al. 2025).

4.2 Short-term inhibition of nitrification potential in soils exposed to neonicotinoid insecticides
In this study, we evaluated whether NNI pesticides cause unacceptable long-term effects, defined as >25% deviation from the

control, on N transformation by soil microorganisms, as described by Starche et al. (2025). A decrease in nitrification potential
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in pesticide-treated soil, as observed in our study, means that the microorganisms responsible for oxidising NH4" to NO.™ and
then to nitrate NOs~ have reduced their metabolic activity or abundance. However, this response was observed immediately
after application of the highest NNIs doses, and both soils recovered quickly. Generally, nitrification is more sensitive to
pesticides than ammonification (Cycon et al. 2015); therefore, the nitrification potential has been identified as one of the most
sensitive microbial indicators for assessing the impact of pesticides on soil (Sim et al. 2022). Akter et al. (2022) reported that
long-term treatment of paddy soil with pesticides, such as THM, affected both the nitrification rate and the potential
nitrification rate, likely due to inhibition of the nitrifying activity of specific microbial groups, such as ammonia-oxidising
bacteria. Similar results were observed for nitrification potential, which was significantly inhibited in a Loam soil by the
insecticide fipronil, herbicides trifluralin, chlorsulfuron, isoxaflutole, and paraquat, and by the fungicides azoxystrobin,
flutriafol, and metalaxyl-M (Sim et al. 2022).

The deviation criterion for the NH4" concentration exceeded 25% in the Andisol at day 30, particularly with the IMI
treatment, and at day 1 for almost all treatments, indicating a reduction in NH4" concentration (Table 2). In soils treated with
pesticides, a decrease in NH4" may be due to (i) increased nitrification, which is usually accompanied by an increase in NOs™,
(i1) inhibition of ammonification, reflecting lower microbial production of NH4". According to our results, the first explanation
could be a temporary nitrification activation in the Inceptisol soil on day 1, as indicated by an increase in NOs~ concentration.
However, this effect was not long-lasting, since the deviation criterion did not exceed 25 %. Nitrification is an essential process
in the soil N cycle that contributes to plant N availability. However, excessive NOs~ production may increase the risk of NOs~
leaching due to its high solubility and mobility in soil (Fenice, 2021). On the contrary, a decrease in NOs~ concentration
exceeding the 25 % was observed mainly in treated soil with IMI and THM (Table 3). These findings are consistent with
Cycon et al. (2015) and Sim et al. (2022) because insecticides such as IMI or fipronil significantly inhibit potential
nitrification, reducing the formation of NOs;~ compared to controls. The pesticide treatment reduced the abundance of
nitrifying bacteria in Andisol soil, as previously observed with 2,4-D (Palma et al. 2023). Therefore, it is necessary to pay

special attention to microorganisms such as ammonium-oxidising Archaea (AOA) and Bacteria (AOB) in future observations.

4.3 Neonicotinoid dissipation depends on the compound and soil type

Dissipation of IMI, THM, and CLO applied in 1- and 10-fold the recommended application dose in two Araucanian soils

(Andisol and Inceptisol) was tested (Fig. 4). Because the soils were not sterilised, the observed pesticide dissipation likely
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reflects the combined contribution of abiotic processes and microbial activity, which could not be distinguished in the present
experiment.

We found that dissipation rates of NNIs after 30 days in non-sterile soils did not depend on the initial concentration
but differed between soils. In the Andisol the dissipation rates followed the order THM > IMI > CLO, while in the Inceptisol
it was CLO > THM > IMI. The slow dissipation of IMI may be explained by its polar nature and its stability under neutral to
acidic conditions, whereas THM degradation is favored under acidic conditions such as those present in the studied soils. For
instance, although CLO was poorly removed in the Andisol, its dissipation was considerably higher in Inceptisol. Such
differences may be explained among others by differing adsorption capacity and subsequent varying surface-catalysed
hydrolysis rates. According to Wu et al. (2023) degradation efficiencies of the CLO and TMX decreased with high SOM
contents in the soil. However, the higher clay content of the Inceptisol may enhance the adsorption of IMI, THM and CLO
(Bricefio et al. 2025), thereby facilitating their dissipation and contributing to shorter half-life (DT50) values, as also reported
by Li et al. (2023). This suggests that soil mineral composition and texture play an important role in regulating the
environmental fate of NNIs and cannot be ignored when they are used (Wu et al. 2023).

The relative dissipation of the compounds in the Freire soil also coincided with reported DTso values from the
literature, with 545 days for CLO, >187 days for IMI, and >121 days for THM (PPDB, 2024; Morrissey et al. 2015; Lewis et
al. 2016), determined under previously reported environmental conditions. However, THM dissipation was within the DTs
ranges previously reported by Hilton et al. (2019) (24.9-43.5 days). This behavior may be associated with the higher soil
organic carbon content of the Andisol, which could support greater microbial abundance and enhanced NNI biodegradation
(Zhang et al. 2018; Wotejko et al. 2020). Another possible explanation is that THM dissipation in the Andisol may be related
to its higher water solubility and lower Koc compared with IMI and CLO, which may reduce its adsorption capacity (Bricefio
et al. 2025) and increase its bioavailability for microbial degradation. The results obtained in this study are an important
contribution considering that Andisols are soils widely distributed throughout the world, and supporting high agricultural
production (Palma et al. 2023). Some characteristic properties of Andisols include high organic matter content, acidic pH, and
a mineral fraction dominated by short-range-order minerals such as allophane and imogolite (Shoji et al. 1993; McDaniel &
Lowe, 2012). According to our results, THM appeared to exert lower short-term effects on the evaluated soil parameters
compared with IMI and CLO, whose chemical properties likely influenced the response in these soils, as observed in other
studies (Modri¢ et al. 2024). However, this lower apparent risk should be interpreted cautiously, since CLO is one of the major

metabolites of THM and is recognized for its persistence in soils. Although soil enzyme activities are useful indicators of soil
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metabolic functioning, they do not fully represent overall soil health. Furthermore, the environmental risk associated with
NNIs is related not only to their persistence in soils but also to their mobility and potential leaching into water bodies, which
may contribute to broader ecological impacts, including effects on pollinators and aquatic ecosystems (Mandal et al. 2026).

These impacts remain poorly studied in Chile.

5 Conclusion

Overall, this study provides the first integrated assessment of how commonly used NNI insecticides influence multiple
components of the soil N cycle under contrasting soil conditions. By combining measurements of enzymatic activity, inorganic
N dynamics, nitrification potential, and functional gene abundance, our results show that NNIs such as IMI, THM, and CLO
can induce short-term and process-specific disturbances, particularly affecting nitrification, while other N-cycling processes
appear more resilient. Importantly, the recovery of most microbial functions despite the persistence of detectable pesticide
residues suggests that chemical persistence does not necessarily translate into sustained biological impact, likely due to
reduced bioavailability and microbial functional adaptation. These findings are especially relevant for volcanic soils such as
Andisols, which dominate large agricultural areas of southern Chile. Understanding how neonicotinoids interact with these
soils and their microbial communities is therefore essential for predicting their environmental behaviour and potential impacts

on soil ecosystem functioning.

Soil type played a decisive role in modulating microbial responses. The Andisol (Freire series) exhibited higher
functional sensitivity, reflected in stronger inhibition of urease and dehydrogenase activities and slower recovery of N-related
processes. In contrast, the clay-rich Inceptisol (Chufquen series) showed greater microbial and enzymatic resilience.
Molecular analyses revealed that total bacterial abundance remained relatively stable, whereas the nifH gene responded
selectively to NNI exposure, suggesting adaptive shifts within N-fixing communities rather than broad microbial suppression.
The temporary reduction in nitrification potential at elevated pesticide doses, followed by recovery, indicates that N-cycling
processes are resilient but vulnerable to short-term disturbances immediately after pesticide application.

Pesticide dissipation was strongly influenced by both soil properties and insecticide identity, with CLO exhibiting
the greatest persistence, followed by IMI and THM. These findings underscore the importance of accounting for soil-specific
properties in pesticide risk assessment and support the use of soil enzymes and microbial functional genes as practical

indicators for evaluating soil health and guiding sustainable agricultural management.
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Legend of the tables
Table 1. Physicochemical properties and textural characteristics of the Andisol (Freire Serie) and Inceptisol (Chufquen Serie)

soils used in the microcosm experiments.

Table 2. Ammonium (NH4") concentrations in Andisol (Freire Serie) and Inceptisol (Chufquen Serie) at days 1 and 30 after
application of imidacloprid (IMI), thiamethoxam (THM), and clothianidin (CLO) at recommended (1x) and elevated (10x)
doses under microcosm conditions.

Table 3. Nitrate (NOs") concentrations in Andisol (Freire Serie) and Inceptisol (Chufquen Serie) at days 1 and 30 following
application of imidacloprid (IMI), thiamethoxam (THM), and clothianidin (CLO) at recommended (1x) and elevated (10x)

doses.

Legend of the figures

Figure 1. Soil enzymatic activities in two soils: Andisol (A) and Inceptisol (B) exposed to neonicotinoid insecticides. Urease,
B-glucosidase, acid phosphatase, and dehydrogenase activities were measured at 1, 15, and 30 days after application of
imidacloprid (IMI), thiamethoxam (THM), and clothianidin (CLO) at two doses (1x and 10x). Bars represent mean values £
standard deviation (n = 3). Different letters indicate significant differences among treatments within the same soil and

sampling time (Tukey test, p < 0.05).

Figure 2. Abundance of total bacteria (16S rRNA gene) and nitrogen fixation potential (nifH gene) in two soils: Andisol (A)
and Inceptisol (B) exposed to neonicotinoid insecticides. Gene abundances were evaluated at 1 and 30 days after application
of imidacloprid (IMI), thiamethoxam (THM), and clothianidin (CLO) at two doses (1% and 10x%). Bars represent mean values
+ standard deviation (n = 4). Different letters indicate significant differences among treatments within the same soil and

sampling time (Tukey test, p < 0.05). Gene abundances are expressed as copies g™ dry soil.

Figure 3. Nitrification potential in two soils: Andisol (A) and Inceptisol (B) exposed to neonicotinoid insecticides.
Nitrification potential was evaluated at 1, 15, and 30 days after application of imidacloprid (IMI), thiamethoxam (THM), and
clothianidin (CLO) at two doses (1x and 10x). Bars represent mean values + standard deviation (n = 3). Different letters

indicate significant differences among treatments within the same soil and sampling time (Tukey test, p < 0.05).

Figure 4. Residual percentages of imidacloprid (IMI), thiamethoxam (THM), and clothianidin (CLO) in (A) Andisol (Freire
series) and (B) Inceptisol (Chufquen series) at days 1, 15, and 30 following application at recommended (1x) and elevated
(10x) doses. Bars represent mean values + standard deviation (n = 3). Different letters indicate significant differences among

treatments within the same soil and sampling time (Tukey test, p < 0.05).
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