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ABSTRACT

The rise in global temperatures and increasing severity of heat waves pose significant threats to soil organisms, disrupting ecolog-
ical balances in soil communities. Additionally, the implications of environmental pollution are exacerbated in a warmer world,
as changes in temperature affect the uptake, transformation and elimination of toxicants, thereby increasing the vulnerability of

organisms. Nevertheless, our understanding of such processes remains largely unexplored. The present study examines the im-

pact of high temperatures on the uptake and effects of the fungicide fluazinam on the springtail Folsomia candida (Collembola,

Isotomidae). Conducted under non-optimum but realistic high temperatures, the experiments revealed that increased temperature
hampered detoxification processes in F. candida, enhancing the toxic effects of fluazinam. High temperatures and the fungicide
exerted synergistic interactions, reducing F. candida’s reproduction and increasing adult mortality beyond what would be predicted
by simple addition of the heat and chemical effects. These findings highlight the need to reevaluate the current ecological risk as-

sessment and the regulatory framework in response to climate changes. This research enhances our understanding of how global

warming affects the toxicokinetics and toxicodynamics (TK-TD) of chemicals in terrestrial invertebrates. In conclusion, our results

suggest that adjustments to regulatory threshold values are necessary to address the impact of a changing climate.

1 | Introduction

1.1 | Threats to Arthropod Biodiversity in a World
of Multiple Stressors

In the modern world, Earth and its inhabitants face a multitude
of crises, primarily from accelerating climate change and an-
thropogenic pressures that threaten global ecosystems (IPCC
et al. 2022; Richardson et al. 2023). The widespread use of

pesticides and the impact of climate change have already af-
fected many organisms and led to a decline in the global diver-
sity of species (WWF 2022; Dornelas et al. 2019; IPBES 2019;
Liess et al. 2021). Notably, arthropod diversity, biomass and
abundance have declined by at least 30% in some habitats
(Habel et al. 2016; Hallmann et al. 2017; Seibold et al. 2019).
Soil arthropods are an integral part of soil biodiversity and
key organisms in the ecosystem functions of soils (Potapov
etal. 2023). In the face of a multitude of anthropogenic stressors,
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it is therefore necessary to quantify their interaction and joint
effect on soil arthropods. Understanding these effects and in-
teractions will help us develop solutions to mitigate unwanted
pesticide effects and better prepare for a warmer future.

1.2 | A Dirt(y) World of Climate Change

Climate change has a cascade of indirect effects bound to hap-
pen, possibly increasing already present pressures that soil organ-
isms experience in the environment. The most prevalent is that
the rise in ambient air temperatures also increases soil tempera-
tures (Bradford et al. 2019; Hu and Feng 2003; Qian et al. 2011).
Reshotkin and Khudyakov (2019) documented a rise in soil
temperatures across various soil types and depths, observing
an increase of 0.5°C-1.0°C over the past 50years and recorded
maximum summer soil temperatures of up to 22°C-23°C at
depths down to 40cm in Russian soils. In southern Europe, soil
temperature changes during heat waves have been measured to
be more extreme than changes in air temperature and are pre-
dicted to increase and outpace air temperatures by 0.7°C per
decade in future climatic scenarios (Garcia-Garcia et al. 2023).
Consequently, soil organisms will face both higher average tem-
peratures and more frequent extreme heat events. Stressful high
temperatures can lead to thermal injury and death in arthropods,
including the model organism of the present study, the spring-
tail Folsomia candida (Willem, 1902) (Jorgensen et al. 2021;
Orsted, Jorgensen, and Overgaard 2022; Wehrli et al. 2024;
Xie, Slotsbo, and Holmstrup 2023). Sub-lethal effects, such as
reduced reproduction and growth, are also important and vary
with exposure duration (Qrsted et al. 2024). In the realm of soil
arthropods, studies on F. candida and other springtails show that
temperature influences longevity and reproduction (Roeben,
Montoya-Tzschoppe, and Rof3-Nickoll 2023; Xie, Slotsbo, and
Holmstrup 2023). Another impact of climate change that is often
overlooked in this context poses a challenge for agriculture and
leads to yield losses (IPCC et al. 2022). These are not only caused
by the direct effects of climatic changes, but also from increased
pressure from pests and pathogens thriving in a warmer environ-
ment (Bale et al. 2002; Irlich et al. 2009). Increased pesticide use,
as a response to increased pest pressure, further threatens the
biodiversity of non-target organisms (Deutsch et al. 2018) and can
impact communities of soil organisms (Knouft and Ficklin 2017;
Parmesan and Yohe 2003; Walther et al. 2002). Lastly, increased
temperature and chemical stressors occurring in combination
have been shown to be a potent cocktail of stressors (Holmstrup
et al. 2010; Hooper et al. 2013).

1.3 | Current Risk Assessment of Pesticides

Around the globe, different approaches to assess the risk of
chemicals, in particular pesticides, are employed. These ap-
proaches are comparable, but here we focus on the approach
used by the European Union (EU). The EU employs a well-
defined risk assessment for pesticide use, based on single-
species standardised laboratory tests with optimal conditions
and generally single substance exposures (EC 2009; EC
SANCO 2002). However, the laboratory and mesocosm tests
do not account for co-occurring multiple stressors, such as
the spatial, temporal or thermal conditions, or the combined

effects of pesticide mixtures that organisms encounter in
their natural environments. For example, the synergistic in-
teraction of chemical mixtures has been quantified (Escher,
Stapleton, and Schymanski 2020; Panico et al. 2022) and has
led to calls for the integration of a mixture risk assessment
factor to improve chemical risk assessment (Backhaus 2023).
Similar interactions between toxicants and environmental
stressors have been quantified (Liess et al. 2016), but have not
yet been addressed in chemical risk assessment.

The importance of interactions of various stressors is reflected
in retrospective assessments, such as monitoring pesticides and
their effects on the ecosystem (Liess et al. 2021). For example, in
98% of tested French soils, up to 33 different pesticide residues
were found (Froger et al. 2023), and these mixtures were pre-
dicted to exert a ‘silent threat’ to earthworms and possibly other
soil organisms (Pelosi et al. 2021). Other studies in the aquatic
environment with gammarids found that internal concentra-
tions of pesticides in situ are higher than extrapolations from
measured laboratory tests, possibly causing larger effects than
previously accounted for in the prospective assessment (Lauper
et al. 2022; Munz et al. 2018). The same pattern was shown in
the risk assessment of tropical soils, where elevated tempera-
tures increased the toxicity of pesticides for Eisenia andrei (an
earthworm) and F. candida (Bandeira et al. 2020; Eijsackers
et al. 2017). The interactions with elevated temperatures have
not been monitored for soil arthropods yet, but the effects could
be similar to the observed mixture effects. Thus, the inclusion of
multiple stressors, in this case, the factor of thermal stress, could
be a valuable adaptation to prevent future damage to the already
vulnerable ecosystems of Earth (Eijsackers et al. 2017).

1.4 | Multiple Stressors

To understand the effects of multiple stressors, we need to investi-
gate stressors individually and also in combination. For instance,
heat stress can be lethal or induce species-specific sublethal
effects (Ge et al. 2023; Roeben, Montoya-Tzschoppe, and Rof3-
Nickoll 2023; Wehrli et al. 2024). However, temperature also in-
fluences toxicokinetics and effects of chemicals in a wide range of
organisms (Cairns, Heath, and Parker 1975; Heugens et al. 2001;
Mayer and Ellersieck 1988). For these reasons, recent research
emphasises the significance of multiple stressors and the need to
predict the effects of co-exposure to low concentrations of pes-
ticides and natural stressors (Liess, Henz, and Knillmann 2019).
Especially, synergistic interactions between heat stress and other
stressors (Holmstrup et al. 2010; Laskowski et al. 2010; Verheyen
and Stoks 2019), affecting both toxicokinetics and toxicodynamics
when the organisms are exposed to elevated temperatures and el-
evated pesticide levels are of interest (Camp and Buchwalter 2016;
Chow et al. 2020; Lauper et al. 2022; Munz et al. 2018; Phillips
and Bode 2004). For example, Raths et al. (2023) observed that
higher temperatures increased the uptake of pesticides in the
amphipod Gammarus pulex. Similar temperature-related in-
creases in uptake and changes in toxicodynamics were mea-
sured in Gammarids (Huang et al. 2022, 2023; Mangold-Doring
et al. 2022). Moreover, Dai et al. (2021, 2023) have shown altered
phenanthrene toxicokinetics in the oligochaete Enchytraeus al-
bidus and reduced detoxification rate in F. candida at high tem-
peratures. The combination of environmental contaminants and
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elevated temperatures appeared to hamper various life history
traits and vital functions in F. candida (Dai et al. 2021, 2023; Ge
et al. 2023), demonstrating the complex and detrimental effects of
combined stressors on soil organisms.

To predict the outcome of these interactions in the present study,
we employed the stressor addition model, SAM (Liess et al. 2016)
and the ECx System Stress model, ECX-SyS (Liess, Henz, and
Knillmann 2019). These models have been so far applied for as-
sessing short-term acute mortality in aquatic species. Here, we
extend their application to soil arthropods in a chronic context,
aiming to refine risk assessment under elevated temperature
scenarios, in order to illustrate how elevated temperature could
influence prospective regulatory values.

1.5 | Research Hypothesis and Objectives

Our aim in this study was to decipher the combined impacts
of high temperature and pesticide exposure on F. candida. We
employed simultaneous exposure to elevated, suboptimal tem-
peratures and exposure to a fungicide (fluazinam) in standard
laboratory tests (OECD 2016), which measured internal con-
centrations of fluazinam and its primary metabolites in spring-
tails as well as lethal and sublethal endpoints (reproduction
and growth). Finally, we aimed to predict the combined effects
of stressors with the common effect addition (Bliss 1939) and
the novel mixture model stress addition model (SAM; Liess
et al. 2016). Hereby, we aimed to identify suitable models for risk
assessment that can predict the consequences of elevated tem-
perature in combination with pesticide exposure.

2 | Materials and Methods
2.1 | Animals

The animals used for experiments originated from a population
of F. candida that has been cultured in our laboratory for about
30years (Simonsen and Christensen 2001). The animals were
kept in Petri dishes with plaster of Paris and active charcoal (8:1
w:w). The cultures were held at 20°C (12:12h light/darkness cy-
cles), fed weekly with baker's yeast and kept at approximately
100% relative humidity (Wehrli et al. 2024).

Test animals were age-synchronised for the reproduction test,
as described in OECD 232 and tests started when they were
10-12days old (OECD 2016). Furthermore, for the toxicokinet-
ics experiment, healthy adult organisms were chosen at random
from the mass culture.

2.2 | Soil

Standard LUFA 2.2 soil (LUFA Speyer, Speyer, Germany) was
used in all experiments; all relevant soil properties are described in
Table S1. The soil for the toxicodynamics experiment was spiked
with fluazinam according to OECD 232 (OECD 2016). Fluazinam
(Sigma Aldrich, Darmstadt, Germany; 79,622-59-6, >98% purity)
was dissolved in acetone (180 mL/kg soil) to obtain nominal con-
centrations of 0.5, 0.9, 1.6, 2.9, 5.0, 8.8, 15.3, and 25.8 mg/kg dw

soil. For the toxicokinetics experiment, a separate batch of soil was
spiked including only a single concentration of fluazinam (5.0 mg/
kg dw soil). The soil was then mixed vigorously and left in a fume
cupboard at room temperature to evaporate the acetone for at least
24h before usage on Day 1; the remaining soil was stored at 5°C
in air-tight glass containers. Subsequently, the desired amounts of
soil were taken from storage at the start of each experiment day
and moistened to 50%=+5% water holding capacity (WHC) by
adding deionised water. The soil pH was measured according to
OECD 10390 Soil Quality—Determination with 1 M KCl1 (pH-KCI)
and soil water content according to OECD 232 (OECD 2016). Exact
values for pH and WHC are shown in Table S2.

2.3 | Combined Exposure to Fluazinam
and Temperature Treatments

An overview of the experimental approach is shown in Figure 1.

The tests were conducted at five constant sublethal tempera-
tures (20°C, 22°C, 24°C, 26°C, and 28°C) in Memmert ICP110
climate cabinets (Memmert, Schwabach, Germany). These
temperatures were chosen because they represent a range of in-
creasingly stressful, but not lethal (Wehrli et al. 2024), soil tem-
peratures occurring in regions where F. candida is found (Hu
and Feng 2003). Exposure temperatures were measured every
5min with a Tinytag data logger precise to 0.1°C; for the toxi-
cokinetics experiment, they were equipped with PB-5001 therm-
istors (Gemini Data loggers, Chichester, UK). Temperatures
were accurate up to +0.17°C for the toxicokinetics experiment
and +0.23°C for the reproduction experiment. Animals were
exposed in air-tight glass jars (6.5cm depth, 6 cm bottom diam-
eter and 6.5cm upper diameter) with spiked LUFA 2.2 soil (tox-
icokinetics experiment: 50g dw; reproduction experiment: 35g
dw). For the toxicokinetics test, we added 100 adults to each jar,
whereas for the toxicodynamics experiment, we added 10 age-
synchronised springtails (10-12days old).

For the reproduction test, we included eight solvent controls
(acetone 180mL/kg dw soil). For each concentration of flu-
azinam, we used four replicates. In addition, we included, for
each concentration and temperature, jars dedicated to mea-
surement of soil water content (WHC) and pH. For the toxi-
cokinetics experiment, we used 12 jars per temperature and
destructively sampled 3 replicates every 7days. In addition,
one jar at each temperature was dedicated to pH and soil water
content that was measured at the last sampling. Blocks (in-
cluding all treatment combinations) were started over 3 and 4
consecutive days in the toxicokinetics and toxicodynamics ex-
periments, respectively, in order to reduce the daily workload.
During the exposure, all jars were aerated twice a week and
weighed every 7days to calculate water loss and compensate
for this if necessary. No water loss, however, was observed
during the experiments. Also, every 7days, the springtails
were fed with 8 mg of dried baker's yeast per jar.

2.4 | Sampling in the Toxicokinetics Experiment

Springtails exposed to 5mg fluazinam/kg dry soil were ex-
tracted by flotation, flooding the jars with deionised water and
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FIGURE1 | Simplified overview of the major elements in the experimental approach. Springtails (Folsomia candida) were exposed to fluazinam

mixed into astandard soil type. Exposure proceeded for 28 days at different temperatures. One experiment studied the body concentration of fluazinam

and major metabolites (toxicokinetics). A second experiment studied the effects of fluazinam on life history traits of springtails (toxicodynamics).

Statistical modelling evaluated the nature of interactions between effects of temperature and the pesticide.

stirring them gently. Springtails were subsequently removed
from the water surface with a spoon and transferred to a clean
petri dish with dry plaster of Paris to remove excess water.
Finally, live springtails were sampled using an aspirator, trans-
ferred to a round-bottomed 2mL centrifuge tube, weighed to
the nearest 0.01 mg fresh mass using a Sartorius SC 2 micro-
balance (Sartorius AG, Goettingen, Germany) and snap-frozen
at —80°C. At the start and end of the experiment, soil samples
were taken to measure WHC (%), pH-KCI and the concentration
of fluazinam and its primary metabolites. These measurements
were done according to the methods described in the following
paragraphs.

2.5 | Sampling in Reproduction Experiments

Sampling of animals in the reproduction experiment was done
according to the flotation method described in OECD 232. Thus,
adding deionised water to the jars, stirring gently, waiting 5min
to allow springtails to float to the surface and adding black ink
to gain a better contrast between the white animals and the dark
background. Finally, a picture was taken with a digital camera
to record the number of adults and juveniles in ImagelJ. Three
replicate soil samples were taken at the beginning of the test for
measurement of actual concentration of fluazinam in soil and
stored at —80°C until analysis.

2.6 | Sample Preparation: Internal Concentrations

To extract fluazinam from springtails, we added 500 uL of ace-
tonitrile to a 2mL Eppendorf tube with 40 pre-weighed adult
springtails and homogenised the sample in a Geno/grinder
(SPEX SamplePrep, Metuchen NJ, USA) for 1 min. Homogenised
samples were then ultrasonicated at 60°C for 45 min, followed by

10min of centrifugation at 16,602g. Subsequently, the superna-
tant was transferred to a clean amber glass vial. The pellet was
then redissolved with 500 uL of acetonitrile, and the procedure
was repeated. Finally, 500 uL of the combined supernatants was
concentrated under a constant flow of nitrogen and resuspended
in 100 uL of 25% acetonitrile before liquid chromatography with
tandem mass spectrometry (LC-MS/MS) analysis. The internal
concentrations are described in ng/mg fresh body mass.

2.7 | Sample Preparation: Soil Concentrations

Soil samples were extracted with a Dionex accelerated solvent
extraction system 350 (ASE, Thermo Fisher Scientific Inc.,
United States). The system uses acetonitrile that penetrates the
sample matrix, dissolves the analytes and transfers them to a
collecting vial, where the extracts are then stored at —18°C until
further usage. Samples were loaded in 33mL extraction cham-
bers with 5g of dried Ottawa sand, followed by 1 g of soil sample
and 5g of Ottawa sand. A filter paper was pressed lightly on top,
and the remaining space was filled with glass beads. The ex-
traction cells were preheated to 80°C for 5min and heated for
5min. The chambers were kept static for 3min, then flushed
with 100% acetonitrile and then purged for 60s. This cycle was
repeated 4 times with a nitrogen pressure of 107 Pa. The soil con-
centrations are described in mg/kg dw soil.

2.8 | Analysis of Fluazinam and Metabolites by
LC-MS/MS

To analyse internal concentrations of fluazinam and selected
metabolites in springtails and in soil, we amended a method
described for imidacloprid (Kristiansen et al. 2021). The mass
transitions for the metabolites (Table S3) were taken from a
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metabolomics paper that utilised the same mass spectrometer
(Li et al. 2023). For parent compounds, the external calibration
curve based on pure standards was used. Since no standards
for the metabolites were available, metabolite concentrations
had to be semi-quantified based on the parent compound,
with a weighted linear curve fit and error estimation. Semi-
quantification can cause uncertainties, due to differences in
ionisation efficiencies, but can—as in this case—be the solution
for the lack of pure standards.

The high-pressure liquid chromatography (HPLC) was an
Agilent 1260 Infinity HPLC system (Santa Clara, CA, USA)
coupled to a mass spectrometer with a quadrupole-linear ion
trap (QTRAP) 4500 mass spectrometer (AB Sciex, Framingham,
USA). Ionisation was performed with electrospray ionisation
(ESI) in negative polarity. The QTRAP used MRM transitions.
The system was run by Analyst software version 1.7.3 (AB Sciex,
Framingham, USA), and settings are shown in Table S3.

Extracted samples were measured on a Kinetex 5y EVO C18
100 A 150x2.1mm column with an injection volume of 10 L.
Chromatographic separation was achieved through a gradient
elution at 20°C with the following eluents: Eluent A: 5mM am-
monium formate in Milli-Q Water; Eluent B: 5mM ammonium
formate in 100% methanol (MeOH), as shown in Table S4. The
limit of detection (LoD) and limit of quantification (LoQ) were
set to the lowest measurable standard at 0.024ng/mL. All sam-
ples below 0.024ng/mL were considered as below LoD and set
to 0. Recovery was measured by spiking 40 untreated spring-
tails with 100uL of 40ng/mL fluazinam-acetone solution. The
spiked concentration in springtails was 0.8 ug/g. The measured
concentration in springtails was around 0.005ug/g. Recovery
was determined twice (86.5% and 91.5%), which resulted in a
mean recovery of 89% for internal concentrations. Recovery for
soil samples was similar to springtail tissue and determined at
a concentration level of 20 ug/g. Measured concentrations in ex-
perimental soil were 3-15ug/g. Thus, the data was not corrected
for recovery.

2.9 | Data Analysis

All the raw data was stored in Excel sheets (Wehrli 2024), and all
data cleaning and treatment was performed in the R studio ver-
sion, Desert Sunflower, 2023.09.1 + 494 (Posit team. 2023) and R
version 4.3.2 (R Core Team 2023). The corresponding R-Script is
available on DRYAD (Wehrli 2024). All datasets were analysed
for normality with the Shapiro-Wilks test, visually with Q-Q
plots and homogeneity of variance with Levene's test. The toxi-
cokinetics experiment was analysed using general linear models
with the model fitting function glm (R Core Team 2023).

The reproduction data was analysed using the DRC R package
(Ritz et al. 2015). A three-parameter log-logistic dose-response
model (LL.3 models [Finney 1971]) was fitted to the data for
lethality and a three-parameter Weibull model (W1.3 models
[Seber and Wild 1989]) to the number of juveniles, both based
on the best model fit. Since the highest tested concentration of
fluazinam did not result in full lethality, we decided to constrain
the model to zero survival and reproduction at 50 mg/kg, which
greatly improved the model fit without changing the effect

values. This constraint was deemed sound based on previous
experiments (Wehrli, 2022).

Body length measurements (measured from the end of the pos-
terior abdominal segment to the anterior margin of the head)
showed that the 10-12days old springtails added to jars at the
outset of the experiment had a body length of 0.09+0.02mm
(mean+SD, n=3089) with no difference between blocks.
Hence, the body length of the adults at the end of the experiment
was used as a proxy for body growth. Measurements were done
in ImageJ with the line tool. Data for adult body length was ana-
lysed with general linear models with the model fitting function
glm (R Core Team 2023), while the juvenile size was analysed
using a 2° polynomic (splines package) glm function with a log
gamma distribution (R Core Team 2023). Parameters and statis-
tics of all glm tests are compiled in Table S5.

Combined effect models were applied to predict the simultane-
ous stress exerted by temperature and fluazinam and whether in-
teractions between effects were deviating from the independent
action model as either synergistic or antagonistic. Since antago-
nism was not observed, we focused on synergistic interactions.
As a null model, we used the widely used model of joint EA of
independently acting stressors, which assumes the additivity of
two effects in the form of a probabilistic sum (Bliss 1939). The
interaction was considered synergistic if the combined effect of
temperature and fluazinam was greater than the joint stressor
effect predicted by EA. We used the ‘SAM’ to predict the com-
bined stress effects (Liess et al. 2016). The SAM assumes that
each individual has a general stress capacity towards all types
of stress that should not be exhausted. Using stress-related mor-
tality, specific stress levels are converted into general stress lev-
els—the common currency of stress. These general stress levels
of independent stressors are added determining the total stress
exerted on a population. This approach quantitatively predicts
the highly synergistic direct effects of independent stressor
combinations. For the non-monotonic dose-response relation
on reproduction, we used the extension of SAM, the ECX—SyS
model (Liess, Henz, and Knillmann 2019) This related approach
enables to consider hormetic responses (Schulz 1877) often ob-
served in long-term investigations. The SAM and the Ecx—SyS
were calculated using the stress addition R package (Henz and
Liess 2020). The measured model fits of the LL.3 models were
extracted using the method described by Ritz and Streibig (Ritz
and Strebig 2016) and inserted into the Indicate interface. For
mortality, 20°C was used as non-stressing reference tempera-
ture because the effects increased monotonically from 20°C to
28°C. For the endpoint reproduction, an optimal temperature of
24°C was observed at which the highest population growth was
recorded. Accordingly, this endpoint showed a non-monotonic
cause—-effect relationship with a maximum at 24°C. Thus, 24°C
was chosen as reference temperature for this endpoint. To iden-
tify synergism, we used the EA model (Bliss 1939) as null model.
The SAM was used as a novel model to predict the combined
effects of environmental stressors and toxicants and to identify
synergism compared to the null model (Liess et al. 2016) and
the EfoSyS (Liess, Henz, and Knillmann 2019). The model pa-
rameters were extracted and plotted in R. Model deviation was
calculated by dividing the fitted model by the measured model.
The closer the result is to 1, the better is the prediction of the
actual effects.
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2.10 | Risk Assessment

The risk assessment was done according to the toxicity expo-
sure ratio (TER) and hazard quotient (HQ) approach described
in the technical guidance document (EC SANCO 2002), where
we added the interaction with elevated temperatures. As the
predicted environmental concentration (PEC), we used the
PEC ) pa1 vax OPtained from the EFSA assessment report of flu-
azinam (EFSA 2019).

3 | Results

3.1 | Toxicokinetics Experiment: Concentrations
of Fluazinam in Soil

In the toxicokinetics experiment, the nominal fluazinam con-
centrations were aimed at 5mg/kg dw, but the mean measured
soil concentration was 3.54 £+ mg/kg dw soil (n=2) (Table S6).
During the experiment, there was apparent degradation in the
fluazinam concentration, which was reduced to about 45% of the
start concentrations after 4 weeks. However, the degradation rate
did not correlate with temperature (glm; p=0.65; Figure S1).

In addition to the parent compound, the primary metabolite,
hydroxyl-fluazinam, was detected in low concentrations. While
fluazinam degraded over time, the concentration of hydroxyl-
fluazinam increased from being undetectable to about 0.5mg/
kg dw soil after 4weeks (Table S6).

3.2 | Toxicokinetics Experiment: Concentration
of Fluazinam in Springtail Tissue

Survival of adults was not affected at temperatures up to 26°C,
whereas at 28°C, survival was about 40% at the latest sam-
pling (data not shown). Thus, we recovered enough animals
to measure internal concentration of fluazinam and metab-
olites at all temperatures. Results of the toxicokinetics ex-
periment showed a slightly increasing trend over time (from
Day 7 and onwards) of fluazinam concentrations at 20°C,
while this trend reversed, and concentrations decreased (from
Day 7) with increasing temperature (Figure 2a). Time (glm,
p=0.005), temperature (glm, p <0.001) and the interaction of
temperature and time (glm, p =0.003) all showed a significant
effect on the internal concentrations of fluazinam. In the first
14 days of the exposure experiment, high temperature resulted
in up to 10-fold higher internal concentrations of fluazinam
(Figure 2a, insert).

Contrary to fluazinam, we observed a continuous, increasing
trend of internal hydroxyl-fluazinam (Figure 2b) over time
(glm, p=0.002). While the overall temperature effect was not
significant here (glm, p=0.1), the interaction of temperature
and time was highly significant (glm, p <0.001). Internal con-
centrations of hydroxyl-fluazinam were consistently much
higher than the parent compound, up to 8000 times higher.
The second metabolite, sulfhydryl-fluazinam, was detected in
low concentrations but was not influenced by time or tempera-
ture (Figure S2).
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FIGURE 2 | The influence of temperature on the internal concentration of fluazinam (a) and hydroxyl-fluazinam (b) in Folsomia candida adults

during 28-day exposure to soil spiked with 5mg fluazinam/kg dry soil. Symbols at Days 7, 14, 21 and 28 indicate mean + SE (n=3). Lines from Days
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3.3 | Toxicodynamics Experiment: Concentration
of Fluazinam in Soil

Measured start concentrations of fluazinam were 48%-65%
lower than the nominal concentrations (Table 1). Therefore, all
analyses of dose responses were based on the measured concen-
trations of fluazinam in soil. Hydroxyl fluazinam was measured
at very low concentrations from 0.01 to 0.06 mg/kg dw soil and
was therefore ignored in the further analysis.

3.4 | Toxicodynamics: Mortality of Adult
Springtails

In the reproduction experiment, we assessed the adult mortal-
ity at the end of the 28 days experiment. Adult mortality in the
controls was negligible and not affected by elevated temperature
(Figure 3).

Dose-response curves depicted in Figure 3 indicated that
the LC,, of fluazinam was 19.8 +2.4mg/kg dw at the control

temperature (20°C). We did not find any decrease in adult mor-
tality due to the interaction of temperature and fluazinam at
20°C-22°C (LC,: 17.9£5.9mg/kg dw soil). However, compar-
ing 20°C with 24°C, 26°C, and 28°C indicated a synergistic in-
teraction between temperature and fluazinam concentration;
the adult mortality increased when exposed jointly compared
to when exposed to the stressors separately. This interaction
caused a significant (p=0.016) decrease in LC,, values by
51%, from 19.8 £2.4mg/kg dw soil to 12.0+1.0mg/kg dw soil
(Table S7), where the LC, at 20°C (9.1 2.1 mg/kg) was similar
to the LC,, at 28°C (12.0+1.0mg/kg).

Predictions of the combined stressor effects with the SAM were
performed for the mortality data. The SAM model predicted
well the synergistic interaction of fluazinam and elevated tem-
peratures, as depicted in Figure 4a,b. To compare the accuracy
of the models, the model deviations (Model LCx/Measured LCx)
for each model were calculated (Table S8). The results showed
that the SAM model accurately predicted the toxicity values in
the synergistic range with a model deviation of 0.9 for LC,, val-
ues (Table S9).

TABLE1 | Nominal and measured soil concentrations of fluazinam at the start of the reproduction experiment.

Nominal concentration (mg/

kg dw soil) Measured concentration (mg/kg dw soil) Difference measured/nominal (%)
0 0£0 —
0.5 0.24+0 48
0.9 0.53+0.01 58
1.6 0.87£0.03 54
2.6 1.69+0.08 65
5 2.85+£0.06 57
8.8 5.06+0.57 57
15.3 9.44+0.18 61
25.6 16+0.58 62

Note: Values are mean + SE (n=3).
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FIGURE 3 | Dose-response curves fitted to the number of surviving adult Folsomia candida per replicate (out of 10 adults added) after 4 weeks

exposure to fluazinam at five temperatures. Symbols represent mean + SE (n =4). Concentrations of fluazinam are measured concentrations at the

start of the test.
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3.5 | Toxicodynamics: Growth of Springtails

Growth of adults was reduced at temperatures above 20°C
(Figure 5a; glm, p<0.001). The concentration of fluazinam did
not have an effect on adult growth (glm, p=0.972), and there
was no interaction between temperature and fluazinam concen-
tration (glm, p=0.998).

Body length of juveniles was increased at temperatures above
20°C (Figure 5b; glm, p=<0.001). Fluazinam decreased juvenile
size (glm, p<0.001), and there was a significant interaction be-
tween temperature and fluazinam concentration (glm, p <0.001).

3.6 | Toxicodynamics: Reproduction of Springtails

All validity criteria set out in the guideline were passed with
adult survival better than 80% and reproduction in controls
higher than 100 per replicate (Table S10). Additionally, pH and
soil water content were in the acceptable range (Table S2).

Temperature, fluazinam and the interaction influenced repro-
duction in different ways. Adult springtails exposed to 20°C
produced fewer juveniles than those exposed to 22°C, 24°C and
26°C, while at 28°C, they did not reproduce at all (Figure 6a;
Table S10). The temperatures 22°C-24°C showed the highest
number of juveniles, and this range was defined as optimal
for the reproduction of F. candida, as previously reported (Ge
et al. 2023). This led to a unimodal distribution of the data that
influenced the modelling of the mixture models.

Fluazinam also affected reproduction with an EC,, at
10.4+1.1mg/kg dw soil at 20°C (Table S11). When organisms
were exposed to increased temperatures from 22°C to 24°C,
the respective EC,;, was unaffected with a maximum repro-
duction at 24°C. We therefore defined this concentration as
the one with the least temperature stress, that is, the reference
temperature for reproduction. At 26°C, where reference growth
was reduced, the combined effect of stressors resulted in a re-
duced EC,, at 7.2+ 1.4 mg/kg dw soil (although not statistically
significant; p=0.07), which was a 31% decrease from 20°C to
26°C (Table S11).

For 24°C and 26°C, we were able to fit the EC, ¢ model
(Figure S3) and the SAM to the data (Figure 6b), describing
the hormesis for pesticide concentration-response relationship
at the reference temperature (24°C) and also for the combined
stressors where the pesticide and the temperature stress (26°C)
interact. This reduced EC,, and EC,; values for the ECx—SyS
model (Table S12) and was able to predict accurately the effect
on reproduction with SAM (Table S13), which was superior
to the classic dose-response analysis with the LL.3 model. At
28°C, no population growth was observed.

3.7 | Risk Assessment

We did a risk assessment for Collembola based on effect values
generated for fluazinam and F. candida and added the interaction
with elevated temperature. In this case, we disregard that other,
more sensitive, organisms would normally be used for the TER
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Values of fluazinam represent concentrations in soil at the start of the test.

calculation (EFSA 2019; Marti-Roura et al. 2023) and hypothesise
that endpoints of these organisms would also decrease with the
increase in temperature. Due to the lipophilic nature of fluazinam,
the EC,, values are divided by 2 to account for Log, . of 4.04 as
previously done (EC SANCO 2002; Marti-Roura et al. 2023). The
calculated TER values, based on the lipophilic corrected EC10
values, decreased by a factor >2 from 6.7 at 20°C to 2.93 at 26°C
(Figure 7). In addition to the TER, a ficticious HQ was calculated
as described in the European Commission Technical Guidance
Document (EC 2003) and using an assessment factor of 50 based
on a previous assessment (Marti-Roura et al. 2023). This resulted
in the HQ being above the trigger value of 1 for both temperature
exposures of 3.7 at 20°C to 8.5 at 26°C.

4 | Discussion

In our study, we predicted interactive effects of increased tem-
perature and a commonly used fungicide on soil-dwelling
springtails. Indeed, we found distinct synergistic interactions
in which the effects of the fungicide were exacerbated at high,
but realistic, soil temperatures that these organisms already ex-
perience in their environment and increasingly will do in the
near future. Although this springtail species is merely a sur-
rogate species representing many soil animals, it is likely that
the results can be extrapolated broadly, including the import-
ant ecosystem functions that soil animals have (Fountain and
Hopkin 2005).

4.1 | High Temperature Perturbs Metabolism
of Pesticides in Springtails

As hypothesised, temperature significantly influenced the toxi-
cokinetics of fluazinam in F. candida. Fluazinam was incorpo-
rated into soil where it binds primarily to soil organic matter
(SOM) and attains equilibrium partitioning between soil water
and SOM (Ma et al. 1998). From here, the main uptake route is
likely across the springtail skin, from where it will partition into
other body compartments, but a small contribution from dietary
uptake is also possible (Schmidt et al. 2013). It should be noted
that we did not measure the full toxicokinetics since this would
have required measurements of internal concentration during
a depuration phase, which was beyond the scope of the present
study. Instead, we have shown the effect of high temperature on
the body burden of fluazinam and primary metabolites. Hence,
in the short term (7 days), the springtails had an increased body
concentration of fluazinam at raised temperatures (10-fold
higher at 28°C than at 20°C), as shown for organic compounds
in other aquatic and terrestrial organisms (Dai et al. 2021; Huang
et al. 2022, 2023). However, the springtails seemed to regulate
internal concentrations of fluazinam to a similar internal con-
centration over all temperatures during the following 21days.
The peak of fluazinam after 7 days followed by a steady decrease
in the following weeks suggests that detoxification mechanisms
were rapidly induced, raising the ability of the animals to metab-
olise fluazinam, as observed for other contaminants in F. can-
dida (Ardestani, Oduber, and van Gestel 2014; Nota et al. 2009;
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Wang et al. 2024). Fluazinam was observed to degrade in soil,
exposing springtails to a decreased load of fluazinam over time,
which might also have contributed to the decreased levels of in-
ternal fluazinam. In the case of hydroxyl-fluazinam, we found
negligible low concentrations in soil, about 0.03 mg/kg dw com-
pared to 3.69mg/kg of fluazinam. These concentrations in-
creased over time and reached 0.5mg/kg dw at its highest. This
suggests that springtails may have taken up both fluazinam and
hydroxyl-fluazinam directly from the soil.

Contrary to the parent compound, we measured a consistent
increase in tissue concentration of the hydroxy-metabolite with
time, which indicates that springtails can carry out the initial
degradation step but cannot degrade it further or excrete metab-
olites sufficiently. This is also supported by other observations
since we could not measure the metabolite in the soil at the start
of the experiment but were able to find increased metabolite con-
centrations in the organisms already after 1day in preliminary
experiments (Figure S4). Additional studies on the transcription
of cytochrome p450 genes could be a valuable addition to vali-
date the hypothesis that hydroxyl-fluazinam is produced inter-
nally (Nota et al. 2009). As previously shown, p450 transcription
is usually induced with increasing concentrations of a toxicant,
leading to an upregulation of excretion processes in springtails
(Bakker et al. 2023; Dai et al. 2023; Holmstrup et al. 2014; Wang
et al. 2024). It is possible that hydroxyl-fluazinam might not be
metabolised further or excreted and therefore accumulates in

the body. This notion is supported by the difference in logk _,
which is 4.04 for the parent compound (PubChem 2024), and
likely slightly less lipophilic for hydroxyl-fluazinam as judged
from soil sorption studies (EFSA 2008), which could indicate
some bioaccumulation of hydroxyl-fluazinam in tissue and
membranes. However, this cannot be confirmed without con-
ducting further studies that include both the uptake and excre-
tion phase (Wang et al. 2024). Additional gene expression studies
on phase IT and phase III enzymes could be of value to detect
if genes related to excretion, such as glutathione-s-transferase
or similar pathways are upregulated (Bakker et al. 2023; Dai
et al. 2023; Nota et al. 2008, 2009), or testing activities of the tar-
geted enzymes. Additionally, heat shock protein regulation was
previously shown to be upregulated when springtails were ex-
posed to sub-optimal high temperatures, which could delay the
detoxification of the parent compound or metabolite due to re-
ceiving a priority production, thus reducing energy availability
for homeostasis and detoxification processes (Dai et al. 2023).
Detoxification mechanisms of phases I, II or III are energy-
intensive and can be shut down, as shown in the mosquito
Culex pipiens molestus when exposed to pesticides in combina-
tion with heat stress (Delnat et al. 2020; Siddique, Shahid, and
Liess 2021). Therefore, the organisms must choose between up-
regulating HSPs or detoxification mechanisms when subjected
to stressful high temperature, both energy-intensive processes.
These previous findings could explain why we saw an increase
in internal concentration of hydroxyl-fluazinam and, therefore,
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FIGURE 7 | Risk assessment of fluazinam based on data from Folsomia candida reproduction tests at 20°C and 26°C, respectively. The EC,;
values are divided by 2 to account for the Log, > 4. The prospective toxicity exposure ratio (TER) and the hazard quotient (HQ) is calculated at 20°C
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conceived as a risk when temperature is 26°C in the case of the TER and at both temperatures for the HQ.

a delay or complete stop of detoxification in phase II or III of the
hydroxy-metabolite. Our study also highlights the importance
of measuring not only the parent compound, but also the most
important metabolites, which may also exert cellular damage.
We note that the metabolite hydroxyl-fluazinam was always
found in much larger quantities than the parent compound and
could potentially exert increased toxicity to the organism; how-
ever, this would need further experiments to verify.

4.2 | High Temperature Increases the Effects
of Pesticides

The EC,, value at the reference temperature related to mortal-
ity and reproduction (20°C) was similar to previously reported
data and unpublished data available to us (EFSA 2019; Wehrli,
2022). The values were also in line with results from tests using
another springtail species (Folsomia fimetaria) that reproduced
sexually, ruling out that reproductive strategy could change the
toxicity values (Wehrli et al. 2022). We confirmed the hypothe-
sis of synergistic interactions and decreasing lethal (LCx) and
sublethal endpoints (ECx) due to high temperature, thus in-
creasing sensitivity. This could mean that in a world of increas-
ing temperatures, the influence of pesticides on non-target soil
arthropods can have more detrimental effects on populations
than expected from traditional environmental risk assessment
(ERA) (Bandeira et al. 2020, 2021; Dai et al. 2019; Eijsackers
et al. 2017). This is the case not only for soil, but also for fresh-
water invertebrates, as shown in experimental systems (Liess,

Henz, and Knillmann 2019), outdoor microcosms (Knillmann
et al. 2013) and at the ecosystem level (Russo, Becker, and
Liess 2018). Recent studies have shown that this problem is
even increased when adding environmental stress to mixtures
of pesticides typical of field exposures (Shahid, Liess, and
Knillmann 2019).

While synergistic negative interactions were most obvious in
mortality and reproductive traits, we also observed a decrease
in growth in adults with higher temperature, which is con-
gruent with previous studies of this species (Ge et al. 2023).
Contrary to this, juveniles increased in size at a higher tem-
perature. However, this was probably due to an earlier hatching
of juveniles due to sped-up embryonic development and hence
the growth of juveniles for a longer period during the experi-
ment at the higher temperatures. The fungicide does not affect
the growth of adults, but at high concentrations, juveniles were
clearly smaller than in uncontaminated control soil. Fungicide-
induced reductions of springtail biomass could lead to shifts in
their functional role in ecosystems, for example, as grazers of
fungi and role in nutrient cycles, hunter-prey relationships, or
changes in trophic niches (Filser et al. 2016; Lux et al. 2024).

4.3 | New Approaches for Multiple Stress
Modelling Are Needed

The approach we used to account for synergistic interactions
could be reached by embedding the novel SAM model in ERA
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(Liess et al. 2016). Predictions for the chronic lethality of fluazi-
nam were precisely predicted with the SAM model by + 2mg/kg
dw compared to the measured toxicity data. On the contrary, the
conventional TA model (Bliss 1939) could not predict lethality
with sufficient precision. SAM was also able to predict the repro-
ductive inhibition in the range of the EC,, and fit the combined
stress effects more accurately. However, the non-monotone EC__
SyS model was more precise at lower concentrations, as a non-
monotone hormetic cause-effect relationship generally occurs
in the range of concentrations well below the EC,, (Liess, Henz,
and Knillmann 2019). This is due to the observed maximum
population growth (Top[) at 22°C-24°C. Such a unimodal distri-
bution of performance in the control needs to be recognised in
order to identify the least stressful conditions for the reference
cause—effect relationship for any combined stress—effect model
as SAM or EA. If this were incorporated into the classic risk as-
sessment approach that was utilised before, the effect values as
well as the regulatory values would be drastically reduced com-
pared to the classic approach.

4.4 | Risk Assessment Adapted to a Changing
Climate

The previously discussed changes in toxicodynamics due to
elevated temperatures led to changes in the risk assessment.
Observations of soil temperatures further support its impor-
tance and relevance. For example, July soil temperatures
(10cm depth) in the United States will regularly reach up to
28°C (Hu and Feng 2003) in a region where F. candida is found
(GBIF 2024), showing that our experimental conditions reflect
realistic scenarios.

In our risk assessment, we determined a decrease in the TER
at 26°C by a factor of 2. In this case, the synergistic interaction
between the effects of increasing temperature and fluazinam
was clear and changed the outcome of the TER approach, which
would not have triggered a higher-tier assessment at TER, o
but does so when calculated for TER, ... The reduction of the
TER by a factor of two is concerning and not limited to the
TER only. In the simulated HQ approach (3.7,)..~8.5,c.c)s
both are above the accepted trigger value of 1 stated by the
European Commission (EC 2003). The same holds true for
other risk assessments since all are based on the lowest effect
value at higher temperature (EClO(%oC)). Liess et al. reported
up to 100-fold higher effects than at benign temperatures
(Liess et al. 2016). These effects have been observed both as
toxicant-induced climate susceptibility (TICS) or vice-versa
as climate-induced toxicant sensitivities (CITS), where previ-
ous exposure to environmental stressors results in increased
sensitivity to a toxicant (Polazzo et al. 2022; Roth et al. 2022;
Shahid, Liess, and Knillmann 2019). Studies on this report sig-
nificant changes in toxicokinetics and dynamics using TK-TD
and GUTS models explaining the change in toxicities (Huang
et al. 2022, 2023; Mangold-Doring et al. 2022). We therefore
argue that these shifts in EC/LC values should be considered
in the risk assessment and authorisation to account for warm-
ing temperatures (Bandeira et al. 2020, 2021; Bandow, Karau,
and Rombke 2014; Eijsackers et al. 2017; Noyes et al. 2009;
Polazzo et al. 2022).

For more than two decades, many investigations addressing
heat stress and chemical exposure reported synergistic interac-
tions both on toxicokinetics and dynamics (Bandeira et al. 2020;
Bandow, Karau, and Rombke 2014; Eijsackers et al. 2017;
Hooper et al. 2013; Huang et al. 2022, 2023; Mangold-Doring
et al. 2022; Polazzo et al. 2022; Raths et al. 2023; Verheyen and
Stoks 2023). Some papers called explicitly for including envi-
ronmental factors in the risk assessment. These synergistic in-
teractions, which also include the mixture of multiple chemical
stressors, pose a relevant threat to populations and ecosystems
(Bale et al. 2002; IPCC et al. 2022; Noyes et al. 2009; Shahid,
Liess, and Knillmann 2019; Siddique, Shahid, and Liess 2021;
Sigmund et al. 2023). Based on previous studies and the results
of our present study, it appears necessary to incorporate multiple
stressors into the risk assessment of harmful substances.
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