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ABSTRACT

Coprophagous insects frequently encounter veterinary medication residues that are excreted unmetabolized in livestock dung.
These residues often negatively affect insect survival, reproduction, and ecosystem services and may contribute to the rapid de-
cline in insect populations. Ivermectin is an antiparasitic drug widely used to treat parasites in livestock. While it has long been
recognized that ivermectin residues affect insect survival, the potential interactive effects between ivermectin exposure and
other ecologically relevant abiotic stressors remain poorly understood. Here, we study these effects in the black scavenger fly
Sepsis neocynipsea, which depends on cow dung for reproduction. Using a fully factorial experimental design, we test whether
the effects of ivermectin exposure on adult survival interact with heat and desiccation stress and whether the severity of these
effects depends on an individual's size and sex. We found that ivermectin exposure had strong negative impacts on adult sur-
vival overall, but that mortality was approximately three times higher in females compared to males. The combination of iver-
mectin exposure, heat, and desiccation stress drastically reduced survival. Interestingly, individuals simultaneously exposed
to heat and ivermectin stress survived better—on average— than individuals only exposed to ivermectin, suggesting potential
hormetic effects. Taken together, our findings highlight how the complex interactions between veterinary pharmaceuticals and
abiotic stressors could drive changes in coprophagous insect populations and their ecological functions.

1 | Introduction benefits, there have been concerns over the ecological impact of

antiparasitic drugs when they enter ecosystems. Even low doses

The environmental impacts of agricultural chemicals, includ-
ing pesticides and veterinary pharmaceuticals, are a major con-
cern in conservation and environmental management (Zhou
et al. 2025). Antiparasitic drugs are a large component of the
animal health market, accounting for €7 billion in annual sales
as of 2018 (Selzer and Epe 2021). These drugs treat an increas-
ingly broad spectrum of endo- and ectoparasites, greatly bene-
fiting animal and human health (Crump 2017). Despite these

of broad-spectrum antiparasitics can negatively affect off-target
organisms in the environment (Gandara et al. 2024). This can
be especially problematic for coprophagous (i.e., dung-eating)
insects that are often in contact with unmetabolized chemical
residues found in the feces of treated livestock.

The impact of antiparasitic residues has been heavily studied
in coprophagous insects. This ecological guild incorporates
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members from several families of dung beetles and dung flies
and plays important roles in regulating the decomposition of
fecal matter, especially in agricultural contexts (Kavanaugh
and Manning 2020; Losey and Vaughan 2006; Skidmore 1991).
Through consuming, burying, aerating, and fragmenting dung,
coprophagous insects directly and indirectly facilitate fecal de-
composition, often driving the local microbial, fungal, and in-
vertebrate diversity (Stevenson and Dindal 1987). However, the
reliance of coprophagous insects on dung as a food source fre-
quently exposes them to chemicals excreted in vertebrate dung.
One such chemical is ivermectin—a broad-spectrum antipara-
sitic drug often used to treat nematode, mite, and lice infections
in livestock, pets, and humans (Crump 2017). As much as 80%-
90% of an ivermectin dose can be excreted through feces, and,
due to its chemical stability, residues can remain in the environ-
ment for weeks (Alvinerie et al. 1999; Herd et al. 1996; Madsen
etal. 1990). Because ivermectin is a broad-spectrum antiparasitic
that acts on a wide range of arthropods and nematodes (El-Saber
Batiha et al. 2020; McKellar 1997; Puniamoorthy et al. 2014), en-
vironmental residues can negatively impact the coprophagous
invertebrates that rely on livestock feces for food and reproduc-
tion, thereby greatly impairing ecosystem functioning (Correa
et al. 2022; Jochmann and Blanckenhorn 2016; Kavanaugh and
Manning 2020; Madsen et al. 1990; Verdu et al. 2018).

Although ivermectin can be directly lethal to coprophagous insects
by disrupting molting, growth, and reproduction (McKellar 1997,
Pérez-Cogollo et al. 2015; Puniamoorthy et al. 2014; Rodriguez-
Vivas et al. 2020; van Koppenhagen et al. 2020), its effects
are not universally fatal (Conforti et al. 2018; Jochmann and
Blanckenhorn 2016; Schmidt 1983). The environmental and physi-
ological factors that mediate susceptibility to ivermectin, however,
remain poorlyunderstood. Recentstudiessuggest thatenvironmen-
tal conditions, such as heat stress, may interact with ivermectin ex-
posure to amplify its effects (Bueno et al. 2023; Gonzalez-Tokman
et al. 2022; Sirois-Delisle and Kerr 2022). Likewise, intrinsic traits
like body size or sex—which are known to influence sensitivity
to other chemicals in other taxa (e.g., Rathman et al. 1992; Zhang
et al. 2019)—may also shape ivermectin responses in copropha-
gous insects. Yet, these interactions have not been systematically
explored. Here, we begin to investigate how such factors modulate
ivermectin sensitivity in black scavenger flies.

Black scavenger flies (Sepsidae) are a functionally important group
of coprophagous insects abundant in temperate and alpine grass-
lands. Despite their small size, ranging from 2 to 6mm in body
length, they play important roles as detritivores, pollinators, and a
food source for other invertebrates (Pont and Meier 2002; Rohner
et al. 2014, 2019). Most sepsid species rely on vertebrate excrement
for reproduction, with adult females of many species laying their
eggs on the surface of fresh cow dung. The larvae hatch and feed
on the dung until they pupate either inside or near the cow pat.
Cow dung is essential not only as a site for oviposition but also as a
crucial food source for egg production in adult females (Pont and
Meier 2002). Given their ecological role and dependence on verte-
brate dung across their entire lifecycle, sepsids are an ideal system
for studying the ecosystem effects of veterinary antiparasitic phar-
maceuticals and their context dependency.

Previous studies have shown that sepsid larvae are very sensi-
tive to ivermectin. Larval sepsids exposed to ivermectin residues

in cow dung show high rates of mortality, even at very low and
ecologically relevant concentrations (Blanckenhorn et al. 2013;
Puniamoorthy et al. 2014). Adult flies, which frequently visit
dung pats for oviposition, mating, and feeding, are also signifi-
cantly affected by ivermectin exposure. Adults feeding on cow
dung containing the antiparasitic show reduced survival, fecun-
dity, and fertility (Conforti et al. 2018). While interspecies dif-
ferences in ivermectin tolerance have been documented, little
is known about how ivermectin exposure affects individuals
within a species under varying environmental conditions. This
is of particular concern because temperate agricultural land-
scapes are predicted to experience increasing temperature and
desiccation stress (Yang et al. 2024), which could potentially
add to the negative effects of pharmacological residues. For in-
stance, a recent study in the yellow dung fly suggests that expo-
sure to high temperatures might exacerbate the negative effects
of ivermectin residues (Gonzalez-Tokman et al. 2022). However,
whether such interactive effects are widespread is still unclear
(Halsch et al. 2023).

In addition to external environmental stressors, the effects of iv-
ermectin exposure might also depend on an individual's endog-
enous features, such as its size or sex. A large body of research
demonstrates that female insects are often more sensitive to nu-
tritional conditions, possibly due to the costly development of
eggs and ovaries (Rohner et al. 2018; Stillwell et al. 2010; Teder
and Tammaru 2005). Similar effects could be expected for the
exposure to chemical residues in the environment. Given fe-
males’ role in population growth rates, sex-specific effects could
further exacerbate (or reduce) the ecological effects of ivermec-
tin exposure.

Here, we investigate how ivermectin exposure interacts with
other ecological and endogenous factors in Sepsis neocynipsea
Melander and Spuler, 1917 (Diptera: Sepsidae)—a species with a
broad Holarctic distribution common in North American grass-
lands (Pont and Meier 2002). Using a fully factorial design, we
test for interactive effects between ivermectin exposure, heat,
and desiccation stress, as well as size- and sex-specific effects.
We hypothesized that ecological and pharmaceutical stressors
would act synergistically on mortality—that is, that their com-
bined effects would exceed the sum of their individual impacts.
As expected, ivermectin exposure strongly reduced adult sur-
vival. The combination of ivermectin and desiccation stress
increased mortality, although the effects were largely additive
rather than synergistic. Unexpectedly, the combination of iver-
mectin and heat stress led to lower mortality than that predicted
from their independent effects, suggesting an antagonistic in-
teraction. These results highlight that the effects of veterinary
pharmaceutical residues on dung insect communities are likely
to be highly context-dependent in natural environments.

2 | Methods
2.1 | Experimental Design

We collected wild Sepsis neocynipsea females on a cow pasture in
Bloomington, Indiana, USA and brought them into the lab at the
University of California San Diego. Each female was placed into
a 50mL conical (Falcon) tube that contained 25g of previously
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frozen cow dung. Tubes were incubated at room temperature for
3weeks, allowing females to lay eggs and their offspring to emerge
as adults. Once offspring emerged, we verified taxon identification
following Pont and Meier (2002). The offspring of 30 female Sepsis
neocynipsea were then combined in a 1.9L plastic container to es-
tablish a large outbred laboratory colony. This colony was provided
with previously frozen cow dung, water, and sugar at 21°C (follow-
ing standard laboratory procedures; see e.g., Rohner et al. 2016).

To assess the context-dependence of ivermectin exposure on
adult survival, we conducted replicated laboratory trials with a
fully factorial design that incorporated heat stress, desiccation
stress, and ivermectin treatments (experimental design shown
in Figure 1). Each replicate trial consisted of a 1.9 L plastic con-
tainer equipped with a small 30 mL ramekin (deli cup) contain-
ing ca. 1.5g of sugar. Between 20 and 26 adult flies that were
at least 2weeks old were randomly assigned to each container
and transferred using an aspirator. In total, we used 24 replicate
containers for the duration of this experiment.

To implement the temperature treatment, half of the replicate
containers were placed in an incubator (Caron Insect Growth
Chamber, 7340-25-1) set to a constant 23°C, and the other half
in an incubator set to 33°C. To manipulate desiccation stress, we
manipulated the presence of an additional water source. Half of
the containers contained a 30mL lidded plastic cup filled with
water, with a cotton string threaded through the lid to wick
water to the surface for fly access. The remaining containers
lacked an external water source, and dung (see below) repre-
sented the only source of moisture.

To assess the effects of ivermectin, we provided each container
with a 59mL cup filled with 20g of previously frozen cow dung

that either did or did not contain ivermectin. In the control treat-
ment, 500 1L of pure acetone was mixed into the dung, whereas
in the ivermectin treatment, dung was mixed with 500 uL of ac-
etone containing 3 ug of ivermectin (as each cup contained 20g
of dung, this resulted in an ivermectin concentration of 150 ug/
kg wet weight). This concentration is comparable to field esti-
mates of fecal ivermectin concentration at the excretion peak a
few days after treatment. For instance, Lumaret et al. (2007) and
Fernandez et al. (2009) measured ivermectin concentrations of
145pug/kg and approximately 250 ug/kg in cow dung (estimates
based on wet weight; see Liebig et al. 2010). For both treatments,
we allowed acetone (which is used as solvent) to evaporate from
the dung for 5h before collecting flies to place into their respec-
tive containers.

Each of the eight possible combinations of the three binary treat-
ments (2 ivermectin treatmentsx 2 temperature treatments X 2
desiccation treatments) was replicated three times, leading to a
total of 24 replicates and a total of 482 flies used in the exper-
iment (see Figure 1). The experiment was run in two different
temporal blocks. The first block contained one replicate per
treatment combination, while the second block contained two
replicate containers.

2.2 | Adult Survival, Sex, and Size Estimation

We collected dead flies every 24 h to record mortality and sexed
each individual based on the presence (or absence) of a hypopyg-
ium (genital clasper that is only present in males) and conspicu-
ous spines on the forefemur that are only found in males (Baur
et al. 2019; Rohner and Blanckenhorn 2018). The experiment
was terminated when there were signs of late-stage pupae in the
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FIGURE1 | Graphical representation of the experimental design. The experiment used a fully-factorial design that crossed two temperature treat-
ments (23°C vs. 33°C) with two desiccation treatments (with vs. or without an additional water source), as well as an ivermectin treatment (acetone

control vs. ivermectin). For each of the treatment combinations, there were three replicates (indicated by squares). The total number of individuals

(n) as well as the observed survivorship after the experiment was terminated (in percent) are given per replicate.
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control treatments. To generate an estimate of overall body size,
we removed the left and right wings of all individuals, embed-
ded them in glycerol on a glass slide, and photographed them
using a Pixelink camera (M20C-CYL) mounted on a Leica M205
stereoscope. We then used ImagelJ to measure the length of the
second longitudinal wing vein as an estimate of adult body size
(see Figure S1). The length of this wing vein is strongly cor-
related with other linear morphological traits and is thus a suit-
able body size estimate (see Table S1). Due to wing wear, size
could not be estimated for all individuals. When measurements
for the left and right sides were available, we used the mean for
further analysis.

2.3 | Statistical Analyses

We analyzed adult survival using a Cox proportional hazards
mixed-effects model fitted via maximum likelihood, as imple-
mented in the R package coxme (Therneau 2022). Fixed effects
included wing length (as a proxy for body size), temperature,
desiccation stress, ivermectin exposure, and sex, as well as all
possible interactions among these variables. Wing length was
mean-centered prior to analysis. Experimental replicate (con-
tainers within temporal block) was included as a random in-
tercept to account for non-independence among individuals
reared under the same conditions. Individuals that survived
until the end of the experiment were treated as right-censored
observations.

The model including all main effects can be expressed as:

h;(t) = hy(t) - eXp(ﬁ1WLi + B, T; + f3D; + BuI; + BsS; + bj) + &

where h,(t) is the hazard (i.e., the instantaneous risk of death)
of individual i at time ¢, hy(t) is the baseline hazard function,
WL is mean-centered wing length, T is the effect of temperature,
D is the desiccation treatment, I is ivermectin exposure, and S
represents sex. The random effect of the replicate container is
represented by b; and the residual error term is indicated with
e. We initially fitted a full model including all two- to five-way
interactions, then sequentially removed nonsignificant interac-
tion terms using backward elimination (Neter et al. 1985). Main
effects for wing length, sex, temperature, desiccation, and iver-
mectin exposure were retained throughout the analysis as they
represented hypotheses of a priori interest.

3 | Results

To assess the effect of ivermectin exposure on adult survival, we
exposed a total of 482 individual sepsid flies to six different treat-
ment combinations. Across all treatments, 48.8% (235/482) of all
individuals died in the course of the experiment (Figure 2A).

Using a Cox mixed-effects model, we found that ivermectin
exposure had a very strong overall effect on survival across
all treatments (ivermectin treatment main effect: HR =74.85,
z=7.00, p<0.001). Ivermectin was especially strong in females,
who were about three times less likely to survive compared
to males (sex-by-ivermectin treatment interaction: HR=0.33,
z=-3.00, p=0.003, Table 1, Figure 3). While desiccation and

heat stress had very strong synergistic effects on survival when
combined simultaneously (desiccation-by-temperature stress
interaction: HR =11.87, z=4.08, p<0.001, Table 1), we did not
find any significant synergistic interactions between either vari-
able and ivermectin treatment. Instead, the combined effect of
ivermectin and heat stress on survival was less than the sum
of the individual impacts of ivermectin and heat stress (heat
stress-by-ivermectin interaction: HR=0.21, z=-2.27, p=0.023,
Table 1; Figure 2B). This pattern is evident in pairwise compar-
isons among treatments without additional desiccation stress.
Individuals exposed to heat stress alone (without ivermectin)
were 2.6 times more likely to die than control individuals kept
at 23°C (although this difference was not statistically signifi-
cant in this particular pairwise comparison: HR =2.63, z=1.32,
p=0.186). Ivermectin exposure at 23°C increased mortality 24-
fold compared to controls at the same temperature (HR=23.8,
z=4.68, p<0.001). However, individuals exposed to both iver-
mectin and high temperatures were only 16 times more likely to
die compared to controls (HR=15.9, z=4.05, p<0.001). Thus,
heat stress appeared to reduce the lethality of ivermectin expo-
sure relative to the control temperature.

Effects of the various chemical and environmental stressors also
depended on body size. Large individuals were more resistant
to high temperatures and ivermectin exposure compared to
smaller individuals (size-by-ivermectin interaction: HR =0.13,
z=-2.53, p=0.012; size-by-temperature interaction: HR =0.05,
z=-3.87, p=0.001, Table 1). However, larger individuals were
more strongly affected by desiccation stress (size-by-desiccation
interaction: HR=5.03, z=2.23, p=0.025, Table 1). Larger in-
dividuals did therefore not have a survival advantage in all
contexts.

4 | Discussion

Dung insects are frequently exposed to unmetabolized veteri-
nary pharmaceuticals (Gandara et al. 2024), but the degree to
which this interacts with other ecological stressors remains un-
clear. We investigated how ivermectin exposure, heat, and desic-
cation stress impact the survival in adults of the sepsid fly Sepsis
neocynipsea. Our results indicate that ivermectin exposure sig-
nificantly increases mortality, though this effect varied by con-
text. Mortality was notably higher among females and smaller
individuals, while the lethal effects of ivermectin depended on
temperature. Larger flies showed greater resilience to heat stress
but were more vulnerable to desiccation. Overall, complex inter-
actions among sex, body size, temperature, and ivermectin ex-
posure can—depending on the specific conditions—modulate
the mortality caused by ivermectin exposure. These findings
have implications for the ecology of black scavenger flies in agri-
cultural systems, particularly as these ecosystems are expected
to face increasing pressures through pesticides, water availabil-
ity, as well as temperature (Yang et al. 2024).

4.1 | Interactions Between Different Ecological
Stressors in Complex Environments

In natural environments, insects are exposed to varied, in-
teracting stressors that are often not captured in experiments
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FIGURE2 | Legend on next page.
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FIGURE2 | Effectof ivermectin in combination with other ecological stressors on adult survival of Sepsis neocynipsea. Plots show survival prob-
ability with time and associated 95% confidence limits. Panel (A) shows the combined effects of desiccation and heat stress in combination with
ivermectin exposure. Treatment combinations including ivermectin exposure are indicated with a hatched line. Panel (B) highlights the subset of
treatments also shown in A that are associated with the interaction of ivermectin and heat stress. Panel (C) similarly shows the subset of treatments
associated with desiccation and heat exposure.

TABLE1 | Cox mixed-effects model fit by maximum likelihood (n=466; 16 individuals with missing wing length excluded).

Coefficient SE HR z p
Wing length (mean-centered) 1.67 1.00 5.33 1.67 0.095
Heat stress [23°C — 32°C] 1.21 0.67 3.35 1.80 0.072
Desiccation stress [control — desiccation] 0.01 0.46 1.01 0.03 0.980
Ivermectin treatment [control — antiparasitic exposure] 4.32 0.62 74.85 7.00 <0.001
Sex [female — male] 0.12 0.32 1.13 0.38 0.700
Wing length X heat stress -2.94 0.76 0.05 -3.87 <0.001
Wing length X desiccation stress 1.61 0.72 5.03 2.23 0.025
Wing length X ivermectin treatment -2.01 0.80 0.13 —2.53 0.012
Heat stress X ivermectin treatment -1.58 0.70 0.21 -2.27 0.023
Ivermectin treatment X sex -1.09 0.36 0.33 -3.00 0.003
Heat stress X desiccation stress 2.47 0.61 11.87 4.08 <0.001

Note: Significant effects (p <0.05) are indicated in bold.
Abbreviations: HR, hazard ratio; SE, standard error.

1.00+
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==== jvermectin female
0.754
2
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FIGURE 3 | Sex-specific effects of ivermectin exposure on survival. Plot shows survival probability with time and associated 95% confidence
limits. To show the sex-specific effects, we pooled the different treatments within each sex and ivermectin treatment combination. The analyses
discussed in the main text (and the corresponding hazard rations) are based on the full model that took all treatment combinations into account.
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focused on exposure to singular stressors (Bueno et al. 2023;
Rodrigues and Beldade 2020; Rohner and Moczek 2023).
These interactions are difficult to predict but might contribute
to the rapid decline of insect populations observed in the field.
For example, in our experiment, heat and desiccation stress
individually caused moderate reductions in survival, but their
combination resulted in a severe decline (Figure 2C), illustrat-
ing the potential for strong synergistic effects. We hypothe-
sized that similar interactions might occur between chemical
residues and abiotic stressors. Previous research found that
heat stress and ivermectin exposure act synergistically to
reduce offspring survival in yellow dung flies (Gonzalez-
Tokman et al. 2022), a distantly related group of flies that is
also dependent on cow dung for reproduction. In contrast to
this work, we did not find the expected synergistic interac-
tions between ivermectin exposure and either of these major
abiotic stressors in S.neocynipsea. Specifically, desiccation
stress did not interact with ivermectin, and individuals si-
multaneously exposed to heat and ivermectin stress survived
better than individuals only exposed to ivermectin. This un-
expected finding may indicate a form of cross-resistance (or
hormesis), where exposure to one stressor confers increased
resistance to another. Such pesticide-induced hormetic ef-
fects have been found in other contexts and species (Guedes
et al. 2022) and temperature has previously been shown to
improve insecticide resistance in various insect pests (Bueno
et al. 2023). For instance, in the brown planthopper, expo-
sure to a sublethal dose of an insecticide leads to increased
thermotolerance—a phenomenon likely mediated by cellular
repair and maintenance mechanisms, potentially including
the expression of heat shock proteins (Ge et al. 2013). Similar
patterns have been found in dung beetles where ivermectin-
treated females increased the expression of the heat shock
protein Hsp70 and males increased their antioxidant capacity
(Villada-Bedoya et al. 2021). If thermal responses indeed in-
crease ivermectin resistance, the ancient adaptive response to
heat could serve as an exaptation (sensu Gould and Vrba 1982)
for handling exposure to ivermectin, which has only recently
become widespread in agricultural environments. However,
the extent to which such exaptation is likely requires further
investigation. Overall, these findings suggest that examining
the interactive effects of ivermectin and other environmental
stressors is essential to better understand how antiparasitics
impact dynamic and rapidly changing ecosystems.

4.2 | Sex-Specific Effects of Ivermectin Exposure
on Adult Survival

Our findings indicate that females are about three times more
likely to die from ivermectin exposure than males. These sex-
specific effects of ivermectin are potentially due to the distinct
nutritional needs of females. In many insect species, including
blowflies (Vogt et al. 1985), females feed on more protein-rich
food sources compared to males to support egg production.
Because sepsid flies seem unable to differentiate between
contaminated and ivermectin-free cow dung (Blanckenhorn
et al. 2013; Conforti et al. 2018), this could lead to an increased
consumption of ivermectin dung in females, potentially explain-
ing the sex difference in mortality when exposed to the same
contaminated environment.

Alternatively, females may be more sensitive to chemical stresses
due to their physiology. Previous studies indicate that females are
often more vulnerable to nutrient stress than males (Teder and
Tammaru 2005), and similar patterns could extend to chemical
stress, although higher female mortality is not consistent across
insect groups (e.g., Andreazza et al. 2020). Regardless of the un-
derlying mechanism, increased female mortality is concerning,
as the number of females in a population determines the overall
potential population growth rate. Ivermectin-driven reductions
in female numbers could therefore significantly impact popu-
lation dynamics and genetic diversity (Sutton et al. 2014). It is
unclear, however, whether changes in the total number of fe-
males in a population (or a change in sex ratios) would lead to
immediate consequences for ecosystem functioning. Ivermectin
residues have previously been shown to affect rates of dung re-
moval (Madsen et al. 1990), but the degree to which this effect
is mediated by sepsids, as opposed to the much larger species of
dung beetles or other large invertebrates, is poorly understood.

4.3 | Interactions Between Ivermectin Exposure
and Body Size

Large body size is often hypothesized to confer greater resis-
tance to environmental stressors, including exposure to en-
vironmental toxins. For instance, larger insect species often
exhibit greater tolerance to a given total amount of insecti-
cides compared to smaller species (e.g., Faly et al. 2023; Nagloo
et al. 2024). We found a similar pattern within species in that
larger individuals exhibited lower mortality rates when exposed
to ivermectin. As we did not experimentally control for indi-
vidual ingestion rates, it is unclear whether this is mediated by
physiology (i.e., an endogenously higher level of resistance) or
whether size-dependent foraging behaviors could mediate the
effect. However, irrespective of the mechanism, size-dependent
mortality suggests that ivermectin exposure might impose in-
creased positive directional selection on size in the field.

The body size-dependence of ivermectin found within species
contrasts with patterns previously documented across species.
Puniamoorthy et al. (2014) measured the ivermectin dose at which
50% of exposed larvae die (i.e., LC,) and showed that resistance
to ivermectin varies more than 500-fold across 21 species of sep-
sids. They also showed that this surprising amount of variation is
not correlated with the macroevolution of body size. This indicates
that the evolution of body size and ivermectin resistance is largely
decoupled across species. The relationship between size and resis-
tance found in S. neocynipsea thus does not seem to extend to the
macroevolutionary level. Whether similar size-dependent effects
hold within other species of sepsids remains to be tested.

In addition to higher ivermectin resistance, large individuals also
had greater resistance to heat stress. Larger individual's resistance
to high temperatures aligns with the findings of previous studies
showing that larger individual insects have greater heat toler-
ance (e.g., Baudier et al. 2015). Large size thus seems to provide
fitness benefits in terms of increased survival. However, large in-
dividuals were also more strongly affected by desiccation stress.
The latter conflicts with the findings of several studies in other
systems suggesting that large individuals are more resistant to
desiccation stress (Bujan et al. 2016; Chown and Nicolson 2004;

7 of 10

85U8017 SUOWIWOD A0 8edldde au Aq peusenob ase sspoie YO ‘88N Jo SN 10} Aeiq18ulUQ 431 UO (SUORIPUOD-PUe-SWLRIW00" A3 1M Afe.d Ul juo//Sdny) SUORIpUOD pue swie | 8L 88s *[6202/80/52] Lo ArligiTauliuo A8 im iuiojied JO AiseAan Aq 626T. €899/200T OT/I0p/M0D A8 im Aeiq Ul |uo//:Sdny WOy papeojumod ‘8 ‘SZ0Z ‘85..SY02



Hadley 1994). One possibility is that behavioral responses and
microhabitat choice are the main mechanisms that regulate des-
iccation stress in sepsids (as has been shown in other systems,
e.g., Hood and Tschinkel 1990). Because our experimental setup
limited behavioral responses, it is unclear whether the physio-
logical responses that are detected under laboratory conditions
are relevant in the field. Future research will be necessary to in-
vestigate the interactions between desiccation, plastic life history
responses, and behavior under more natural conditions.

5 | Conclusions

Agricultural landscapes are increasingly impacted by a variety of
abiotic stressors. Although antiparasitic residues are well known
to harm dung insects and disrupt their ecosystem functions, the
role of ecological conditions in modulating these effects remains
poorly understood. Here, we investigated the combined effects of
ivermectin exposure, heat stress, desiccation stress, and the en-
dogenous factors of sex and body size. We find that the combined
effects of ivermectin exposure, desiccation, and heat stress have
very strong but mostly additive (as opposed to synergistic) effects
on survival. However, we also found that exposure to heat stress
moderately reduced the lethality of ivermectin exposure, suggest-
ing some cross-resistance or hormesis. In addition, we find that
the impacts of ivermectin on survival are especially strong in fe-
males compared to males. Taken together, our data suggest that
previous research has overlooked important interactions between
endogenous and external environmental factors that are likely to
modulate the ecological impact of ivermectin (but see: Gonzalez-
Tokman et al. 2022). Future research on more systems and more
stressors will be necessary to fully understand how chemical resi-
dues impact ecosystem function in a dynamic world.
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