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ARTICLE INFO ABSTRACT

Keywords: Glyphosate (GLY) is a broad-spectrum herbicide that is the most commonly applied pesticide in terrestrial
Cli.mate change ecosystems in the U.S. and, potentially, worldwide. However, the combined effects of warming associated with
Cricket climate change and exposure to GLY and GLY-based formulations (GBFs) on terrestrial animals are poorly un-
Herbicide X . . . .

Multiple-stressor derstood. Animals progress through several life stages (e.g., embryonic, larval, and juvenile stages) that may
Temperature exhibit different sensitivities to stressors. Therefore, we factorially manipulated temperature and GLY/GBF

exposure in the variable field cricket (Gryllus lineaticeps) during two life stages—nymphal development and
adulthood—and examined key animal traits, such as developmental rate, body size, food consumption, repro-
ductive investment, and lifespan. A thermal environment simulating future climate warming obligated several
costs to fitness-related traits. For example, warming experienced during nymphal development reduced survival,
adult body mass and size, and investment into flight capacity and reproduction. Warming experienced by adults
reduced lifespan and growth rate. Alternatively, the effects of GBF exposure were more subtle, often context-
dependent (e.g., effects were only detected in one sex or temperature regime), and were stronger during adult
exposure relative to exposure during development. There was evidence of additive costs of warming and GBF
exposure to rates of feeding and growth in adults. Yet, the negative effect of GBF exposure to adult lifespan did
not occur in warming conditions, suggesting that ongoing climate change may obscure some of the costs of GBFs
to non-target organisms. The effects of GLY alone (i.e., in the absence of proprietary surfactants found in
commercial formulations) were non-existent. Animals will be increasingly exposed to warming and GBFs, and
our results indicate that GBF exposure and warming can entail additive costs for an animal taxon (insects) that
plays critical roles in terrestrial ecosystems.

1. Introduction

Glyphosate (GLY) is the most used herbicide worldwide, and its
application has skyrocketed after being commercialized in the
1970s—globally, GLY use has increased 15-fold since the mid-1990s,
and nearly 1 million tons of GLY are now used each year (Benbrook,
20165 Maggi et al., 2019, 2020). An estimated 2 million tons of GLY have
been applied to terrestrial ecosystems in the United States alone, and
there are growing concerns about the bystander effects of GLY to
non-target organisms (Benbrook, 2016). Glyphosate kills plants by
inhibiting the shikimate pathway, which biosynthesizes essential aro-
matic amino acids and is not present in animals (Gill et al., 2017, 2018).
Yet, recent work indicates that exposure to GLY-based formulations
(GBFs; a. k.a., glyphosate-based herbicides or GBHs) may impact
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animals, including humans, likely due to adjuvants in GBFs (e.g., pro-
prietary surfactants designed to improve the absorption of GLY by
plants) (Gill et al., 2018; Richmond 2018; Battisti et al., 2021; Gandhi
et al., 2021; Kabat et al., 2021).

Exposure to chemical pollution is not the only potential stressor
animals encounter. Global warming is expected to accelerate, and
warming is costly to many facets of animal biology—it may reduce body
size, contract geographical ranges, and lead to phenological mismatch-
ing (Parmesan, 2006; Yang and Rudolf, 2010; Gardner et al., 2011;
Kharouba et al., 2018; IPCC et al., 2021). Animals exposed to both
pesticides and warming simultaneously may incur additive costs from
these multiple stressors. Alternatively, the costs of multiple stressors
may be non-additive or interactive (e.g., antagonistic or synergistic:
Crain et al., 2008; Todgham and Stillman, 2013; Kaunisto et al., 2016).
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For example, temperature and insecticide exposure tend to have syn-
ergistic effects (i.e., entail interactive, non-additive effects) on insects
(Kaunisto et al., 2016). Likewise, warming and GLY/GBFs modulate the
effects of one another in the physiological and behavioral responses of
aquatic animals (Baier et al., 2016; Gandhi and Cecala, 2016; Silva et al.,
2020; Fadhlaoui and Lavoie, 2021; Parlapiano et al., 2021). However,
the combined effects of warming and GLY/GBFs on terrestrial animals
are less understood (Stahlschmidt and Vo, 2022).

On their journey from birth to death, animals progress through
several life stages (e.g., embryonic, larval, and juvenile stages) that may
exhibit different sensitivities to stressors (Kingsolver et al., 2011;
Tangwancharoen and Burton, 2014; Truebano et al., 2018; Shekh et al.,
2019; Leung and McAfee, 2020). Therefore, we factorially manipulated
temperature and GLY/GBF exposure in the variable field cricket (Gryllus
lineaticeps) during two life stages (nymphal development and adulthood)
because previous work indicates crickets are sensitive to insecticides (e.
g., neonicotinoids, phenylpyrazoles, pyrethroids, and organophos-
phates: Cummings et al., 2006; Thompson and Brandenburg, 2006;
Neuman-Lee et al., 2013; Maliszewska et al., 2018), but crickets’
sensitivity to herbicides are not understood. We examined key animal
traits, such as developmental rate, body size, food consumption, repro-
ductive investment, and lifespan. We addressed four questions:

(1) Do GLY/GBFs and warming impose additive or non-additive
costs? Here, we predict a tendency for non-additive, interactive
costs given previous work across taxa (e.g., Crain et al., 2008), as
well as in Gryllus, in particular (Padda et al., 2021; Padda and

Stahlschmidt, 2022).

Do the effects of either potential stressor vary due to life stage?

Here, we predict exposure during development will have a

greater effect than exposure during adulthood because early life

stages tend to be relatively sensitive to abiotic stress (Grosell
et al.,, 2002; Verween et al., 2007; Pineda et al., 2012; Miller
et al., 2013; Mohammed, 2013; but see Tangwancharoen and

Burton, 2014; Shekh et al., 2019).

(3) Do the effects of either potential stressor vary due to the type of
trait (i.e., some traits may be more sensitive to GLY/GBFs than
other traits)? Here, we predict warming to reduce developmental
duration and body size as in other taxa (reviewed in Angilletta,
2009), but we have no clear a priori predictions regarding the
trait-specific sensitivity of GLY/GBF exposure given their broad
range of effects in animals (reviewed in Gill et al., 2018).

(4) Are the costs of GBFs due to GLY, or to co-formulants? Here, we
predict costs of exposure to GBF, but not GLY alone, given the
harmful effects of surfactant co-formulants (Tsui and Chu, 2003;
Howe et al., 2004; reviewed in Gill et al., 2018).

(2

—

The threat of multiple stressors is increasing for animals (McRae
et al., 2008; Nelson et al., 2009; Rohr et al., 2011; Rohr and Palmer,
2013; Kaunisto et al., 2016), and our study will be the first to integrate
the effects of global warming and a common herbicide across the life
stages of a terrestrial animal.

2. Materials and methods
2.1. Study system

The variable field cricket, Gryllus lineaticeps, is predominately found
in California, U.S. (Weissman and Gray, 2019) where GLY is applied to
more land area than any other pesticide (California Department of
Pesticide Regulation, 2018). We used G. lineaticeps from a long-term
colony that we subsidized annually with progeny from females
collected from a natural population (Sedgwick Reserve, Santa Ynez, CA,
U.S.). Gryllus lineaticeps is wing-dimorphic, and we maintained the col-
ony at even sex and morph ratios in standard conditions (14:10 light:
dark cycle with ad libitum access to water, commercial dry cat food, and
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cardboard egg cartons for shelter) at 28 + 1 °C. In these conditions,
G. lineaticeps eggs incubate for ~11 d before hatchling nymphs emerge,
and nymphs develop for ~50 d before molting into winged adults that
begin mating with ~5 d, and females begin ovipositing immediately
thereafter.

We conducted two experiments (see below), and we maintained
crickets in standard conditions for both experiments. For Experiment 1,
we transferred each cohort of hatchlings (n = 20 per cohort) from the
colony to a translucent 15 L plastic container within 2 d of hatching (n =
42 cohorts; n = 820 hatchlings total). For Experiment 2, we transferred
each newly emerged adult from the colony to a translucent 1.9 L plastic
container within 1 d post-adult molt (n = 276 adults total). We only used
short-winged (SW; flight-incapable) morphs for Experiment 2 because
the SW morph is the dominant morph at Sedgwick Reserve (L.A. Treidel,
pers. comm.).

2.2. Experiment 1: Effects of warming and GLY/GBF during development

We used a 3 x 2 factorial design to study the independent and
interactive effects of water treatment and temperature on the success
and duration of development, and adult phenotype (e.g., body size, and
investment into flight capacity and reproduction). We manipulated
exposure to GLY or GBF by providing nymphal crickets with water
bottles filled with one of three solutions: tap water only (control, CON),
glyphosate (GLY; 5 mg/L of HyO, the concentration of GLY that has been
used in other insect studies and is based on field-relevant concentra-
tions: reviewed in Herbert et al., 2014; Motta et al., 2018), and GBF
(Roundup® Super Concentrate diluted to 5 mg GLY/L of Hy0). We
changed water bottles weekly, and we included both GLY and GBF to
disentangle the effects of GLY and non-GLY components (i.e., pro-
prietary surfactants) on measured variables. Glyphosate exhibits very
low rates of degradation in tap water in the absence of UV light exposure
(e.g., at least 90% of glyphosate remains after 120 days: Yadav et al.,
2017), and its degradation is minimally affected by temperature and is
instead largely driven by microbes in natural conditions (Roberts, 1998;
Tomlin, 2006; Mercurio et al., 2014). Because there was likely limited
microbial activity and UV radiation in our study using chlorinated tap
water, GLY- and GBF-treated crickets likely experienced significant
exposure to these chemicals. We performed a pilot study in adult
G. lineaticeps (n = 27) maintained in standard conditions. Based on these
crickets’ consumption of GBF-treated water (92 ml per day on average),
we estimate that each GLY/GBF-treated cricket consumed approxi-
mately 0.5 pg of GLY each day.

We also manipulated crickets’ thermal environments. We main-
tained half of the crickets in an incubator (model I-36, Percival Scien-
tific, Inc., Perry, IA, U.S.) exhibiting a thermal cycle that changed
temperature hourly and ranged from 18 °C to 38 °C each day (Fig. S1).
This control temperature treatment averaged 28 °C (as in standard
colony conditions; see above), but its daily variation approximated the
thermal fluctuations of microhabitats used by adult G. lineaticeps in the
field (Sedgwick Reserve, Santa Barbara County, CA, USA: Fig. S1). We
maintained the remaining crickets in an incubator exhibiting a thermal
cycle that changed temperature hourly and ranged from 23 °C to 42 °C
each day (Fig. S1). The maximum temperature in the warming treatment
(42 °C) did not exceed the critical thermal maximum of adult
G. lineaticeps (50 °C; ZRS unpublished). Thus, the warming temperature
treatment was acutely sublethal and exhibited the same thermal varia-
tion as the control temperature treatment, but it was 4 °C warmer to
estimate the predicted increase in temperature at Sedgwick Reserve in
2100 (IPCC et al., 2021).

We checked crickets daily, and we transferred newly emerged adults
into individual deli cups and returned crickets to their water and tem-
perature treatment conditions. After 5 d, we determined wing
morphology (i.e., SW or long-winged [LW]) and body mass, before
killing and storing each cricket at —20 °C. To determine investment into
flight capacity, we later dissected crickets to score their flight
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musculature [dorsolongitudinal muscles (DLM)] from 0 (DLM absent) to
1 (white, histolyzed and non-functional DLM) to 2 (pink and functional
DLM) (King et al., 2011; Glass and Stahlschmidt, 2019; Padda et al.,
2021). We removed each female’s ovaries and dried them to a constant
mass to determine reproductive investment because ovary mass at this
age strongly correlates with total fecundity in Gryllus (Roff, 1994). Last,
we determined the length of both femurs for each cricket to determine
body size (1) and bilateral asymmetry (coefficient of variation (%); 100
x (o/p)), the latter of which is an indicator of stress (reviewed in Gra-
ham et al., 2010).

2.3. Experiment 2: Effects of warming and GLY/GBF during adulthood

To study the independent and interactive effects of water treatment
and temperature on adult lifespan, food intake, and food conversion
efficiency, we first weighed each cricket and then added pre-weighed
dry commercial cat to each cricket’s container. We manipulated expo-
sure to GLY/GBF and temperature using the 3 x 2 factorial design
described above. Daily, we checked for mortality to determine lifespan.
We paired males and females for 24-h periods to facilitate mating en-
counters at 7, 14, 21, and 28 days of adulthood. We ensured that mating
occurred between age-matched pairs of crickets in the same water-
temperature treatment groups (e.g., a female in the CON-warming
treatment group only mated with CON-warming males). In cases of
uneven sex ratios, we matched one male with two females (or vice versa).
We tried to ensure that each cricket only encountered >1 mating partner
during a given mating encounter up to one time in its life, and that each
cricket was not mated to the same cricket more than once. We returned
each cricket to its individual housing after mating.

Weekly, we weighed each cricket to determine changes in body mass.
We also determined food intake between mating events each week
because other herbicides can reduce food intake in insects (Ja et al.,
2007), and other traits (e.g., sex or lifespan) may also be associated with
the rate of food intake. Female Gryllus crickets rapidly increase body and
gonad mass during the first week of adulthood, and the amount of body
mass gained (i.e., growth rate) during early adulthood is strongly
correlated with reproductive investment in female G. lineaticeps
(Stahlschmidt et al. unpublished; reviewed in Zera, 2005). Therefore, we
determined whether treatments affected growth rate, as well as the
ability of crickets to convert food mass into body tissue (and, thus,
reproductive tissue for 1 week old female adults) by estimating ingested
food conversion efficiency (body mass gain [mg]/total food ingested
[mg] sensu Mole and Zera, 1993, 1994).

2.4. Statistical analyses

We tested data for normality, natural logarithm-transformed data
when necessary, and analyzed using SPSS (v.26 IBM Corp., Armonk,
NY). We determined two-tailed significance at a = 0.05. For Experiment
1, we used several general linear mixed models to examine the inde-
pendent and interactive effects of treatments (water treatment and
temperature) and sex on developmental duration, adult body mass and
size, bilateral asymmetry, and ovary mass where we included cohort
identity (n = 42) as a random effect in each model. We also performed
an ordinal logistic generalized linear mixed model on the categorical
DLM scores (scored from O to 2, see above) and treatments. To account
for the independent effect of body size, the ovary mass and DLM score
models included mean femur length as a covariate. Similarly, we used
binary logistic generalized linear models on data from each cricket to
determine the effects of treatment on survivorship (0: did not survive
treatment; 1: survived treatment) and on wing morphology (SW or LW).
For Experiment 2, we used several general linear models to examine the
independent and interactive effects of treatments (GLY/GBF and tem-
perature) and sex on adult lifespan, average daily food intake, and the
growth rate and the food conversion efficiency during early adulthood.
We included initial body mass as a covariate in all Experiment 2 models,
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with the exception of the conversion efficiency model because initial
body mass was used to determine conversion efficiency. We further
included body mass gained during early adulthood and average daily
food intake as covariates in the lifespan model to examine the sensitivity
of longevity to growth rate and feeding rate, respectively, and because
these two covariates did not exhibit strong multicollinearity (variance
inflation factor = 1.97). All models tested for interactions between and
among treatments and sex. Significant results are reported below, and
full results are reported in Tables S1-S12. When water treatment inde-
pendently affected a dependent variable, we used pairwise post-hoc
analyses to determine differences between water treatments, and we
controlled the Type I error rate associated with multiple comparisons by
using the Holm-Bonferroni method.
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Fig. 1. Effects of water treatment (tap water [control], glyphosate [GLY], or
GLY-based formulation [GBF]) and temperature experienced during develop-
ment on a.) survival to adulthood, b.) developmental duration, and c.) body size
(femur length) in G. lineaticeps. For full results, see Tables S1, S2, and S4. Values
are displayed as mean + s.e.m.
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3. Results
3.1. Experiment 1: Effects of warming and GLY/GBF during development

Warming during development reduced survival to adulthood, and
both warming and GBF exposure reduced developmental duration
(Fig. laand b; Tables S1 and S2). Adult body mass and size were reduced
due to warming (Fig. 1c; Table S3). Warming had a greater effect on
body mass in females (temperature x sex effect), which were larger and
heavier than males (Tables S3 and S4). Neither wing morphology nor
bilateral symmetry were affected by any experimental factor (Tables S5
and S6). Flight musculature and ovary mass were reduced due to
warming after accounting for variation due to body size (Fig. 2;
Tables S7 and S8).

3.2. Experiment 2: Effects of warming and GLY/GBF during adulthood

Adult lifespan was reduced by warming, and GBF exposure in control
temperature conditions (temperature x water treatment effect) also
reduced lifespan (Table S9; Fig. 3a). Lifespan was further reduced by
high feeding rate, small body size (initial body mass), and slow growth
rate during early adulthood (Table S9). Feeding rate was reduced in
males, small animals, and animals exposed to warming (Fig. 3b;
Table S10). Feeding rate was also reduced due to GBF exposure (Fig. 3b),
and this effect was greater in females (water treatment x sex effect;
Table S10). After accounting for initial body mass, growth rate during
early adulthood was reduced in males, in warming conditions, and by
GBF exposure (Fig. 4a; Table S11). The efficiency by which ingested food
was converted to body mass during early adulthood was reduced in
males and by GBF exposure (Fig. 4b; Table S12).
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Fig. 2. Effects of water treatment (tap water [control], glyphosate [GLY], or
GLY-based formulation [GBF]) and temperature experienced during develop-
ment on investment into a.) flight musculature (scored from 0 [muscle absent]
to 2 [muscle present and functional]), and b.) reproduction (dry ovary mass) in
G. lineaticeps. For full results, see Tables S7 and S8. Values are displayed as
mean =+ s.e.m.
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Fig. 3. Effects of water treatment (tap water [control], glyphosate [GLY], or
GLY-based formulation [GBF]) and temperature experienced during adulthood
on a.) lifespan and b.) feeding rate in G. lineaticeps. For full results, see Tables S9
and S10. Values are displayed as estimated marginal mean =+ s.e.m. Because
initial body mass was included as a covariate.

4. Discussion

The broad-spectrum herbicide, GLY, is the most commonly applied
pesticide in terrestrial ecosystems in the U.S. and, potentially, world-
wide (reviewed in Benbrook, 2016). However, the combined effects of
GLY/GBF exposure and warming on terrestrial animals are poorly un-
derstood. Here, we examined how these potential multiple stressors
shape a range of phenotypic traits—from growth and survival to
reproduction and longevity—across life stages in a field cricket. Our
results indicate that a thermal environment simulating future climate
warming obligated several costs to fitness-related traits. For example,
warming experienced during nymphal development reduced survival,
adult body mass and size, and investment into flight capacity and
reproduction (Figs. 1 and 2). Warming experienced by adults reduced
lifespan and growth rate (Figs. 3 and 4). Alternatively, the effects of GBF
exposure were more subtle, often context-dependent (e.g., effects were
only detected in one sex or temperature regime), and were stronger
during adult exposure relative to exposure during development
(Figs. 1-4). The effects of GLY alone (i.e., in the absence of proprietary
surfactants found in commercial formulations) were non-existent. In
sum, our results indicate that GBF exposure and warming can each entail
costs for an animal taxon (insects) that provide critical ecosystem ser-
vices, including pollination and seed dispersal, nutrient and energy
cycling, pest management, and decomposition (reviewed in Cardoso
et al., 2020).

4.1. More additive than non-additive costs of warming and GLY/GBF
exposure

Multiple stressors are increasingly common for animals (McRae
et al., 2008; Nelson et al., 2009; Rohr and Palmer, 2013; Kaunisto et al.,
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Fig. 4. Effects of water treatment (tap water [control], glyphosate [GLY], or
GLY-based formulation [GBF]) and temperature experienced during adulthood
on a.) growth rate (body mass gained) and b.) the efficiency by which ingested
food was converted into body mass during early adulthood in G. lineaticeps. For
full results, see Tables S11 and S12. Values are displayed as estimated marginal
mean =+ s.e.m. for growth rate because initial body mass was included as a
covariate and as mean + s.e.m. for conversion efficiency.

2016), and concurrent stressors may have an additive effect on a given
animal trait where the stress due to two factors is simply the sum of
either factor alone (Todgham and Stillman, 2013). However, multiple
stressors may result in interactive, non-additive effects, such as syner-
gistic or antagonistic effects (Folt et al., 1999; Todgham and Stillman,
2013; Piggott et al., 2015). Our study manipulating GLY/GBF exposure
and warming in G. lineaticeps revealed that these two factors did not
generally constitute multiple stressors—warming was typically costly,
but exposure to GLY and (at times) GBF were not costly. For example,
water treatment did not affect survival, body size or mass, or investment
into flight capacity or reproduction (Figs. 1-2). However, when costs
from warming and GBF were detected, they were more likely to be ad-
ditive costs. Specifically, rates of feeding and growth in adults were
reduced by warming and GBF exposure (Figs. 3 and 4). In only one
instance were costs non-additive or interactive—the negative effect of
GBF exposure to adult lifespan did not occur in warming conditions
because both stressors (alone or in combination) appeared to reduce
lifespan (Fig. 3a), which suggests that ongoing climate change may
obscure the costs of GBFs to non-target organisms. Our study’s greater
support for additive costs of multiple stressors is in contrast with other
multiple-stressor studies in Gryllus crickets, including G. lineaticeps
(Padda et al., 2021; Padda and Stahlschmidt, 2022). Similar studies in
other taxa provide a range of support for both additive and non-additive
costs of multiple stressors (Lokke et al., 2013; Piggott et al., 2015;
Gieswein et al., 2017). Thus, there may not be a universal “rule” for the
manner in which concurrent environmental stressors affect animals.
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4.2. Costs of warming and GLY/GBF exposure vary across life stages

Understanding the effects of complex environmental shifts on ani-
mals requires consideration of the entire animal life cycle because life
stages may vary in their sensitivities to stressors (reviewed in Kingsolver
et al., 2011). Early life stages tend to be more sensitive to abiotic
stressors, such as chemical pollutants and heat, putatively due to their
smaller body sizes (Grosell et al., 2002; Verween et al., 2007; Klockmann
et al., 2017; Pineda et al., 2012; Miller et al., 2013; Mohammed, 2013;
but see Tangwancharoen and Burton, 2014; Shekh et al., 2019). How-
ever, adult G. lineaticeps were more sensitive to GBF exposure relative to
nymphs, and both nymphs and adults were strongly affected by warming
(Figs. 1-4). Adult crickets contain significant body stores (Stahlschmidt
and Chang, 2021), and one explanation for adults’ greater GBF sensi-
tivity may be that surfactants contained in GBFs allow for increased
accumulation of GBFs during adulthood because GBF co-formulants can
rapidly penetrate and accumulate in cells (Vanlaeys et al., 2018). Our
pilot data suggest that GLY/GBF-exposed adults consumed approxi-
mately 0.5 pg of GLY each day, but future work should examine the
amount of GLY consumed by nymphs—as well as whether life stages
vary in their bioaccumulation of GLY—to clarify the stage-specific dy-
namics of GLY/GBF exposure. Another explanation may lie in the
interplay between GLY/GBFs and the microbiome. Glyphosate exposure
alters gut microbiota in other animals, including in insects (Shehata
et al., 2013; Motta et al., 2018; Tang et al., 2020). The richness of the
insect gut microbiome is typically greater in earlier life stages (Yun
et al., 2014; Juma et al., 2020), which may help nymphs buffer the
negative effects of exposure to GLY/GBFs. However, future work is
required to determine whether life stages differ in accumulation of
GLY/GBF, and whether GLY/GBF exposure has stage-specific effects on
the gut microbiome.

4.3. Warming and GLY/GBF exposure have trait-specific effects

All traits are not created equal—some traits contribute more directly
to fitness than others—so investigating a suite of traits is key to under-
standing the magnitude of potential stressors to animals. In our study,
traits not directly connected to fitness (e.g., bilateral symmetry and wing
morphology) were unaffected by warming and GLY/GBF exposure
(Tables S5 and S6). Meanwhile, fitness-related traits were highly sensi-
tive to temperature—on average, warming reduced survival by >30%
and reproductive investment by >120% (Figs. 1a and 2b). High tem-
peratures can destabilize proteins and membranes, lead to oxygen lim-
itation, and increase energy expenditure and the production of stress-
related biomolecules (e.g., heat shock proteins), and these physiolog-
ical effects can contribute to reduced survival and reproductive invest-
ment (reviewed in Angilletta, 2009). Other important traits were
affected by both warming and GBF exposure in our study (e.g., devel-
opmental duration, food intake, and adult growth rate). Together, these
three traits determine how quickly an animal can disperse and repro-
duce, and how many resources an animal has acquired for storage,
reproductive investment, and self-maintenance. Therefore, the
increasing prevalence of combined warming and GBF exposure is likely
to strongly impact cricket populations. We encourage continued exam-
ination into the effects of temperature and GLY/GBF on traits linked to
fitness, such as lifetime egg production and offspring success (e.g.,
Stahlschmidt et al., 2020; Stahlschmidt and Vo, 2022).

Several traits in G. lineaticeps responded predictably to warming and
GBF exposure. For example, warming increased developmental rate (i.
e., reduced developmental duration) at the expense of adult body size
(Fig. 1b and ¢) in agreement with results in other animals, including
other insects (reviewed in Angilletta, 2009; Régniere et al., 2012).
Warming associated with global climate change reduces animal body
size (Gardner et al., 2011), and smaller animals tend to exhibit
decreased fitness (e.g., reduced investment into reproductive tissue or
mating success: reviewed in Peters, 1983). In support, smaller crickets in
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our study exhibited reduced adult lifespan. Crickets that fed at a higher
rate also exhibited reduced lifespan (Table S10), which appears to be a
universal feature of animal biology (Fontana et al., 2010; Fontana and
Partridge, 2015). Yet, warming and GBF exposure during adulthood
reduced feeding but shortened (not prolonged) lifespan (Fig. 3). This
discrepancy may be due aspects of experimental design. Work linking
dietary restriction with longevity generally involves experimental
manipulation of food availability (Fontana et al., 2010; Fontana and
Partridge, 2015). However, food availability in our study was unlimited,
meaning that reduced food intake was voluntary and potentially due to
warming- or GBF exposure-induced stress. GBF exposure not only
reduced food intake (similar to the effects of other herbicides: Ja et al.,
2007). It also reduced the efficiency by which ingested food was con-
verted to body mass during a period of dramatic reproductive invest-
ment (Fig. 4c), which suggests a metabolic cost of GBF exposure. Thus,
understanding the fitness-related costs of multiple stressors requires
careful consideration for the roles of resource (food) acquisition and
allocation, particularly because ongoing climate change is expected to
create food scarcity for insects due to range contractions of their food
plants (Romo et al., 2014, 2015).

4.4. Costs of GBF exposure are not due to GLY

GBFs typically include surfactants as co-formulants or adjuvants,
which facilitate the penetration of GLY into plant cells (Giesy et al.,
2000). Polyoxyethyleneamine (POEA) is a surfactant commonly found
in GBFs, and POEA alone often mimics or exceeds the effects of GBFs on
animals (Tsui and Chu, 2003; Howe et al., 2004; reviewed in Gill et al.,
2018). Therefore, costs of GBF exposure to animals are likely due to
adjuvants, rather than GLY itself. In agreement, we found no effect of
exposure to GLY alone on any measured trait (Figs. 1-4), but the effects
of higher doses of GLY should be explored because GLY exposure tends
to affect survival and the gut microbiome only at higher concentrations
(e.g., >11 mg/L of Hy0) in other insects (Motta and Moran, 2020).
However, exposure to a common GBF in our study (i.e., Roundup®: 5 mg
GLY/L of Ho0 + adjuvants) reduced development time, adult lifespan in
control temperature conditions, food intake, adult growth rate, and the
rate at which ingested food was converted to body mass (Figs. 1-4).
Some of these effects were likely linked. For example, reduced growth
rate was probably due to reduced food intake, which may be affected by
water consumption. Other animals exhibit avoidance behaviors toward
GLY/GBFs (Takahashi, 2007; Tierney et al., 2007; da Rosa et al., 2016;
Leeb et al., 2020; but see Santos et al., 2012). Gryllus lineaticeps do not
discriminate against GLY/GBF when making egg-laying decisions
(Stahlschmidt and Vo, 2022), but their ability to avoid drinking water
sources containing GLY/GBFs is unknown. Physiologically, surfactants
interfere with the inner mitochondrial membrane and reduce the proton
gradient required for cellular respiration (Bradberry et al., 2004), and
oral exposure to POEA damages the gastrointestinal tract and lungs in
mammals (Adam et al., 1997). In invertebrates, POEA exposure upre-
gulates antioxidant defenses and can increase apoptosis (Contardo-Jara
et al., 2009; Bednarova et al., 2020). However, it is unclear which spe-
cific behavioral or physiological mechanism(s) underlie the suite of ef-
fects in crickets that we observed.

5. Conclusions

Animals will be increasingly exposed to warming and GBFs (Ben-
brook, 2016; Maggi et al., 2019, 2020; IPCC et al., 2021), and the
multiple-stressor framework provides a useful construct to better un-
derstand their effects on animals. Our results in a cricket indicate that
warming tends to have larger effects than GBF exposure, and that the
costs of these two stressors is more likely to be additive (Figs. 1-4).
However, context is important, and we show that warming can reduce
the harmful effects of GBF exposure on a fitness-related trait (i.e., adult
lifespan: Fig. 3a). Stress biology can also vary due to sex (Kwan et al.,
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2008; Gruntenko et al., 2016; Moisan, 2021; Vinterstare et al., 2021),
and we found that females were more sensitive to warming and GBF
exposure. Specifically, female body size was more influenced by
warming during development, and GBF exposure during adulthood
affected feeding more in females (Tables S4 and S10). Gryllus crickets
exhibit sexual variation in body size and other morphological charac-
teristics, physiology, and developmental sensitivity to food availability
and immune challenge (Zera et al., 2007; Judge and Bonanno, 2008;
Kelly et al., 2014; Tawes and Kelly, 2017; Kirschman et al., 2019), and
our results add to this list because stress sensitivity may also be sexually
dimorphic. Therefore, we encourage researchers to continue to leverage
the multiple-stressor framework to clarify how costs vary across
different life stages, traits, and sexes. Future work should also consider
the dynamics of sequential stressors given the hormetic responses to
pesticide- and temperature-related stress in insects (reviewed in Rix and
Cutler, 2022). For example, GBF exposure during development may
influence—perhaps even improve— adult heat tolerance. After all, a
clear understanding of organismal responses to multiple stressors can
inform the population-level effects of environmental stress (Sokolova
et al., 2012).

Funding

None declared.

Author statement

ZRS designed the experiments, analyzed the data, and led writing of
the manuscript. JW, CV, PE, and DB collected data and assisted with
writing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We appreciate Alyssa Bonfoey, Lauren Harter, and Suheyla Yoksu-
loglu for animal care.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envpol.2022.119508.

References

Adam, A., Marzuki, A., Rahman, H.A., Aziz, M.A., 1997. The oral and intratracheal
toxicities of ROUNDUP and its components to rats. Vet. Hum. Toxicol. 39 (3),
147-151.

Angilletta, M.J., 2009. Thermal Adaptation: A Theoretical and Empirical Synthesis in:
Thermal Adaptation: A Theoretical and Empirical Synthesis.

Baier, F., Gruber, E., Hein, T., Bondar-Kunze, E., Ivankovi¢, M., Mentler, A., Briihl, C.A.,
Spangl, B., Zaller, J.G., 2016. Non-target effects of a glyphosate-based herbicide on
common toad larvae (Bufo bufo, amphibia) and associated algae are altered by
temperature. PeerJ 2016 (11).

Battisti, L., Potrich, M., Sampaio, A.R., de Castilhos Ghisi, N., Costa-Maia, F.M., Abati, R.,
dos Reis Martinez, C.B., Sofia, S.H., 2021. Is glyphosate toxic to bees? A meta-
analytical review. Sci. Total Environ. 767.

Bednarova, A., Kropf, M., Krishnan, N., 2020. The surfactant polyethoxylated
tallowamine (POEA) reduces lifespan and inhibits fecundity in drosophila
melanogaster- in vivo and in vitro study. Ecotoxicol. Environ. Saf. 188.

Benbrook, C.M., 2016. Trends in glyphosate herbicide use in the United States and
globally. Environ. Sci. Eur. 28 (1), 1-15.

Bradberry, S.M., Proudfoot, A.T., Vale, J.A., 2004. Glyphosate poisoning. Toxicol. Rev.
23 (3), 159-167.

California Department of Pesticide Regulation, 2018. A Guide to Pesticide Regulation in
California. https://www.cdpr.ca.gov.


https://doi.org/10.1016/j.envpol.2022.119508
https://doi.org/10.1016/j.envpol.2022.119508
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref1
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref1
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref1
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref2
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref2
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref3
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref3
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref3
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref3
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref4
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref4
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref4
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref5
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref5
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref5
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref6
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref6
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref7
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref7
https://www.cdpr.ca.gov

Z.R. Stahlschmidt et al.

Cardoso, P., Barton, P.S., Birkhofer, K., Chichorro, F., Deacon, C., Fartmann, T.,
Fukushima, C.S., Gaigher, R., Habel, J.C., Hallmann, C.A., Hill, M.J., Hochkirch, A.,
Kwak, M.L., Mammola, S., Ari Noriega, J., Orfinger, A.B., Pedraza, F., Pryke, J.S.,
Roque, F.O., Settele, J., Simaika, J.P., Stork, N.E., Suhling, F., Vorster, C.,
Samways, M.J., 2020. Scientists’ warning to humanity on insect extinctions. Biol.
Conserv. 242,

Contardo-Jara, V., Klingelmann, E., Wiegand, C., 2009. Bioaccumulation of glyphosate
and its formulation roundup ultra in Lumbriculus variegatus and its effects on
biotransformation and antioxidant enzymes. Environ. Pollut. 157 (1), 57-63.

Crain, C.M., Kroeker, K., Halpern, B.S., 2008. Interactive and cumulative effects of
multiple human stressors in marine systems. Ecol. Lett. 11 (12), 1304-1315.

Cummings, H.D., Brandenburg, R.L., Leidy, R.B., Yelverton, F.H., 2006. Impact of fipronil
residues on mole cricket (Orthoptera: gryllotalpidae) behavior and mortality in
bermudagrass. Fla. Entomol. 89 (3), 293-298.

da Rosa, J.G.S., de Abreu, M.S., Giacomini, A.C.V., Koakoski, G., Kalichak, F., Oliveira, T.
A., de Alcantara Barcellos, H.H., Barreto, R.E., Barcellos, L.J.G., 2016. Fish aversion
and attraction to selected agrichemicals. Arch. Environ. Contam. Toxicol. 71 (3),
415-422.

Fadhlaoui, M., Lavoie, 1., 2021. Effects of temperature and glyphosate on fatty acid
composition, antioxidant capacity, and lipid peroxidation in the gastropod Lymneae
sp. Water 13 (8).

Folt, C.L., Chen, C.Y., Moore, M.V., Burnaford, J., 1999. Synergism and antagonism
among multiple stressors. Limnol. Oceanogr. 44 (3 II), 864-877.

Fontana, L., Partridge, L., 2015. Promoting health and longevity through diet: from
model organisms to humans. Cell 161 (1), 106-118.

Fontana, L., Partridge, L., Longo, V.D., 2010. Extending healthy life span-from yeast to
humans. Science 328 (5976), 321-326.

Gandhi, J.S., Cecala, K.K., 2016. Interactive effects of temperature and glyphosate on the
behavior of blue ridge two-lined salamanders (Eurycea wilderae). Environ. Toxicol.
Chem. 35 (9), 2297-2303.

Gandhi, K., Khan, S., Patrikar, M., Markad, A., Kumar, N., Choudhari, A., Sagar, P.,
Indurkar, S., 2021. Exposure risk and environmental impacts of glyphosate:
highlights on the toxicity of herbicide co-formulants. Environ Challenge 4.

Gardner, J.L., Peters, A., Kearney, M.R., Joseph, L., Heinsohn, R., 2011. Declining body
size: a third universal response to warming? Trends Ecol. Evol. 26 (6), 285-291.

Gieswein, A., Hering, D., Feld, C.K., 2017. Additive effects prevail: the response of biota
to multiple stressors in an intensively monitored watershed. Sci. Total Environ.
593-594, 27-35.

Giesy, J.P., Dobson, S., Solomon, K.R., 2000. Ecotoxicological Risk Assessment for
Roundup® Herbicide, p. 35.

Gill, J.P.K., Sethi, N., Mohan, A., Datta, S., Girdhar, M., 2018. Glyphosate toxicity for
animals. Environ. Chem. Lett. 16 (2), 401-426.

Gill, J.P.K., Sethi, N., Mohan, A., 2017. Analysis of the glyphosate herbicide in water, soil
and food using derivatising agents. Environ. Chem. Lett. 15 (1), 85-100.

Glass, J.R., Stahlschmidt, Z.R., 2019. Should I stay or should I go? complex environments
influence the developmental plasticity of flight capacity and flight-related trade-offs.
Biol. J. Linn. Soc. 128 (1), 59-69.

Graham, J.H., Raz, S., Hel-Or, H., Nevo, E., 2010. Fluctuating asymmetry: methods,
theory, and applications. Symmetry 2, 466-540.

Grosell, M., Nielsen, C., Bianchini, A., 2002. Sodium turnover rate determines sensitivity
to acute copper and silver exposure in freshwater animals. Comp. Biochem. Physiol.
C Toxicol. Pharmacol. 133 (1-2), 287-303.

Gruntenko, N.E., Karpova, E.K., Burdina, E.V., Adonyeva, N.V., Andreenkova, O.V.,
Alekseev, A.A., Rauschenbach, 1.Y., 2016. Probable mechanism of sexual
dimorphism in insulin control of Drosophila heat stress resistance. Physiol. Entomol.
41 (1), 59-66.

Herbert, L.T., Vazquez, D.E., Arenas, A., Farina, W.M., 2014. Effects of field-realistic
doses of glyphosate on honeybee appetitive behaviour. J. Exp. Biol. 217 (19),
3457-3464.

Howe, C.M., Berrill, M., Pauli, B.D., Helbing, C.C., Werry, K., Veldhoen, N., 2004.
Toxicity of glyphosate-based pesticides to four North American frog species. Environ.
Toxicol. Chem. 23 (8), 1928-1938.

IPCC, 2021. Summary for policymakers. In: Masson-Delmotte, V., Zhai, P., Pirani, A.,
Connors, S.L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.I.,
Huang, M., Leitzell, K., Lonnoy, E., Matthews, J.B.R., Maycock, T.K., Waterfield, T.,
Yelekgi, O., Yu, R., Zhou, B. (Eds.), Climate Change 2021: the Physical Science Basis.
Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. Press.

Ja, W.W., Carvalho, G.B., Mak, E.M., De La Rosa, N.N., Fang, A.Y., Liong, J.C.,
Brummel, T., Benzer, S., 2007. Prandiology of Drosophila and the CAFE assay. Proc.
Natl. Acad. Sci. U. S. A. 104 (20), 8253-8256.

Judge, K.A., Bonanno, V.L., 2008. Male weaponry in a fighting cricket. PLoS One 3 (12),
€3980.

Juma, E.O., Allan, B.F., Kim, C.-, Stone, C., Dunlap, C., Muturi, E.J., 2020. Effect of life
stage and pesticide exposure on the gut microbiota of Aedes albopictus and Culex
pipiens L. Sci. Rep. 10 (1).

Kabat, G.C., Price, W.J., Tarone, R.E., 2021. On recent meta-analyses of exposure to
glyphosate and risk of non-Hodgkin’s lymphoma in humans. Canc. Cause Contr. 32
(4), 409-414.

Kaunisto, S., Ferguson, L.V., Sinclair, B.J., 2016. Can we predict the effects of multiple
stressors on insects in a changing climate? Curr. Opin. Insect. Sci. 17, 55-61.

Kelly, C.D., Neyer, A.A., Gress, B.E., 2014. Sex-specific life history responses to nymphal
diet quality and immune status in a field cricket. J. Evol. Biol. 27 (2), 381-390.

Kharouba, H.M., Ehrlén, J., Gelman, A., Bolmgren, K., Allen, J.M., Travers, S.E.,
Wolkovich, E.M., 2018. Global shifts in the phenological synchrony of species
interactions over recent decades. Proc. Natl. Acad. Sci. U. S. A. 115 (20), 5211-5216.

Environmental Pollution 307 (2022) 119508

King, E.G., Roff, D.A., Fairbairn, D.J., 2011. Trade-off acquisition and allocation in
Gryllus firmus: a test of the Y model. J. Evol. Biol. 24 (2), 256-264.

Kingsolver, J.G., Arthur Woods, H., Buckley, L.B., Potter, K.A., MacLean, H.J., Higgins, J.
K., 2011. Complex life cycles and the responses of insects to climate change. Integr.
Comp. Biol. 51 (5), 719-732.

Kirschman, L.J., Morales, D., Crawford, E., Zera, A.J., Warne, R.W., 2019. Sex and life
history shape the strength of cellular and humoral immune responses in a wing
dimorphic cricket. J. Insect Physiol. 116, 70-76.

Klockmann, M., Giinter, F., Fischer, K., 2017. Heat resistance throughout ontogeny: body
size constrains thermal tolerance. Global Change Biol. 23 (2), 686-696.

Kwan, L., Bedhomme, S., Prasad, N.G., Chippindale, A.K., 2008. Sexual conflict and
environmental change: trade-offs within and between the sexes during the evolution
of desiccation resistance. J. Genet. 87 (4), 383-394.

Leeb, C., Kolbenschlag, S., Laubscher, A., Adams, E., Briihl, C.A., Theissinger, K., 2020.
Avoidance behavior of juvenile common toads (Bufo bufo) in response to surface
contamination by different pesticides. PLoS One 15 (11 November).

Leung, J.Y.S., McAfee, D., 2020. Stress across life stages: impacts, responses and
consequences for marine organisms. Sci. Total Environ. 700.

Lokke, H., Ragas, A.M.J., Holmstrup, M., 2013. Tools and perspectives for assessing
chemical mixtures and multiple stressors. Toxicology 313 (2-3), 73-82.

Maggi, F., la Cecilia, D., Tang, F.H.M., McBratney, A., 2020. The global environmental
hazard of glyphosate use. Sci. Total Environ. 717.

Maggi, F., Tang, F.H.M., la Cecilia, D., McBratney, A., 2019. PEST-CHEMGRIDS, global
gridded maps of the top 20 crop-specific pesticide application rates from 2015 to
2025. Sci. Data 6 (1).

Maliszewska, J., Piechowicz, B., Maciaga, G., Zar¢ba, L., Marcinkowska, S., 2018.
Pyrethroid residue dynamics in insects depends on the circadian clock. J. Environ.
Sci. Health 53 (7), 441-446.

McRae, B.H., Schumaker, N.H., McKane, R.B., Busing, R.T., Solomon, A.M., Burdick, C.
A., 2008. A multi-model framework for simulating wildlife population response to
land-use and climate change. Ecol. Model. 219 (1-2), 77-91.

Mercurio, P., Flores, F., Mueller, J.F., Carter, S., Negri, A.P., 2014. Glyphosate
persistence in seawater. Mar. Pollut. Bull. 85 (2), 385-390.

Miller, N.A., Paganini, A.W., Stillman, J.H., 2013. Differential thermal tolerance and
energetic trajectories during ontogeny in porcelain crabs, genus Petrolisthes.

J. Therm. Biol. 38 (2), 79-85.

Mohammed, A., 2013. In: Gowder, S. (Ed.), Why Are Early Life Stages of Aquatic
Organisms More Sensitive to Toxicants than Adults? in New Insights into Toxic and
Drug Testing. InTech Open, pp. 49-62.

Moisan, M.-, 2021. Sexual dimorphism in glucocorticoid stress response. Int. J. Mol. Sci.
22 (6), 1-14.

Mole, S., Zera, A.J., 1994. Differential resource consumption obviates a potential flight-
fecundity trade-off in the sand cricket (Gryllus firmus). Funct. Ecol. 8 (5), 573-580.

Mole, S., Zera, A.J., 1993. Differential allocation of resources underlies the dispersal-
reproduction trade-off in the wing-dimorphic cricket, Gryllus rubens. Oecologia 93
1), 121-127.

Motta, E.V.S., Moran, N.A., 2020. Impact of glyphosate on the honey bee gut microbiota:
effects of intensity, duration, and timing of exposure. mSystems 5 (4) e00268-20.

Motta, E.V.S., Raymann, K., Moran, N.A., 2018. Glyphosate perturbs the gut microbiota
of honey bees. Proc. Natl. Acad. Sci. U. S. A. 115 (41), 10305-10310.

Nelson, K.C., Palmer, M.A., Pizzuto, J.E., Moglen, G.E., Angermeier, P.L., Hilderbrand, R.
H., Dettinger, M., Hayhoe, K., 2009. Forecasting the combined effects of
urbanization and climate change on stream ecosystems: from impacts to
management options. J. Appl. Ecol. 46 (1), 154-163.

Neuman-Lee, L.A., Hopkins, G.R., Brodie Jr., E.D., French, S.S., 2013. Sublethal
contaminant exposure alters behavior in a common insect: important implications
for trophic transfer. J. Environ. Sci. Health 48 (6), 442-448.

Padda, S.S., Stahlschmidt, Z.R., 2022. Evaluating the effects of water and food limitation
on the life history of an insect using a multiple-stressor framework. Oecologia 198
(2), 519-530.

Padda, S.S., Glass, J.R., Stahlschmidt, Z.R., 2021. When it’s hot and dry: life-history
strategy influences the effects of heat waves and water limitation. J. Exp. Biol. 224
7).

Parlapiano, 1., Biandolino, F., Grattagliano, A., Ruscito, A., Libralato, G., Prato, E., 2021.
Effects of commercial formulations of glyphosate on marine crustaceans and
implications for risk assessment under temperature changes. Ecotoxicol. Environ.
Saf. 213.

Parmesan, C., 2006. Ecological and Evolutionary Responses to Recent Climate Change,
p. 637. https://doi.org/10.1146/annurev.ecolsys.37.091305.110100.

Peters, R., 1983. The Ecological Implications of Body Size. Cambridge University Press,
Cambridge.

Piggott, J.J., Townsend, C.R., Matthaei, C.D., 2015. Reconceptualizing synergism and
antagonism among multiple stressors. Ecol. Evol. 5 (7), 1538-1547.

Pineda, M.C., McQuaid, C.D., Turon, X., Lopez-Legentil, S., Ordénez, V., Rius, M., 2012.
Tough adults, frail babies: an analysis of stress sensitivity across early life-history
stages of widely introduced marine invertebrates. PLoS One 7 (10).

Régniere, J., Powell, J., Bentz, B., Nealis, V., 2012. Effects of temperature on
development, survival and reproduction of insects: experimental design, data
analysis and modeling. J. Insect Physiol. 58 (5), 634-647.

Rix, R., Cutler, G.C., 2022. Review of molecular and biochemical responses during stress
induced stimulation and hormesis in insects. Sci. Total Environ. 827, 154085.

Roberts, T.R., 1998. Metabolic Pathways of Agrochemicals-Part 1: Herbicides and Plant
Growth Regulators. The Royal Society of Chemistry, Cambridge, UK, pp. 396-399.

Roff, D.A., 1994. Evidence that the magnitude of the trade-off in a dichotomous trait is
frequency dependent. Evolution 48 (5), 1650-1656.


http://refhub.elsevier.com/S0269-7491(22)00722-9/sref9
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref9
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref9
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref9
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref9
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref9
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref10
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref10
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref10
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref11
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref11
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref12
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref12
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref12
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref13
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref13
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref13
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref13
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref14
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref14
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref14
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref15
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref15
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref16
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref16
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref17
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref17
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref18
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref18
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref18
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref19
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref19
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref19
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref20
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref20
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref21
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref21
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref21
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref22
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref22
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref23
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref23
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref24
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref24
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref25
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref25
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref25
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref26
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref26
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref27
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref27
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref27
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref28
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref28
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref28
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref28
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref29
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref29
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref29
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref30
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref30
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref30
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref31
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref31
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref31
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref31
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref31
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref31
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref32
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref32
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref32
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref33
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref33
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref34
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref34
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref34
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref35
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref35
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref35
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref36
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref36
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref37
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref37
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref38
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref38
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref38
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref39
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref39
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref40
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref40
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref40
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref41
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref41
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref41
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref42
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref42
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref43
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref43
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref43
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref44
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref44
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref44
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref45
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref45
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref46
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref46
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref47
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref47
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref48
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref48
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref48
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref49
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref49
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref49
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref50
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref50
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref50
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref51
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref51
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref52
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref52
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref52
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref53
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref53
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref53
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref54
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref54
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref55
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref55
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref56
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref56
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref56
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref57
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref57
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref58
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref58
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref59
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref59
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref59
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref59
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref60
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref60
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref60
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref61
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref61
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref61
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref62
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref62
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref62
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref63
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref63
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref63
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref63
https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref65
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref65
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref66
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref66
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref67
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref67
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref67
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref68
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref68
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref68
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref69
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref69
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref70
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref70
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref71
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref71

Z.R. Stahlschmidt et al.

Rohr, J.R., Palmer, B.D., 2013. Climate change, multiple stressors, and the decline of
ectotherms. Conserv. Biol. 27 (4), 741-751.

Rohr, J.R., Sesterhenn, T.M., Stieha, C., 2011. Will climate change reduce the effects of a
pesticide on amphibians?: partitioning effects on exposure and susceptibility to
contaminants. Global Change Biol. 17 (2), 657-666.

Romo, H., Silvestre, M., Munguira, M.L., 2015. Potential distribution models and the
effect of climatic change on the distribution of Phengaris nausithous considering its
food plant and host ants. J. Insect Conserv. 19 (6), 1101-1118.

Romo, H., Garcia-Barros, E., Mdrquez, A.L., Moreno, J.C., Real, R., 2014. Effects of
climate change on the distribution of ecologically interacting species: butterflies and
their main food plants in Spain. Ecography 37 (11), 1063-1072.

Santos, M.J.G., Ferreira, M.F.L., Cachada, A., Duarte, A.C., Sousa, J.P., 2012. Pesticide
application to agricultural fields: effects on the reproduction and avoidance
behaviour of Folsomia candida and Eisenia andrei. Ecotoxicology 21 (8),
2113-2122.

Shehata, A.A., Schrodl, W., Aldin, A.A., Hafez, H.M., Kriiger, M., 2013. The effect of
glyphosate on potential pathogens and beneficial members of poultry microbiota in
vitro. Curr. Microbiol. 66 (4), 350-358.

Shekh, K., Tang, S., Kodzhahinchev, V., Niyogi, S., Hecker, M., 2019. Species and life-
stage specific differences in cadmium accumulation and cadmium induced oxidative
stress, metallothionein and heat shock protein responses in white sturgeon and
rainbow trout. Sci. Total Environ. 673, 318-326.

Silva, L.C.M., Daam, M.A., Gusmao, F., 2020. Acclimation alters glyphosate temperature-
dependent toxicity: implications for risk assessment under climate change. J. Hazard
Mater. 385.

Sokolova, I.M., Frederich, M., Bagwe, R., Lannig, G., Sukhotin, A.A., 2012. Energy
homeostasis as an integrative tool for assessing limits of environmental stress
tolerance in aquatic invertebrates. Mar. Environ. Res. 79, 1-15.

Stahlschmidt, Z.R., Vo, C., 2022. Spatial bet hedging, thermal trade-offs and glyphosate:
crickets integrate multivariate information during oviposition. Anim. Behav. 185,
105-112.

Stahlschmidt, Z.R., Chang, E., 2021. Body condition indices are better surrogates for lean
mass and water content than for body fat content in an insect. J. Zool. 315 (2),
131-137.

Stahlschmidt, Z.R., Chu, 1., Koh, C., 2020. When do looks matter? Effects of mate quality
and environmental variability on lifetime reproduction. Behav. Ecol. Sociobiol. 74,
11.

Takahashi, M., 2007. Oviposition site selection: pesticide avoidance by gray treefrogs.
Environ. Toxicol. Chem. 26 (7), 1476-1480.

Tang, Q., Tang, J., Ren, X., Li, C., 2020. Glyphosate exposure induces inflammatory
responses in the small intestine and alters gut microbial composition in rats. Environ.
Pollut. 261.

Tangwancharoen, S., Burton, R.S., 2014. Early life stages are not always the most
sensitive: heat stress responses in the copepod Tigriopus californicus. Mar. Ecol.
Prog. Ser. 517, 75-83.

Tawes, B.R., Kelly, C.D., 2017. Sex-specific catch-up growth in the Texas field cricket,
Gryllus texensis. Biol. J. Linn. Soc. 120 (1), 90-101.

Environmental Pollution 307 (2022) 119508

Thompson, S.R., Brandenburg, R.L., 2006. Effect of combining imidacloprid and
diatomaceous earth with Beauveria bassiana on mole cricket (Orthoptera:
gryllotalpidae) mortality. J. Econ. Entomol. 99 (6), 1948-1951.

Tierney, K.B., Singh, C.R., Ross, P.S., Kennedy, C.J., 2007. Relating olfactory
neurotoxicity to altered olfactory-mediated behaviors in rainbow trout exposed to
three currently-used pesticides. Aquat. Toxicol. (N. Y.) 81 (1), 55-64.

Todgham, A.E., Stillman, J.H., 2013. Physiological responses to shifts in multiple
environmental stressors: relevance in a changing world. Integr. Comp. Biol. 53 (4),
539-544.

Tomlin, C.D.S., 2006. The Pesticide Manual: A World Compendium, fourteenth ed.
British Crop Protection Council, Hampshire, UK, pp. 545-548.

Truebano, M., Fenner, P., Tills, O., Rundle, S.D., Rezende, E.L., 2018. Thermal strategies
vary with life history stage. J. Exp. Biol. 221 (8).

Tsui, M.T.K., Chu, L.M., 2003. Aquatic toxicity of glyphosate-based formulations:
comparison between different organisms and the effects of environmental factors.
Chemosphere 52 (7), 1189-1197.

Vanlaeys, A., Dubuisson, F., Seralini, G., Travert, C., 2018. Formulants of glyphosate-
based herbicides have more deleterious impact than glyphosate on TM4 Sertoli cells.
Toxicol. Vitro 52, 14-22.

Verween, A., Vincx, M., Degraer, S., 2007. The effect of temperature and salinity on the
survival of Mytilopsis leucophaeata larvae (Mollusca, Bivalvia): the search for
environmental limits. J. Exp. Mar. Biol. Ecol. 348 (1-2), 111-120.

Vinterstare, J., Ekelund Ugge, G.M.O., Hulthén, K., Hegg, A., Bronmark, C., Nilsson, P.A.,
Zellmer, U.R., Lee, M., Parssinen, V., Sha, Y., Bjorneras, C., Zhang, H., Gollnisch, R.,
Herzog, S.D., Hansson, L.-, Skerlep, M., Hu, N., Johansson, E., Langerhans, R.B.,
2021. Predation risk and the evolution of a vertebrate stress response: parallel
evolution of stress reactivity and sexual dimorphism. J. Evol. Biol. 34 (10),
1554-1567.

Weissman, D.B., Gray, D.A., 2019. Crickets of the genus Gryllus in the United States
(orthoptera: gryllidae: gryllinae). Zootaxa 4705 (1), 1-277.

Yadav, V., Kaur, P., Kaur, P., 2017. Effect of light conditions and chemical characteristics
of water on dissipation of glyphosate in aqueous medium. Environ. Monit. Assess.
189 (12).

Yang, L.H., Rudolf, V.H.W., 2010. Phenology, ontogeny and the effects of climate change
on the timing of species interactions. Ecol. Lett. 13 (1), 1-10.

Yun, J.-, Roh, S.W., Whon, T.W., Jung, M.-, Kim, M.-, Park, D.-, Yoon, C., Nam, Y.,
Kim, Y.-, Choi, J.-, Kim, J.-, Shin, N.-, Kim, S.-, Lee, W.-, Bae, J.-, 2014. Insect gut
bacterial diversity determined by environmental habitat, diet, developmental stage,
and phylogeny of host. Appl. Environ. Microbiol. 80 (17), 5254-5264.

Zera, A.J., 2005. Intermediary metabolism and life history trade-offs: lipid metabolism in
lines of the wing-polymorphic cricket, Gryllus firmus, selected for flight capability
vs. early age reproduction. Integr. Comp. Biol. 45 (3), 511-524.

Zera, A.J., Zhao, Z., Kaliseck, K., 2007. Hormones in the field: evolutionary
endocrinology of juvenile hormone and ecdysteroids in field populations of the
wing-dimorphic cricket Gryllus firmus. Physiol. Biochem. Zool. 80 (6), 592-606.


http://refhub.elsevier.com/S0269-7491(22)00722-9/sref72
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref72
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref73
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref73
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref73
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref74
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref74
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref74
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref75
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref75
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref75
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref76
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref76
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref76
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref76
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref77
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref77
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref77
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref78
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref78
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref78
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref78
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref79
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref79
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref79
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref80
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref80
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref80
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref81
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref81
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref81
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref82
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref82
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref82
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref83
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref83
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref83
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref84
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref84
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref85
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref85
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref85
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref86
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref86
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref86
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref87
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref87
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref88
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref88
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref88
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref89
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref89
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref89
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref90
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref90
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref90
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref91
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref91
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref92
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref92
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref93
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref93
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref93
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref94
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref94
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref94
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref95
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref95
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref95
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref96
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref96
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref96
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref96
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref96
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref96
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref97
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref97
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref98
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref98
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref98
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref99
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref99
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref100
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref100
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref100
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref100
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref101
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref101
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref101
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref102
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref102
http://refhub.elsevier.com/S0269-7491(22)00722-9/sref102

	Pesticides in a warmer world: Effects of glyphosate and warming across insect life stages
	1 Introduction
	2 Materials and methods
	2.1 Study system
	2.2 Experiment 1: Effects of warming and GLY/GBF during development
	2.3 Experiment 2: Effects of warming and GLY/GBF during adulthood
	2.4 Statistical analyses

	3 Results
	3.1 Experiment 1: Effects of warming and GLY/GBF during development
	3.2 Experiment 2: Effects of warming and GLY/GBF during adulthood

	4 Discussion
	4.1 More additive than non-additive costs of warming and GLY/GBF exposure
	4.2 Costs of warming and GLY/GBF exposure vary across life stages
	4.3 Warming and GLY/GBF exposure have trait-specific effects
	4.4 Costs of GBF exposure are not due to GLY

	5 Conclusions
	Funding
	Author statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


