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A simulated heat wave—but not herbicide exposure—alters resource 
investment strategy in an insect 
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A B S T R A C T   

Animals are increasingly exposed to potential stressors related to environmental change, and multiple stressors 
may alter the dynamics by which animals acquire resources and invest those resources into important life-history 
traits. Stress may lead to the prioritization of current reproduction to maximize lifetime reproduction (i.e., 
terminal investment [TI]) or, in contrast, prioritize somatic investment over current reproduction to facilitate 
future reproductive opportunities (i.e., reproductive restraint [RR]). Tests of the TI and RR hypotheses typically 
use immune challenges as stressors, and have not been explicitly tested in the context of environmental change 
even though warming influences resource allocation patterns across taxa. Further, the multiple-stressor frame-
work has been a useful construct to clarify the costs of complex environmental shifts to animals, but it has not 
been leveraged to understand such effects on investment strategy. Thus, we tested the TI and RR hypotheses by 
manipulating widespread features of environmental change—glyphosate-based herbicide (GBH; Roundup®) 
exposure and a simulated heat wave—in the variable field cricket (Gryllus lineaticeps). A simulated heat wave 
affected the life-history tradeoff between investment into reproduction and soma. Specifically, heat wave 
prioritized investment into ovary mass over non-reproductive tissue, even after accounting for food consumption, 
in support of the TI hypothesis. In contrast, GBH exposure did not affect any measured trait, and crickets did not 
discriminate between tap water and GBH solution during drinking. Therefore, some—but not all—aspects of 
environmental change may alter resource investment strategies in animals. We encourage continued integration 
of the multiple-stressor framework and life-history theory to better understand how animals respond to their 
rapidly changing environments.   

1. Introduction 

Investment into life-history traits may be constrained by tradeoffs 
among traits wherein allocation to one trait obligates a cost to a different 
trait (van Noordwijk and de Jong, 1986; Roff, 1992; Stearns, 1992; Zera 
and Harshman, 2001). Investment strategies are flexible and stress can 
cause organisms to alter investment in two fundamental ways. The 
“terminal investment” (TI) hypothesis proposes that a mortality threat 
should lead to the prioritization of current reproduction to maximize 
lifetime reproduction (Fig. 1; reviewed in Duffield et al., 2017). In 
contrast, the “reproductive restraint” (RR) hypothesis proposes that 
such a stressor should prioritize somatic investment over current 
reproduction, presumably to facilitate future reproductive opportunities 
(Fig. 1; reviewed in Jehan et al., 2022). Whether an organism adopts a TI 
or RR strategy may depend on intrinsic and extrinsic factors (e.g., age or 
nutritional state, and threat level, respectively) (reviewed in Duffield 

et al., 2017). Tests of the TI and RR hypotheses have often used immune 
challenges as stressors (e.g., Adamo, 1999; Bonneaud et al., 2004; Moret 
and Schmid-Hempel, 2004; Duffield et al., 2017; Jehan et al., 2022; 
reviewed in Duffield et al., 2017). However, these two mutually exclu-
sive hypotheses have not been explicitly tested in the context of envi-
ronmental change even though warming influences resource allocation 
patterns across taxa (Leicht et al., 2013; Ruiz-Vera et al., 2015; Wright 
et al., 2017; Detto et al., 2018; Carreira et al., 2020; Rosa and Saasta-
moinen, 2021; Wootton et al., 2022). 

Global warming has made heat waves (i.e., 5 d periods where tem-
peratures exceed historical averages) increasingly common for animals 
(Russo et al., 2016; Dosio et al., 2018; Sun et al., 2018; Shafiei Shiva 
et al., 2019; IPCC et al., 2021). Yet, heat stress is not the only challenge 
facing animals. The herbicide glyphosate is the most used pesticide in 
the U.S., and nearly 1 million tons of glyphosate are used each year 
globally (Benbrook, 2016; Maggi et al., 2020). Although glyphosate 
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targets a biochemical pathway unique to plants and some microorgan-
isms, recent work indicates that exposure to glyphosate-based herbi-
cides (GBHs) may impact animals, including humans (Zhang et al., 
2019; Battisti et al., 2021; Kabat et al., 2021; reviewed in Gill et al., 
2018). Animals can be exposed to chemical and thermal stressors 
simultaneously, and a multiple-stressor framework may prove useful in 
understanding the effects of GBH and heat wave exposure on animals’ 
investment strategies sensu TI and RR (Fig. 1). Multiple stressors may 
additively shift allocation (Fig. 1). For example, if heat wave and GBH 
exposure each increase relative reproductive investment by 10% in 
isolation, then together they would increase it by 20%. In contrast, these 
potential stressors may have non-additive, interactive effects, where 
combined effects are less than (i.e., antagonistic) or greater than (i.e., 
synergistic) those expected by the additive model (Fig. 1). The 
multiple-stressor framework has been a useful construct to clarify the 
costs of complex environmental shifts to animals (Crain et al., 2008; 
Todgham and Stillman, 2013; Przeslawski et al., 2015; Kaunisto et al., 
2016), but it has not been leveraged to understand such effects on in-
vestment strategy. 

Animals naturally vary in their acquisition of nutritional resources, 
which, in turn, strongly influences their abilities to invest into life- 
history traits (van Noordwijk and de Jong, 1986; Roff, 1992; Stearns, 
1992; Zera and Harshman, 2001). When food is abundant, the negative 
correlation or tradeoff between traits can be eliminated (Shoemaker and 
Adamo, 2007; French et al., 2007; Xu et al., 2012), and large variation in 
inter-individual resource acquisition can even result in positive corre-
lations between traits (van Noordwijk and de Jong, 1986). Food avail-
ability can modulate the effects of temperature or pesticides on 
investment into life-history traits (Schneider et al., 2010; Johnston et al., 
2014; Eder et al., 2018; Glass and Stahlschmidt, 2019; Im et al., 2020). 
Therefore, it is important to account for resource acquisition (e.g., food 
intake) when testing for TI or RR related to multiple stressors, such as 

heat wave and GBH exposure. 
In two experiments, we tested the TI and RR hypotheses using 

widespread features of environmental change—heat waves and GBH 
exposure—in the variable field cricket (Gryllus lineaticeps). In both ex-
periments, we manipulated thermal environments (simulated heat wave 
vs. control temperature regimes), and we monitored eating and drinking 
to account for the role of resource acquisition in resource allocation or 
investment into reproductive tissue (i.e., ovary mass) and non- 
reproductive tissues. In the first experiment, we assigned adult fe-
males to either GBH solution or tap water as a drinking source to 
examine the effects of unavoidable exposure to GBH. In the second 
experiment, we allowed adult females to choose between these two 
drinking sources to determine whether behavioral (i.e., drinking) de-
cisions can mediate GBH-induced costs and/or shifts in investment 
strategy. Animals increasingly encounter multiple stressors in their en-
vironments (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 multiple-stressor framework and life-history theory 
to better understand how animals respond to complex environmental 
change. 

2. Materials and methods 

2.1. Study system 

Gryllus lineaticeps is predominantly found in California, U.S. 
(Weissman and Gray, 2019) where glyphosate is applied to more land 
area than any other pesticide (California Department of Pesticide 
Regulation, 2018). In G. lineaticeps, exposure to GBH can reduce growth 
rate and lifespan (Stahlschmidt et al., 2022). Like other Gryllus crickets 
(Zera and Larsen, 2001; Zera, 2005), G. lineaticeps is wing-dimorphic. 
Adults are either a long-winged and potentially flight-capable morph, 
or a flightless, short-winged morph. We only used short-winged crickets 
in the study, and they were acquired from a long-term colony that was 
subsidized every 1–2 years by progeny from females collected from a 
natural population (Sedgwick Reserve [SR], Santa Ynez, California, U. 
S.) that predominantly expresses the short-winged phenotype (authors 
pers. obs.; L.A. Treidel, pers. comm.). We reared G. lineaticeps in stan-
dard conditions (14:10 light:dark cycle with ad libitum access to water, 
commercial dry cat food, and cardboard egg cartons for shelter) at 28 ±
1 ◦C. When they reached adulthood (i.e., within 1 d of adult molt), we 
weighed each female and individually housed them in 1.9 L transparent 
plastic enclosures containing pre-weighed food (dry cat food) and a 
cardboard shelter. We then assigned each cricket to one of two experi-
ments (see below). 

2.2. Experiment 1: Heat wave and no-choice manipulation of GBH 
exposure 

We used a 2 × 2 factorial design to study the independent and 
interactive effects of temperature (simulated heat wave vs. control 
conditions) and GBH exposure (GBH drinking source vs. tap water 
source) on the estimated mass of reproductive and somatic tissues 
gained, conversion efficiencies for reproductive and somatic tissues, and 
the amount of drinking solution consumed. We manipulated exposure to 
GBH by providing crickets (n = 108) with cotton-plugged, 30 ml water 
bottles filled with one of two solutions: tap water only or GBH solution 
(Roundup® Super Concentrate diluted to 5 mg glyphosate/L of tap H2O, 
the concentration of glyphosate that has been used in other insect 
studies and is based on field-relevant concentrations: reviewed in Her-
bert et al., 2014; Motta et al., 2018). We positioned an opaque plastic 
cylindrical sleeve around each otherwise exposed water-soaked cotton 
plug, which created a secure, sheltered position from which females 
could drink. We also included a second cotton-plugged, 30 ml water 
bottle in each cricket’s enclosure, but crickets were unable to drink from 
this bottle because we positioned a coarse metal mesh (3.5 mm × 3.5 

Fig. 1. Conceptual framework for resource allocation during multiple 
stressors. Animals are expected to navigate a tradeoff during resource alloca-
tion wherein investment into reproduction obligates a cost to somatic invest-
ment (and vice versa). In response to a single stressor, an animal (white circle) 
may increase prioritization of soma (solid black line) sensu “reproductive re-
straint” or, in contrast, increase prioritization of reproduction (dashed black 
line) sensu “terminal investment”. Multiple, covarying stressors may have ad-
ditive effects on resource allocation decisions (red lines) or non-additive, 
interactive effects, such as antagonistic effects (blue lines). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

Z.R. Stahlschmidt et al.                                                                                                                                                                                                                        



Journal of Thermal Biology 116 (2023) 103670

3

mm) over the sleeve. We determined the consumption of drinking so-
lution gravimetrically (i.e., comparing mass of water bottles at the onset 
and conclusion of experiment), and this second water bottle allowed us 
to account for water lost from each bottle due to evaporation. 

We also manipulated crickets’ thermal environments (Fig. 2). We 
maintained half of the crickets in an incubator (model I-36, Percival 
Scientific, Inc., Perry, IA, U.S.) exhibiting a thermal cycle that changed 
temperature hourly and ranged from 17 ◦C to 31 ◦C each day. This 
“control” temperature range approximates the average diel temperature 
variation of the air and soil at SR during the mating season (i.e., 
adulthood) for G. lineaticeps (June–August; https://ucnrs.org/), and it is 
within the range of thermal microclimates chosen by G. lineaticeps at SR 
during the mating season (Sun et al., 2020; Stahlschmidt et al., 2022). 
We maintained the remaining crickets in an incubator exhibiting a 
thermal cycle that changed temperature hourly and ranged from 24 ◦C 
to 38 ◦C each day. This “heat wave” temperature range approximates the 
average diel temperature variation of the air and soil at SR during a 5 
d heat wave in 2020 (https://ucnrs.org/), but was non-lethal in our 
study. As small ectotherms, short-winged G. lineaticeps sourced from SR 
exhibit minimal thermal inertia or heat retention (i.e., <0.6 ◦C lag be-
tween body and ambient temperatures during shifts in ambient tem-
perature: Sun et al., 2020) compared to the magnitude of difference 
between our temperature treatments (7 ◦C). Therefore, we manipulated 
the body temperature of G. lineaticeps in our study by altering thermal 
environments in our incubators. 

Each treatment lasted 5 d because the first 5 d of adulthood are 
characterized by intense energy demands in Gryllus crickets as short- 
winged females can increase ovary mass by 100-fold or more (Zera 
and Larsen, 2001; Zera, 2005; Stahlschmidt et al., 2022). At the 
conclusion of the experiment, we reweighed each cricket, its food, and 
its water bottles. We then euthanized by freezing (− 20 ◦C) and then 
stored each cricket at − 20 ◦C. After storage, we removed and weighed 
each cricket’s ovaries to determine investment into reproduction. We 
used the difference between final body mass and fresh ovary mass to 
estimate final somatic mass. Somatic mass gained was likely in the form 
of fat body, which is the major energy storage tissue in insects but is also 
highly metabolic and important in producing immune molecules, such 
as antimicrobial peptides (Lemaitre and Hoffmann, 2007; Arrese and 
Soulages, 2010). At the onset of adulthood, fresh ovary mass comprises 
0.98% of total body mass, on average (Stahlschmidt et al., 2022). Thus, 
we estimated ovary mass and somatic mass at the onset of the experi-
ment, and compared these values to final values to determine how much 
reproductive and somatic tissue was gained during the experiment. To 
account for variation in resource acquisition, we estimated food con-
version efficiency for ovary mass (estimated ovary mass gained between 

Day 1 and Day 6 [mg]/total food ingested [mg]) and for somatic tissue 
(estimated somatic mass gained between Day 1 and Day 6 [mg]/total 
food ingested [mg]). 

2.3. Experiment 2: Heat wave and choice manipulation of GBH exposure 

As in Experiment 1, we determined the effects of a simulated heat 
wave (Fig. 2) and GBH exposure on the estimated mass of reproductive 
and somatic tissues gained, and the conversion efficiencies for repro-
ductive and somatic tissues. However, although we manipulated tem-
perature as described above, we positioned three (not two) 30 ml water 
bottles in each female’s enclosure (n = 78): (1) tap water only, (2) GBH 
solution, and (3) tap water control that was inaccessible for drinking. 
This allowed each cricket to choose between drinking tap water or GBH 
solution, while accounting for water lost due to evaporation (see above). 
At the onset and conclusion of the experiment (i.e., on Day 1 and Day 6 
of adulthood, respectively), we weighed each cricket, its food, and its 
water bottles as in Experiment 1. 

2.4. Statistical analyses 

We tested data for normality, natural logarithm-transformed when 
necessary (specifically, for the conversion efficiencies of reproductive 
and somatic tissues in Expt. 1), and analyzed using SPSS (v.28 IBM 
Corp., Armonk, NY). We determined two-tailed significance at α = 0.05. 
To examine the independent and interactive effects of treatments 
(temperature and drinking solution), we performed linear model ana-
lyses on the estimated mass of (1) reproductive and (2) somatic tissues 
gained, conversion efficiencies for (3) reproductive and (4) somatic 
tissues, and (5) the amount of food and (6) solution consumed in both 
experiments (i.e., no-choice [Expt. 1] and choice [Expt. 2]). For the 1st 
and 2nd models, we included treatments as main effects and initial (Day 
1) body mass and the total amount of food consumed as covariates to 
account for differences in body size and food consumption. For Experi-
ment 2, we included the percentage of solution consumed that was GBH 
(i.e., relative GBH consumption) as a covariate to test for the effects of 
GBH consumption on tissue investment. For the 3rd and 4th models, we 
included the total amount of solution consumed as a covariate to ac-
count for differences in water consumption. For Experiment 2, we also 
included relative GBH consumption as a covariate to test for the effects 
of GBH exposure on conversion efficiencies. For the 5th models, we 
included treatments as main effects and initial (Day 1) body mass and 
the total amount of solution consumed as covariates to account for dif-
ferences in body size and water consumption. For Experiment 2, we 
included relative GBH consumption as a covariate to test for the effects 
of GBH exposure on food consumption. For the 6th models, we included 
cricket identity in the choice models as a random effect to account for 
differences in inter-individual variation on solution consumption. For 
the no-choice experiment, we included initial body mass and the total 
amount of food consumed as covariates to account for inter-individual 
differences in body size and food consumption. We report significant 
results below, and full results can be found in Tables A1-A6. 

3. Results 

In both experiments, a simulated heat wave increased reproductive 
investment (Fig. 3A, A1A,B; Table A1) via improving the efficiency by 
which ingested food was converted into reproductive tissue (Fig. 3B, 
A1C,D; Table A2). In contrast, heat wave decreased somatic investment 
(Fig. 3B, A2A,B; Table S3) via reducing the efficiency by which ingested 
food was converted into somatic tissue (Fig. 3B, A2C,D; Table A4). 
Larger crickets and those exposed to heat wave consumed more food 
(Fig. 4A and B; Table A5). Temperature treatment did not affect drinking 
(Fig. 4C and D; Table A6). Crickets did not discriminate between water 
and GBH solution during drinking (Fig. 4C and D; Table A6), and GBH 
solution consumption did not influence investment into tissues, 

Fig. 2. Temperature treatments based on field-collected data. Adult female 
G. lineaticeps were exposed to either a simulated heat wave (dashed line) or a 
control temperature (solid line) treatment. The box running horizontally at the 
top indicates the photophase (white) and scotophase (black). 
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conversion efficiencies, or food consumption (Tables A1 – A5). 

4. Discussion 

Features of environmental change influence many organisms’ 

investment into key life-history traits, such as growth, reproduction, and 
self-maintenance (Leicht et al., 2013; Ruiz-Vera et al., 2015; Wright 
et al., 2017; Detto et al., 2018; Carreira et al., 2020; Rosa and Saasta-
moinen, 2021; Wootton et al., 2022). However, the dynamics by which 
multiple potential environmental stressors affect tradeoffs between 

Fig. 3. Heat wave increased prioritization of 
reproduction over soma. Effects of temperature 
(control [white symbols] or heat wave [gray sym-
bols]) and water treatment (tap water or glyphosate- 
based herbicide [GBH]) experienced during adult-
hood on the estimated (A) amount of reproductive 
and somatic tissues added, and (B) efficiency by 
which ingested food was converted to reproductive 
and somatic tissues in G. lineaticeps. Cross-hatching 
denotes GBH-treated group in Experiment 1, and 
square symbols denote Experiment 2 groups. Values 
are displayed as estimated marginal mean ± s.e.m. to 
account for covariates (e.g., initial body mass; see 2.4 
for details).   

Fig. 4. Heat wave increased feeding, but not 
drinking. Effects of temperature (control or heat 
wave) and water treatment (tap water or glyphosate- 
based herbicide [GBH]) experienced during adult-
hood on amount of food (dry cat food pellets) in (A) 
Experiment 1 and (B) Experiment 2, as well as on the 
amount of drinking solution consumed by 
G. lineaticeps in (C) Experiment 1 and (D) Experiment 
2. Raw values are displayed, but analyses accounted 
for covariates (e.g., initial body mass; see 2.4 for de-
tails). Superscripted asterisks denote significant 
differences.   
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life-history traits are unclear. Thus, we integrated the multiple-stressor 
framework and life-history theory to better understand how animals 
respond to their rapidly changing environments. Our results in a field 
cricket indicate that a simulated heat wave affects the life-history 
tradeoff between investment into reproductive and non-reproductive 
tissues (Fig. 3, A1, and A2). Specifically, heat wave prioritized invest-
ment into ovary mass over non-reproductive tissue, even after ac-
counting for food consumption, in support of the TI hypothesis (Fig. 3, 
A1, and A2). In contrast, GBH exposure did not affect any measured 
trait, and crickets did not discriminate between tap water and GBH so-
lution during drinking (Figs. 3 and 4, A1, and A2). Therefore, some—but 
not all—aspects of environmental change may alter resource investment 
strategies in animals. 

A simulated heat wave approximately doubled reproductive invest-
ment at the expense of somatic investment in support of the TI hy-
pothesis (Fig. 3, A1, and A2). However, the effects of warming on 
investment strategy in other taxa are remarkably mixed—plants (TI: 
Detto et al., 2018; RR: Ruiz-Vera et al., 2015), insects (TI: Rosa and 
Saastamoinen, 2021; RR: Denis et al., 2013), snails (RR: Carreira et al., 
2020; but see [Leicht et al., 2013]: heat wave promoted both growth and 
reproduction), and fishes (TI: Wootton et al., 2022; RR: Wright et al., 
2017). Life-history theory proposes that higher threat levels favor TI 
over RR (reviewed in Duffield et al., 2017; Jehan et al., 2022). Although 
heat wave-induced mortality was low in our study (<4% in Expt. 1, and 
1% in Expt. 2), warmer temperatures increase mortality in adult Gryllus 
in more natural conditions (i.e., when food is limited: Adamo et al., 
2012; Padda et al., 2021). Sublethal threats (e.g., exposure to heat-killed 
bacteria or LPS) are often used to test for TI and RR because the lethal 
threat of infection may entail parasitic manipulation that confounds 
animals’ strategic shifts in investment into life-history traits (reviewed 
in Duffield et al., 2017). Although we used a different type of threat, heat 
and immune challenge share a commonality—they both have 
dose-dependent effects where higher temperatures and immune chal-
lenge are more stressful. Thus, researchers should continue to use heat 
exposure to test for TI and RR in the context of climate change, but 
consideration must be taken when designing experiments and inter-
preting results. 

Warming induces metabolic shifts that may underlie changes in in-
vestment strategy. Warmer temperatures typically require increased 
metabolic rate (reviewed in Angilletta, 2009). However, the ability to 
reduce energy expenditure during acclimation to warmer temperatures 
is exhibited by a broad range of organisms– from plants and fungi (Ow 
et al., 2008a,b; Malcolm et al., 2008) to invertebrates (Powell and Watts, 
2006; Lachenicht et al., 2010; Padda et al., 2021) and vertebrates 
(Geiser et al., 2003; Donelson et al., 2011; Strobel et al., 2012; Abdel-
qader and Al-Fataftah, 2014; Seebacher and Grigaltchik, 2014; 
Stahlschmidt et al., 2015). Although the acclimating effect of hypo-
metabolism may be a fundamental feature of thermal plasticity, it is 
unclear how a shift in investment into life-history traits is associated 
with a more efficient use of energy (i.e., lower metabolic rate). Yet, our 
study may provide important clues because food, but not water, con-
sumption increased due to heat wave exposure (Fig. 4). As such, crickets 
may have increased their production of metabolic water from fat body 
during heat exposure to reduce net investment into somatic tissue stores 
and eliminate the need to increase water consumption (Figs. 3 and 4, 
and A2). In other animals, dry environments and food sources can 
promote metabolic water production from lipids, which reduces in-
vestment into somatic tissue (Frank, 1988; Hadley, 1994; Jindra and 
Sehnal, 1990; Nicolson, 2009). Water availability can influence this 
dependence on lipids for water production in free-living insects (Becker 
and McCluney, 2021), and our results indicate that increased water 
availability may blunt the reduced investment into somatic tissue. 
Specifically, crickets in Expt. 2 had more water sources to choose from, 
drank more water, and had reduced shifts in investment strategy (Figs. 3 
and 4, A1, and A2). Future work should continue to incorporate the roles 
of energy and water balance in investment strategy, particularly given 

the increasing prevalence of heat and drought conditions (Sarhadi et al., 
2018). 

We designed our experiments to determine how investment strategy 
was affected by multiple stressors. However, we were unable to incor-
porate the multiple-stressor framework here because GBH exposure was 
not a detectable stressor (i.e., a factor that disrupts homeostasis, per-
formance, or fitness: Schulte, 2014; Kaunisto et al., 2016). Although the 
adverse effects of GBH on animals are increasingly well-documented, 
glyphosate alone and GBH may have subtle or complex effects on ani-
mals (Gill et al., 2018; Zhang et al., 2019; Battisti et al., 2021). Work in 
G. lineaticeps has used a field-relevant concentration in a typical 
formulation (i.e., Roundup® Super Concentrate diluted to 5 mg glyph-
osate/L of tap H2O: reviewed in Herbert et al., 2014; Motta et al., 2018), 
and effects vary considerably– faster development of nymphs and 
reduced feeding, growth, and lifespan in adults, but no effects on em-
bryonic development or success, or adult body size, flight capacity, or 
reproduction (Stahlschmidt and Vo, 2022; Stahlschmidt et al., 2022). 
Had we used higher concentrations of GBH in this study, our results may 
have been different because glyphosate and GBH have dose-dependent 
effects on vertebrates (Çavaş and Könen, 2007; Sani and Idris, 2016; 
Lanzarin et al., 2019) and invertebrates (Hong et al., 2018; Liang et al., 
2023), including insects (Baglan et al., 2018; Delkash-Roudsari et al., 
2020; Straw et al., 2021; Adamski et al., 2023). Other emerging features 
of environmental change also exhibit complex dynamics in animal life. 
For example, a recent meta-analysis demonstrates that animals strongly 
respond to artificial light at night (a.k.a., ecological light pollution) for 
some traits (e.g., daily activity patterns and hormone levels), but not 
others (e.g., stress and immune responses, and biodiversity) (Sanders 
et al., 2021). Meta-analytical approaches have examined GBH’s effects 
on mortality in bees (Battisti et al., 2021) and on non-Hodgkin lym-
phoma in humans (Zhang et al., 2019), but we encourage a broader 
approach to comprehensively understand the role of GBH as a potential 
stressor across animals. 

5. Conclusions 

Animals will be increasingly exposed to heat waves and GBHs 
(Benbrook, 2016; Maggi et al., 2020; IPCC et al., 2021), and the 
multiple-stressor framework can inform the dynamics by which complex 
environmental change affects animals’ strategic investments into 
life-history traits. On one hand, we show in separate experiments that a 
single heat wave event during adulthood can strongly influence the 
allocation tradeoff between reproductive and somatic tissues indicative 
of TI (Figs. 3 and 4, A1 and A2). We encourage continued investigations 
into the links between heat and investment strategy, such as the effects 
of multiple heat waves across ontogeny because the frequency and 
developmental timing of heat waves can strongly influence life-history 
traits in insects (Kingsolver et al., 2021). On the other hand, our re-
sults related to GBH exposure highlight our limited understanding of 
emergent stressors in our changing world. We recommend future work 
examining other, more stressful features of environmental change 
combined with thermal stressors, such as exposure to heat waves or 
gradual warming. Further, the complexity of many environments cannot 
be captured in one or two variables, and the multiple-stressor frame-
work provides a robust construct to investigate the combined effects of 
three or more stressors on investment strategy. 
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