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Abstract
Inter-individual variation in lifetime reproduction is the key target for natural selection, and it is influenced by many factors. Yet, we
lack an understanding of how abiotic and biotic factors interact to influence lifetime reproductive output (number of offspring) and
reproductive effort (total biomass invested into reproduction). Thus, we used a factorial design to manipulate variability in food
availability and temperature while also accounting for mate quality. We tested hypotheses related to estimates of lifetime reproduc-
tive output and effort in females of the wing-dimorphic sand field cricket (Gryllus firmus). Environmental variability influenced a
temporal tradeoff of reproduction because females experiencing fluctuating temperatures had a particular bias toward reproductive
output during early adulthood. Also, complex environmental variability (i.e., multiple and co-varying environmental factors)
influenced differential allocation, which is when individuals adjust their reproductive efforts according to mate quality. Females
mated to higher quality males laid more eggs only in environments that were highly stable (constant temperature and ad libitum food
access). Reproductive effort was affected by a food–temperature interaction—fluctuating temperatures promoted egg production
when food was limited, while constant temperature promoted egg production when food was abundant. Although a wing dimor-
phism mediates a well-established flight–fecundity tradeoff during early adulthood in G. firmus, short- and long-winged morphs
exhibited similar lifetime reproduction and responded similarly to complex environmental variability. Given the natural co-variation
of many environmental factors (e.g., water limitation often accompanies heat waves), we encourage continued work examining the
role of complex environmental variability in tradeoffs related to reproductive decision-making and allocation.

Significance statement
It is unclear how abiotic and biotic factors interact to influence lifetime reproductive output (number of offspring) and reproductive
effort (total biomass invested into reproduction). Thus, we examined the effects of mate quality and complex environmental
variability (variable food and temperature) on several metrics of lifetime reproduction. Female crickets mated to high-quality males
had greater reproductive output, but only in highly stable or environmental conditions. Fluctuating temperatures biased reproductive
output toward early adulthood, particularly in short-winged females. Reproductive effort was affected by a food–temperature
interaction—fluctuating temperatures promoted egg production when food was limited, while constant temperature promoted
egg production when food was abundant. Females can also retain unfertilized eggs, and egg retention (i.e., unrealized fitness
potential) was influenced by a combination of mate quality and complex environments. Thus, it is important to carefully consider
the interplay between biotic and abiotic factors in aspects of lifetime reproduction and reproductive decision-making.
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Introduction

Reproduction is an essential component of fitness, and the
dynamics of reproductive output (i.e., reproductive success,
such as the number of eggs or offspring produced) form the
foundation for life-history theory (Stearns 1992; Roff 2002;
Flatt and Heyland 2011). However, reproductive effort obli-
gates costs associated with time (e.g., time spent guarding nest
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or provisioning offspring), physiology (e.g., energy expendi-
ture or growth of reproductive tissues at expense of somatic
tissues), and ecology (e.g., increased predation risk) (van
Noordwijk and de Jong 1986; Magnhagen 1991; Harshman
and Zera 2007; Royle et al. 2012). Therefore, selection should
favor individuals that mitigate reproductive costs by adaptive-
ly allocating limited resources toward reproduction over their
lifetimes (Cody 1966; Williams 1966; Brommer 2000). For
example, sub-optimal environments characterized by in-
creased risk of mortality or reduced food availability can lead
to increased reproductive investment during early adulthood
reproduction at the expense of reproduction during late adult-
hood (sensu the “terminal investment hypothesis”: Clutton-
Brock 1984; Lemaitre et al. 2015; reviewed in Duffield et al.
2017). Because they spend their lives in complex environ-
ments that change with time and space, animals must integrate
multiple environmental inputs to optimize reproductive deci-
sions throughout adulthood.

Sexual selection is based on the assumption that mate qual-
ity informs reproductive decisions (e.g., mate choice:
Andersson 1994). Reproductive decision-making is linked to
life-history strategy via the concept of differential allocation
(DA), which predicts that an individual adaptively adjusts its
reproductive effort according to the quality of its mate
(reviewed in Haaland et al. 2017). For example, an individual
with a low-quality mate may compensate by increasing its re-
productive effort (i.e., reproductive compensation or negative
DA: reviewed in Gowaty 2008; Harris and Uller 2009;
Ratikainen and Kokko 2010). Alternatively, an individual with
a high-quality mate may choose to capitalize by increasing its
reproductive effort (i.e., positive DA: Burley 1986; Sheldon
2000). Thus, DA can result in either a negative or positive
relationship between mate quality and reproductive effort.
However, support for DA is mixed potentially because the role
of DA may depend on context, such as age, body condition, or
mating system (reviewed in Harris and Uller 2009; Ratikainen
and Kokko 2010; Horvathova et al. 2012; Haaland et al. 2017).
For example, maternal body size is positively associated with
reproductive output across taxa (e.g., reviewed in Gotthard
et al. 2007)—thus, female body size (or quality) may be an
important context because larger females may be “choosier”
or more sensitive to variation in male quality.

In addition to biotic factors, such as mate quality, abiotic
environmental factors can exert strong effects on reproductive
effort and output. For example, abundant food and ideal tem-
peratures are often considered aspects of high-quality environ-
ments as they typically promote reproduction across taxa
(Boggs and Ross 1993; Kirk 1997; Both and Visser 2005;
Anderson et al. 2011; Kleinteich et al. 2015; reviewed in
Angilletta 2009). However, environments exhibit spatiotem-
poral variation, such as the temperature gradient between
shaded and sunny microhabitats, or the shift in food abun-
dance over the course of a breeding season (e.g., Korpimaki

andWiehn 1998; Sears et al. 2016). Thus, in addition to mean
environmental values (e.g., constant low temperature vs. con-
stant high temperature: reviewed in Dillon et al. 2016), envi-
ronmental quality may be determined via environmental var-
iability, which can influence reproductive patterns. For exam-
ple, fluctuations in a single environmental factor (temperature)
during development can improve performance in a range of
life-history traits (e.g., reproduction) in insects (Hervé et al.
2015). However, environments are complex and characterized
by multiple, co-varying factors. Thus, it is important to under-
stand how animal life histories respond to complex environ-
mental change (Hastings and Caswell 1979; Zammuto and
Millar 1985; Charmantier et al. 2008; Todgham and Stillman
2013; Kaunisto et al. 2016). Yet, to our knowledge, the role of
complex environmental variability (e.g., combined manipula-
tions of temperature variability and food availability) in ani-
mal life histories, generally, or in DA, specifically, is
unexplored.

Further, life-history tradeoffs may influence reproductive
decisions or strategies. Dispersal is an important aspect of
many life histories because it allows individuals to move to
higher quality environments (Roff 1994). Yet, investment into
dispersal-related traits can obligate tradeoffs with other life-
history traits (reviewed in Zera and Harshman 2001; Guerra
2011). Given these benefits and costs, dispersal polymor-
phisms are common among insects (reviewed in Zera and
Denno 1997). For example, each discrete wing morph of
Gryllus crickets adopts a different strategy to a flight–
fecundity tradeoff. During early adulthood, long-winged
(LW) females specialize in dispersal (invest in functional
flight musculature) at a cost to reproduction while short-
winged (SW) females lack the ability to fly in return for great-
er reproductive investment (heavier ovaries) (Zera et al. 1997;
reviewed in Zera and Harshman 2001; Zera 2005).
Investigations using both SW and LW crickets would allow
for the examination of the effects of complex environmental
variability and DA in animals with different life-history allo-
cation strategies (e.g., individuals investing into flight muscles
may respond differently than those that do not invest into
flight muscles).

Thus, we examined several estimates of lifetime reproduc-
tive output (number of eggs oviposited) and effort (total bio-
mass invested into reproduction) in females of the wing-
dimorphic sand field cricket (Gryllus firmus). We accounted
for female body size and mate (male) quality because in-
creased reproductive output or effort is associated with larger
females and higher male quality (i.e., positive DA) in Gryllus
crickets (Carriere and Roff 1995; Bretman et al. 2006). We
used a factorial design to manipulate variability in food avail-
ability (ad libitum vs. intermittent access) and temperature
(constant vs. ecologically relevant fluctuations) in female
G. firmus, each of which was mated to a single male of known
quality. We used this design to test three hypotheses.
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(1) Environmental variability influences a tradeoff between
investment into early and late reproduction (Williams
1966; Brommer 2000). We predict that variable environ-
mental conditions (e.g., intermittent food availability
and/or fluctuating temperatures) will increase reproduc-
tive output during early adulthood relative to late adult-
hood based on other work reviewing the independent
role of a single environmental factor in this dynamic.
Specifically, resource limitation tends to favor invest-
ment into reproduction during early adulthood in many
animals (Lemaitre et al. 2015).

(2) Environmental variability influences DA, the importance
of an individual’s mate quality to its reproductive output
or effort. Here, we test two opposing predictions. First, we
predict that positive DA will be favored in stable (high-
quality) environments. We expect variable environments
to be perceived as lower quality (e.g., because animals in
our study were adapted to constant temperature condi-
tions: see below) and, thus, incentivize females to fertilize
and oviposit as many eggs as possible (regardless of mate
quality). That is, a terminal investment strategy (Clutton-
Brock 1984; Lemaitre et al. 2015; reviewed in Duffield
et al. 2017) may mask or eliminate DA in variable envi-
ronments. Second, we alternatively predict that variable
(low-quality) environments will favor positive DA.
Sexual selection may be stronger in more stressful envi-
ronmental conditions because it will eliminate mutations
from a population in which adaptation is particularly crit-
ical (Lorch et al. 2003;Whitlock andAgrawal 2009; Long
et al. 2012; Connallon and Hall 2016).

(3) A wing dimorphism influences lifetime reproduction.
During early adulthood (i.e., < 1 week into adulthood),
SWG. firmus females exhibit greater reproductive effort
relative to flight-capable LW females because flight in-
vestment by LW females delays heavy investment into
egg production prior to mating (reviewed in Zera and
Harshman 2001; Zera 2005). However, the role of this
wing dimorphism in lifetime reproductive dynamics is
unclear. Given SW females’ head-start in egg produc-
tion, we predict that SW females will produce and ovi-
posit more eggs over their lifetimes relative to LW
females.

Methods

Study animals

The wing dimorphic sand field cricket (Gryllus firmus) is en-
demic to the south and eastern USA, ranging from
Connecticut to Texas (Capinera et al. 2004). Wing morpholo-
gy is influenced by genetic and environmental factors, but

artificial selection has created nearly true-breeding SW and
LW lab populations (reviewed in Zera 2005; see below).
Each discrete wing morph adopts a different strategy to a
flight–fecundity tradeoff. During early adulthood, LW fe-
males specialize in dispersal by investing in functional flight
musculature, which comes at a cost to reproduction. Short-
winged females lack the ability to fly during early adulthood
but have greater reproductive investment (ovaries that are
100–400% heavier) than LW females (reviewed in Zera and
Harshman 2001; Zera 2005). Cricket stock originated from
populations near Gainesville, FL that exhibit morph frequen-
cies of approximately 0.4 SW and 0.6 LW (Zera et al. 2007).
Given the putative fecundity advantage of SW females
(reviewed in Zera 2005) and the greater attractiveness of SW
males (Crnokrak and Roff 1995), it is difficult to rear mixed-
morph populations that produce similar frequencies of SW
and LW crickets. Therefore, crickets were raised in outbred
populations (blocks) that were artificially selected for several
decades to produce either SW or LW morphs that have been
previously described (Zera 2005). Due to limited within-block
genetic variation, three replicate blocks of crickets were used
in this study. Both wing morphs were used in the study to
address Hypothesis 3 (a wing dimorphism influences lifetime
reproduction), and crickets were reared in standard conditions
(16 h photoperiod, 28 ± 1 °C, and ad libitum access to water
and commercial dry cat food) until adulthood.

Experimental design

At approx. 1 day of adulthood, virgin LWand SWG. firmus of
both sexes were isolated and individually housed in translu-
cent plastic containers (473 ml) with ad libitum access to
water. Experimental males (n = 210 total) were maintained
in standard conditions (see above). To address Hypotheses 1
and 2 (environmental variability influences a tradeoff between
investment into early and late reproduction and influences
DA, respectively), a 2 × 2 factorial design was used with fe-
males of both wing morphs (LW: n = 107; SW: 103) to ma-
nipulate food availability and temperature variability through-
out adulthood—that is, eight treatment group combinations
(n = 210 total). Each female’s access to food (dry cat food)
was manipulated: ad libitum access (n = 98) or intermittent
access (n = 112; cat food was only available for 3 h twice
per week: sensu Adamo et al. 2012; Stahlschmidt et al.
2013, 2015). In addition, each female was maintained in an
incubator (model I-36, Percival Scientific, Inc., Perry, IA,
U.S.) set at one of two temperature regimes: constant 28 °C
(n = 99) or a fluctuating cycle (n = 111), in which temperature
ranged from 23 to 33 °C and changed each hour (i.e., a 28 ±
5 °C diel cycle: Fig. S1). These temperature fluctuations ap-
proximate the average diel (daily) temperature variation in
Gainesville, FL, USA, which is where the founders of the
stock were collected during the crickets’ active season
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(May–September; mean daily minimum and maximum: 21
and 33 °C, respectively: National Weather Service).
Therefore, our manipulations created a gradient of environ-
mental conditions from highly stable (constant temperature
combined with ad libitum food access) to highly variable
(both fluctuating temperature and intermittent food access).

At approx. 8 days of adulthood (i.e., 7 days after isolation),
each female was randomly paired with a male from the same
block in a 1.9-L translucent plastic container to facilitate mat-
ing. Males were virgin, the same age as their female partners,
and individually housed throughout adulthood in standard
conditions (see above) prior to mating. To avoid cannibalism,
intermittently fed females were allowed access to food
throughout this period. After 24 h, females were returned to
individual translucent plastic containers in their treatment con-
ditions (see above), and males were removed, weighed, and
frozen at − 20 °C. Later, males were measured for the follow-
ing fitness-related traits: head width (a proxy for the size of
mandibles, which are sexually dimorphic and can be used
during agonistic contests: e.g., Alexander 1961; Adamo and
Hoy 1995) and femur length (a proxy for body size: Simmons
1986; Glass and Stahlschmidt 2019). Male body mass, femur
length, and head width were highly correlated with one anoth-
er, and the first principal component (PC1) extracted from a
principal components analysis explained 84% of the total var-
iance in these three traits. A male with a high PC1 value was
relatively heavy, large, and had a wide head.

To address Hypothesis 2 (environmental variability influ-
ences DA), PC1 was subsequently used as a proxy for male
quality. InG. firmus, PC1 strongly predicts dominance among
males (Nguyen and Stahlschmidt 2019), and larger G. firmus
males sire more offspring than smaller males (Saleh et al.
2014). In other Gryllus crickets, larger males achieve more
matings than smaller males (Simmons 1986), and male dom-
inance is associated with greater mating success (Rantala and
Kortet 2004), which can be facilitated by mate guarding
(Wynn and Vahed 2004). The advantage of dominance in
the mating success of male Gryllus can be eliminated if males
are quickly introduced to females after male–male agonistic
contests (Vedenina and Shestakov 2018)—however, we
avoided this potential issue by eliminating male-male interac-
tions throughout the study period.

After males were removed, each female was left in its 1.9-L
container and given egg-laying substrate (cotton-plugged
water bottle) for three weeks. Although G. firmus can live
longer in laboratory conditions (ZRS unpublished), they live
only up to 25 days post-adult molt in their natural environment
(Zera et al. 2007). Therefore, our reproductive measurements
(see below) refer to estimates of lifetime reproduction in the
context of an ecologically relevant lifespan. Water bottles
were replaced twice each week at which points oviposited
eggs were counted to determine weekly egg-laying (e.g., to
determinewhether mate quality or the environment influenced

females to bias their reproductive output toward early or late
adulthood sensu Hypotheses 1 and 2 above). The total number
of eggs oviposited over the course of the study was used to
estimate females’ lifetime reproductive output, which allowed
us to address all three hypotheses, because nearly 95% of
oviposited eggs are fertilized in unhandled Gryllus
(Shoemaker and Adamo 2007). At the end of the study (three
weeks post-mating), females were removed, weighed, and
frozen at − 20 °C.

Later, the lengths of females’ femurs were measured to
determine body size, and females were dissected to determine
the number of eggs retained in females’ lateral oviducts to
estimate females’ lifetime reproductive effort (i.e., the sum
of oviposited eggs and retained, unfertilized eggs). Given the
rapid rate of body decomposition after death, the number of
eggs retained by females that did not survive the study could
not be determined. In addition to its utility in estimating life-
time reproductive effort, the number of eggs retained at the
end of adulthood was determined to estimate adaptive
decision-making (e.g., a female in a low-risk environment
and mated to a low-quality male may delay fertilizing and
ovipositing her eggs as she waits for a higher quality male:
see Hypotheses 1 and 2 above). Similar to other studies in
crickets (e.g., Lierheimer and Tinghitella 2017), nearly all
females in our study were mated (i.e., 95% of surviving fe-
males had sperm-filled spermathecae) regardless of mate qual-
ity or environmental conditions. Due to the small number of
unmated females and because mating strongly promotes re-
productive effort (ZRS unpublished), unmated females were
excluded from analyses. To minimize observer bias, blinded
methods were used when data were recorded and/or analyzed.

Statistical analyses

Several linear models were performed in SPSS (v.22 IBM
Corp., Armonk, NY), data were log-transformed as necessary
(e.g., to meet the assumption of normally distributed resid-
uals), and two-tailed significance was determined at α =
0.05. To determine effects on reproductive output and effort
(i.e., number of eggs oviposited and produced, respectively),
analyses of covariance (ANCOVAs) were performed. Fixed
effects included food treatment, temperature treatment, and
wing morphology, and covariates included female femur
length (to control for body size) and male quality (PC1, see
above). To determine effects on retained eggs, a similar
ANCOVAmodel was used that also included the total number
of eggs oviposited as a covariate. To determine effects on
weekly reproductive output (number of eggs laid), a linear
mixed effects model was performed. For this model, fixed
effects included food treatment, temperature treatment, wing
morphology, and age (1, 2, or 3 weeks post-mating).
Covariates included female femur length and male quality,
while female ID number was included as a random effect (to
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control for repeated [weekly] sampling). Although not explic-
itly incorporated into our hypotheses, survival is an important
life-history metric (e.g., lifetime reproduction can be tightly
linked to lifespan) that was determined using a binary logistic
generalized linear model, which allowed for examining the
independent and interactive fixed effects of food treatment,
temperature treatment, and wing morphology. For all models,
interactions between fixed effects and covariates were initially
included, but non-significant interactions were removed in
final (reported) model results.

Results

For the females in our study (n = 210 total), survival to the end
of the study period (three weeks post-mating) was affected by
food treatment (χ2 = 6.8, df = 1, P = 0.0091) and temperature
treatment (χ2 = 5.2, df = 1, P = 0.022), but not by wing mor-
phology (herein, “morph”; χ2 = 0.14, df = 1, P = 0.71). More
females with ad libitum access to food survived (mean ±
s.e.m.: 86 ± 4% vs. 70 ± 4%), as well as those kept at a con-
stant temperature (85 ± 4% vs. 71 ± 4% survival).

Estimated lifetime reproductive output (number of eggs
oviposited) was not independently affected by food treatment
(F1,196 = 0.81, P = 0.37), temperature treatment (F1,196 = 0.15,
P = 0.70), female body size (F1,196 = 0.86, P = 0.36), morph
(F1,196 = 1.3, P = 0.26), or male quality (F1,196 = 3.2, P =
0.075). However, it was affected by interactions between mate
quality and environmental conditions (temperature × PC1:
F1,196 = 4.1, P = 0.044)—females laid more eggs when mated
to higher quality males and kept at a constant temperature
(Pearson correlation: n = 94, R = 0.31, P = 0.0023), but not
in the fluctuating temperature treatment (n = 106, R = 0.12,
P = 0.23). There was also an interactive effect of mate quality,
food treatment, and temperature treatment on lifetime egg-
laying (F2,196 = 4.9, P = 0.0084; Fig. 1) where females mated
to higher quality males laid more eggs only in highly stable
(constant temperature and ad libitum access to food; Pearson
correlation: n = 46, R = 0.48, P < 0.001) conditions.

The number of eggs laid each week (e.g., the number of
eggs laid the week after mating vs. the number laid 2 wks after
mating) was affected by female age (F2,570 = 39, P < 0.0001;
Fig. 2), and mate quality (F1,570 = 7.2, P = 0.0074) where
weekly egg-laying was higher during early adulthood and in
females mated to larger (presumably, higher quality) males.
Week-to-week egg-laying was not affected by food treatment
(F1,570 = 2.1, P = 0.15), temperature treatment (F1,570 = 0.51,
P = 0.48), morph (F1,570 = 2.6, P = 0.11), or female body size
(F1,570 = 2.3, P = 0.13). Females exhibited a greater age-
related decline in oviposition in fluctuating temperature con-
ditions (Fig. 2; age × temperature: F2,570 = 3.0, P = 0.049).
However, the effect of temperature variability on temporal
egg-laying dynamics was influenced by wing morphology—

SW females, in particular, exhibited a blunted age-related de-
cline in oviposition in constant temperature conditions (Fig. 2;
age × temperature × morph: F5,570 = 2.9, P = 0.013). There
was also an interactive effect of mate quality, food treatment,
and temperature treatment on week-to-week egg-laying where
females mated to higher quality males laid more eggs each
week only in highly stable (constant temperature and ad
libitum access to food) conditions (F3,570 = 6.8, P < 0.001).

Estimated lifetime reproductive effort (sum of oviposited
and retained eggs) was independently affected by food treat-
ment (F1,180 = 38, P < 0.001; Fig. 3a) and female body size
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(F1,180 = 13, P < 0.001; Fig. S2) where larger females and
those with ad libitum access to food produced more eggs over
their lifetimes. Estimated lifetime reproductive effort was not
influenced by temperature treatment (F1,180 = 0.043, P =
0.84), morph (F1,180 = 3.5, P = 0.064), or male quality
(F1,180 = 1.0, P = 0.31). Yet, it was affected by an interaction
between food and temperature treatments—fluctuating tem-
peratures promoted egg production when food was limited
while constant temperature promoted egg production when
food was abundant (Fig. 3a: F4,180 = 3.9, P = 0.0045).

The number of retained, unfertilized eggs was affected by
food treatment (F1,161 = 45, P < 0.001; Fig. 3b), and it was
associated with lifetime reproductive output (F1,161 = 20, P
< 0.001), female body size (Fig. S2; F1,161 = 17, P < 0.001),

and mate quality (F1,161 = 4.1, P = 0.045; Fig. 4). Females
retained more eggs when they (1) laid fewer eggs, (2) had
ad libitum access to food (Fig. 3b), (3) were larger, and (4)
were mated to lower quality males (Fig. 4). Neither tempera-
ture treatment alone nor morph affected egg retention (tem-
perature: F1,161 = 0.002, P = 0.97; morph: F1,180 = 2.9, P =
0.093). There was an interactive effect of food and tempera-
ture treatment—fluctuating temperatures promoted egg reten-
tion when food was limited, while constant temperature pro-
moted egg retention when food was abundant (Fig. 3b:
F1,161 = 4.8, P = 0.030).

Discussion

We demonstrate strong effects of biotic and abiotic factors on
estimates of lifetime reproductive effort, output, and allocation
(e.g., DA and the balance between egg retention and
oviposition; Figs. 1, 2, and 3), as well as on survival. Larger
femaleG. firmus and those putatively acquiring more resource
(i.e., those with ad libitum access to food) invested more into
lifetime reproductive effort (estimated reproductive biomass:
Fig. 3a; Fig. S1) as in other taxa (Wootton 1979; Peters 1983;
Shine 1988; Honek 1993; Wheeler 1996; Kjesbu et al. 1998).
Yet, lifetime reproductive output (estimated number of off-
spring) responded differently than reproductive effort because
reproductive output was influenced by interactions between
temperature variability and mate quality (Fig. 1). Therefore,
lifetime reproductive effort and output were uncoupled due to
variation in reproductive allocation because not all eggs pro-
duced were fertilized (Fig. 3). Further, survival over an eco-
logically relevant timeframe (28 days, which approximates the
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described in each panel. For clarity, wing morphology (short- vs. long-
winged morph) is not shown because it did not have a significant effect
(see text for details). Values are displayed as mean ± s.e.m.
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Male quality 

Fig. 4 Effect of male quality (principal component explaining 84% of the
total variance in body mass, femur length, and head width: see text for
details) on the number of retained, unfertilized eggs in female G. firmus.
Throughout adulthood, females experienced either a constant (28 °C) or a
fluctuating (28 ± 5 °C) daily temperature regime and either intermittent or
ad libitum food availability. Data displayed were pooled across all
treatment groups for clarity, and a line of best fit is included for the
significant relationship (P < 0.05)
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maximum lifespan of G. firmus in nature: Zera et al. 2007)
was affected by a different set of factors (variation in food
availability and temperature). Thus, it is important to carefully
consider the costs and benefits of lifetime reproduction (i.e.,
energetic investment of reproductive effort and offspring
number of reproductive output, respectively), as well as sur-
vival, when determining the effects of complex environmental
shifts on animal life histories.

We found partial support for our first hypothesis that envi-
ronmental variability influences a tradeoff between invest-
ment into early and late reproduction (particularly in SW fe-
males: Fig. 2). FemaleG. firmus experiencing fluctuating tem-
peratures were biased toward early (not late) reproductive out-
put because they oviposited more during early adulthood
(temperature × age effect with a steep decline from Week 2
to Week 3: Fig. 2) relative to those experiencing constant
temperature. However, this effect was influenced by an inter-
action with wing morphology (Fig. 2), and we did not detect a
similar effect due to variability in food availability.
Nonetheless, our results suggest that decision-making related
to reproductive allocation (temporal dynamics of oviposition)
was influenced by variability in temperature, a biologically
important environmental factor that naturally exhibits spatio-
temporal variation (reviewed in Angilletta 2009). This result
agrees with the effects of resource (food) limitation on the
current-future (or early-late) tradeoff in reproductive alloca-
tion in vertebrates where reproductive investment is biased
toward early adulthood when resources are limited (Lemaitre
et al. 2015). Developmental plasticity was not examined in
our study, and it may also play a role in early-late allocation
decisions because an animal born and reared in poor condi-
tions (e.g., those in which food availability is low) may like-
wise invest more heavily into early reproduction (reviewed in
Douhard et al. 2016). However, continued work is required to
understand how life histories are influenced by environmental
variability or fluctuation, rather than mean environmental
values (e.g., consistent low- vs. high-food availability)—par-
ticularly, with regard to the effects of multiple, co-varying
environmental factors (Todgham and Stillman 2013;
Kaunisto et al. 2016) across developmental stages.

We found support for only the first prediction of our second
hypothesis that environmental stability promotes positive DA.
In support, female G. firmus mated to higher quality males
laid more eggs only in highly stable conditions (constant
temperature and ad libitum access to food; Fig. 1), which is
indicative of positive DA (as in other taxa, including Gryllus:
Burley 1986; Sheldon 2000; Bretman et al. 2006). In our
study, stable environments were considered higher quality
than unstable ones given constant temperature, food availabil-
ity were associated with increased survival, and ad libitum
access to food was further associated with increased lifetime
egg production (Fig. 3a). Thus, a female in stable conditions
that was mated to a low-quality male presumably had the

luxury to forego oviposition in the short-term given the re-
duced risk of mortality (sensu the “terminal investment hy-
pothesis”: Clutton-Brock 1984; Lemaitre et al. 2015;
reviewed in Duffield et al. 2017). She could then “trade up”
by mating with a higher quality male in the future because
multiple mating, including polyandry, is common in Gryllus
(Gershman 2010; Worthington and Kelly 2016). Although
females in our study exerted choice after mating, others have
explored this phenomenon in mate choice. As examples, food
limitation strengthened the preference for mate quality in
some studies (fish: Fisher and Rosenthal 2006; spider:
Moskalik and Uetz 2011), but opposing results have also been
demonstrated (spider: Eraly et al. 2009; beetle: Fox and
Moya-Larano 2009). Understanding the tradeoff between the
number and size of offspring (Smith and Fretwell 1974;
Brockelman 1975) may clarify contrasting results. For exam-
ple, food-limitedGryllus favor offspring size (not measured in
our study) over offspring number (Stahlschmidt and Adamo
2015). Further, these studies did not examine effects of tem-
perature variation. Thus, we encourage continued investiga-
tions of combined manipulations of temperature and food
availability on pre- and post-copulatory decision-making giv-
en the natural co-variation of these two environmental factors
(Stamp 1993).

We found no support for our third hypothesis that the wing
dimorphism exhibited by G. firmus influences lifetime repro-
duction. Gryllus crickets and G. firmus, in particular, have
been powerful models used to examine the genetics, physiol-
ogy, and ecology of life-history tradeoffs (reviewed in Zera
and Harshman 2001; Zera 2005; King et al. 2011). These
studies have generally shown that investment into flight mus-
culature by LW females obligates reduced investment into
ovarian tissue relative to SW females during early adulthood
(i.e., < 1 week into adulthood). This fecundity advantage by
young SW females is even robust to food limitation (Roff and
Gelinas 2003), but it disappears after one week into adulthood
(Mole and Zera 1994; Zera et al. 1997). Multiple years of
fieldwork onG. firmus indicates that the average age of adults
in the field is 11–14 days post-adult molt, with a maximum
age of 25 days post-adult molt (Zera et al. 2007).We show that
the total number of eggs oviposited and produced over 21 days
in a 28-day lifespan was not independently affected by wing
morphology. Thus, LW females were able to “catch up” with
SW females over their lifetimes, and SWs did not exhibit an
oviposition advantage during any age we examined (Fig. 2).
By estimating lifetime reproductive effort (biomass invested
into reproduction) and output (number of offspring produced)
in both G. firmusmorphs, our study indicates that the costs of
dispersal (flight) capacity to lifetime reproduction can be neg-
ligible in some environmental contexts.

Oviposition decisions in Gryllus crickets exhibit adaptive
plasticity in response to biotic and abiotic factors (e.g., food
availability, temperature, and predation risk: Stahlschmidt and
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Adamo 2013; Stahlschmidt et al. 2014). Similarly, our results
demonstrate an uncoupling of reproductive effort and output
where many eggs produced were not oviposited (Fig. 3), and
the decision-making process to retain or oviposit eggs was
sensitive to widespread biotic and abiotic factors (Figs. 1
and 3). For example, females mated to higher quality males
exhibited reduced egg retention (i.e., these females fertilized a
large proportion of their eggs; Fig. 4), which indicates adap-
tive post-copulatory decision-making. Females (particularly,
larger females) mated to lower quality males may have fore-
gone egg fertilization with the intention of mating with higher
quality males in the future (see above). Indeed, there tend to be
indirect (genetic) benefits of polyandry across taxa (Slatyer
et al. 2012), and there are also direct (non-genetic) benefits
of multiple mating in Gryllus (e.g., increased oviposition:
Gershman 2010; Worthington and Kelly 2016). In addition,
aspects of the abiotic environment interacted to influence egg
retention (Fig. 3b) where, for example, the average female at a
constant temperature and with ad libitum access to food
retained over 45% of the eggs she produced over her lifetime.
Thus, stable (benign) environmental conditions may promote
post-copulatory choosiness, which agrees with our results in-
dicating positive DA in stable environmental conditions.
Because females in our study were given only a single mating
opportunity, future work is required to understand the effects
of environmental variability on the benefits of multiple mat-
ing, the temporal dynamics of mate choice, and post-
copulatory decision-making (e.g., cryptic female choice or
sperm competition) (Evans and Garcia-Gonzalez 2016). We
also welcome investigations into the physiological mecha-
nisms underlying DA and post-copulatory decisions in in-
sects. For example, oviposition is regulated by juvenile hor-
mone (JH) in crickets (Strambi et al. 1997), and JH titers are
plastic in response to circadian rhythms and wingmorphology
in G. firmus (Zera and Cisper 2001).

In sum, our study used an experimental approach to con-
tinue to clarify the importance of environmental variability in
three themes of behavioral ecology and life history—the
tradeoff between early and late reproduction, the role of mate
quality in reproductive effort and output (i.e., differential allo-
cation), and a polymorphismmediating a reproduction-related
tradeoff. Complex environmental variability has been inte-
grated into ecology (ecological synergies: reviewed in
Darling and Cote 2008) and physiology (multiple environ-
mental stressors: reviewed in Todgham and Stillman 2013).
Although theoretical models are important (e.g., Hastings and
Caswell 1979; Orzack and Tuljapurkar 2001), we encourage
future empirical efforts by behavioral ecologists because, in
general, studies manipulating single environmental variables
can generate misguided results and interpretations (McBryan
et al. 2013). Many environmental variables co-vary to influ-
ence aspects of behavioral ecology and life history (e.g.,
Stahlschmidt and DeNardo 2010; Stahlschmidt et al. 2011;

Kaunisto et al. 2016; Nguyen and Stahlschmidt 2019;
Cronin et al. 2019), and we welcome continued work on the
effects of other environmental combinations (e.g., pH and
salinity in aquatic systems) on tradeoffs and reproductive de-
cision-making.
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