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1National Taiwan University, Taipei, Taiwan
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Heatwaves associated with climate change threaten biodiversity by
disrupting behaviours like parental care. While parental care may
buffer populations from adverse environments, studies show mixed
results, possibly due to heat stress affecting different care components.
We investigated how heat stress impacts parental care and offspring
performance in the burying beetle Nicrophorus nepalensis under control
(17.8°C) and heat stress (21.8°C) conditions. We focused on two critical
periods: pre-hatching care (carcass preparation) and post-hatching care
(offspring provisioning). To disentangle the vulnerability of these parental
care components to heat stress, we reciprocally transferred carcasses
prepared under control or heat stress to females breeding under both
conditions. Heatwaves affecting only one care period did not alter
reproduction, but when both pre- and post-hatching periods experienced
heatwaves, reproductive success declined. Females exhibited higher energy
expenditure during provisioning, evidenced by greater body mass loss.
Notably, heat stress had long-lasting effects on offspring via carcass
preparation, resulting in smaller adult size and higher mortality. These
results highlight the complexity of environmental stressors on parental
care, suggesting that different care components may respond differently to
heat stress, and thus need to be examined separately to better understand
how parental care responds to, and buffers against, temperature stress.

1. Introduction
Global climate change poses a significant threat to biodiversity, affecting
ecosystems through rising temperatures and more frequent extreme weather
events [1,2]. One of the most significant changes associated with climate
change is the increased frequency and intensity of heatwaves [3]. Heatwaves
are defined as periods of localized heat accumulation during consecutive days
and nights of abnormally high temperatures [4]. These heatwaves can cause
disruptions of life cycle and physiological stress, especially for ectotherms like
insects, which are particularly vulnerable to fluctuations in ambient tempera-
ture, directly impacting their physiology and behaviour [5–7].

The timing of heatwaves can disproportionately impact species if it aligns
with a particularly sensitive period [8], like that of providing parental
care [9,10]. For instance, exposure to extreme temperatures during repro-
ductive stages may impair key parental behaviours, leading to increased
offspring mortality and reduced fitness [8,11]. Altricial offspring tend to
be more vulnerable to environmental impacts, needing aid in thermoregula-
tion, especially considering nests cannot be moved to cooler microhabitats
as adults can [12]. Parents can help buffer their offspring from the nega-
tive effects of heat stress by plastically altering their suite of parental care
behaviours. Nest-building birds can alter the structure and composition of the
nests they build to provide a more resilient thermal environment in which
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their offspring develop [13–15]. After hatching, parents can also increase the number of provisioning visits to mitigate heat
stress [16,17]. In many cases, however, heat stress negatively impacts parental care behaviours, at a severe cost to the parents
and to their offspring; parents may reduce their levels of care to preserve and reallocate resources to their own survival [18], and
increased provisioning may not even prevent population decline [18].

Parental care is composed of a suite of behaviours that may or may not respond to heat stress in the same manner, or equally
buffer offspring from the negative effects of heat stress to the same degree [19,20]. For example, nesting birds build a nest before
any chick hatches and can shape the nest according to local conditions, like temperature [21]. But for species that exhibit less
plasticity in the shape and form of their nests, or use tree-holes [22], parents can only buffer offspring from temperature with
their interactions after hatching, which may mean the impact of heat stress is greater in these species. Only by decomposing
parental care into distinct components of care, can we obtain a greater mechanistic understanding of the impact of temperature
on parental care behaviours, and be able to predict which behaviours are most beneficial for parental and offspring fitness and
to identify which behaviours could evolve to facilitate persistence in a rapidly changing environment.

Here, we investigate the effects of elevated temperatures on two periods of parental care and subsequent offspring perform-
ance in Nicrophorus nepalensis. The burying beetles, Nicrophorus spp., exhibit elaborate parental care, including the preparation
of carcasses as a food source for their offspring (pre-hatching care), as well as direct feeding behaviour provided to their young
(post-hatching care [23,24]). These behaviours are crucial for the development and survival of the young [25] but are potentially
vulnerable to thermal stress. As ectotherms, burying beetles expend energy at a rate determined by ambient temperature.
Because parents and offspring feed from a shared carcass resource, thermal stress may amplify conflict over care by increasing
not only the energetic demands [5,26] of both parents and offspring but also the rate at which energy is expended on behaviours
such as carcass maintenance, provisioning and begging. Additionally, thermal stress may impair parental coordination or
timing of parental care behaviours, further affecting offspring development and survival [25]. Previous studies have indicated
that elevated temperatures can disrupt parental care behaviours in burying beetles, leading to suboptimal carcass preparation
and reduced reproductive success [27]. However, Grew et al. [28] demonstrated that parental effects were beneficial but were
temperature dependent. It was only under non-stressed conditions (15°C) that the presence of females enhanced larval survival,
with no clear evidence of parental buffering at higher temperatures (20 and 25°C) [28]. Collectively, these findings highlight
consistent negative impacts of heat stress on fitness, while also suggesting that the capacity of parents to mitigate these effects
may vary depending on the severity of thermal stress.

These results highlight that there is an urgent need to investigate how exactly climate change influences parental care and
thus provide insight into the potential mechanisms by which parents might buffer their offspring against rising and more
extreme temperatures. We focus on how temperature-induced changes in carcass preparation by parents, along with direct
temperature effects, affect the growth and survival of their larvae. In the first experiment, we evaluated the reproductive
investment by exposing female beetles to control (17.8°C) and heat stress (21.8°C) conditions during pre-hatching care. We
investigated (i) whether heat stress reduced the clutch size, (ii) whether heat stress makes carcass preparation more energeti-
cally costly, and (iii) whether heat stress disrupts the carcass preparation process. In the follow-up experiment, we used a
reciprocal transplant experiment that transferred carcasses prepared under either control or heat stress conditions to control-
reared beetles during breeding under both control and heat stress conditions (figure 1). This design allows us to investigate (i)
the relative importance of carcass preparation and larval developmental temperature on reproductive success and (ii) whether
parental care, partitioned as pre-hatching and/or post-hatching care, could mitigate the adverse impacts of heat stress. Our
study seeks to provide insights into the potential adaptive responses of burying beetles to climate change and contribute to a
broader understanding of how environmental stressors impact parental care.

2. Material and methods
(a) Study system
Nicrophorus nepalensis is a subsocial beetle that exhibits biparental care, which is essential for the development and survival of
offspring [29]. Parental care in this species consists of two primary stages: pre-hatching care and post-hatching care. During
pre-hatching care, parents prepare a small vertebrate carcass as a resource for their offspring by removing fur or feathers and
shaping the carcass into a compact ball. This process reduces decay and microbial activity prior to larval hatching [30]. In
the post-hatching stage, parents actively feed and protect the larvae until they disperse [23,24]. Under natural temperature
conditions during the beetle’s breeding season in northern Taiwan, carcass preparation typically lasts 3–4 days, while larval
development lasts over 7–8 days [29]. The entire period of parental care thus lasts approximately 10–12 days under typical
environmental conditions [29,31,32].

Heatwaves, characterized by short-term but significant increases in temperature, may selectively disrupt specific stages of
parental care, such as carcass preparation and/or larval development. Field observations at our study sites revealed that the
average duration of heat stress events was 4.21 days (median: 4 days), and in some cases, the heat stress persisted for 10–13 days
(see electronic supplementary material, figure S1). These durations overlap with the timing of critical parental care activities.
Thus, our experimental manipulation of heat stress in only one of the parental care stages (see below) aligns well with the field
conditions typically experienced by beetles, where heat stress events are defined (see electronic supplementary material) as the
days when the daily mean temperature exceeds 21.8°C.
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(b) Establishment of Nicrophorus nepalensis colony in the laboratory
Nicrophorus nepalensis beetles used in this experiment were descendants of a laboratory colony established in 2022. The source
beetles were collected from six different locations in northern Taiwan (24.99° N, 121.62° E). Before breeding, all mites were
removed from the beetles using fine tweezers. The beetles were housed individually in plastic individual boxes (10.8 × 7.5 × 2.1
cm) filled with moist soil and were fed minced pork (~1.5 g) twice a week. Two weeks after acclimation to laboratory conditions,
we bred pairs of male and female N. nepalensis collected from different sites, provisioning them with 22–30 g of frozen mice (n
= 60 pairs). We bred the beetles in cylindrical breeding boxes (14.2 × 6.3 cm) filled with 2 cm of moist soil. At larval dispersal,
we determined brood size by counting all third-instar larvae, which were then transferred to eclosion boxes (2 × 2 × 2 cm) filled
with moist soil and housed individually until reaching adulthood. The beetles were raised in controlled laboratory settings with
a 10:14 light-to-dark cycle, 70% relative humidity and a daily temperature regime that mimicked the variations typical of their
breeding season from November to April in northern Taiwan (mean: 17.8°C, with daily variations between 16°C and 20°C [33]).
Each year, field beetles were collected and bred into the laboratory colony to maintain genetic diversity.

(c) Effects of temperatures on pre-hatching care
The experiments were conducted in May–June 2024 using the laboratory-maintained beetle colonies. In Nicrophorus spp., both
parents typically participate in the preparation of the carcass and care of the offspring, yet the males often prioritize seeking
additional mating opportunities and so are likely to leave the females alone to take care of the broods [24]. We focused our
experiments on females (because they can breed independently once mated) to avoid any confounding effects from male
participation since males could influence the reproductive fitness by competing with females over carcass resources. To generate
mated females, we paired up 118 males and females haphazardly. Each pair was placed in an individual box filled with moist
soil and kept in an incubator set to 17.8°C as described above.

The next day, the males from each pair were removed, and only the mated females were transferred to breeding boxes filled
with 2 cm of moist soil and provisioned with 23–29 g (25.82 ± 1.55 g; mean ± s.d.) of frozen mice (weighed to the nearest 0.01 g).
Prior to introduction, we also weighed each female to the nearest 0.0001 g. These breeding set-ups were then incubated under
two different temperature regimes: control and warming. The warming treatment temperature was elevated by 4°C (21.8°C)
compared with the control (17.8°C), representing a projected extreme temperature increase by the end of this century. During
breeding attempts, the boxes were kept in complete darkness to simulate underground conditions [34]. In total, there were 78
control and 40 warming treatment breeding attempts.

Ninety hours later, we determined clutch size and carcass preparation for each brood. At this stage, egg laying was largely
completed, and the carcass was fully prepared (i.e. fur removal and rolling into a ball [29]). This timeline was chosen based

Figure 1. Experimental set-up of the reciprocal transplant experiment testing the joint and independent effects of temperatures (blue: control; red: warming)
associated with carcass preparation and larval development. Females that had prepared carcasses at control temperatures were provided with either a carcass prepared
by another beetle at control temperatures or warming temperatures. Fifteen newly hatched first larvae collected haphazardly from different families were introduced
as a group of genetic mix.
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on our prior observations, ensuring consistency in carcass preparation across different temperature treatments despite potential
accelerated degradation or egg development at higher temperatures [29]. We counted the number of eggs that were visible at
the bottom of the container [34,35]. This approach allows for an accurate proxy for exact total egg production in N. nepalensis
[36]. The prepared carcass and the female were carefully removed and weighed again. The change in beetle and carcass mass
allowed us to estimate the extent of carrion consumption during the carcass preparation stage. To determine the extent of
carcass preparation, we took photos of each prepared carcass using two identical cameras (TG7-OM System). The carcasses
were photographed against a white background from both the side and the top, with each camera placed approximately 30 cm
away from the carcass. We determined the roundness of the carcass by taking the average values derived from the two images,
using ImageJ (see [37,38] for details).

(d) Experimental manipulation of carcass preparation and developmental temperatures
To investigate the temperature effects of carcass preparation and larval development, we used a reciprocal transplant experi-
ment that transferred carcasses prepared at different temperatures (hereafter carcass preparation temperature) for control-
reared beetles to breed upon at different temperatures (hereafter developmental temperature, i.e. the temperature experienced
by larvae post-hatching). The carcasses, prepared at either control or warming temperatures from the previous experiment,
were placed inside new breeding boxes filled with 2 cm of moist soil. These were set aside for later use in rearing experimental
broods (see below). Since this study focuses on the effect of temperatures on carcass preparation and larval development,
females that prepared carcasses at warming temperatures were not used to avoid the carry-over effect of warming. Thus, we
initially allowed extra females to prepare carcasses in the control environment to ensure a sufficient number of females for the
experiment. Each female was randomly assigned to one of the four experimental treatments. Importantly, females and carcasses
from the same source were never assigned together. The treatments combined two factors: carcass preparation temperature
(control or warming) and developmental temperature (control or warming). Hence, for example, carcasses prepared under
warming conditions could only be assigned to treatments where developmental temperature was either control or warming.
Introducing females that had prepared carcasses and laid eggs under control conditions also ensured that the beetles were of
similar physiological conditions in the middle of reproduction prior to the transfer.

When the egg started hatching at 96 h, different broods of newly hatched larvae from carcasses prepared at control
conditions were pooled in a Petri dish, 15 larvae were haphazardly selected and transferred to their designated experimental
treatments using fine tweezers. We chose 15 individuals because this number falls within the brood range exhibited in our
laboratory and field individuals when bred in the laboratory (ranging between 1 and 34, 14.7 ± 9.6, n = 60). This pool of
unrelated larvae reduces potential confounding maternal effects such as sib-sib genetic influences and ongoing maternal care
provided to the same genetic offspring, although it does not remove all maternal effects (e.g. maternal mRNAs that are
potentially already present in eggs) [39]. The larvae were haphazardly assigned to one of the four experimental treatments,
depending on the combination of carcass preparation temperature (C) and developmental temperature (D), with each treatment
having control (control) and warming (warm) conditions: Ccontrol – Dcontrol (n = 21), Cwarm – Dcontrol (n = 17), Ccontrol – Dwarm
(n = 20) and Cwarm – Dwarm (n = 20) (figure 1). There is no evidence that burying beetle parents can recognize kin, but rather,
acceptance is contingent on larvae arriving within the expected time window from oviposition [31]. The larvae used in the
experiment were time-matched with the expected hatch date of the focal female’s eggs to ensure acceptance by the females and
to standardize developmental timing across all treatments. The larvae were placed gently on each carcass simultaneously. The
boxes were then returned to their designated developmental temperatures. We checked the development of larvae daily from
day 8 and recorded the day of larval dispersal into the nearby soil. At this stage, the entire brood was counted and weighed
to the nearest 0.001 g using an analytical balance (Shimadzu, model ATX224R). Subsequently, all females were removed from
the boxes, their body mass measured again and their size was estimated by measuring the pronotum width (to the nearest 0.01
mm) with a vernier calliper. The change in body mass has been used widely as an indicator of the cost associated with parental
investment [40]. Following these measurements, the dispersing larvae were individually placed and incubated in eclosion boxes
under control conditions. Upon eclosion, we determined if, and when, the offspring successfully eclosed as new adults, as
evidenced by the complete transition of elytra colour from brown to black. Unsuccessful ones would die as larvae, pupae or
even adults. For the successfully eclosed beetles, we determined their body size by measuring the pronotum width to the
nearest 0.01 mm.

(e) Statistical analysis
All statistical analyses were performed in R v. 4.1.2, with figures generated using the package ‘ggplot2’ [41]. Generalized linear
mixed models (GLMMs) were performed with the glmer function in the ‘lme4’ package [42]. We checked for normal distribution
of model residuals using the ‘DHARMa’ package [43]. This required us to use the negative binomial distribution for analysing
clutch size and to log transform brood mass prior to analysis since our initial diagnostics indicated that the data were overdis-
persed, with variance exceeding the mean, which violated the model assumptions. For all models, we reported likelihood ratios
for the main effect and interaction between carcass preparation temperature and developmental temperature using the Anova
function in the ‘car’ package [44]. Once an interaction was found statistically significant (p < 0.05), we conducted post hoc
pairwise comparisons using the emmeans function in the ‘emmeans’ package [45].

To examine the effect of temperatures on parental investment during pre-hatching care, we used GLMMs to analyse clutch
size, carcass mass change, proportional body mass change and the roundness of prepared carcasses. In these analyses, we
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included temperature treatment (control/warming) as an explanatory variable. We also included the initial carcass mass (i.e.
prior to breeding) and female body size as covariates, since these variables have been found to determine parental investment
[46,47]. Finally, we included the family origin of the female that prepared the carcass as a random effect. For each temperature
treatment, we used between one and nine individuals per family, haphazardly selected from 25 different families.

To examine the reproductive performance of burying beetles, we used GLMMs to analyse brood size, brood mass, averaged
larval mass and the proportion of body mass change. The brood size was analysed with a Poisson distribution, whereas the
rest of dependent variables were analysed with a Gaussian distribution. We included carcass preparation temperature and
developmental temperature and their interaction as explanatory variables. We also included carcass mass and roundness as
additional fixed effects to account for potential effects due to variation in the allocated carcass, and the family origin of the
female that provided care as a random effect.

To examine the fitness consequences on beetle offspring, we used GLMMs to analyse the proportion of eclosion success, days
to eclosion and body size of individual offspring when they became adults. We analysed the proportion of eclosion success
with a binomial distribution (logit link) and days to eclosion and body size with a Gaussian distribution. For these analyses,
we began by including carcass preparation temperature and developmental temperature and their interaction as explanatory
variables. For the analysis of days to eclosion, we also considered the sex and body size as covariates; for the analysis of body
size, we also considered the sex. Since multiple individuals could come from the same brood, we included brood ID as a
random effect.

3. Results
(a) Effects of elevated temperatures on pre-hatching parental care
To disentangle the effects of heat stress on reproduction when exposure occurs at distinct stages of parental care, we exposed
breeding females of N. nepalensis to contrasting control and warming conditions during the pre- and post-hatching stages and

Figure 2. Effects of temperature on investment in pre-hatching parental care. Temperature effects on (a) clutch size, (b) carcass mass change, (c) proportional body
mass change of females and (d) roundness of prepared carcass. Mean ± s.e. values are shown. Points are individual broods (n = 73 and 37 for control and warming
conditions, respectively).
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evaluated the resulting reproductive outcomes. As carcass preparation and egg-laying were completed, we found significant
disruptions at the higher temperature (figure 2). Beetles produced smaller clutch sizes at warming compared to control
conditions (χ2 = 5.42, d.f. = 1, p = 0.020; figure 2a), with none of the eggs hatched under warming conditions, consistent with
our previous finding [29]. Additionally, during carcass preparation, beetles consumed more of the carcass under warming
compared with control conditions (χ2 = 4.22, d.f. = 1, p = 0.040; figure 2b). This increased consumption resulted in a reduction
in carcass weight in the warming treatment, but did not lead to an increase in beetle body mass (χ2 = 1.16, d.f. = 1, p = 0.282;
figure 2c). The carcasses prepared under warming were also of lower quality, being less well-prepared than those under control
conditions (χ2 = 3.89, d.f. = 1, p = 0.049; figure 2d).

(b) Effects of carcass preparation temperature and developmental temperature on reproduction
To investigate whether maternal behavioural adjustments during high-temperature carcass preparation buffer subsequent
thermal effects on larval development, we experimentally transferred carcasses prepared by beetles under either warming or
control conditions and allowed other beetles to breed upon them at these temperatures (see §2). Each female received an
experimental brood of 15 newly hatched larvae from the control condition, which were reared until larval dispersal.

We found that carcass preparation temperature and developmental temperature interacted to affect brood size (carcass
preparation temperature × developmental temperature: χ2 = 4.06, d.f. = 1, p = 0.044; figure 3a). While beetles assigned control
and warmed carcasses produced similar brood size at control temperatures (post hoc comparison control versus warmed
carcass, estimate = −0.07, s.e. = 0.10, z = −0.69, p = 0.494), beetles assigned warmed carcasses produced fewer larvae than beetles
assigned control carcasses at warming temperatures (post hoc comparison control versus warmed carcass, estimate = 0.21, s.e.
= 0.10, z = 2.10, p = 0.036); the effect of warming at both carcass preparation and during offspring development compounded to
reduce brood size.

Figure 3. Effects of carcass preparation temperature and developmental temperature on reproductive performance. The reproductive success is measured as (a) brood
size (b) brood mass, which determines the larval quality as (c) averaged larval mass. (d) Proportional body mass change is recorded as the proportional change in body
mass of females from the completion of carcass preparation to larval dispersal. Mean ± s.e. values are shown. Points are individual broods (n = 21, 17, 20 and 20 for
Ccontrol – Dcontrol, Cwarm – Dcontrol, Ccontrol – Dwarm and Cwarm – Dwarm, respectively).
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Similarly, brood mass was affected by the interaction between carcass preparation temperature and development temper-
ature (carcass preparation temperature × developmental temperature: χ2 = 4.16, d.f. = 1, p = 0.041; figure 3b). At control
temperatures, beetles had similar brood mass regardless of carcass preparation temperature (post hoc comparison control
versus warmed carcass, estimate = −0.05, s.e. = 0.097, t = −0.53, p = 0.601). However, at warming temperatures, beetles had lower
brood mass when assigned warmed carcasses (post hoc comparison control versus warmed carcass, estimate = 0.22, s.e. = 0.099, t
= 2.27, p = 0.027), which follows given the reduction in brood size (figure 3a).

Higher developmental temperature alone, not carcass preparation temperature, resulted in lower averaged larval mass (χ2

= 36.69, d.f. = 1, p < 0.001; figure 3c). Providing parental care proved costly as beetles lost body mass after breeding, with
proportionally greater losses when rearing young at warming temperatures compared to control temperatures (χ2 = 16.39, d.f. =
1, p < 0.001). Carcass preparation temperature did not significantly affect the proportional body mass change (χ2 = 1.66, d.f. = 1, p
= 0.198; figure 3d).

(c) Effects of carcass preparation temperature and developmental temperature on offspring at adulthood
To investigate the cascading effect of carcass preparation temperature and developmental temperature on offspring, we
determined the proportion of larvae that successfully eclosed as adults, time to eclosion and their body size.

We found that carcass preparation temperature, but not developmental temperature, determined the proportion of eclosion
success (χ2 = 3.85, d.f. = 1, p = 0.050), with proportionally fewer larvae successfully eclosed when feeding upon warmed carcasses
(figure 4a). Of all larvae that survived to adulthood, the duration from larval dispersal to eclosion was unaffected by carcass
preparation and developmental temperature (figure 4b). However, larvae feeding on warmed carcasses eclosed as smaller
adults compared with those feeding on control carcasses (figure 4c).

4. Discussion
Elevated temperatures associated with climate change are posing significant challenges to organisms worldwide. While rapid
behavioural responses to climate change through individual plasticity are now widely accepted [48], the impact of higher
temperatures on the effectiveness of parental care is increasingly studied and remains equivocal. This is potentially due to a
lack of understanding of which aspects of parental care are most fragile to high temperatures. To address this issue, we used
the burying beetle N. nepalensis to mechanistically investigate the impact of heatwaves on two time periods of parental care.
We found that when heatwaves only affected one aspect of parental care (pre- or post-hatching periods of care), reproductive
success was equal to that of the control treatment. But when a heatwave affected both periods of care, reproductive success
was lower. It is important to note that these findings are applicable only to larvae that develop from eggs to larvae under
control temperatures. These results emphasize that the combined contributions of pre- and post-hatching periods of care are
equally important at buffering offspring against heatwaves, highlighting the vulnerability of reproductive success to cumulative
thermal stress.

Our results showed—consistent with many other studies—that temperature increase led to a reduction in reproductive
investment, likely because of a greater energetic demand and/or the need for more intensive care efforts to maintain suitable
conditions for offspring. Consistent with data from the congeneric Nicrophorus orbicollis, we show that female body mass
increased when preparing a carcass and decreased after caring for offspring [49]. We note that females that provided post-hatch-
ing care all prepared carcasses in the control environment, eliminating potential carryover effects of heat stress during carcass
preparation. This absence of pre-hatching heat stress likely reduced the costs females may have incurred during post-hatching
parental care. Nonetheless, our results demonstrate that this trend is exacerbated by heat stress. Specifically, female mass loss
was more pronounced when they reared the offspring in the warming conditions than the control, despite consuming more
of the carcass under warming (figure 3d). This indicates that the heightened metabolic demands induced by heat stress may
have offset the nutritional benefits of increased carcass consumption. Elevated temperatures likely increase energy expenditures

Figure 4. Effects of carcass preparation temperature and developmental temperature on the fitness consequences of offspring. The fitness consequences are measured
as (a) the proportion of eclosion success, (b) days to eclosion and (c) body size as adults. Mean ± s.e. values are shown. For visualization purposes, data points are
grouped by individual beetles from the same brood.
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through enhanced physiological and thermoregulatory processes, leaving fewer resources available for body mass accumula-
tion. These increased energy demands may deplete the resources available for current parental care and future reproductive
investment, ultimately risking the success of subsequent reproductive bouts. Although we did not directly measure parental
care in this study, previous study on N. orbicollis found no support that warming by 4°C induced greater parental care from the
caring females, indicating that females had already maximized their time in care [27].

Given the challenges posed by heat stress, should we conclude that parents have limited ability to help buffer the adverse
thermal environments of the offspring? Our carcass reciprocal transplant experiment suggests that parents can partially rescue
offspring from the detrimental impact of heat during the two periods of parental care we manipulated. In fact, we showed that
females provided with warm carcasses to breed under control conditions and females provided with control carcasses to breed
under warming conditions were both able to produce similar brood size and mass, compared with the control carcass at control
conditions. However, females provided with warm carcasses were unable to effectively rear offspring under heat stress and as
such had significantly smaller broods (figure 3a). Together, these findings highlight both pre-hatching care (e.g. carcass nest
preparation) and post-hatching care (e.g. offspring provisioning and carcass maintenance [24]) can partially mitigate against
heat stress, but also the limitation of parental care in buffering offspring against longer-term heat stress spanning throughout
the breeding event.

Different aspects of parental care may be able to evolve independently in response to a change in temperature[50,51]. Our
study has started to disentangle which parental care behaviours may be affected most by rising temperatures in the hope we
can predict which behaviours may play a part in adaptation to climate change. Carcass preparation in burying beetles forms
an essential part of pre-hatching care, which is critical for the development of their young, since it provides both a food source
and a nest. Our findings showed that preparing carcasses under heat stress can be more costly than under control conditions
and that the quality of carcass preparation suffers as a result. The suboptimal carcass conditions under heat stress can lead to
reduced nutritional quality and increased exposure to competing microbes [52], negatively impacting offspring development
and survival (figure 4a,b). Indeed, the effects of warming in our study were not limited to direct effects on larval development
and survival within the experimental period, but extended even further until the offspring eclosed to adulthood. Specifically,
larvae that developed on warmed carcasses, but not warming environments, struggled to successfully eclose (figure 4a); and
even if they survived, they eclosed as smaller adults (figure 4c), which can subsequently reduce their fitness advantages during
future breeding attempt. Other possible mechanisms of adaptive behavioural plasticity, such as carcass burial, may also help
buffer offspring against thermal stress, particularly under climate warming. By burying carcasses deeper, the parents provide
a cooler and more stable environment for the larvae to develop, compared with those bury carcasses closer to the soil surface.
This adaptive behavioural plasticity has been found in dung beetles [53], and given its similarity with burying beetles in burial
behaviour, future studies may determine whether parental care in burying beetles also allows for such adaptive response to
temperature variations. Thus, we highlight the need to tease apart different components of parental care and their separate roles
in shaping short- and long-term fitness consequences to better understand how species that care for their offspring will respond
to a rapidly changing climate.

Ethics. Our study did not require any specific permits or ethical approvals, as no regulations apply to the field collection of beetles in our study
area.
Data accessibility. Data and relevant code for this work are stored in Zenodo [54].

Supplementary material is available online [55].
Declaration of AI use. We have not used AI-assisted technologies in creating this article.
Authors’ contributions. T.G.M.: conceptualization, data curation, formal analysis, investigation, methodology, visualization, writing—original
draft, writing—review and editing; M.-T.T.: data curation, investigation, methodology, validation, visualization, writing—original draft,
writing—review and editing; B.J.M.J.: conceptualization, formal analysis, investigation, methodology, project administration, supervision,
validation, visualization, writing—original draft, writing—review and editing; S.-J.S.: conceptualization, data curation, formal analysis, funding
acquisition, investigation, methodology, project administration, resources, software, supervision, validation, visualization, writing—original
draft, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. S.-J.S. was supported by NTU New Faculty Funding Research Grant, National Science and Technology Council 2030 Cross-Generation
Young Scholars Program (112-2628-B-002-013-; 113-2628-B-002-028-), and Yushan Fellow Program provided by the Ministry of Education
(MOE-111-YSFAG-0003-002-P1). B.J.M.J was supported by a Human Frontiers Science Program fellowship (LT000879/2020).
Acknowledgements. We would like to thank members of the Sun Lab, particularly Wei-Jiun Lin, Yi-Ta Wu, Yu-Shieng Huang, Brendan Lan, Bright
Hubert Mbuya and Chen-Ju Wang for helping field survey; we thank Shu-Ping Tseng for the loan of a camera (OM System); we also thank
Megan M. Y. Chang for help making figure 1. We thank two anonymous referees for their insightful comments on the manuscript.

References
1. IPCC. 2023 Climate change 2023: synthesis report. Geneva, Switzerland: IPCC.(Contribution of Working Groups I, II and III to the sixth assessment report of the Intergovernmental

Panel on Climate Change).
2. Scheffers BR et al. 2016 The broad footprint of climate change from genes to biomes to people. Science 354, aaf7671. (doi:10.1126/science.aaf7671)
3. Ma CS, Ma G, Pincebourde S. 2021 Survive a warming climate: insect responses to extreme high temperatures. Annu. Rev. Entomol. 66, 163–184. (doi:10.1146/annurev-ento-

041520-074454)
4. Meehl GA, Tebaldi C. 2004 More intense, more frequent, and longer lasting heat waves in the 21st century. Science 305, 994–997. (doi:10.1126/science.1098704)

8

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 292: 20250026

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

04
 A

pr
il 

20
25

 

http://dx.doi.org/10.1126/science.aaf7671
http://dx.doi.org/10.1146/annurev-ento-041520-074454
http://dx.doi.org/10.1146/annurev-ento-041520-074454
http://dx.doi.org/10.1126/science.1098704


5. Deutsch CA, Tewksbury JJ, Huey RB, Sheldon KS, Ghalambor CK, Haak DC, Martin PR. 2008 Impacts of climate warming on terrestrial ectotherms across latitude. Proc. Natl Acad. Sci.
USA 105, 6668–6672. (doi:10.1073/pnas.0709472105)

6. Sánchez-Bayo F, Wyckhuys KAG. 2019 Worldwide decline of the entomofauna: a review of its drivers. Biol. Conserv. 232, 8–27. (doi:10.1016/j.biocon.2019.01.020)
7. Soroye P, Newbold T, Kerr J. 2020 Climate change contributes to widespread declines among bumble bees across continents. Science 367, 685–688. (doi:10.1126/science.aax8591)
8. Cinto Mejía E, Wetzel WC. 2023 The ecological consequences of the timing of extreme climate events. Ecol. Evol. 13, e9661. (doi:10.1002/ece3.9661)
9. González-Tokman D, Córdoba-Aguilar A, Dáttilo W, Lira-Noriega A, Sánchez-Guillén RA, Villalobos F. 2020 Insect responses to heat: physiological mechanisms, evolution and

ecological implications in a warming world. Biol. Rev. Camb. Philos. Soc. 95, 802–821. (doi:10.1111/brv.12588)
10. Weaving H, Terblanche JS, Pottier P, English S. 2022 Meta-analysis reveals weak but pervasive plasticity in insect thermal limits. Nat. Commun. 13, 5292. (doi:10.1038/s41467-022-

32953-2)
11. Zhang W, Rudolf VHW, Ma CS. 2015 Stage-specific heat effects: timing and duration of heat waves alter demographic rates of a global insect pest. Oecologia 179, 947–957. (doi:10.

1007/s00442-015-3409-0)
12. Pincebourde S, Woods HA. 2020 There is plenty of room at the bottom: microclimates drive insect vulnerability to climate change. Curr. Opin. Insect Sci. 41, 63–70. (doi:10.1016/j.

cois.2020.07.001)
13. Mueller AJ, Miller KD, Bowers EK. 2019 Nest microclimate during incubation affects posthatching development and parental care in wild birds. Sci. Rep. 9, 5161. (doi:10.1038/

s41598-019-41690-4)
14. Perez DM, Gardner JL, Medina I. 2020 Climate as an evolutionary driver of nest morphology in birds: a review. Front. Ecol. Evol. 8, 566018. (doi:10.3389/fevo.2020.566018)
15. Reid JM, Monaghan P, Ruxton GD. 2000 Resource allocation between reproductive phases: the importance of thermal conditions in determining the cost of incubation. Proc. R. Soc.

Lond. B Biol. Sci. 267, 37–41. (doi:10.1098/rspb.2000.0963)
16. AlRashidi M, Kosztolányi A, Shobrak M, Küpper C, Székely T. 2011 Parental cooperation in an extreme hot environment: natural behaviour and experimental evidence. Anim. Behav.

82, 235–243. (doi:10.1016/j.anbehav.2011.04.019)
17. Bourne AR, Ridley AR, Spottiswoode CN, Cunningham SJ. 2021 Direct and indirect effects of high temperatures on fledging in a cooperatively breeding bird. Behav. Ecol. 32, 1212–

1223. (doi:10.1093/beheco/arab087)
18. Wanless S, Albon SD, Daunt F, Sarzo B, Newell MA, Gunn C. 2023 Increased parental effort fails to buffer the cascading effects of warmer seas on common guillemot demographic

rates. J. Anim. Ecol 92, 1622–1638. (doi:10.1111/1365-2656.13944)
19. Furness AI, Capellini I. 2019 The evolution of parental care diversity in amphibians. Nat. Commun. 10, 4709. (doi:10.1038/s41467-019-12608-5)
20. Remeš V, Freckleton RP, Tökölyi J, Liker A, Székely T. 2015 The evolution of parental cooperation in birds. Proc. Natl Acad. Sci. USA 112, 13603–13608. (doi:10.1073/pnas.

1512599112)
21. Maziarz M. 2019 Breeding birds actively modify the initial microclimate of occupied tree cavities. Int. J. Biometeorol. 63, 247–257. (doi:10.1007/s00484-018-01658-x)
22. Maziarz M, Broughton RK, Wesołowski T. 2017 Microclimate in tree cavities and nest-boxes: implications for hole-nesting birds. For. Ecol. Manage. 389, 306–313. (doi:10.1016/j.

foreco.2017.01.001)
23. Potticary AL et al. 2024 Revisiting the ecology and evolution of burying beetle behavior (Staphylinidae: Silphinae). Ecol. Evol. 14, e70175. (doi:10.1002/ece3.70175)
24. Scott MP. 1998 The ecology and behavior of burying beetles. Annu. Rev. Entomol. 43, 595–618. (doi:10.1146/annurev.ento.43.1.595)
25. Trumbo ST. 2017 Feeding upon and preserving a carcass: the function of prehatch parental care in a burying beetle. Anim. Behav. 130, 241–249. (doi:10.1016/j.anbehav.2017.07.

001)
26. Angilletta MJ. 2009 Thermal adaptation: a theoretical and empirical synthesis. Oxford, UK: Oxford University Press.
27. Moss JB, Moore AJ. 2021 Constrained flexibility of parental cooperation limits adaptive responses to harsh conditions. Evolution75, 1835–1849. (doi:10.1111/evo.14285)
28. Grew R, Ratz T, Richardson J, Smiseth PT. 2019 Parental care buffers against effects of ambient temperature on offspring performance in an insect. Behav. Ecol. 30, 1443–1450. (doi:

10.1093/beheco/arz100)
29. Malik TG, Jarrett BJM, Sun SJ. 2024 The effect of experimental warming on reproductive performance and parental care in the burying beetle Nicrophorus nepalensis. R. Soc. Open

Sci. 11, 240653. (doi:10.1098/rsos.240653)
30. Pukowski E. 1933 Ökologische untersuchungen an Necrophorus F. Zeitschr Morph Ökol Tiere 27, 518–586. (doi:10.1007/BF00403155)
31. Müller JK, Eggert AK. 1990 Time-dependent shifts between infanticidal and parental behavior in female burying beetles a mechanism of indirect mother-offspring recognition.

Behav. Ecol. Sociobiol. 27, 11–16. (doi:10.1007/BF00183307)
32. Trumbo ST. 1990 Regulation of brood size in a burying beetle, Nicrophorus tomentosus (Silphidae). J. Insect Behav. 3, 491–500. (doi:10.1007/BF01052013)
33. Tsai HY, Rubenstein DR, Fan YM, Yuan TN, Chen BF, Tang Y, Chen IC, Shen SF. 2020 Locally-adapted reproductive photoperiodism determines population vulnerability to climate

change in burying beetles. Nat. Commun. 11, 1398. (doi:10.1038/s41467-020-15208-w)
34. Sun SJ, Catherall AM, Pascoal S, Jarrett BJM, Miller SE, Sheehan MJ, Kilner RM. 2020 Rapid local adaptation linked with phenotypic plasticity. Evol. Lett. 4, 345–359. (doi:10.1002/

evl3.176)
35. De Gasperin O, Kilner RM. 2016 Interspecific interactions and the scope for parent-offspring conflict: high mite density temporarily changes the trade-off between offspring size and

number in the burying beetle, Nicrophorus vespilloides. PLoS ONE 11, e0150969. (doi:10.1371/journal.pone.0150969)
36. Hsu GC, Lin WJ, Hsieh CH, Lee YJ, Sun SJ. 2024 Carcass size, not source or taxon, dictates breeding performance and carcass use in a burying beetle. R. Soc. Open Sci. 11, 241265. (doi:

10.1098/rsos.241265)
37. De Gasperin O, Duarte A, Troscianko J, Kilner RM. 2016 Fitness costs associated with building and maintaining the burying beetle’s carrion nest. Sci. Rep. 6, 35293. (doi:10.1038/

srep35293)
38. Sun SJ, Kilner RM. 2020 Temperature stress induces mites to help their carrion beetle hosts by eliminating rival blowflies. eLife 9, e55649. (doi:10.7554/eLife.55649)
39. Jarrett BJM, Rebar D, Haynes HB, Leaf MR, Halliwell C, Kemp R. 2018 Adaptive evolution of synchronous egg-hatching in compensation for the loss of parental care. Proc. R. Soc. B

285, 20181452. (doi:10.1098/rspb.2018.1452)
40. Ma L, Versteegh MA, Hammers M, Komdeur J. 2022 Sex-specific influence of communal breeding experience on parenting performance and fitness in a burying beetle. R. Soc. Open

Sci. 9, 211179. (doi:10.1098/rsos.211179)
41. Wickham H. 2016 Ggplot2: elegant graphics for data analysis. New York, NY: Springer.
42. Bates D, Mächler M, Bolker B, Walker S. 2015 Fitting linear mixed-effects models using lme4. J. Stat. Softw 67, 1–48. (doi:10.18637/jss.v067.i01)
43. Hartig F, Lohse L. 2020 Residual diagnostics for hierarchical (multi-level/mixed) regression models. R package DHARMa version 0.4.6. See https://CRAN.R-project.org/package=

DHARMa.

9

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 292: 20250026

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

04
 A

pr
il 

20
25

 

http://dx.doi.org/10.1073/pnas.0709472105
http://dx.doi.org/10.1016/j.biocon.2019.01.020
http://dx.doi.org/10.1126/science.aax8591
http://dx.doi.org/10.1002/ece3.9661
http://dx.doi.org/10.1111/brv.12588
http://dx.doi.org/10.1038/s41467-022-32953-2
http://dx.doi.org/10.1038/s41467-022-32953-2
http://dx.doi.org/10.1007/s00442-015-3409-0
http://dx.doi.org/10.1007/s00442-015-3409-0
http://dx.doi.org/10.1016/j.cois.2020.07.001
http://dx.doi.org/10.1016/j.cois.2020.07.001
http://dx.doi.org/10.1038/s41598-019-41690-4
http://dx.doi.org/10.1038/s41598-019-41690-4
http://dx.doi.org/10.3389/fevo.2020.566018
http://dx.doi.org/10.1098/rspb.2000.0963
http://dx.doi.org/10.1016/j.anbehav.2011.04.019
http://dx.doi.org/10.1093/beheco/arab087
http://dx.doi.org/10.1111/1365-2656.13944
http://dx.doi.org/10.1038/s41467-019-12608-5
http://dx.doi.org/10.1073/pnas.1512599112
http://dx.doi.org/10.1073/pnas.1512599112
http://dx.doi.org/10.1007/s00484-018-01658-x
http://dx.doi.org/10.1016/j.foreco.2017.01.001
http://dx.doi.org/10.1016/j.foreco.2017.01.001
http://dx.doi.org/10.1002/ece3.70175
http://dx.doi.org/10.1146/annurev.ento.43.1.595
http://dx.doi.org/10.1016/j.anbehav.2017.07.001
http://dx.doi.org/10.1016/j.anbehav.2017.07.001
http://dx.doi.org/10.1111/evo.14285
http://dx.doi.org/10.1093/beheco/arz100
http://dx.doi.org/10.1098/rsos.240653
http://dx.doi.org/10.1007/BF00403155
http://dx.doi.org/10.1007/BF00183307
http://dx.doi.org/10.1007/BF01052013
http://dx.doi.org/10.1038/s41467-020-15208-w
http://dx.doi.org/10.1002/evl3.176
http://dx.doi.org/10.1002/evl3.176
http://dx.doi.org/10.1371/journal.pone.0150969
http://dx.doi.org/10.1098/rsos.241265
http://dx.doi.org/10.1038/srep35293
http://dx.doi.org/10.1038/srep35293
http://dx.doi.org/10.7554/eLife.55649
http://dx.doi.org/10.1098/rspb.2018.1452
http://dx.doi.org/10.1098/rsos.211179
http://dx.doi.org/10.18637/jss.v067.i01
https://CRAN.R-project.org/package=DHARMa
https://CRAN.R-project.org/package=DHARMa


44. Fox J, Weisberg S, Price B, Adler D, Bates D, Baud-Bovy G. 2021 Package ‘car’. See https://cran.r-project.org/web/packages/car/index.html.
45. Lenth RV. 2021 emmeans: estimated marginal means, aka least-squares means. R package version 1.7.1. See https://rvlenth.github.io/emmeans/.
46. Hopwood PE, Moore AJ, Tregenza T, Royle NJ. 2016 Niche variation and the maintenance of variation in body size in a burying beetle. Ecol. Entomol. 41, 96–104. (doi:10.1111/een.

12275)
47. Sun SJ, Horrocks NPC, Kilner RM. 2019 Conflict within species determines the value of a mutualism between species. Evol. Lett. 3, 185–197. (doi:10.1002/evl3.109)
48. Charmantier A, McCleery RH, Cole LR, Perrins C, Kruuk LEB, Sheldon BC. 2008 Adaptive phenotypic plasticity in response to climate change in a wild bird population. Science 320,

800–803. (doi:10.1126/science.1157174)
49. Trumbo ST, Xhihani E. 2015 Influences of parental care and food deprivation on regulation of body mass in a burying beetle. Ethology 121, 985–993. (doi:10.1111/eth.12413)
50. Jarrett BJM, Mashoodh R, Issar S, Pascoal S, Rebar D, Sun SJ, Schrader M, Kilner RM. 2024 Selection on the joint actions of pairs leads to divergent adaptation and coadaptation of

care-giving parents during pre-hatching care. Proc. R. Soc. B 291, 20240876. (doi:10.1098/rspb.2024.0876)
51. Walling CA, Stamper CE, Smiseth PT, Moore AJ. 2008 The quantitative genetics of sex differences in parenting. Proc. Natl. Acad. Sci. U.S.A. 105, 18430–18435. (doi:10.1073/pnas.

0803146105)
52. Stiegler J, von Hoermann C, Müller J, Benbow ME, Heurich M. 2020 Carcass provisioning for scavenger conservation in a temperate forest ecosystem. Ecosphere 11, e03063. (doi:10.

1002/ecs2.3063)
53. Macagno ALM, Zattara EE, Ezeakudo O, Moczek AP, Ledón-Rettig CC. 2018 Adaptive maternal behavioral plasticity and developmental programming mitigate the transgenerational

effects of temperature in dung beetles. Oikos 127, 1319–1329. (doi:10.1111/oik.05215)
54. Sun SJ. 2024 Datasets and codes for: Heat stress effects on offspring compound across parental care. Zenodo. (doi:10.5281/zenodo.13748681)
55. Malik T, Tsai MT, Jarrett BJM, Sun SJ. 2025 Supplementary material from: Heat stress effects on offspring compound across parental care. Figshare. (doi:10.6084/m9.figshare.c.

7682119)

10

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 292: 20250026

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

04
 A

pr
il 

20
25

 

https://cran.r-project.org/web/packages/car/index.html
https://rvlenth.github.io/emmeans/
http://dx.doi.org/10.1111/een.12275
http://dx.doi.org/10.1111/een.12275
http://dx.doi.org/10.1002/evl3.109
http://dx.doi.org/10.1126/science.1157174
http://dx.doi.org/10.1111/eth.12413
http://dx.doi.org/10.1098/rspb.2024.0876
http://dx.doi.org/10.1073/pnas.0803146105
http://dx.doi.org/10.1073/pnas.0803146105
http://dx.doi.org/10.1002/ecs2.3063
http://dx.doi.org/10.1002/ecs2.3063
http://dx.doi.org/10.1111/oik.05215
http://dx.doi.org/10.5281/zenodo.13748681
http://dx.doi.org/10.6084/m9.figshare.c.7682119
http://dx.doi.org/10.6084/m9.figshare.c.7682119

	Heat stress effects on offspring compound across parental care
	1. Introduction
	2. Material and methods
	(a) Study system
	(b) Establishment of Nicrophorus nepalensis colony in the laboratory
	(c) Effects of temperatures on pre-hatching care
	(d) Experimental manipulation of carcass preparation and developmental temperatures
	(e) Statistical analysis

	3. Results
	(a) Effects of elevated temperatures on pre-hatching parental care
	(b) Effects of carcass preparation temperature and developmental temperature on reproduction
	(c) Effects of carcass preparation temperature and developmental temperature on offspring at adulthood

	4. Discussion


