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Thesis abstract

Humans are driving significant changes to Earth’s climate, resulting in both an
increase in the mean global temperature and a rise in the incidence of extreme
heat. Heatwaves are becoming more common and intense, which is particularly
concerning given that they are predicted to have a greater ecological impact than

increases in mean temperature alone.

Insects are the most diverse and abundant group of animals on the planet,
and underpin a host of essential ecosystem processes. Their ectothermic
physiology makes them particularly susceptible to thermal stressors such as
heatwaves. Throughout this thesis, Tribolium castaneum is utilised to assess the
impacts of ecologically relevant heatwave exposures on survival, reproduction and
gene expression. This species serves as a model to represent how insects may

broadly respond to heatwaves under current and future climate change scenarios.

Throughout this thesis, it is demonstrated that Tribolium castaneum is
resilient to less intense heatwaves of 42°C and 44°C. However, as temperatures
increase from this point, the resilience of key focal groups (virgin males, virgin
females, mated males, and mated females) fails dramatically. Widespread
reductions in survival and fertility were observed in response to heatwave
exposures of 46-50°C, temperatures which are projected to become commonly
seen across large areas of this species’ global distribution under climate change.
Most concerningly, it is demonstrated that mated females show the greatest
vulnerability to such heatwave exposures. Mated females exhibited reductions in
survival under less intense heatwave conditions than the other focal groups and
consistently showed worse survival than all other focal groups in response to
identical heatwave conditions. This vulnerability is further investigated through the
examination of transcriptional responses to a 48°C, 5-hour heatwave exposure.
Under these conditions, it is demonstrated that post-mating, females fail to mount a
molecular heat stress response, providing a potential mechanism underlying the

vulnerability of mated females to heatwaves.
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1. General introduction

1.1 Climate change and extreme weather conditions

Significant changes to Earth’s climate have already been observed as a result of
human activities, including increased greenhouse gas emissions, land surface
changes, and particulate air pollution (Garnett, 2009; Ramanathan and Feng, 2009;
Paoletti et al., 2010). The most prominent cause of climate change is increasing
global carbon dioxide levels (IPCC, 2013; Anderson, Hawkins and Jones, 2016),
which have increased from 280ppm in pre-industrial times to current levels of over
410ppm (IPCC, 2023). These human-driven changes are predicted to result in a
mean global surface temperature increase of up to 1.9°C higher than in pre-
industrial times by 2028 (World Meteorological Organisation, 2024), and have
caused a mean sea surface temperature increase of 0.11°C per decade since 1971
(IPCC, 2014). Furthermore, the rate of temperature increase is accelerating as
levels of carbon dioxide emissions continue to rise, resulting in the 2015-2019
period being on average 0.2°C hotter than the previous 5 years (World
Meteorological Organisation, 2020). By 2100, the mean global surface temperature
is projected to increase dramatically by a ‘best estimate’ of a further 2.7°C under

intermediate greenhouse gas emission scenarios (SSP2-4.5; IPCC, 2023).

In addition to increases in global mean temperatures, the incidence of
extreme heat conditions is also rising. Heatwaves (classically defined as an
increase of daily maximum temperatures by 5°C or more for five consecutive days
(Frich et al., 2002)) are predicted to become more common and intense throughout
the 21st century across both terrestrial (Frich et al., 2002; Meehl, 2004; Trenberth,
2018) and marine environments (Frolicher, Fischer and Gruber, 2018; Oliver et al.,
2018). Research has suggested that less predictable and more extreme climate
events, such as heatwaves, may be more harmful to biodiversity than increases in
mean temperature (Parmesan, Root and Willig, 2000; Ruthrof et al., 2018; Smale et
al., 2019; Seneviratne et al., 2021). Biologists are therefore exploring how these

more extreme conditions impact on living systems.

1.2 Insects and their importance

Insects are the most numerous and diverse animal group, with an estimated 5.5
million species existing worldwide (Stork, 2018), occupying a wide range of niches
and playing crucial roles in most ecosystems. Insects can be broadly defined as
having several shared characteristics: three pairs of jointed legs, a three-section

body, a chitinous exoskeleton, compound eyes and a pair of antennae (Grimaldi and
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Engel, 2005). Within this group, over 1 million species have been classified so far,
with a majority of the diversity being found in the following Orders: Coleoptera
(386,500 species), Lepidoptera (157,500 species), Diptera (155,500 species),
Hymenoptera (117,000 species) and Hemiptera (103,500 species)(Stork, 2018).

The rich diversity across insects means that they play key roles across a
wide range of biological functions. From a human perspective, many of these
insects provide vital ecosystem services such as nutrient cycling (Maldonado et al.,
2019), biological control (Southon et al., 2019) and pollination (Klein et al., 2007).
Pollination alone is estimated to be worth over $200 billion annually to the global
economy (Gallai and Vaiisiere, 2009; Potts et al., 2016). Conversely, insects are
vectors of disease (Peterson et al., 2005), and cause damage to buildings
(Robinson, 2005), crops, livestock and agricultural yields (Arora and Sandhu, 2017).
In post-harvest stored-product facilities alone, yield losses range from 9% to

upwards of 20% due to pest insects (Phillips and Throne, 2010).

If the human global population continues to grow, biodiversity and
ecosystem services are expected to come under even greater strain (Scholes,
2016). Should key ecosystem roles (both positive and negative from a human
perspective) be impacted by environmental change, the ability for humans to feed
themselves into the future could be drastically impacted (Novais et al., 2018;
Lehmann et al., 2020). From a research perspective, we therefore need to
understand how insects are affected by climate change across a range of levels,

particularly in relation to pollinator and pest species.

1.3 Insect susceptibility to climate change

Insects are ectothermic and rely on their external environment for thermoregulation
(Resh and Cardé, 2009). Insects also have complex and often multi-stage life
cycles, which can involve extreme physiological and biochemical changes, as well
as alterations to both body plans and size (Resh and Cardé, 2009; Merkey et al.,
2011). Undergoing such rapid, diverse and complex changes through different life
stages could make insects particularly vulnerable to extreme weather and its

associated abiotic stressors (Franke et al., 2014; Sales et al., 2021).

With anthropogenic climate change occurring at accelerating rates (World
Meteorological Organisation, 2024), there is emerging evidence that it has caused
species extinctions (Ceballos et al., 2015), with insects highlighted as being
particularly at risk (Dunn, 2005; Wiens, 2016). There are general concerns that the

ability of insects to ‘out evolve’ the predicted temperature increases is limited, and
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may not occur at rates needed to match climate change (Kellermann et al., 2012).
Research has shown that in some species, insect populations lack sufficient genetic
variation in traits related to heat stress responses, thereby constraining their ability
to adapt genetically under current warming trajectories (Garcia-Robledo and Baer,
2021).

Recent large-scale studies have shown dramatic global insect declines, for
example, Van Klink et al. (2020) showed a 9% decline in global terrestrial insect
abundance per decade and Hallmann et al. (2017) showed a 75% decline in total
flying insect biomass in German protected areas over 27 years. Furthermore, Van
Klink et al. (2020) suggest that an 11% increase in freshwater insect abundance per
decade may be partly due to climate change. It has also been shown that species
that were most abundant in the past have exhibited the strongest declines (van
Klink et al., 2023). These general trends may not accurately reflect the true extent of
climate change impacts, as different groups of insects are affected differently, and

some species are more ecologically relevant to humans.

Sanchez-Bayo and Wyckhuys (2019) conducted a comprehensive review of
historical insect biodiversity declines, concluding that Lepidoptera, Hymenoptera,
and Coleoptera have been the most affected Orders in terrestrial ecosystems.
Furthermore, climate change has often been cited as the primary driver of declines
in butterfly and bee populations (Sanchez-Bayo and Wyckhuys, 2019). Forister et
al. (2021) demonstrated an increased susceptibility of butterflies to climate change
due to physiological stress and altered species interactions associated with autumn
warming, a critical season for insect diapause and migration (Gallinat, Primack, and
Wagner, 2015). A 1.6% annual loss of butterfly abundance was estimated between
1977 and 2018 across 262 species in 72 locations in the American West (Forister et
al., 2021). Similarly, using bumble bee occurrence data for 66 species across North
America and Europe, Soroye, Newbold and Kerr (2020) linked the increasing
frequency of abnormally hot days under climate change to increased local extinction
rates and reduced site occupancy between baseline levels (1901-1974) and recent
data (2000-2014). The probability of site occupancy declined on average by 17% in
Europe and 46% in North America, with much of this loss due to substantial declines
in warming southern population margins, coupled with a lack of compensating

colonisation in cooler northern margins.

In addition to taxa-level susceptibility to climate change, studies have
highlighted variation in sensitivity to change across different thermal niches.

Counterintuitively, tropical systems are expected to suffer more under climate
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change because insect species are adapted to a less variable thermal environment,
reducing plasticity and the potential to adapt (Chevin and Hoffmann, 2017). Deutsch
et al. (2008), for example, showed that tropical insects had a warming tolerance (the
difference between CTnax values and current mean annual surface air temperature)
one-fifth of the values seen in mid-latitude insects. Similarly, Van Heerwaarden and
Sgrd (2021) showed that tropical species of Drosophila went extinct at temperatures
1.6°C less than widespread species (all species were collected from the same
location) under incremental temperature increases of 0.2°C per generation. Tropical
lowland forest ectotherms in particular tend to be adapted to narrow temperature
ranges (Huey et al., 2012), which is especially concerning because these are the
regions where insect biodiversity is especially high (Novotny and Miller, 2014; Stork,
2018). In their review, Sanchez-Bayo and Wyckhuys (2019) states that the impacts
of climate change have been most evident in tropical regions and on endemic
species. These groups have seen reduced genetic diversity due to strong selection
pressures of climate change hindering dispersal capacity and host selection (Hill,
Griffiths and Thomas, 2011), which is expected to particularly impact invasive

species (Pauls et al., 2012).

1.4 Adaptive and plastic potential of insects

Adapting to or buffering against changing and variable climate conditions are
paramount for species survival (Seebacher, White and Franklin, 2014). However,
ectothermic insects are limited in their physiological abilities to control
thermoregulation and are strongly subject to environmental temperatures. In order
to survive and maintain fitness in a thermal environment that is changing unnaturally
(Abram et al., 2016), they must either move towards more favourable conditions,
adopt behavioural strategies that allow cooling, or adapt (Crozier et al., 2008; Platts
et al., 2019; Radchuk et al., 2019).

With a rapidly rising global surface temperature (World Meteorological
Organisation, 2024), species are under pressure to respond and adapt to novel
thermal regimes. Inherent variation in the anatomy, physiology and genetics of a
species can dictate the potential and extent of these responses (Platts et al., 2019).
Adaptation to climate change can be split into two general strategies: 1) phenotypic
plasticity or 2) genetic selection and evolution. Phenotypic plasticity is commonly
described as a change in phenotype in response to environmental changes, which
is not associated with any underlying change in genotype (Kellermann and van
Heerwaarden, 2019). Plastic responses can occur rapidly, producing changes in

phenotype in response to sublethal environmental stimuli over a scale of minutes to
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hours (Kellermann and van Heerwaarden, 2019). Such reactions to extreme
temperature can often include transcriptional responses to changes in temperature,
whether an increase or a decrease. In Monochamus alternatus, various HSP70
isoforms show rapid upregulation in response to heat shock stress, whose
expression remains elevated for over 48 hours (Li et al., 2022). Another example of
this can be seen in cold tolerance in the soybean pod borer, Leguminivora
glycinivorella. Exposure of adults to temperatures of -5°C for 1.5 hours resulted in a
rapid increase in HSP70 expression by up to 80 times compared with levels
observed in individuals maintained at 25°C (Wang et al., 2014). Longer-term
responses can also be seen, often with more extreme phenotypic changes, such as
phase polyphenism in locusts, which may take generations to occur fully (Song et
al., 2017). Many insect traits, which increasing temperatures may impact, exhibit
some phenotypic plasticity (Sgro, Terblanche, and Hoffmann, 2016). Examples of
plastic responses to increasing temperatures include shorter larval development in
Neodiprion sertifer (Kollberg et al., 2013), delayed reproduction and cryptic wing
colours in Bicyclus anynana (Rodrigues and Beldade, 2020) and increased number
of generations per year due to delayed induction of diapause in Paludum fabricius
(Harada et al., 2011).

Plastic changes often include morphological and physiological alterations to
improve overall survival, but specific responses are also known, such as gamete
plasticity to improve reproductive fithess. Vasudeva et al. (2019) showed in adult red
flour beetles (Tribolium castaneum) that sperm and egg size and function were
thermally plastic, conferring reproductive advantages in novel thermal
environments. There is therefore evidence for some thermal plasticity that allows
insects to cope with climate change and thermal extremes. Conversely, van
Heerwaarden and Sgro (2021) have recently highlighted limitations in plastic
responses to thermal stress. Across 10 species of Drosophila, males showed no
capacity to plastically shift their TFLs (Thermal fertility limits, the temperature at
which thermally induced sterility occurs) under incrementally increasing temperature
regimes (+0.2°c per generation). Furthermore, males only showed limited ability to
plastically improve their CTmax (critical thermal maximum, the temperature at which
all females went into a heat coma) by a maximum of 0.1°c per 1°c of warming. A
recent meta-analysis has also highlighted that beneficial plasticity is generally weak.
Weaving et al. (2022), assessed 74 studies of 102 insects, and showed that thermal
limit plasticity is pervasive but weak, with CTmax increasing by only 0.09°C for every

1°C of acclimation. Such a small degree of adjustment is unlikely to buffer insects
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against the rapid pace of global temperature increases, coupled with more frequent

and intense heatwaves.

Genetic adaptation through evolutionary selection occurs over a much
slower multi-generational timescale than short-term plastic responses to changes in
temperature (Sgro, Terblanche and Hoffmann, 2016). The ability and potential for
populations to thrive by adapting to increasing temperatures under climate change
is complex and not guaranteed. Strong selection by one environmental stressor has
the potential to cause fitness trade-offs, and there is an obvious requirement for
genetic variation to be present in the gene pool for selection and adaptation in novel
thermal environments (Meester, Stoks and Brans, 2018). It has been proposed that
evolutionary adaptation to a broad range of temperatures is physiologically costly,
and not uniformly evolved (Kaspari et al., 2014). Different species of ants from the
same Family living in close proximity have been shown to have vastly different
CTmax values (maximum temperature at which an organism can perform activities
requiring muscular control such as the ability to self-right), due to subtle habitat
niche differences (Kaspari et al., 2014). Furthermore, Porcelli et al. (2016) showed
responses to a 6-day heatwave could vary significantly between populations in
Drosophila subobscura, based on geography and their variable natural conditions.
In general, the evolutionary potential for traits such as heat resistance to be
selected and evolve within populations at a sufficiently rapid rate to combat
extinction under climate change is so far poorly established, with several studies
showing population extinctions under both gradual and extreme temperature
increases (Plesnar-Bielak et al., 2012; Schou et al., 2014; van Heerwaarden and
Sgro, 2021). Adaptation rates, especially in reproductive traits, may be assisted by
sexual selection, with polyandry allowing a greater chance of population persistence
under experimental temperature increases compared to monandry (Grazer and
Martin, 2011; Plesnar-Bielak et al., 2012; Parrett and Knell, 2018).

1.5 Insect responses to climate change

In response to increasing temperatures, significant range shifts have been seen
across different insect taxa, with many species expanding their range towards the
poles or by increasing altitudes (Chen et al., 2010; Pureswaran, Roques and
Battisti, 2018). As high as 61% of all montane insects have been reported to be
moving upwards with warming temperatures, although very few are successfully
tracking such temperature changes (McCain and Garfinkel, 2021). A heavy focus
has been put on assessing range shifts in ecologically important species. Such

examples include elevation shifts of 52-68 metres across 208 lepidopteran species

15



in Malaysia over 42 years (Chen et al., 2010) and an uphill shift in range in up to
90% of the 49 dung beetle species found across two mountain systems in France
and Spain over 20 years (Menéndez et al., 2013). While several insect species have
successfully expanded their occupied ranges (Hill et al., 2002; Jepsen et al., 2008),
limitations have been identified for all species in altering their ranges. Kerr et al.
(2015) showed, across 67 bumblebee species, that failure to track warming
conditions in the northern part of their geographical range had occurred, while
simultaneously losing up to 300km of southern range, indicating obvious challenges
for some species to expand their range into new habitats or areas. Another issue is
whether physical limits are blocking range shifts, with insurmountable obstacles
such as the peaks of mountain ranges, water bodies or different vegetation types
limiting dispersal (Hill et al., 2002; Chen et al., 2010).

Even in species that successfully undergo range shifts, trade-offs may occur.
Reduced genetic diversity in the leading edge of a range can occur due to recurring
founder events, which alter genetic distribution and potentially reduce population
viability or cause extinctions (Pauls et al., 2012; Gilbert, Peischl, and Excoffier,
2018). Climate change has also caused multiple species’ ranges to overlap, and
rates of hybridisation have increased (Sanchez-Guillén et al., 2015). Range shifts
also cause dramatic changes to the number of species associated with particular
areas. For example, 11 of the 16 species of bumblebee initially associated with a
mountain system of the Northern Iberian Peninsula went locally extinct over 20

years due to range shifts (Ploquin, Herrera and Obeso, 2013).

As temperatures continue to increase, biological and ecological mismatches
are likely to impact on a wide range of insects, including both pests and pollinators
(Renner and Zohner, 2018). Some pollinators will show reduced fithess under
higher temperatures and may be expected to alter their phenology and/or ranges in
synchrony with pollinator-associated plants (Parmesan, 2006). However, due to
differences in interactions between increasing temperatures and both pollinators
and their associated plants, temporal (where flowering times and pollinator
emergence or maturation times do not align) and spatial (where thermal niches
clash with unsuitable conditions for either the plant or their pollinator, such as the
presence of other species or habitat changes) mismatches are likely to become
more common and widespread (Hegland et al., 2009), which could potentially
reduce crop yields. Whilst documentation of spatial mismatches between plants and
their insect pollinators has been historically lacking (Morton and Rafferty, 2017),

modelling strongly suggests that this will be frequent in the future under climate
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change scenarios (Kolanowska, 2025; Watteyn et al., 2025). Changes in
temperature may also cause a decoupling between pest ranges and their natural
predators (War et al., 2016), shifts in life histories that cause demographic and
ecological mismatches between insect pests and crops (Renner and Zohner, 2018),
and shifts in pest species ranges, densities and growth rates (Sharma, 2014; War et
al., 2016). All of these factors may alter how we manage pests, potentially leading to
reduced yields and production. A telling example here comes from the modelling of
Tribolium castaneum ranges under predicted climate change. By 2100, range
expansions are estimated to increase yearly economic losses of up to $3.16 billion

in cocoa bean production alone (Jung et al., 2020).

Utilisation of a diverse range of behavioural strategies to prevent thermal
damage will also be crucial to enable survival and reproduction for many insect
species. A range of studies in recent years has shown how insect systems can
improve their thermal tolerance through direct and indirect behavioural strategies.
For example, aphids show increasing dropping probabilities in response to higher
temperatures (Ma and Ma, 2012), parasitoid wasps increase foraging patch
residency time in order to maintain lipid reserves in a warming environment (Denis
et al., 2013), and butterflies show changes in habitat association with hotter
conditions (Davies et al., 2006). These behavioural adaptations to buffer against
increased temperatures may come at a cost to fitness, with impacts on other
behavioural aspects such as reduced feeding or predator avoidance being seen (Ma
et al., 2018). For example, treehoppers may respond to extreme heat by altering
behaviours to rapidly escape from hot microclimates, a strategy that improves

survival but comes at the expense of reproduction (Leith et al., 2024).

In parallel with ecological studies, lab-based work has increased to
investigate how thermal stress impacts insect systems. Not only has this allowed
greater understanding of concepts such as thermally increased chances of death
(eg. Blanckenhorn et al., 2014 and Porcelli et al., 2016) and species extinctions (eg.
van Heerwaarden and Sgro, 2021), but it has also allowed a greater focus on the
underlying sub-lethal mechanisms by which thermal stress can impact insects (eg.
Chirault et al, 2015 and Sales et al., 2018).

1.6 Reproduction as a sub-lethal mechanism for insect
declines

To effectively understand current and future insect losses, it is essential to elucidate

the underlying mechanisms by which increasing temperatures impact insects. As
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insects are ectothermic, they are subject to a more variable internal thermal
environment than organisms that can control this environment through physiological
means and temperature homeostasis (Abram et al., 2016). Insect responses to
temperature are often framed in the context of thermal performance curves, where
an individual's biological performance increases towards an optimum temperature
for a variety of traits before declining after exceeding this optimum (Huey and
Stevenson, 1979; Deutsch et al., 2008). Within such a framework, Toptrepresents
the temperature at which each given trait is maximised, with performance declining
as temperature moves away from this value, in both directions. As previously
discussed, not only do increased temperatures and heatwave events cause death in
insects, but there is also a wide variety of sub-lethal impacts that may harm the
ability of insects to thrive and persist into the future. One sub-lethal aspect which is
gaining recognition as a limiter for population viability under climate change for
ectotherms is thermal damage to reproduction (Grazer and Martin, 2012; Walsh et
al., 2019)

Unlike in endotherms, where reproductive biology, associated sensitivities,
and adaptations to protect against them have long been a topic of research (Galil
and Setchell, 1988; Mieusset and Bujan, 1995), much less is understood about
thermal reproductive sensitivities in insects and ectotherms generally. The majority
of research on thermal effects focuses on the survival consequences rather than
sublethal damage to fertility and reproductive success under increased
temperatures (Hoffmann, 2010). More recently, however, there has been a focus on
research into thermal reproductive sensitivities, revealing effects across multiple
species in both males and females (e.g. Porcelli et al. (2016), Sales et al. (2018),
Canal Domench and Fricke (2023) and Ratz et al. (2024) for males, and Delisle,
Bernier-Cardou and Laroche (2016), Bauerfeind et al. (2018), Weaving, Terblanche
and English (2024) and Meena et al. (2024) for females).

Classically, a key method to distinguish an organism's response to a range
of temperatures has been achieved through assessment of critical thermal limits,
typically assessing the CTminand CTmax, representing the critical thermal minima
and maxima, respectively, whereby individuals lose the ability to perform essential
functions, for example, self-righting (Walsh et al., 2019). Whilst these limits are
beneficial for assessing acute thermal tolerance, they may not account for sub-lethal
fitness costs, which are particularly important to assess as different traits can have
different thermal performance curves and will not share the same optima or limits as

critical thermal limits.
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One key aspect of reproductive success under differing thermal conditions is
Thermal Fertility Limits (TFL), where a species has evolved to reproduce between a
minimum (TFwin) and maximum (TFwax) temperature (Walsh et al., 2019). By
definition, temperatures outside of these ranges will induce sterility (Walsh et al.,
2019). Temperature-induced sterility has been shown to be both temporary (Sales et
al., 2021) and permanent (Jgrgensen, Sgrensen and Bundgaard, 2006), depending
on the species and individual context. Male TFLs have been shown to better predict
species distribution than previously used Critical Thermal Limits (CTLs), and may
help to predict changes in distribution under future climate change (Parratt et al.,
2021, Van Heerwaarden and Sgro, 2021). Due to an inability to thermoregulate
physiologically, ectotherms may be particularly vulnerable to fertility damage from
extreme temperatures (Kingsolver, Diamond and Buckley, 2013). As temperatures
move towards a species’ TFL, some degree of intermediate fertility loss is usually
observed before reaching the limit, showing that even non-sterilising temperature
changes may impact fertility (Chakir et al., 2002). At some point between these
TFLs, a thermal fertility optimum (TFopt) will occur. A critical challenge in assessing
the thermal impacts of climate change on reproduction will be to evaluate which
groups of animals will be driven away from their TFopt, and whether these species
have traits that render them more vulnerable to these changes. As previously
discussed, across 10 species of Drosophila, no ability to plastically change TFLs
under gradually warming conditions was detected (Van Heerwaarden and Sgro,
2021).

Thermal performance curves are also important for understanding how
heatwaves may impact organisms. Due to a heatwaves’ fluctuating thermal profile,
and the fact that the relationship between temperature and individual trait
performance is non-linear, the biological impact of heatwaves may be greater than
expected under the mean temperatures experienced within them (Martin and Huey,
2008). This is consistent with Jensen’s inequality, where variation around a mean
can alter average biological outcomes when the relationship between temperature
and performance is nonlinear. This is particularly relevant where individuals are
found close to the upper end of various traits' thermal performance curve, where
performance often falls off dramatically, for example, in tropical species which are
adapted to a narrow range of temperatures (Deutsch et al., 2008). Under such
scenarios, short periods of intense heat experienced during a heatwave may cause

higher reproductive trait losses than expected under increased mean temperatures.
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Heatwave impacts on insect reproduction may therefore be modulated not only by

the temperatures experienced, but by duration, timing and accumulation of damage.

The dominant mechanisms of insect reproduction involve oviparity, viviparity
and parthenogenesis, with oviparity being the most common (Bilinski et al., 2018).
With the exception of parthenogenesis, insect reproduction largely follows a basic
pathway. Reproduction begins with gametogenesis, followed by mating, female
storage of sperm, fertilisation, and embryogenesis, and ends with the production of
viable offspring (Resh and Cardé, 2009). The universality of these basic
reproductive steps enables us to understand where thermal sensitivities occur along
this path and then examine the impacts of future climate change by studying several
model systems across the group. Going through each of these stages in oviparity, |
summarise what we know about the impact of increasing and extreme temperatures

on insect reproduction.

1.7 Reproductive stage sensitivities to heat
1.7.1 Gametes

1.7.1.1 General principles

Along with the majority of multicellular life, gamete dimorphism is displayed widely in
insects; a single sperm cell is much smaller and therefore much less energetically
and materially costly to produce than a single egg cell (Monro and Marshall, 2016).
This variability between gametes, together with their widely different functions,
organelles and mechanisms of production, may produce different interactions with
increased temperatures. The impacts of environmental conditions on gametes have
the potential to alter individual fitness throughout their entire lifespan (Porcelli et al.,
2016). There is evidence that both sperm and eggs can adapt through phenotypic
plasticity to changes in temperature, thereby increasing fertility and fithess
(Vasudeva et al., 2019). Studies assessing the impacts of temperature on
reproduction have historically failed to isolate female from male effects, and thereby
have also failed to consider gamete-level sensitivities, although newer research is

aiming to fill this knowledge gap (Dougherty et al., 2024).
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1.7.1.2 Male gametes

Due to the small size of spermatozoa, the male gamete has limited cytosolic content
and, consequently, a reduced level of intracellular antioxidants for preventing
damage (Dada, 2017). Furthermore, sperm are highly sensitive to oxidative damage
caused by increased temperatures due to the high presence of polyunsaturated
fatty acids in their plasma membranes (Hamilton et al., 2016). Germ cells
responsible for the initial production of spermatozoa also have high mitotic activity,
which can make them more susceptible to environmental stressors such as heat
(Du, Ashok Agarwal and Sabanegh, 2014).

The majority of insects are internal fertilisers, in which sperm operate
externally to the male but within the female reproductive tract, often after a period of
storage in the female’s specialised spermathecal storage organ (Resh and Cardeé,
2009). Both male and female reproductive tracts provide a range of environments
(within males during spermatogenesis and storage, and within females after
copulation and insemination) by which sperm may be subject to damage from a
series of abiotic stressors, with temperature long being known to be an important

factor (Appell, Evans and Blandy, 1977).

Even among mammals possessing adaptations to reduce heat stress (such
as the cooled scrotum), higher external temperatures have been associated with
deleterious effects on sperm (Hamilton et al., 2016). Increasing temperature in the
testis has been shown to cause local hypoxia and death, as well as increased
apoptosis of sperm cells (Lue et al., 1999; Hamilton et al., 2016). As well as the
death of mature sperm, spermatogenesis has been shown to be heavily impacted

by increasing temperatures (Setchell, 1998; Hansen, 2009).

An array of underlying mechanistic responses to increased temperatures
have been highlighted in mature adult sperm which may impact function and
viability, such as: increased DNA fragmentation (Zhang et al., 2015), chromatin
structure abnormalities and epigenetic changes (Sailer et al., 1997; Rahman et al.,
2018), RNA profile changes (Lymbery, Evans and Kennington, 2020), and disruption

of mitochondrial function (Gong et al., 2017).

Following past attention to thermal fertility effects in endothermic mammalian
and avian systems, ectotherms have been investigated more recently. Within
insects, there has been an increasing focus on assessing and understanding the

impacts of elevated temperatures on fertility and sperm form and function. A wide
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variety of impacts on sperm traits which negatively impact fitness have been shown,
including spermatogenesis (Canal Domenech and Fricke, 2023), sperm motility,
mobility and morphology (Uy et al., 2015; Porcelli et al., 2016; lossa et al., 2019),
reduced sperm number (Vasudeva, Deeming and Eady, 2014; Gasparini et al.,
2017; Sales et al., 2018), Sperm viability (Sales et al., 2018; Martinet et al. 2020;
McAfee et al., 2020; Campion et al., 2023), reduced eupyrene sperm ratios (lltis et
al., 2020), altered flagellar function (Humphries, 2013), and reduced sperm length
and size (Vasudeva, Deeming and Eady, 2014; lossa et al., 2019). Furthermore,
increased spermatophore detritus, possibly associated with apoptosis, has been
recorded (Sales et al., 2018). Accompanying sperm impacts, studies have also
shown impacts on other reproductive organs and processes. Testes volume has
been shown to be consistently decreased in response to heat stress (Sales,
Vasudeva and Gage, 2021 Hu et al., 2022), and increased developmental
temperatures have been shown to impair accessory gland growth (Canal Domenech
and Fricke, 2023). Importantly, recent studies have shown that male sterility occurs
at temperatures lower than are required to reach lethal limits, and therefore, are a
better predictor of susceptibility to climate change and extreme heat than lethal
limits (Parratt et al., 2021).

The impacts of heatwaves and extreme temperatures are damaging to
sperm function. Sales et al. (2018) demonstrated that exposure to a 5 day heatwave
in Tribolium castaneum adults halved male fertility, and a subsequent heatwave
caused complete male sterility. Similarly, Porcelli et al. (2016) showed that a 23.5°C
heat shock (5.5°C above a non-stressful temperature for Drosophila subobscura) for
6 days caused a 40% reduction in motile sperm, as well as a subsequent reduction
in fertility of up to 80%. Evidence of heatwaves having such drastic impacts on
reproduction in individual species supports the growing claims that extreme
temperature conditions and heatwaves may be more detrimental to biodiversity than
mean temperature increases (Ruthrof et al., 2018; Smale et al., 2019), and

highlights sperm damage as one mechanism by which these impacts may occur.

Whilst increased temperatures cause a wide variety of cellular and
phenotypic impacts discussed above, there is considerable evidence in endotherms
that many of these may be short-term impacts, and may be reversible once
conditions become more favourable again (Lue et al., 1999). Recently, this has
been shown in insects. Sales et al. (2021) showed male recovery to even extreme
heatwaves in Tribolium castaneum: individuals exposed to a 42°C 5-day simulated

heatwave as mature adults incurred an initial 58% fitness loss, but complete
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recovery occurred 15 days after exposure. Individuals who experienced two
heatwave bouts as mature adults took 20 days to recover, while those exposed to
one heatwave bout as immature adults showed complete sterility and recovered
only after 28 days. Conversely, individuals who were subject to the same simulated
heatwave conditions as larvae produced normal levels of offspring by the time they
were mature adults. Similarly, Meena et al. (2024) demonstrated that male
Drosophila melanogaster also show recovery of fertility after heat stress. However,
they showed that males that were heat-stressed did not fully recover after 5 days of
recovery. This highlights short-lived species as potentially more vulnerable to heat-

induced sterility.

Together, these studies demonstrate the variable impacts of heatwave
conditions on sperm and subsequent recovery, highlighting critical weaknesses in
the face of current and future extreme climate conditions. Although additional
species need to be examined, these findings show that some insects can recover.
However, species that produce all their sperm before maturity and have no
continuous spermatogenesis (such as most Lepidopterans; Friedlander (1997)) may

suffer complete male lifetime sterility from heatwave damage.
1.7.1.3 Female gametes

Eggs have also shown to be sensitive to heat stress prior to fertilisation. Thermal
stress has been shown to alter follicular growth (Roth et al., 2000), gene expression
(Argov, Moallem and Sklan, 2005), egg maturation (Berger, Walters and Gotthard,
2008) and the ability for immature eggs to produce and secrete steroids (Hansen,
2009). Within insect models, it has been predicted that oogenesis is not as sensitive
as spermatogenesis to heat (David et al., 2005). Due to their larger size, limited
number, and energetic costs of production, ova receive greater investment in

maintaining and repairing function than spermatozoa (Hayward and Gillooly, 2011).

Increasing temperatures have been shown to have a variety of impacts on
insect egg traits, causing fitness reductions, including reduced fat content
(Bauerfeind et al., 2018), increased egg metabolic rates (Potter, Davidowitz and
Woods, 2009), as well as several other papers suggesting potential damage to

general egg quality but not quantified (e.g. Blanckenhorn et al., 2014).

The ability to produce more eggs may also be damaged by increases in
temperature. Oocyte deterioration has been shown as a response to temperatures

of just 25°C (7°C lower than yearly maximum temperatures within their range) in the
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hemlock looper moth, Lambdina fiscellaria (Delisle, Bernier-Cardou and Laroche,
2016). Temperature increases have also been associated with females having a
decreased initial mature egg load (Jerbi-Elayed et al., 2015; Denis et al., 2013) and
maturing fewer eggs over a lifetime (Berger, Walters and Gotthard, 2008; Denis et
al., 2013). In the yellow fever mosquito, Aedes aegypti, increasing the temperature
to ~5°C above their environmental mean maximum temperature (from ~30°C to
35°C) as adults resulted in a 15% reduction in the number of ovarioles per female.
However, these temperatures were not definitively linked to reductions in fitness;
instead, they were associated with a levelling off of fecundity (Bader and Williams,
2012). Recent work has shown that pre-mating heat stress can impair female
reproductive output. Meena et al. (2025) showed that virgin Drosophila
melanogaster females subject to a short-duration heat exposure (4 hours at 36°C )
reduced reproductive performance to a greater degree than males at this stage,

indicating oocytes as being vulnerable to high-intensity thermal stress.

Conversely, some studies have shown that females may also be resilient to
reproductive damage and fitness declines in response to heatwaves compared to
males. Sales et al. (2018) demonstrated that male fertility could be halved and
subsequently eliminated by 5-day continuous heatwaves, whereas virgin females
showed no loss of fertility. Similarly, females may show resilience under fluctuating
heat stresses. Menochilus sexmaculatus showed no change in egg viability in
response to fluctuating temperature intervals of 15°C and 35°C (8°C above their

optimum temperature in constant conditions) (Singh, Mishra and Omkar, 2018).

1.7.2 Mating behaviour

1.7.2.1 Mating frequency

Thermally-induced changes in mating behaviour may impact an individual’s ability to
successfully produce offspring, as well as alter the number of offspring individuals
produce or sire over their lifespan. Increases in temperature can have a wide variety
of impacts on mating frequency within insects through two main avenues: either by
directly affecting reproductive physiology or indirectly by influencing how often

individuals seek out mates through behavioural trade-offs.

Increased temperatures may often impact the function of systems which are
indirectly related to mating and reproduction. In Drosophila melanogaster, increases
in temperature between 18°C and 25°C increased the rate at which females

remated due to quicker degradation of anti-aphrodisiac sex peptides found in sperm
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(Best et al., 2012). Negative impacts of temperature are often associated with a
reduced ability to detect pheromonal cues. In the parasitoid wasp Aphidius
colemani, individuals displayed both delayed courtship and reduced mating
probability after increasing temperatures (Jerbi-Elayed et al., 2015). Similarly,
another parasitoid wasp, Aphidius avenae, showed a reduction in the proportion of
times females mated due to males displaying no courtship behaviour as females
had thermally damaged pheromone production or release (Roux et al., 2010).
Increasing developmental temperatures decreased the frequency of copulation
events in the Indian meal moth, Plodia interpunctella (lossa et al., 2019). In the
Hemlock looper, Lambdina fiscellaria, the probability of individuals mating after an
introduction and 24-hour mating window increased from 53% at 10°C, to 86% at
15°C, and 83% at 20°C, where it then rapidly dropped to 38% at 25°C (Delisle,

Bernier-Cardou and Laroche, 2016).

Indirect impacts from increased temperatures largely include changes in
energy or time expenditure and associated trade-offs. in the English grain aphid,
Sitobion avenae, increases in temperature caused individuals to more commonly
utilise leaf dropping thermoregulatory behaviour, reducing the amount of time
individuals spent looking for mates (Ma et al., 2018). Similarly, increases in
temperature are associated with longer patch residency times in parasitoid wasps,
as more energy is spent on maintenance, resulting in reduced time spent actively
searching for mates (Denis et al., 2013). Conversely, an increase in ambient
temperatures meant that the Red-legged grasshopper, Melanoplus femurrubrum,
did not have to alter metabolic rates as much in response to predation risk (which is
energetically costly), thereby allowing a greater allocation of resources to mate
finding rather than searching for food or avoiding predation (Schmitz, Rosenblatt
and Smylie, 2016).

Following the same trend as other aspects of reproduction, the impacts of
heatwaves can have dire consequences for an individual’s ability to undertake
mating events at normal rates. In the Melon fly, Bactrocera cucurbitae, the time
taken to initiate mating behaviours was increased from 4.7 minutes at their optimal
temperature (25°C) to nearly 323 minutes after a 3-hour 33°C heatwave and 459
minutes after a 3-hour 37°C heatwave (Zeng et al., 2018). Increases in the time
between mating events have been seen in many insects after a heatwave: a 38%
reduction in Tribolium castaneum male mating events after a 5-day heatwave at 7°C
above optimum growth temperature (Sales et al., 2018); a 30-60% reduction in

Chrysomela aeneicollis male mating frequency after a 4-hour simulated heatwave at
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36°C (16°C above controls and 13°C above midday daily peak temperatures at the
collection site)(Dick et al., 2013) and a 25-33% reduction in Aphidius avenae mating
events after a 36°C, 1 hour heat shock, a temperature which is frequently

experienced by parasitoids in summer (Roux et al., 2010).
1.7.2.2 Mate preference

Selection of a mate who will bestow the highest offspring fitness is key to successful
reproduction through sexual selection. Selecting a good mate may confer both a
direct fithess advantage to the female through factors such as male fertility and
paternal resource provision (Kirkpatrick and Ryan, 1991), as well as conferring an
indirect genetic advantage to offspring through passing on successful genes (Cally,
Stuart-Fox and Holman, 2019). Increased sexual selection has been linked to
driving adaptive evolution under thermal stress. Parrett and Knell (2018) showed
that Plodia interpunctella populations facing strong sexual selection (through a
male-biased sex ratio) had improved fecundity and offspring survival when
compared to weak sexual selection (female-biased sex ratio) when subject to
gradually increasing temperatures. This increased sexual selection allowed for
greater promotion of beneficial alleles within those populations under a changing

and stressful thermal environment.

Increases in temperature away from thermal optima have been shown to
have a wide range of impacts on mate selection, including reducing intraspecific
competition for mates (Johnson et al., 2015), altering male courtship intensity
towards receptive females (Best et al., 2012), and even reversing which sex is
‘choosy’ (Westerman and Monteiro, 2016). In Drosophila subobscura,
developmental heat stress has been shown to impact nuptial gift behaviours. Heat-
stressed males were less likely to present a gift to a mate, and females were less

likely to accept such gifts (Pembury Smith, Latkova and Snook, 2025).

Within mate selection, one sex often puts on a sexually selected display.
92% of insect species employ vibrational signals, which often act as a sign of fitness
or species identity (Cocroft and Rodriguez, 2005). Temperature can interact with
signals, as well as change mate preference in the receiving individual. In
treehoppers, Enchenopa binotata, as temperatures increased from 18°C to 36°C,
male vibrational signals increased in frequency. This increase in temperature was
met with females increasing their preferential frequency in response (Jocson et al.,
2019). This is a process known as ‘signal-preference temperature coupling’, and

has been noted in several other insects (Symes, Rodriguez and Hobel, 2017).
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However, not all species display this: in the red mason bee, Osmia bicornis, males
who maintained rather than increased their pulse duration in higher temperatures
commonly experienced in nature (22-26°C compared to 17-21°C from controls)
were preferentially mated over males who could not, showing no coupling in

preferences between sexes (Conrad, Stocker and Ayasse, 2017)

Most species of insects have set breeding periods and seasons, with
temperature being an important environmental cue for the initiation and length of the
breeding period (Pittendrigh and Takamura, 1987). In Northeast Finland, summers
have lengthened by 5 days per decade between the late 1970s and 2020,
significantly expanding the breeding seasons of boreal moths (Keret et al., 2020).
Similarly, in 3 species of British grasshoppers, increasing mean temperatures by
5°C effectively increased their available breeding season by shortening the time
between adult eclosion and first egg pod laying date by up to 4.1 days (Willott and
Hassall, 1998).

While some species may improve population viability through longer
breeding periods, others may experience reductions in reproductive success. In wild
populations of the blueberry bee, Osmia ribifloris, increased daily maximum nest
temperatures of 3.6°C and 6.6°C delayed male emergence by 9.8 and 23.1 days,
whereas females were delayed by 23.0 and 4.9 days. This mismatched impact on
genders caused a reduced effective breeding season due to short individual
lifespans (CaraDonna, Cunningham and ller, 2018). In the parasitic wasp, Nasonia
vitripennis, a 1-day heat shock during development delayed spermatogenesis,
leading to reductions in sperm production between 67% at +9°C and 91% at +13°C
(both above standard lab rearing temperatures of 25°C) at emergence.
Furthermore, females were unable to discriminate between males who had been
impacted and those who had not (Chirault et al., 2015). In species with short
lifespans, mismatches in emergence or sexual maturation timings could be

damaging for individual fitness.

Another way in which species may react to increased thermal stress is
through alterations of mating systems. Polygamy has the potential to enhance
adaptation rates to novel and fitness-reducing temperatures, when compared to
monogamy (Parrett and Knell, 2018). In the red flour beetle, Tribolium castaneum,
there was no significant benefit of either polyandry or monogamy at standard
maintenance temperatures. However, when temperatures were increased from
30°C to 34°C, polyandry produced favourable reproductive output, with nearly 30%
more offspring (Grazer and Martin, 2011). In the bulb mite, Rhizoglyphus robini,
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when populations were subject to a 4°C increase in temperatures (from 24°C to
28°C, a temperature seen by this species in midsummer), all populations
maintained under a monogamous system went extinct. In contrast, those under a
polygamous system survived (Plesnar-Bielak et al., 2012). Increased sexual
selection has been linked to improved fecundity and offspring survival when subject
to gradually increasing temperatures, with an 8% higher offspring survival rate being
seen in Plodia interpunctella in polyandrous populations compared to monogamous
populations. However, polygamous mating did not delay the rate of population

extinctions when temperatures got excessively high (Parrett and Knell, 2018).
1.7.3 Fertility and fecundity

Ectothermic insect metabolism and growth rates are strongly linked to external
temperatures (Deutsch et al., 2008). In the Asian tiger mosquito, Aedes albopictus,
increasing mean temperatures from 21°C (the mean temperature across this
species’ range) to 25°C shortened development times but reduced fecundity under
long photoperiods due to having lower body mass (Yee, Ezeakacha and Abbott,

2016), showing an indirect impact of increased temperature on fecundity.

Increasing mean temperatures have been shown to rapidly damage
fecundity once they pass population optima. In the fruit fly, Drosophila
melanogaster, the net reproductive rate was maximised at 23°C, but reached nearly
zero by 31°C, showing a sharp drop-off (Kim, Jang and Lee, 2020). Similarly, in the
tropical Maize stalk borer moth, Busseola fusca, the number of eggs laid at 30°C
was one-third of those laid at 26°C (standard laboratory conditions for this species;
Glatz, du Plessis, and Van den Berg, 2016). Heat stress has also been associated
with reduced first clutch size and female reproductive investment (Bauerfeind et al.,
2018). These examples further highlight the concern for many tropical species that
live in habitats with minor variation about their optimal temperatures, as shown in
Deutsch et al. (2008), due to their adaptation to a narrow thermal environment and
the speed at which average temperatures may increase to a point at which species

decline and extinctions are seen rapidly.

The impact of thermal stress is highly dependent on the timing of the event
in relation to each organism's reproductive cycle (Pilakouta et al., 2023). In the
burying beetle, Nicrophorus vespilloides, a 25°C heatwave for 3 days dramatically
reduced breeding success and increased breeding bout times when it occurred
during either mating periods; however, it had limited impacts outside of this critical
window (Pilakouta et al., 2023).

28



Heatwave conditions have recently been shown to have a significant impact
on fecundity, reducing the number of viable offspring produced in the red flour
beetle, Tribolium castaneum, primarily through damage to sperm production and
function (Sales et al., 2018). However, due to the transient nature of these heatwave
events, reductions in fecundity in insect species that reproduce continuously over
longer periods may be temporary, as individuals recover from damaged
reproductive function (Sales et al., 2021). Furthermore, it has been shown that
polyandry allows females to avoid such male-specific damage by mating with
several males (Vasudeva et al., 2021). It is yet unknown whether this fecundity is
saved by using the ‘best’ sperm from multiple males, or by using sperm from the
‘best’ male. If the second option is true, this may limit the number of successfully
breeding males in the population, reducing effective population sizes, which could
have knock-on effects, such as loss of fitness through genetic drift, particularly in
small populations (Frankham, 2005). Research into the mechanisms underpinning
post-copulatory dynamics shows that males subject to heatwaves deliver ejaculates
of reduced density, which are less able to spread throughout the female

reproductive tract (Sales et al., 2024).

Increases in environmental temperatures can also heavily impact the ability
of eggs to hatch. In the Maize stalk borer moth, Busseola fusca, increases in
temperature from 26°C (standard laboratory conditions for this species) to 30°C
reduced the number of fertile eggs from 49% to 0% (Glatz, du Plessis and Van den
Berg, 2016). Similarly, in the Asian long-horned beetle, Anoplophora glabripennis,
hatch rates were highest at 25°C, but by the time temperatures had reached 30°C
this rate had halved, and at some point, between 30°C and 35°C this hatch rate had
reached 0% (Keena, 2006).

Eggs have also been shown to be particularly susceptible to heat shock
damage. In the alligator weed flea beetle, Agasicles hygrophilia, a 37.5°C (12.5°C
above standard optimum growth conditions for this species) 1-hour heat shock
exposure decreased egg survival from 92% to 24%, by 5 hours this survival rate
was 0% (Jia et al., 2018). Similarly, in the Asian lady beetle, Harmonia axyridis, a
37°C (12°C above standard lab conditions for this species and a temperature often
seen in summer over their range) 1-hour heat shock reduced hatch rates from
92.6% to 47.1% (Zhang et al., 2014).
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1.7.4 Transgenerational and population impacts

Not only is it important for individuals to undergo successful mating events, but
these events must also produce healthy offspring that go on to survive and
successfully reproduce themselves. Increasing temperatures may cause
transgenerational impacts, whereby reductions in fithess resulting from thermal
stress are observed in both individuals exposed to heat and their offspring.
Transgenerational impacts of varying environmental stressors on offspring fitness
have been a growing research interest, primarily focused on assessing paternal
influences (e.g. through sperm competition in zebrafish (Zajitschek et al., 2014) and
diet in guppies (Evans et al., 2017)). Transgenerational impacts have been shown in
insects too (Zajitschek, Zajitschek and Manier, 2017). In the Mediterranean field
cricket, Gryllus bimaculatus, a 4°C increase in temperature exposure to males
during development increased offspring hatch rates and survival, but exposure as
adults reduced offspring hatch rates and survival (Gasparini et al., 2017). Sales et
al. (2018) showed that negative transgenerational impacts were directly related to
sperm damage (achieved by comparing thermal stress impacts on offspring from: 1)
males before copulation, 2) females before copulation, and 3) females after
copulation and insemination). Females who were subject to an artificial heatwave
pre-copulation faced no negative reproductive impacts. Offspring produced by
sperm that had experienced a 5-day heatwave at 7°C above optimum growth
temperature had significantly reduced lifespans, and the male offspring showed a
25-40% reduction in mating frequency and reproductive output. In Drosophila
melanogaster, heat stress during early embryogenesis has been shown to impact
the sperm proteome of that generation, and consecutive generations of heat stress
resulted in transgenerational carryover of disruption to ribosomal proteins,

metabolism and chromatin in sperm (Khan and Mishra, 2024).

Temperature increases can also impact offspring sex ratios in insects. Cui et
al. (2008) investigated the impacts of 1-hour heat shocks of varying intensity on
adults and how they affected offspring sex ratios in two whitefly species. In one
species, Bemisia tabaci, sex ratio stayed roughly even until 41°C, above which it
decreased to 35% female by 45°C (temperatures seen in greenhouses over their
range). However, in another species of whitefly, Trialeurodes vaporarorium, sex ratio
did not change as heat shock temperatures increased (Cui et al., 2008). In the
fungus gnat, Bradysia odoriphaga, exposure of parents to a benign temperature of
25°C resulted in twice as many male offspring being produced. After being

subjected to 33°C for 1 hour, the ratio changed to nearly even, and at 37°C for 1
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hour, the ratio shifted to twice as many female offspring being produced (Cheng et
al., 2017).

1.8 Study system

The red flour beetle, Tribolium castaneum, is a species of beetle from the
Tenebrionidae Family, originating from the Indian subcontinent. It is found natively
under wood and bark of trees (Dawson, 1977). However, in modern times, this
species is better known globally as a pest of stored products, where it is considered
one of the most common secondary pests of stored plant commodities worldwide
(Sallam, 2013).

Within the field of research, Tribolium castaneum serves as a widely used
model organism in the study of evolution and ecology (Pointer, Gage, and Spurgin,
2021; Campbell et al., 2022). It possesses many qualities that make it ideal for
experimental work, such as being inexpensive to maintain under conditions that can
easily be replicated in a standard laboratory environment. They can be reared in
large numbers and have a short generation time of ~30 days under conditions of
30°C and ad libitum fodder (Pointer, Gage, and Spurgin, 2021). These traits make it
an ideal species for undertaking extensive experiments that test a wide range of

conditions, while producing statistically robust data.

Tribolium castaneum can be easily sexed during the pupal stage by visual
identification of sexually dimorphic genital papillae (Shukla and Palli, 2012). This
makes them an ideal species for undertaking experiments which focus on sex- and
mating status-specific aspects of their biology, as they can be readily maintained in

single-sex groups long before they reach sexual maturity.

The genome of Tribolium castaneum is well-characterised, being both fully
sequenced and annotated, making it a suitable choice for genetic experiments
(Herndon et al., 2020). In addition, it has been widely used in transcriptomic and
gene expression profiling studies, demonstrating its value and ease as a model for
exploring molecular and physiological responses to a wide variety of environmental
conditions (Park et al., 2008; Leader, Naseem and Halberg, 2024).

Within the specific framing of this thesis, Tribolium castaneum has been
extensively used for several decades at the University of East Anglia, where prior
research in this system has focused strongly on the effects of temperature,
heatwaves and thermal stress on reproductive biology. This existing body of work

provides an important foundation for the experiments presented here because it
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shows that reproduction in T. castaneum can be highly sensitive to thermal
conditions, and that this sensitivity may occur before adult survival is strongly
compromised. In terms of thermal performance, this suggests that reproductive
traits in T. castaneum may have upper thermal limits that differ from those
associated with adult survival. While many studies in this system have not explicitly
estimated complete thermal performance curves, CTmax, TFmax or TFopt values,
they provide clear evidence that fertility-related traits decline under high-
temperature conditions and can therefore be interpreted within the broader

framework of thermal fertility limits.

In particular, Sales et al. (2018) demonstrated that exposure to a 5 day
continuous heatwave in Tribolium castaneum adults halved male fertility, and a
subsequent heatwave caused complete male sterility. This work showed that male
reproductive systems and function display thermal sensitivity in this species, and
showed that heatwaves can induce reproductive output costs under sub-lethal
heatwave conditions. Within the context of thermal limits, Sales et al. (2018) showed
that prolonged exposure to sub-lethal heat (42°C for 5 days) can push male
reproductive performance beyond fertility limits, at least temporarily, highlighting
further that thermal fertility limits exist as a biologically crucial threshold for

population persistence, which is distinct from thermal survival limits.

This was followed up by Sales et al. (2021) where it was shown that male
fertility can recover, even after exposure to such prolonged heatwaves. In response
to exposure to a singular simulated 42°C 5-day heatwave, adult males incurred a
58% drop in reproductive output. However, within just 15 days of this exposure,
reproductive output under future matings had completely recovered. Conversely,
recovery was much slower in individuals who were subject to repeated incidences of
these 42°C 5-day heatwaves. Individuals who were exposed to two heatwave bouts
took longer than 20 days to recover their reproductive output in future matings.
These findings have shown that heatwave impacts are not simply down to

temperature alone, but can interact with exposure duration and history of exposure.

Most recently, work has shown that heatwaves reduce the ability of sperm to
occupy the female reproductive tract in this species (Sales et al., 2024), showing
that thermal stress experienced through heatwave exposure can disrupt post-mating
processes, such as sperm transfer and storage. This has important implications for
interpreting thermal fertility limits in this species, as reproductive losses may result
from thermal effects on both sexes rather than male fertility alone. Furthermore, if

multiple reproductive processes differ in their thermal sensitivity, singular estimates
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of thermal fertility limits may mask variation among reproductive traits, reflecting

only on those traits with the limits most quickly reached.

Alongside this work on heatwaves, Tribolium castaneum has also been
used to investigate broader areas of thermal reproductive biology. Vasudeva et al.
(2019) showed that gamete traits are thermally plastic in this species and can
respond to changing thermal environments to improve reproductive outcomes
through impacts on both sperm and eggs. This highlights that not only does acute
heat stress experienced by adults play a factor in reproductive success, but also
thermal conditions experienced throughout different stages of their life cycle, during
gamete development. Other work has focused on evolution under warming regimes
(Sales, Gage and Vasudeva, 2024) and genetic rescue of thermally adapted lines
(Lewis et al., 2024).

Bringing together the practical advantages of using this study system and
the foundation of prior work on thermal stress and reproduction in this species,
Tribolium castaneum is positioned as an ideal system to address the questions
posed in this thesis. This thesis therefore extends existing knowledge beyond
prolonged, male-centric heatwave exposure research and examines how short-
duration exposure to heatwaves may impact insect survival, reproductive
morphology, reproductive output and gene expression across different sex and

mating status contexts.
1.9 Thesis aims

This thesis aims to investigate how ecologically relevant heatwave exposures affect
survival, reproduction, and gene expression in Tribolium castaneum, serving as a
model for insects in general. The central question of this thesis is whether
reproductive traits are affected under sub-lethal heatwave exposures, and whether
particular focal sex- and mating status-groups are especially vulnerable to this

thermal stress

In Chapter 3, | ask whether short and repeated 42°C heatwave exposures
impact survival and reproductive output in Tribolium castaneum. Specifically, | test
whether heatwave exposure affects reproduction when applied to virgin males,
virgin females, both virgin males and females, or mated females, under simulated
heatwave temperatures, which have previously been shown to reduce fertility in this

species under continuous heatwave scenarios.
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In Chapter 4, | ask whether short, ecologically relevant heatwave exposures
compromise male survival, reproductive output and reproductive traits. | focus on
males here, as their reproductive function, and particularly sperm, is broadly
susceptible to thermal stress in insects. | test heatwave temperatures up to 50°C,
which represent extreme conditions currently experienced across this species'

range and are expected to become more common due to climate change.

In Chapter 5, | ask whether survival and reproductive responses to more
intense heatwave exposures differ according to sex and mating status. Specifically, |
compare virgin males, virgin females, mated males and mated females' survival and
reproductive responses under short heatwave exposures of up to 50°C, allowing me
to identify which focal groups and fithess-related traits are the most vulnerable to

extreme heat.

In Chapter 6, | ask how mated female survival and reproductive output are
affected by heatwave temperature and exposure duration. | also ask whether mated
female heatwave vulnerability is specifically linked to ejaculate receipt, rather than

other aspects of mating, such as male exposure or harassment.

In Chapter 7, | ask whether transcriptional responses to heatwave exposure
differ according to sex, mating status and body part in Tribolium castaneum. Using
RNA sequencing, | compare gene expression responses in the head, thorax and
abdomen of virgin and mated males and females to attempt to identify potential

molecular pathways underlying reproductive and survival sensitivities to heatwaves.

Finally, | summarise these findings in the context of the current knowledge

base and identify priorities for future work in this field.
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2. General methods

2.1 Overview

This chapter outlines the general experimental procedures used throughout this
thesis. These procedures provide the shared methodological foundation for the data
chapters, including stock maintenance, standard rearing conditions and the general
structure of experimental heatwave exposures. Detailed experimental designs,
sample sizes, response variables and statistical analyses are provided within each
data chapter, where they are linked directly to the chapter-specific questions and
hypotheses. The purpose of this chapter is therefore to describe the common
procedures that were used repeatedly across experiments and to clarify how they
support the overall aim of assessing heatwave impacts on survival, reproduction

and gene expression in Tribolium castaneum.
2.2 Stock maintenance

T. castaneum beetles used in this thesis were from the Krakow Super Strain (KSS)
outbred stock line. This line was produced by interbreeding 11 different strains of
Tribolium castaneum: GA-1, GA-2, Tiw-1, Col-2, Japan #2, cSM, San Bernardino,
Jerez, Banos, Schegel Farm and Bloomington (Dickinson, 2018). Stock populations
were maintained in 12 x 12 x 12 cm plastic tubs, half-filled with fodder (a 9:1 volume
ratio of organic flour and yeast), and topped with an even layer of oats for traction.
Populations were maintained at constant standard conditions of 30 + 1°C and 60 *
10% RH under a 16:8 light: dark photoperiod in the Controlled Environment Facility
at the University of East Anglia. Stock populations were maintained as non-
overlapping generations by removing ~300 mature adults selected at random from
the current stock population every 35 days, and allowing them to mate and oviposit
for 7 days in a fresh tub before the removal of adults by mechanical sieving, leaving

only the fodder with oviposited eggs in this new population.

The use of a single outbred stock line and standardised maintenance conditions
aimed to ensure that differences among treatment groups can be interpreted in
relation to experimentally imposed heatwave exposure, sex and mating status,
rather than differences in prior rearing conditions. Maintaining individuals at 30 +
1°C provided a standard benign temperature from which heatwave responses could

be assessed.
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2.3 Experimental heatwave treatments

Throughout the thesis, experimental heatwave treatments of various lengths and
intensities are applied to individual or single-sexed groups of beetles, who are kept
in 6cm Petri dishes filled with 3 grams of fodder and topped with an even layer of
oats. Within the thesis, several focal groups are exposed to heatwave conditions in
various configurations: virgin males, virgin females, mated males, and mated
females. Figure 2.2 illustrates a generalised method for exposing virgin beetles,
along with the subsequent timings for assaying survival and 20-day reproductive
output, as required. Likewise, Figure 2.1 illustrates a generalised method for
exposing mated beetles. These schematics are intended to illustrate the common
structure of heatwave exposure experiments and the subsequent measurement of
response variables. The exact conditions of each heatwave treatment are provided

in the material and methods section for each Chapter.

The general heatwave exposure framework displayed in Figures 2.1 and 2.2 was
designed to test how short-duration extreme thermal stress affects different fithess-
related traits. Throughout the thesis, exposure temperature, exposure duration, and
the reproductive state of the exposed individual were manipulated to address
specific questions. In Chapter 3, 42°C heatwave exposures were used to test
whether short (2 h, 5 h and 10 h), repeated (3 consecutive days of 10 h of exposure
or 5 consecutive days of 10 h of exposure), or separated heatwave events (2
separate bouts of 5 consecutive days of 10 h of exposure) affect reproductive output
across different reproductive contexts. This chapter, therefore, used the general
heatwave framework to ask whether thermal stress applied to virgin males, virgin
females, both virgin individuals, or mated females produced different reproductive
outcomes. In Chapter 4, the heatwave framework was applied specifically to virgin
males across a broader range of temperatures (42°C — 50°C) and durations (2 h —
10 h) to test whether male survival, reproductive output, testicular volume, and
sperm length differed in their thermal sensitivity. In Chapter 5, the same general
structure was extended across virgin males, virgin females, mated males and mated
females to test whether sex and mating status altered survival and reproductive
responses to short, intense heatwave exposures. In Chapter 6, the heatwave
framework was applied specifically to mated females across a broad range of
temperatures (42°C — 50°C) and durations (2 h — 10 h) to test whether mated
female survival and reproductive output were affected by increasing heatwave
intensity. The design was then further modified (focusing only on heatwave

exposure conditions of 48°C for 5 h) by experimentally preventing females from
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receiving an ejaculate while retaining exposure to males and attempted mating. This
allowed heatwave vulnerability linked specifically to ejaculate receipt to be
separated from other aspects of mating, such as male exposure, harassment or
attempted copulation. Finally, in Chapter 7, the heatwave framework was adapted
for transcriptomic analysis, utilising a single heatwave condition (48°C for 5 h)
before RNA sequencing to test whether transcriptional responses to thermal stress
differed according to sex, mating status and body part under conditions that had
previously been shown to produce clear sex- and mating-status-specific survival
and reproductive effects. These repeated but modified applications of the same
general heatwave exposure framework allowed the thesis to compare survival,
reproductive and transcriptional responses while keeping the underlying

experimental logic consistent across chapters.
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Figure 2.1: General methodology for exposing mated beetles to heatwave conditions. The figure shows the
sequence of treatments across different focal groups. Each treatment group represents the various groups of

individuals subjected to heatwave treatment: mated females only, mated males only, and controls.
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Figure 2.2: General methodology for exposing virgin beetles to heatwave conditions. The figure shows the
sequence of treatments across different focal groups. Each treatment group represents the various groups of
individuals subjected to heatwave treatment: virgin males only, virgin females only, and both a virgin male and

a virgin female and controls.
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3. Sex- and mating status-specific impacts of short
and multi-day heatwave exposures on reproduction

in Tribolium castaneum

3.1 Abstract

The prevalence of extreme weather events, such as heatwaves, is increasing
rapidly under anthropogenic climate change, and these events are expected to have
a greater impact on biodiversity than increases in mean temperature alone.
Previous work in Tribolium castaneum has shown that continuous multi-day
heatwaves can strongly reduce male fertility, but less is known about how short daily
heat exposures, repeated heatwaves and recovery periods affect reproduction
across different sex and mating-status groups. Here, | assess the impacts of 42°C
experimental heatwaves lasting 2 h, 5 h or 10 h, as well as 3 or 5 consecutive days
of 10 h exposure, and a double heatwave treatment separated by a recovery period,
on survival and reproductive output in T. castaneum. This was achieved by
subjecting four focal groups to heatwave conditions: i) virgin males, ii) virgin
females, iii) both virgin males and females, and iv) mated females. | show that
survival and reproductive output were generally resilient to 42°C heatwave
exposure, with no significant reductions after single-day exposures, 3 consecutive
days of exposure, or the double heatwave treatment. However, mated females
exposed to 5 consecutive days of 10 h heatwave conditions showed reduced
reproductive output, suggesting that vulnerability may emerge when repeated
thermal stress accumulates across several days. These findings suggest that T.
castaneum reproductive output is broadly resilient to intermittent 42°C heatwave
exposure, while also identifying mated females as a potentially overlooked heat-

sensitive group under repeated thermal stress.

3.2 Contributors

Ramakrishnan Vasudeva and Laura Davey assisted with sexing experimental

individuals.
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3.3 Introduction

As outlined in the general introduction, it is well established that heatwaves are
becoming increasingly prevalent and severe (Perkins-Kirkpatrick and Lewis, 2020).
Research on the impacts of heatwaves is crucial, as such extreme climatic events
are changing more rapidly than global mean temperatures alone (Seneviratne et al.,
2021) and it has been suggested that extreme temperature conditions and
heatwaves may be worse for biodiversity than increases in mean temperatures
(Ruthrof et al., 2018; Smale et al., 2019).

As insects are the most abundant class of animals on Earth (Stork, 2018), and
reproductive capability is often the key trait in determining population vulnerability to
thermal stress (Parratt et al., 2021; van Heerwaarden and Sgro, 2021), understanding
the consequences of heatwaves for insect reproduction is therefore critical. Across
the Insecta class, male reproduction may be particularly susceptible to heatwave
impacts, whereas female reproduction has often been suggested to be more resilient
(lossa, 2019). This male reproductive susceptibility, measured through thermal fertility
limits, has been shown to better predict species distribution and extinction risk than
measures of critical thermal limits (Parratt et al., 2021; van Heerwaarden and Sgro,
2021). Within Tribolium castaneum, it has been shown that a continuous five day,
42 °C heatwave caused a greater than 50% reduction in male reproductive output
and a second successive heatwave led to near-complete reproductive output loss
(Sales et al., 2018). In contrast, no significant impact on virgin female reproductive
output was seen after a single heatwave. Males exposed to heatwaves exhibited
reduced sperm counts, lower sperm viability, and impaired sperm transfer (Sales et
al., 2018).

A recent systematic map testing the relationship between temperature and
animal reproduction found that it was uncommon for experimental studies to test
temperature effects independently in males and females (Dougherty et al., 2024).
Work testing sex-specific susceptibilities in insects could be particularly insightful,
given the diverse range of sex-specific life history strategies that the Insect class
employs (e.g., haplodiploidy, eusociality, and unequal brood care). Within this
framework, both the sex of the individuals being subjected to a heatwave and their
mating status may have significant effects on both individual and population-level
reproductive outcomes. Here, | assess the impacts of heatwave conditions on four
key groups: i) virgin males, ii) virgin females, iii) both virgin males and females
together and iv) mated females. This enables the assessment of key sex-specific

susceptibility to be studied, and considerations for populations to be made.
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Recent work has highlighted the need to consider timing-dependent impacts
of extreme climate events such as heatwaves (Cinto Mejia and Wetzel, 2023), given
that heatwave timing may affect different aspects of reproductive competence,
including the production and maintenance of gametes, mating and associated
behaviours, post-fertilisation processes and offspring fitness. Experiments explicitly
testing timing-dependent heatwave impacts have begun to filter through into the
literature, with insightful work showing that heatwave timing can have massive
implications in Nicrophorus vespilloides, whereby a heatwave a few days before or
after mating had no negative impacts on reproductive success, parental care or
offspring fitness, yet experiencing a heatwave during mating periods had negative
implications for brood size, breeding attempt success and offspring fitness
(Pilakouta et al., 2023). Testing the impacts of heatwave conditions on virgin and
mated females in this Chapter acts as a proxy for some timing-dependent impacts,
considering that newly mature females will be virgins, yet females will spend the
large majority of their lives as mated individuals in this species, considering their

highly polyandrous life strategy (Pai and Yan, 2003).

While many studies provide crucial evidence on the impacts of heat stress
on male fertility, one critical aspect that must be further considered is the
comparative complexity of natural thermal regimes. One such example of heatwave
complexities that must be considered is diurnal temperature fluctuations, which may
allow for partial or complete reproductive recovery and repair of thermally induced
cellular damage. (e.g., spermatogenesis, repair of heat-induced cellular damage). In
Propylea japonica, the negative impacts of daytime heat stress on survival and
development were offset by cooler night-time temperatures, which allowed thermal
recovery (Bai et al., 2019). By manipulating daytime maxima and nighttime minima,
it was demonstrated that nighttime recovery plays a critical role in shaping thermal
performance, including survival and heat tolerance. Such findings highlight the
importance of studying not only the duration and severity of heatwaves but also the
structure of thermal variation to understand the impacts of natural heatwaves on

insect reproduction.

This Chapter investigates the impacts of ecologically relevant single-day (2
h, 5 h, 10 h) and multi-day heatwave exposures (3 and 5 consecutive days of 10 h
exposure) on reproductive output in Tribolium castaneum in virgin males, virgin
females and mated females. Rather than applying continuous heat stress, this
experiment utilises extreme temperatures that occur for relatively short periods each

day, as seen during heat peaks in natural environments (Holmes et al., 2015;
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Oliveira et al., 2021). The temperature used in this study (42 °C) occurs commonly
across the natural range of T. castaneum (Hinton, 1948). In addition to testing the
impacts of such temperatures in a single day exposure, a subset of treatments
incorporates a simple day—night thermal fluctuation, where elevated daytime
temperatures are followed by cooler nighttime periods to allow for potential
physiological recovery. This design enables me to test whether the detrimental
impacts on male fertility observed under sustained heat stress (e.g., Sales et al.,
2018) are also present when the heat stress is brief and intermittent, and whether
recovery windows between exposures moderate reproductive damage. By capturing
both the intensity and temporal structure of heatwaves, the study provides a more
nuanced understanding of how climate-induced temperature variability may affect

insect reproduction under realistic environmental conditions.

In this Chapter, | ask whether short and repeated 42°C heatwave exposures
affect survival and reproductive output in Tribolium castaneum, and whether these
effects differ between individuals of different sexes and mating status. | predict that
longer or repeated heatwave exposures would be more damaging to both survival

and reproduction than shorter, single-day heatwave exposures.
3.4 Materials and methods

3.4.1 Line maintenance and experimental individuals

T. castaneum beetles used in these experiments were from the Krakow Super Strain
(KSS) outbred stock line. This line was produced by interbreeding 11 different strains
of Tribolium castaneum: GA-1, GA-2, Tiw-1, Col-2, Japan #2, cSM, San Bernardino,
Jerez, Banos, Schegel Farm and Bloomington (Dickinson, 2018). Stock populations
were maintained in 12x12x12 cm plastic tubs, half-filled with fodder (a 9:1 volume
ratio of organic flour and yeast), and topped with an even layer of oats for traction.
Populations were kept at constant standard conditions of 30 + 1°C and 60 £ 10 % RH
under a 16:8 light: dark photoperiod. Experimental individuals were obtained as the
offspring of ~300 mature adults selected at random from the stock line. These
individuals were allowed to mate randomly and oviposit for 7 days in a fresh tub before
the removal of adults by mechanical sieving, leaving only the fodder with oviposited

eggs in this new population.

Individuals were sexed at the pupal stage by visual identification of sexually
dimorphic genital papillae (on day 18 of development) and then kept in single-sex

groups of 20 individuals for a further 10 days to allow for development to sexual
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maturity. Groups were kept in 6cm Petri dishes filled with 3 grams (g) of fodder and
topped with an even layer of oats. Once matured, females were identified with a dot

of Uni Posca non-toxic marker (Uni-ball, Tokyo, Japan) on the dorsal thorax.
3.4.2 Experimental treatment groups

The sex-specific impacts of heatwaves on survival and fertility were tested by
selectively exposing combinations of focal individuals to heatwave conditions in the
following combinations: virgin males only, virgin females only, virgin males and
females, and mated females only. These treatment groups allowed reproductive
consequences of heatwave exposure to be compared according to whether thermal
stress occurred before mating in males, before mating in females, before mating in

both sexes, or after mating in females.
3.4.3 Experimental heatwave treatments

Heatwave conditions were applied using an A.B. Newlife 75 Mk4 forced-air egg
incubator (A.B. Incubators, Suffolk, UK). Virgin beetles were exposed in single-sex
groups of 20 individuals in 6cm Petri dishes filled with 3g of ambient temperature
fodder and topped with a layer of oats. Mated female beetles were exposed as
individuals in a 6cm Petri dish, filled with 3g of ambient temperature fodder and

topped with a layer of oats.

The impact of single-day and multi-day heatwaves was tested. For single-day
heatwaves, focal beetles were exposed to heatwave conditions (42°C £ 1°C, £ 10 %
RH) for one of the following durations: 2 hours (h), 5 h or 10 h, with controls (30 +
1°C, 60 £ 10 % RH) run in parallel. For multi-day heatwaves, focal beetles were
exposed to heatwave conditions (42°C = 1°C, £ 10 % RH) for 10 h on either 3 or 5
consecutive days. In between heatwave exposures, the beetles were maintained at
30 = 1°C and 60 + 10 % RH for 14h. Controls were run in parallel. Heatwave

treatments began at 10 am.

An additional group of virgin males were subject to two bouts of multi-day
heatwave conditions, hereafter referred to as the double heatwave group. Virgin
males were exposed to heatwave conditions (42°C £ 1°C, £ 10 % RH) for 10 hon 5
consecutive days. In between heatwave exposures, the beetles were maintained at
30 £ 1°C and 60 £ 10 % RH for 14h. After the initial 5 d heatwave exposure, these
beetles were maintained at 30 £ 1 °C and 60 + 10 % RH for 7 d before undergoing an
identical heatwave exposure. Controls were run in parallel. This treatment structure

allowed the effects of exposure duration, repeated daily exposure and recovery
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between heatwave events to be assessed while keeping heatwave temperature

constant at 42°C.

Two additional groups of virgin males were subject to identical heatwave
conditions to the 2 h and 5 h groups, but their fodder was preheated to 30°C before
individuals were subjected to heatwave conditions. This was done to test whether
artificially cooler conditions of ambient temperature fodder (in comparison to elevated
temperature conditions that may be experienced in the buildup to a heatwave),

potentially buffered against the impacts of short duration heatwave conditions.
3.4.4 Virgin treatment groups

48 h after eclosion, single-sex groups of virgin males and/or females were subject to
either heatwave conditions or control conditions as described above. After this, all
individuals underwent a 24 h rest period at 30 £ 1 °C and were then visually assessed
for survival. All survivors were then moved into a 7 ml mating vial (filled with 2.4 g of
fodder and topped with an even layer of oats) with an age-matched member of the
opposite sex from a KSS stock population for 48 h at 30 + 1 °C. After the mating
period, females were removed and placed into a reproductive output assay. These
mating vials were retained to ensure successful ejaculate transfer, assessed by the

visual presence of larval tracks/offspring.
3.4.5 Mated treatment group

48 h after eclosion, virgin females were moved into a 7 ml mating vial (filled with 2.4
g of fodder and topped with an even layer of oats) with an age-matched member of
the opposite sex from a KSS stock for 48 h at 30 + 1 °C. After this, individual females
were placed into a 6¢cm Petri dish (filled with 3g of fodder and a layer of oats) and
were subject to either heatwave conditions or control conditions as described above.
After this, all individuals underwent a 24 h rest period at 30+ 1 °C. Individuals were
then visually assessed for survival at this time, and surviving females were placed

into a reproductive output assay.
3.4.6 Reproductive output assay

Females from the above experimental groups were moved into individual 6cm Petri
dishes (filled with 3g of fodder and topped with an even layer of oats) and allowed to
oviposit. Oviposition occurred across two separate ten-day blocks (twenty days in
total) to reduce cannibalism associated with overlapping offspring developmental life
stages (Park et al., 1965). After twenty days, the females were removed, and the

oviposited eggs were allowed to develop until maturity for an additional 35 days under
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standard developmental conditions (30 £ 1°C, 60 £ 10 % RH). The reproductive
output of each pair was then assessed as the number of mature adults produced from
twenty days of oviposition (equating to ~ 51% of a female’s lifetime reproductive
output; pg. 31, Dickinson, 2018).

3.4.7 Statistical analysis

All data were analysed using R version 4.4.1 (R Core team, 2024) in RStudio Version
2024.04.2+764(Posit team, 2024). Plots were created using “ggplot2” (Wickham,
2016). Data manipulation was done using “tidyverse” (Wickham et al., 2019). The
impact of heatwave temperature on survival for each of the heatwave conditions was
initially assessed using a binomial GLM. Firth's penalised logistic regression from the
brgim2 package was used where near-separation or complete separation issues
caused model convergence issues (Kosmidis, 2023). Fit of the models were then
assessed using “performance” (Ludecke et al., 2021) and residuals were visually

evaluated.

Reproductive output data were first censored where data were missing or
individuals escaped from or died during the reproductive output assay (N = 49). Zero-
inflated negative binomial GLMs (ZINB GLM; Zeileis, Kleiber and Jackman, 2008)
were used to analyse all data after running and comparing Poisson, negative
binomial, zero-inflated and zero-inflated negative binomial models for over- or under-
dispersion and comparing goodness of fit using “performance” and “Imtest” (Zeileis
and Hothorn, 2002). Zero-inflated negative binomial GLMs were structured with 20-
day reproductive output as the response variable and treatment group was the
predictor variable. Separate models were fitted for the 2 h, 5 h, 10 h, 3-day, 5-day and
double heatwave treatments. For each model, treatment effects were assessed in
both the count component, representing reproductive output among non-structural
zero observations, and the zero-inflated component, representing the probability of

EXCess zeros.

The impact of fodder temperature was assessed using non-parametric Wilcox

tests.

3.5 Results

3.5.1 Survival

Survival rates for all groups across all heatwave durations were high (>95% except

for virgin females subject to a 2 h heatwave in preheated fodder, who had a survival
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of 85%; however, the sample size was low (n = 20)), and no significant impacts on

survival were observed in any group as a result of heatwave exposure.
3.5.2 Reproductive output

3.5.2.1 Impact of a 2 hour heatwave exposure

Exposure to heatwave conditions of 42°C for 2 hours did not significantly impact
reproductive output in any treatment group (Fig. 3.1). Reproductive output in groups
where virgin males (ZINB GLM: count component; z =-0.902, p = 0.367, zero-inflated
component; z = -0.460, p = 0.646), virgin females (ZINB GLM: count component; z =
-0.899, p = 0.368, zero-inflated component; z = -0.517, p = 0.605), both virgin males
and virgin females (ZINB GLM: count component; z =-1.369, p = 0.171; zero-inflation
component: z = 0.359, p = 0.719) or mated females (ZINB GLM: count component; z
=-0.931, p = 0.352; zero-inflation component: z = -0.006, p = 0.995) were subject to
heatwave conditions for 2 h did not differ significantly from controls. Similarly, virgin
males and females provided with preheated fodder at 30°C showed no significant
differences in reproductive output compared to controls after being subject to
heatwave conditions for 2 h (virgin males: ZINB GLM; count component: z = 0.010, p
= 0.992; zero-inflation component: z = -1.024, p = 0.306; virgin females: ZINB GLM;
count component: z = -0.679, p = 0.497; zero-inflation component: z = 1.047, p =
0.295).

To assess whether fodder temperature alone influenced reproductive output,
groups with ambient versus 30°C preheated fodder were compared within virgin male
and female groups. Due to the non-normality of data (Shapiro-Wilk p < 0.05), non-
parametric tests were used. No significant difference was detected in females
(Wilcoxon rank-sum test: W = 389, p = 0.397) or males (Wilcoxon rank-sum test: W
=632, p = 0.204), indicating that initial fodder temperature did not affect reproductive

output response to heatwave conditions.
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Figure 3.1: Impact of 2 hour, 42°C heatwave conditions on reproductive output. Sample sizes for each
group left to right: 38, 38, 40, 40, 39, 17, 40. Boxplots contain a median line, a mean dot and an
interquartile range box. Significance values representing a comparison between 30°C and the

experimental heatwave condition are denoted by stars: * = P <0.05, ** =P < 0.01, ***= P < 0.001.

3.5.2.2 Impact of a 5 hour heatwave exposure:

Exposure to heatwave conditions of 42°C for 5 hours did not significantly impact
reproductive output in any treatment group except from where both virgin males and
females were subject to heatwave conditions (Fig. 3.2). Reproductive output in
groups where virgin males (ZINB GLM: count component; z =-0.123, p = 0.902; zero-
inflation component: z = 0.000, p = 1.000), virgin females (ZINB GLM: count
component; z = 0.460, p = 0.646; zero-inflation component: z = 0.000, p = 1.000), or
mated females (ZINB GLM: count component; z = 0.092, p = 0.926; zero-inflation
component: z = 0.002, p = 0.998) were subject to heatwave conditions for 5 h did not
differ significantly from controls. Similarly, virgin males and females provided with
preheated fodder at 30°C showed no significant differences in reproductive output
compared to controls after being subject to heatwave conditions for 5 h (virgin males:
ZINB GLM; count component: z = 0.958, p = 0.338; zero-inflation component: z =
0.002, p = 0.998; virgin females: ZINB GLM; count component: z = 0.826, p = 0.409;
zero-inflation component: z = 0.002, p = 0.998). Where both virgin males and females

were subject to heatwave conditions, a 21% increase in the reproductive output of
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these pairs was seen in comparison to controls (ZINB GLM: count component; z =
2.072, p = 0.038; zero-inflation component: z = 0.000, p = 1.000).

To assess whether fodder temperature alone influenced reproductive output,
groups with ambient versus 30°C preheated fodder were compared within male and
female groups. Due to the non-normality of data (Shapiro-Wilk p < 0.05), non-
parametric tests were used. No significant difference was detected in females
(Wilcoxon rank-sum test: W = 736, p = 0.400) or males (Wilcoxon rank-sum test: W
=648, p = 0.145), indicating that initial fodder temperature did not affect reproductive

output response to heatwave conditions.
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Figure 3.2: Impact of 5 hour, 42°C heatwave conditions on reproductive output. Sample sizes for each
group left to right: 39, 40, 34, 40, 40, 40, 40. Boxplots contain a median line, a mean dot and an
interquartile range box. Significance values representing a comparison between 30°C and the

experimental heatwave condition are denoted by stars: * = P <0.05, ** = P < 0.01, *** =P < 0.001.

3.5.2.3 Impact of a 10 hour heatwave exposure

Exposure to heatwave conditions of 42°C for 10 hours did not significantly impact
reproductive output in any treatment group except from where mated females were
subject to heatwave conditions (Fig. 3.3). Reproductive output in groups where virgin
males (ZINB GLM: count component; z = -0.403, p = 0.687; zero-inflation component:
z = 0.006, p = 0.995), virgin females (ZINB GLM: count component; z = -1.761, p =
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0.078; zero-inflation component: z = 0.006, p = 0.995), or both virgin males and virgin
females (ZINB GLM: count component; z = 1.869, p = 0.062; zero-inflation
component: z = 0.006, p = 0.995) were subject to heatwave conditions for 10 h did
not differ significantly from controls. Where mated females were subject to heatwave
conditions, a 29% decrease in the reproductive output of these pairs was seen in
comparison to controls (ZINB GLM: count component; z = -3.258, p = 0.0011; zero-

inflation component: z = 0.007, p = 0.995).
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Figure 3.3: Impact of 10 hour, 42°C heatwave conditions on reproductive output. Sample sizes for each
group left to right: 113, 43, 40, 106, 56. Boxplots contain a median line, a mean dot and an interquartile
range box. Significance values representing a comparison between 30°C and the experimental
heatwave condition are denoted by stars: * = P <0.05, ** =P < 0.01, *** =P < 0.001.

3.5.2.4 Impact of 3 consecutive days of 10 hour heatwave exposures

Exposure to heatwave conditions of 42°C for 10 hours on 3 consecutive days did not
significantly impact reproductive output in any treatment group (Fig. 3.4).
Reproductive output in groups where virgin males (ZINB GLM: count component; z =
-0.242, p = 0.809; zero-inflation component: z = 0.526, p = 0.599), virgin females

(ZINB GLM: count component; z = -0.042, p = 0.967; zero-inflation component: z =
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0.779, p = 0.436), both virgin males and virgin females (ZINB GLM: count component;
z=0.497, p = 0.619; zero-inflation component: z=0.142, p = 0.887) or mated females
(ZINB GLM: count component; z = -0.364, p = 0.716; zero-inflation component: z = -
0.373, p = 0.709) were subject to heatwave conditions of 42°C for 10 hours on 3

consecutive days did not differ significantly from controls.
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Figure 3.4: Impact of 3 consecutive days of 10 hour, 42°C heatwave conditions on reproductive output.
Sample sizes for each group left to right: 35, 58, 60, 59, 569. Boxplots contain a median line, a mean
dot and an interquartile range box. Significance values representing a comparison between 30°C and

the experimental heatwave condition are denoted by stars: * = P <0.05, ** =P < 0.01, ***= P < 0.001.

3.5.2.5 Impact of 5 consecutive days of 10 hour heatwave exposures

Exposure to heatwave conditions of 42°C for 10 hours on 5 consecutive days did not
significantly impact reproductive output in any treatment group except from where
mated females were subject to heatwave conditions (Fig. 3.5). Reproductive output
in groups where virgin males (ZINB GLM: count component; z = -1.470, p = 0.142;
zero-inflation component: z = -0.253, p = 0.800), virgin females (ZINB GLM: count
component; z =-1.423, p = 0.155; zero-inflation component: z = 0.253, p = 0.801), or
both virgin males and virgin females (ZINB GLM: count component; z =-1.801, p =
0.072; zero-inflation component: z = 0.628, p = 0.530) were subject to heatwave

conditions of 42°C for 10 hours on 5 consecutive days did not differ significantly from
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controls. Where mated females were subject to heatwave conditions, an 18%
decrease in the reproductive output of these pairs was seen in comparison to controls
(ZINB GLM: count component; z = -2.567, p = 0.0103; zero-inflation component: z =
-0.240, p = 0.810).
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Figure 3.5: Impact of 5 consecutive days of 10 hour, 42°C heatwave conditions on reproductive output.
Sample sizes for each group left to right: 40, 57, 59, 56, 59. Boxplots contain a median line, a mean
dot and an interquartile range box. Significance values representing a comparison between 30°C and

the experimental heatwave condition are denoted by stars: * = P <0.05, ** = P < 0.01, ***= P < 0.001.

3.5.2.6 Impact of a ‘double heatwave’ exposure

Exposure of virgin males to heatwave conditions of 42°C for 10 hours on 5
consecutive days, followed by a 7-day rest, and then another exposure to heatwave
conditions of 42°C for 10 hours on 5 consecutive days did not significantly impact
reproductive output (Fig. 3.6; count component; ZINB GLM: z = 0.288, p = 0.773;

zero-inflation component: z = 0.003, p = 0.998).
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Figure 3.6: Impact of a double heatwave on virgin male reproductive output. Sample sizes for each
group left to right: 49, 59. Boxplots contain a median line, a mean dot and an interquartile range box.
Significance values representing a comparison between 30°C and the experimental heatwave
condition are denoted by stars: * = P <0.05, **= P < 0.01, *** =P < 0.001.

3.6 Discussion

In T. castaneum, survival was highly resilient to the heatwave conditions tested. All
groups showed survival rates greater than 95%, except for virgin females subjected
to a 2 h heatwave in preheated fodder, which had a survival rate of 85%. However,
the sample size of the latter treatment was relatively low. This resilience is
unsurprising given that the heatwave temperature used here (42°C) is only 7°C above
this strain’s population productivity optimum (Sales et al., 2018), and pest species
often have a wide thermal tolerance (Deutsch et al., 2008). Furthermore, across T.
castaneum’s global distribution, 42°C represents a temperature that is commonly
experienced, and may represent >10°C less than thermal maxima experienced
across their distribution (Campbell et al., 2022; Christidis et al., 2023). Whilst | also
show that no apparent sex-specific differences in survival emerged in response to the
heatwave conditions tested, given that survival was very high across all groups, any
sex-specific differences in survival could be masked by the lack of a severe enough

thermal stressor. It is therefore possible that both sexes were operating well within
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their thermal limits, and that more extreme heatwaves may be required to reveal
subtle differences in thermal sensitivity. | assess the impacts of 2, 5 and 10 h

heatwaves with temperatures ranging from 42-50°C on survival in Chapter 5.

Many experimental studies have failed to test thermal exposures
independently in males and females, so the full extent of sex-specific responses to
heatwaves is currently not well understood (Dougherty et al., 2024). In other studies
assessing sex-specific survival responses to heatwaves, there have been variable
outcomes, with some studies showing similar survival reductions (e.g. Tsetse flies;
Weaving, Terblanche and English, 2024), some showing females being more
susceptible (e.g. Soil mites; Neelam Porwal et al., 2025), and others showing males
being more susceptible (e.g. alfalfa leafcutting bees; Hayes and Lépez-Martinez,
2021).

Similarly to survival, reproductive output was highly resilient to the heatwave
conditions tested. Even the most extreme conditions, where virgin males were subject
to a double heatwave before mating, did not result in a significant change in the
number of offspring produced. These results are markedly different from those shown
in T. castaneum by Sales et al. (2018), whereby a 5 d continuous heatwave at 42°C
resulted in a 50% reduction in reproductive output when virgin males were the focal
group, and a double heatwave resulted in nearly zero reproductive output. Likewise,
a 33% reduction in reproductive output was seen when mated females were the focal
group subject to a 5 d continuous heatwave. In this Chapter, however, no detectable
decrease in reproductive output was observed in virgin males. As discussed in the
introduction, it appears that the inclusion of recovery windows between daily
exposures may have allowed sufficient physiological repair to mitigate reproductive
damage, consistent with evidence that diurnal cooling periods can buffer the impacts
of heat stress (Bai et al., 2019). The absence of reproductive output impacts shown
here suggests that T. castaneum may possess greater resilience to heatwaves than

previously thought.

Whilst no consistent trends in reproductive output reductions were seen, the
extent to which such heatwave conditions may impact reproductive morphology, even
if this doesn’t result in noticeable reductions in reproductive output, is currently
unclear and requires future investigation. It is well known that extreme temperatures
can disrupt normal reproductive development and maintenance of gametes. This is
particularly relevant for males, where it has been shown that extreme heat can reduce

testes size, alter sperm morphology, and decrease sperm survival in several insect
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taxa (Vasudeva, Deeming and Eady, 2014; Uy et al., 2015; Porcelli et al., 2016; Sales
et al., 2018; lossa et al., 2019; Martinet et al., 2020; Campion et al., 2023; Sales et
al., 2024). Any morphological impacts on sperm (even if they do not manifest in
reproductive losses initially) may have more severe consequences in species that
produce most or all of their sperm during development, as is seen in some insects
(Dumser, 1980). In such species, repeated damage incurred from subsequent
heatwaves, particularly given their increasing frequency, could have compounding
effects on lifetime reproductive function due to the limited capacity for further sperm
generation. To assess the potential for reproductively ‘silent’ damage to male
reproductive morphology, | assess the impacts of the short heatwave conditions
tested here (alongside more extreme temperatures) on male reproductive
morphology (testes volume, sperm length and sperm length variation) in T.

castaneum in Chapter 4.

Whilst inconsistent across all groups, mated females who were subject to
longer heatwave exposures (a single 10 h heatwave exposure or 5 days of
heatwave exposures, but not 3 days) showed a significant decrease in reproductive
output (Figs. 3.3 and 3.5). This contrasts with previous work by Sales et al. (2018),
which showed that virgin males were the group most greatly impacted by heatwave
conditions in this species. However, in that study, mated females also showed a
marked, yet lesser, reduction in reproductive output. Due to the inconsistency in
responses of mated females shown here, caution is needed when interpreting thee
results; nevertheless, they do suggest potential vulnerability of females to
heatwaves. Considering that females will spend the maijority of their lives as a
mated individual (Pai and Yan, 2003), and factoring in their key roles in storing
sperm from multiple males and laying fertilised eggs, any severe impacts on mated
females are likely to have drastic impacts on population structure and potentially
persistence. The impacts of heatwaves on mated females are explored in Chapters
5, 6 and 7 of this thesis, under more severe heatwave exposures, to better

understand the potential vulnerabilities of this group in T. castaneum.

To assess whether indirect effects of fodder temperature may confound
reproductive outcomes, | assessed whether preheating fodder to 30 °C before
heatwave exposure impacted reproductive output losses when compared to groups
that were placed in ambient temperature fodder before being placed in the
simulated heatwave conditions (measured at ~19°C). No differences were seen
between males or females in pre-heated or ambient temperature fodder before

either a 2 h or 5 h heatwave. This indicates that the thermal properties of the fodder
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may not substantially alter the experimental beetles' reproductive outcome.
Consequently, consistent heating of the substrate may not be necessary when
designing future experiments involving similar heatwave profiles, particularly when
thermal exposures are brief and conducted in controlled environments where

temperature equilibrates quickly.

In summary, this Chapter provides important insights into the implications of
heatwave exposures on survival and reproductive output in T. castaneum using
more ecologically relevant heatwave conditions than have been previously tested. It
is demonstrated that heatwaves ranging from 2 h to 5 d have limited, if any, impacts
on survival and reproductive output in this species, and highlights some crucial
areas for further investigation in future Chapters focused on the ability for this
species to withstand higher temperature heatwaves under such ecologically

relevant scenarios and the degree to which this may impact reproductive systems.
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4. Impacts of ecologically relevant heatwave
exposures on male survival and reproduction in

Tribolium castaneum

4.1 Abstract

Heatwaves are becoming more common and severe. Previous work has highlighted
male insects as being particularly vulnerable to multi-day continuous heatwaves, yet
our understanding of short duration heatwave impacts on insects is limited. Here, we
assessed the impacts of short, simulated heatwave exposures (2, 5 and 10 h) using
ecologically relevant temperatures (42, 44, 46, 48 and 50°C) on survival, reproductive
output, testes volume and sperm length in Tribolium castaneum. We show that
reproductive output is compromised at lower temperatures than survival, especially
during the shortest heatwaves, supporting the notion that thermal fertility limits are
lower than thermal viability limits. Furthermore, testes volume was reduced by 40%
after a 10 h exposure at 42°C and sperm length decreased by 2.7% after an exposure
of 42°C for just 2 h. This highlights that even short heat exposure can impact male

fertility and reproductive trait morphology at temperatures below viability limits.
4.2 Contributors

Ramakrishnan Vasudeva helped with sexing experimental individuals alongside
dissections and taking measurements of sperm length and testes volume. Kay
Dragoi, Josie Hibble, and James King assisted with the maintenance of experimental

lines, sexing experimental individuals, and collecting data on reproductive output.
4.3 Introduction

Significant changes to Earth’s climate are being seen due to human activities, with
mean global temperature predicted to reach up to 1.9°C higher than pre-industrial
times by 2028 (World Meteorological Organisation, 2024). In addition to increases in
mean global temperature, incidences of extreme heat are also rising. Heatwaves are
becoming broadly more common and intense, including in regions where they were
previously rare (Meehl and Tebaldi, 2004; Perkins-Kirkpatrick and Lewis, 2020). In
particular, short-duration heatwaves and their impacts on ecosystems and the
environment are expected to increase in frequency (Trenberth, 2018). Understanding
the ecological and evolutionary implications of these heatwaves is critical as climatic

extremes are shifting more rapidly than mean temperature (Seneviratne et al., 2021).

56



With anthropogenic climate change occurring at accelerating rates in all
geographical regions (World Meteorological Organisation, 2024), there is emerging
evidence that it has caused species extinctions (Ceballos et al., 2015), with insects
highlighted as being particularly at risk (Dunn, 2005; Wiens, 2016; Wagner et al.,
2021). Understanding the mechanisms underpinning current and future insect
declines under climate change is becoming an increasingly important research focus,
with extreme heat often linked to decreasing insect survival (Ma, Ma and
Pincebourde, 2020). However, sub-lethal impacts of heat on biological functions are
less well understood. Recent research has shown that thermal fertility limits (TFLs)
are reached at lower temperatures than critical thermal limits in some species (CTLs;
Parratt et al., 2021). Furthermore, male TFLs have been shown to predict species
distribution and extinction risk better than CTLs (Parratt et al., 2021; van

Heerwaarden and Sgro, 2021).

Many studies have assessed the effect of extreme heat on multiple aspects
of male insect reproduction including spermatogenesis (Canal Domenech and Fricke,
2023), sperm motility, mobility and morphology (Uy et al., 2015; Porcelli et al., 2016;
lossa et al., 2019), sperm number (Vasudeva, Deeming and Eady, 2014; Sales et al.,
2018), sperm viability (Sales et al., 2018; Martinet et al., 2020; Campion et al., 2023),
sperm storage (Sales et al. 2024), testes volume (Vasudeva, Deeming and Eady,
2014; Sales, Vasudeva and Gage, 2021), courtship and mating behaviour (Grandela
etal., 2023; Ratz et al., 2024) and parental care (Pilakouta et al., 2023). These studies
have highlighted the range of fertility traits that can be affected. However, research
on the impact of short-duration heatwaves remains limited (Dougherty et al., 2024),
which is a particular concern given that shorter and more intense heatwaves are

increasing in frequency (Trenberth, 2018).

Using Tribolium castaneum, a widely used model in evolution and ecology
(Pointer, Gage and Spurgin, 2021; Campbell et al., 2022), Sales et al. (2018) showed
that subjecting virgin males, but not virgin females, to a simulated heatwave before
mating severely reduced reproductive output. Subjecting males to heatwave
conditions of 42°C for 5 continuous days halved male fertility, with a further heatwave
sterilising most individuals, which was linked to decreased sperm viability and
number. Such long-term heatwaves were also shown to reduce testes volume by half,
which recovered to control levels ~25 days post heatwave exposure (Sales,
Vasudeva and Gage, 2021). Under future climate projections, 'extremely hot days’
with temperatures over 50°C are expected to become increasingly common within

areas of T. castaneum’s global distribution (Campbell et al., 2022; Christidis et al.,
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2023). It is important to understand the consequences of such intense conditions
under ecologically relevant scenarios, as peak temperatures within a heatwave may
only be experienced for a few hours in a single day (Holmes et al., 2015; Oliveira et
al., 2021). Therefore, there is a pressing need to investigate how exposure to various
short-duration heatwave conditions may impact male survival and fertility and

understand the potential implications this may have on insect populations.

This has been further emphasised by recent studies applying the Thermal
Death Time (TDT) framework, which integrates both the duration and intensity of
thermal exposures to predict biological damage. While initially focused on describing
survival thresholds, such approaches are increasingly being used to understand
sublethal impacts on fertility, highlighting that different traits may have distinct thermal
sensitivities and damage accumulation rates (Jergensen et al., 2019; Jrsted et al.,
2024; Rezende et al., 2014). This Chapter aims to contribute to the growing
understanding of such interacting factors by testing the impacts of ecologically
relevant simulated heatwaves with varying duration (2, 5 or 10 hours [h]) and intensity
(42°C, 44°C, 46°C, 48 °C or 50 °C) on male survival, reproductive output, testes

volume and sperm length using T. castaneum.

In this chapter, | ask whether short, ecologically relevant heatwave exposures
compromise male survival, reproductive output and reproductive morphology in
Tribolium castaneum. | predict that reproductive output, testes volume and sperm
length would be affected at less severe heatwave conditions than those required to

substantially reduce survival.
4.4 Materials and methods

4.4.1 Line maintenance and experimental individuals

T. castaneum used in these experiments were from the Krakow Super Strain (KSS)
outbred stock line, which was maintained as described in Chapter 2. Experimental
individuals were sexed at the pupal stage by visual identification of sexually dimorphic
genital papillae (on day 18 of development) and then kept in single-sex groups of 20
individuals for a further 10 days to allow for development to sexual maturity. Groups
were kept in 6cm Petri dishes filled with 3 grams (g) of fodder and topped with an
even layer of oats. Once matured, females were identified with a dot of Uni Posca

non-toxic marker (Uni-ball, Tokyo, Japan) on the dorsal thorax.
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4.4.2 Experimental heatwave treatments

Heatwave conditions were applied using either an A.B. Newlife 75 Mk4 forced air egg
incubator or A.B. Newlife 75 Mk 4 Moving Air Incubator (A.B. Incubators, Suffolk, UK).
These conditions were selected based on previous research, which established the
reproductive optimum of males (see Sales et al. 2018). Virgin male beetles were
either exposed to heatwave conditions (42°C, 44°C, 46°C, 48 °C or 50 °C £ 1 °C, 60
1+ 10 % RH) or control conditions (30 + 1°C, 60 + 10 % RH) for 2, 5 or 10 h in single-
sex groups of 20 individuals in 6cm Petri dishes filled with 3g of fodder and a layer of
oats. Temperature was checked every 30 minutes using a digital thermometer
integrated into the incubator and an additional mercury thermometer placed in the
incubator. No recorded temperature was above or below 1°C from the set point.
Using the same temperature and duration combinations across all exposed males
allowed male survival and reproductive traits to be compared under identical
heatwave conditions, and allowed the effects of increasing heatwave temperature and

exposure duration to be assessed within a single experimental framework.
4.4.3 Survival and reproductive output assay

Virgin, sexually mature males (48-72h post eclosion) were subject to heatwave
conditions with controls run in parallel (conditions described above). All individuals
then experienced a further rest period at 30+ 1 °C for 24 h. Females were sourced
from the same population but were maintained constantly under standard conditions
at an identical density. Individual males were visually assessed at this time, and
survivors were paired with an age-matched virgin female for48 hat30+1°Cina7
ml mating vial. These mating vials were filled with ~2.4 g of fodder and topped with a
few pieces of oats for traction. These mating vials were retained to ensure successful

ejaculate transfer, assessed by the visual presence of larval tracks/offspring.

Females from the above mating assays were then moved into individual 6cm
Petri dishes (filled with 3g of fodder and topped with an even layer of oats) and
allowed to oviposit. Oviposition occurred across two separate ten-day blocks (twenty
days in total) to reduce cannibalism associated with overlapping offspring
developmental life stages (Park et al., 1965). After twenty days, the females were
removed, and the oviposited eggs were allowed to develop until maturity for an
additional 35 days under standard developmental conditions (30 £ 1°C, 60 + 10 %
RH). The reproductive output of each pair was then assessed as the number of
mature adults produced from twenty days of oviposition (equating to ~ 51% of a

female’s lifetime reproductive output; pg. 31, Dickinson, 2018). Because reproductive
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output was measured after exposed males were paired with untreated virgin females,
this assay assessed the reproductive consequences of male heatwave exposure

while keeping female thermal history constant.

Table 4.1: Number of individuals subject to each heatwave temperature/duration condition for the survival
assay, and number of survivors who subsequently went through the reproductive output assay. * = No

individuals were assayed due to 100% mortality during the heatwave exposure.

Survival Sample Size

Temperature (*C) 2 hours 5 hours 10 hours

30 58 60 60
42 40 40 60
44 35 38 60
46 34 40 60
48 70 69 60
50 70 61 60

Reproductive Output Sample Size

Temperature (°C) 2 hours 5hours 10 hours

30 53 54 51
42 38 37 56
44 28 32 60
46 32 32 59
48 65 65 32
50 68 52 0*

4.4.4 Testes and sperm measurements

An additional cohort of males that experienced identical experimental conditions were
allocated to quantifying testes volumes and total sperm length. This additional cohort
allowed testes and sperm traits to be measured from males exposed to the same
temperature and duration combinations used in the survival and reproductive output
assays, without disrupting the reproductive output assay itself. These individuals were
frozen at -20°C immediately after being subject to either heatwave or control
conditions (as described above). All samples were blinded to the user by a random
code at this point to avoid any unconscious biases during morphological
measurements. Measurements were taken from individuals who survived the

heatwaves for all experimental groups apart from those subject to 50°C for 10 h,
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where all males had died during the exposure period. Testes dissections and
measurements were carried out according to a standard protocol, as described in
Sales, Vasudeva, and Gage (2021). Males were dissected in a saline buffer solution
(0.9% NaCl), where the abdomen was isolated using dissecting forceps. The testes
were excised from the dorsal abdomen and sealed under a 20 x 20 mm coverslip,
maintained in 30 pl of buffer solution. Testes volume was calculated as the mean
volume of all intact testicular follicles, divided by the total number of intact follicles.
Images of testes were taken at 10x magnification using an Olympus BX41 microscope
(Olympus Corporation, Tokyo, Japan), then captured with a GXCAM CCD camera
(GT Vision, Suffolk, UK) and GXCapture (release 8.5) software. The testes of 10
males were measured per duration/ heatwave condition. To measure total sperm
length, testes were isolated as described above. Testes were then ruptured using
forceps, and sperm were dispersed within the saline solution, and were then allowed
to dry. Images of sperm were taken using 600x magnification using an Olympus BX41
microscope (Olympus Corporation, Tokyo, Japan), then captured with a GXCAM CCD
camera (GT Vision, Suffolk, UK) and GXCapture (release 8.5) software. Twenty
individual mature intact sperm were measured per male (N = 10 males per

duration/heatwave condition).

4.4.5 Statistical analysis

All data were analysed using R version 4.4.1 (R Core team, 2024) in RStudio Version
2024.04.2+764(Posit team, 2024). Plots were created using “ggplot2” (Wickham,
2016). Data manipulation was done using “tidyverse” (Wickham et al., 2019). The
impact of heatwave temperature on survival for each of the three heatwave durations
was initially assessed using a binomial GLM. Firth's penalised logistic regression from
the brglm2 package was used where near-separation or complete separation issues
caused model convergence issues (Kosmidis, 2023). Final survival models used
Firth’s penalised logistic regression for the 2 h and 10 h exposure durations, and a
standard binomial GLM for the 5 h exposure duration. Fit of the models were then
assessed using “performance” (Ludecke et al., 2021) and residuals were visually

evaluated.

Reproductive output data were first censored where individuals escaped from
or died during the reproductive output assay (N = 31). Zero-inflated negative binomial
GLMs (Zeileis, Kleiber and Jackman, 2008) were used to analyse data after
assessing models for over or under-dispersion and comparing goodness of fit using

“performance” and “Imtest” (Zeileis and Hothorn, 2002). Models were fitted separately
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for each heatwave exposure duration, with 20-day reproductive output as the
response variable and heatwave temperature treatment as the predictor variable. For
each model, treatment effects were assessed in both the count component,
representing differences in reproductive output, and the zero-inflation component,

representing differences in the probability of excess zeros.

Testes volume was analysed separately for each heatwave exposure
duration, with testes volume as the response variable and heatwave temperature
treatment as the predictor variable. Gaussian GLMs were initially fitted for each
exposure duration, and model residuals were assessed visually and using
diagnostic tests. Final models for the 2 h and 5 h exposure durations used Gaussian
GLMs. For the 10 h exposure duration, where residuals from the Gaussian model
showed evidence of heteroscedasticity, a Gamma GLM with an inverse link was

used.

Average sperm length was analysed separately for each heatwave exposure
duration, with mean sperm length per male as the response variable and heatwave
temperature treatment as the predictor variable. Gamma GLMs with a log link were
used for each exposure duration after comparison with inverse Gaussian models
using AIC and BIC. Model fit and residuals were assessed using “performance” and

“Imtest”.

The standard deviation of sperm length was calculated for each male as a
measure of within-male sperm length variation. Sperm length variation was
analysed using linear mixed models, with heatwave temperature treatment,
exposure duration and their interaction included as fixed effects, and Male ID
included as a random effect. Duration-specific models were then fitted with
heatwave temperature treatment as the fixed effect and Male ID as a random effect,

followed by Tukey-adjusted pairwise comparisons using “emmeans”.
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4.5 Results
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Figure 4.1: Impact of varying heatwave temperature/duration conditions on male survival (Fig.

4.1a-c), 20-day reproductive output (Fig. 4.1d-f), testes volume (Fig. 4.1g-i) and sperm length
(Fig. 4.1j-l) following exposure to 30, 42, 44, 46, 48 and 50°C for 2, 5 and 10 h. For Fig. 4.1d-i,

raw data points are plotted as open jittered circles. For Fig. 4.1j-l, the mean sperm length per

male is plotted as open jittered circles. Boxplots contain a median line, a mean dot and an

63




interquartile range box. Significance values representing a comparison between 30°C and the
experimental heatwave condition are denoted by asterisks: * = p <0.05, ** = p <0.01, ** =p
<0.001. The sample size for survival from left to right for each exposure duration: 2 hours (Fig.
4.1a): 58, 40, 35, 34, 70, 70; 5 hours (Fig. 4.1b): 60, 40, 38, 40, 69, 61; 10 hours (Fig. 4.1c):
60, 60, 60, 60, 60, 60. The sample size for reproductive output for each exposure duration: 2
hours (Fig. 4.1d): 53, 38, 28, 32, 65, 68; 5 hours (Fig. 4.1e): 54, 37, 32, 32, 65, 52; 10 hours
(Fig. 4.1f): 51, 56, 60, 59, 32. The sample size for testes volume was 10 individuals per group.

The sample size for sperm length was 20 individual sperm from 10 males per group.

4.5.1 Survival

The survival of males exposed to heatwave conditions for 2 h or 5 h was high across
all groups. Survival started to drop dramatically compared to controls in males
exposed to higher temperatures for 10 h (Fig 4.1a-c). There was no effect of any
temperature treatment on survival following a 2 h exposure. A 46°C 5 h exposure
produced a 13.5% reduction in survival compared to controls (Binomial GLM: z = -
2.128, p = 0.03). However, this difference was not observed at higher temperatures.
Males exposed to heatwave conditions of 48°C and 50°C for 10 h showed a marked
reduction in survival compared to controls (Firth’s penalised regression: 48°C; z = -
4.302, p <0.001, 50°C; z = -4.837, p < 0.001, Fig 4.1c). At 48°C, there was a 42.9%
reduction in survival, and at 50°C, no males survived (compared to 93.3% survival in

the control group at 30°C).
4.5.2 Reproductive output

As exposure duration and intensity increased, increasingly negative impacts on
reproductive output were observed. Heatwave exposure at 50°C for 2 h reduced
male reproductive output by 33% compared to controls (ZINB GLM; count
component: z = -4.302, p < 0.001; zero-inflation component: z =-0.412, p = 0.681;
Fig. 4.1d). Heatwave exposure at 48°C and 50°C for 5 h reduced male reproductive
output by 23% and 55% respectively (ZINB GLM; count component: 48°C: z = -
1.985, p = 0.047; 50°C: z = -6.111, p < 0.001; zero-inflation component: 48°C: z =
0.007, p = 0.994; 50°C: z = 0.008, p = 0.994; Fig. 4.1e). Heatwave exposure at 46°C
and 48°C for 10 h reduced male reproductive output by 17% and 66% respectively
(ZINB GLM; count component: 46°C: z = -2.026, p = 0.043; 48°C: z=-2.837,p =
0.00455; zero-inflation component: 46°C: z = 0.007, p = 0.995; 48°C: z=0.008, p =
0.994; Fig. 4.1f). All individuals exposed to 50°C for 10 h died before the

reproductive assay; therefore, no reproductive output data were collected.
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4.5.3 Testes volume

Increasing heatwave duration and intensity resulted in a negative impact on testes
volume. Heatwave exposure at 50°C for 2 h reduced testes volume by 29% compared
to controls (Gaussian GLM: t = -3.018, p = 0.004, Fig. 4.1g). Heatwave exposure at
48°C and 50°C for 5 h reduced testes volume by 26% and 36% respectively (Gaussian
GLM: 48°C: t =-2.847, p = 0.006; 50°C: t = -3.865, p < 0.001, Fig 4.1h). All heatwave
exposures for 10 h reduced testes volume, with even the lowest exposure
temperature of 42°C resulting in a 40% drop in testes volume (Gamma GLM: t = 4.47,
p < 0.001, Fig. 4.1i). This reduction in testes volume remained relatively consistent
over 44°C (Gamma GLM: 37%, t = 4.077, p < 0.001) and 46°C (Gamma GLM: 30%, t
= 3.147, p < 0.001) and further reductions were seen at 48°C (Gamma GLM: 47%, t
=5.356, p < 0.001) and at 50°C, where testes volume was reduced by 70% (Gamma
GLM: t=8.754, p < 0.001).

4.5.4 Sperm length

Even the shortest and least intense heatwaves caused a decrease in total sperm
length. All heatwave exposures for 2 h reduced sperm length compared to controls,
with exposure at 42°C for two hours reducing sperm length by 2.7% (Gamma GLM: t
= -2.099, p = 0.04). This reduction in total sperm length generally worsened with
increasing temperatures; 44°C: 5.7% (Gamma GLM: t = -4.560, p < 0.001), 46°C:
5.4% (Gamma GLM: t = -4.346, p < 0.001), 48°C: 6.2% (Gamma GLM: t = -4.977, p
<0.001), 50°C: 6.7% (Gamma GLM: t = -5.352, p < 0.001). Similarly, in all heatwave
exposures of 5 h we observed reduced sperm length compared to controls, with 42°C
resulting in a 5.1% reduction (Gamma GLM: t = -4.367, p < 0.001), 44°C: 7.6%
(Gamma GLM: t = -6.581, p < 0.001), 46°C: 6% (Gamma GLM: t =-5.162, p < 0.001),
48°C: 9.5% (Gamma GLM: t = -8.344, p < 0.001) and 50°C: 7.3% (Gamma GLM: t =
-6.267, p < 0.001). All heatwave exposures for 10 h, except 42°C, resulted in
significantly reduced sperm length compared to controls. After a 44°C exposure there
was a 5.1% reduction in sperm length (Gamma GLM: t = -4.228, p < 0.001), 46°C:
3.5% (Gamma GLM: t = -2.836, p = 0.006), 48°C: 4.7% (Gamma GLM: t = -3.824, p
< 0.001) and 50°C: 3.3% (Gamma GLM: t = -2.684, p = 0.009).

All heatwave exposures for 2 h increased the standard deviation of sperm
length when compared to controls, except for 42°C (LMM: t = 0.933, p = 0.356; Fig.
4.2). Variability increased by 61.1% at 44°C (LMM: t = 4.234, p < 0.001), 41.7% at
46°C (LMM: t = 2.881, p = 0.006), 43.3% at 48°C (LMM: t = 3.008, p = 0.004), and
53.1% at 50°C (LMM: t = 3.683, p < 0.001), relative to controls. In line with the 2 h
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exposure results, a 5 h exposure at 42°C did not significantly affect sperm length
variation when compared to controls (LMM: t = 0.415, p = 0.679). In contrast,
exposure to 44°C resulted in a 51.3% increase (LMM: t = 3.459, p = 0.001).
Variability remained high at more extreme temperatures, with increases of 57.2% at
46°C (LMM: t = 3.862, p < 0.001), 35.3% at 48°C (LMM: t = 2.390, p = 0.020), and
29.3% at 50°C (t = 1.974, p = 0.053), although the latter only approached
significance. Exposure to heatwave conditions for 10 h significantly increased sperm
length variability at all temperatures tested. Variability increased by 36.0% at 42°C
(LMM: t =2.792, p = 0.008), with larger increases at higher temperatures: 85.5% at
44°C (LMM: t = 6.637, p < 0.001), 72.5% at 46°C (LMM: t = 5.618, p < 0.001),
85.3% at 48°C (LMM: t = 6.614, p < 0.001), and 49.9% at 50°C (LMM: t = 3.883, p <

0.001), relative to controls.
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Figure 4.2: Impact of varying heatwave conditions on the standard deviation of sperm length within males. The mean sperm
length standard deviation per male is plotted as open jittered circles. Boxplots contain a median line, mean dot and
interquartile range box. Significance values representing a comparison between 30°C and the experimental heatwave
condition are denoted by asterisks: * = p <0.05, ** = p <0.01, *** = p <0.001. The sample size for sperm length variation

consisted of 20 individual sperm from 10 males across all groups.

4.6 Discussion

Here, | demonstrate that reproductive traits were affected at sublethal temperatures

when male Tribolium castaneum beetles were exposed to heatwave conditions
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ranging from 42°C to 50°C for 2, 5, and 10 hours. Some reproductive traits were also
more thermally sensitive than others. For example, sperm length showed reductions
at lower temperatures than reproductive output for all heatwave durations. These
results are in line with the existing findings across taxa, which report sensitivity to heat
in the reproductive traits of males (e.g. Canal Domenech and Fricke, 2023; Grandela
et al., 2023; Meena et al., 2024; Ratz et al., 2024).

The survival of males exposed to heatwave conditions for 2 or 5 h was high
across all groups, with no significant reduction compared to controls, except fora 5
h exposure at 46°C. However, this difference was not observed at higher
temperatures. Survival started to drop dramatically compared to controls in males
exposed to higher temperatures for 10 h (Fig. 4.1a-c). Males exposed to heatwave
conditions of 48°C and 50°C for 10 h showed a marked reduction in survival. At
48°C, only 53% of males survived, and at 50°C, none survived (compared to 93.3%
in the control group). Here, | demonstrate that male T. castaneum survival was
resilient to heatwave conditions until ~11°C-13°C above their optimum at 35°C
(Sales et al., 2018) before hitting an upper limit when exposed to very intense heat
(48°C and 50°C for 10 h).

By contrast, male reproductive output and reproductive morphology were
less resilient across a range of short duration heat exposures. As exposure duration
and intensity increased, we observed increasingly negative impacts on reproductive
output. | found that temperatures as low as 46°C caused a significant reduction in
reproductive output after exposure to heatwave conditions for 10 h. At 48°C and
50°C, there were significant reductions following heat exposure of only 5 h and 2 h,
respectively. Heatwave exposure at 50°C for 2 h reduced male reproductive output
by 33% compared to controls (Fig. 4.1d). Heatwave exposure at 48°C and 50°C for
5 h reduced male reproductive output by 23% and 55% respectively (Fig. 4.1e).
Heatwave exposure at 46°C and 48°C for 10 h reduced male reproductive output by
17% and 66% respectively (Fig. 4.1f). All individuals exposed to 50°C for 10 h died
before the reproductive assay, therefore, no reproductive output data were

collected.

The relationship between heatwave duration and intensity shown in this
Chapter further highlights the importance of considering both factors simultaneously
when assessing the impact of heat on insects. This is particularly relevant when
considering future climate change scenarios where both short-duration and more

intense heatwaves are predicted to become more prevalent (Trenberth, 2018).

67



Moreover, there is a need to consider trait-specific responses to combinations of

these factors.

Consistent with previous studies (Sales, Vasudeva and Gage, 2021; Hu et
al., 2022), | found that testes volume was significantly impacted by heatwave
exposure. | show that this effect was observed following exposure to very brief
heatwave conditions. Males exposed to heatwave conditions of 50°C for 2 h showed
reduced testes volume by 29% compared to controls (Fig. 4.1g). For 5 h heatwave
exposure, 48°C and 50°C reduced testes volume by 26% and 36%, respectively
(Fig. 4.1h). For 10 h exposures, all heatwave exposures reduced testes volume
compared to controls, with even the lowest exposure temperature of 42°C resulting
in a 40% drop in testes volume (Fig. 4.1i). This reduction in testes volume remained
relatively consistent over 44°C (37%) and 46°C (30%), and further reductions were
seen at 48°C (47%) and at 50°C, where testes volume was reduced by 70%. For
both 2 h and 5 h heatwaves, the temperatures that resulted in significant reductions
in testes volume were the same at which significant reductions in reproductive
output occurred (50°C and 48°C respectively). For 10 h exposures, testes volume
was significantly reduced at a lower temperature (42°C) than that at which
reproductive output was first compromised (46°C). Broadly, these findings suggest
that reductions in testes volume are associated with reduced male reproductive

output and that testes volume is highly thermally sensitive.

Heat-related damage to insect sperm has been documented previously
(Martinet et al., 2020; Sales, Vasudeva and Gage, 2021; Canal Domenech and
Fricke, 2023; Lv et al., 2024). In T. castaneum, a five-day, 42°C heatwave reduced
sperm survival by ~60% and sperm count by 75% (Sales et al., 2018). Here, | found
that even the shortest and least intense heatwave exposures tested in this study
caused a decrease in total sperm length. All heatwave exposures for 2 h reduced
sperm length compared to controls (Fig. 4.1j), with exposure at 42°C reducing
sperm length by 2.7%. This reduction in total sperm length generally worsened with
increasing temperature, seeing decreases at 44°C (5.7%), 46°C (5.4%), 48°C
(6.2%), and 50°C (6.7%). Similarly, for both 5 h and 10 h exposures, | observed
reduced sperm length compared to controls (Fig. 4.1k-I). For 5 h, exposure at 42°C
resulted in a 5.1% reduction, with further decreases at 44°C (7.6%), 46°C (6%),
48°C (9.5%), and 50°C (7.3%). For 10 h exposures, all heatwave exposures, except
42°C, resulted in significantly reduced sperm length compared to controls. After a

44°C exposure, there was a 5.1% reduction, with similar decreases at 46°C (3.5%),
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48°C (4.7%), and 50°C (3.3%). It is unclear exactly what mechanism is resulting in

sperm length reductions, and future work on this will be insightful.

Spermatogenesis occurs throughout the adult life stage in T. castaneum, but
the exact duration of spermatogenesis and spermiogenesis is unknown. However, in
other insects, these processes occur over a number of days (e.g. 10 days for
spermatogenesis and 5 days for spermiogenesis in Drosophila melanogaster:
Rohmer, 2004; Fabian and Brill, 2012 and 12 days for spermatogenesis in
Haematobia irritans: Basso et al., 2011). Considering the short duration between the
initiation of heat exposure and freezing of samples in this study (2-10 h), | suggest
that the mechanisms underpinning sperm length change in response to heat
exposure may be linked to disruption of spermiogenesis in nearly mature sperm or
through direct impacts on mature sperm. This is supported by an observed increase
in sperm length variation within individuals, associated with increasing temperatures
of heatwave conditions (Fig. 4.2). These findings demonstrate that prolonged heat
exposure consistently elevates sperm length variability, highlighting a potential
sensitivity of sperm morphology to heatwave conditions. This increase in variability
may have a role in the observed reductions in male reproductive output. Further
work assessing the specific morphological changes associated with such sperm
length variation may elucidate the mechanisms behind the impacts on sperm and

male reproductive output observed in this study.

Broadly, | have highlighted that the thermal sensitivity of male reproductive
traits is even greater than previously demonstrated (e.g., Sales et al. 2018; Sales,
Vasudeva and Gage, 2021). These results showing trait-specific sensitivity also align
with recent work on other taxa. For example, in Drosophila suzukii, traits (survival,
coma induction and productivity) were shown to have different sensitivities to heat
stress exposure, and the stress durations required to produce a 50% reduction in
each trait often varied greatly (Jrsted et al. 2024). Their work, utilising thermal dose
time models, builds on earlier work showing that the time—temperature relationship
underlying thermal damage differs across traits (Jargensen et al., 2019), and future

work integrating such an approach would be insightful.

It would be interesting to expand future heatwave studies to test whether trait-
specific variability changes after multiple days of exposure, with and without a rest
phase. This may reveal the relative vulnerability of specific traits to natural heatwaves,
whose intensity would vary over several days (Frich et al., 2002; Christidis et al.
2023). It is also unclear whether some traits can recover or harden after exposure to

extreme conditions (e.g., 48°C and 50°C) under natural heatwave scenarios, as
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potentially compounding effects from repeated exposures may be modulated by
periods of non-stressful conditions (e.g., benign cooler nighttime and daytime
temperatures), allowing time for physiological repair and fithess recovery (Bai et al.,
2019). Previous work found that males can recover reproductive function after longer
exposure to less intense experimental heatwave conditions (Sales, Vasudeva and
Gage, 2021). Therefore, it will also be important to understand whether there is a
general recovery of reproductive potential in males exposed to shorter but more

intense heatwave conditions as used in this study.

This Chapter has focused on the effects of heatwave conditions that may be
experienced by this species in its natural environment, and which are likely to be
increasingly common in the future (Zittis et al., 2021; Campbell et al., 2022). | show
that reproductive output is sensitive to sublethal short heatwaves. However, |
recognise that the thermal homogeneity and potential lack of interacting factors in our
study may have constrained strategies such as moving to more benign microhabitats
(e.g. dropping behaviour in aphids; Ma and Ma, 2012), which may alleviate the impact
of extreme heat (Terlau et al., 2023). In the future it will be necessary to explore these
factors and assess whether different species can adapt to increasingly severe short-
term heat exposures (Kellermann and van Heerwaarden, 2019) or whether they are
likely to be overwhelmed by the transient and unpredictable nature of extreme thermal

events (van de Pol et al., 2017).
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5. Sex- and mating status-specific impacts of
ecologically relevant heatwave exposures on survival

and reproduction in Tribolium castaneum

5.1 Abstract

Heatwaves can affect survival and reproduction, but responses may differ due to
factors such as sex and mating status influencing individual thermal sensitivity, as
males and females invest differently in reproduction. Furthermore, females undergo
dramatic physiological changes in response to reproduction. Here, | assess the
impacts of ecologically relevant simulated heatwaves on virgin males, virgin
females, mated males and mated females in Tribolium castaneum. Individuals were
exposed to heatwave conditions of 42-50°C for 2, 5 or 10 h to assess survival,
before a 48°C, 5 h exposure was used to test reproductive output across the four
focal groups. | show that survival was unaffected by 42°C and 44°C heatwaves
across all exposure durations, but declined under more intense conditions. After 2 h
exposure, only mated females showed a significant survival reduction, and only at
50°C. After 5 h exposure, survival was reduced in virgin males and mated females
at 46°C and above, whereas virgin females and mated males were only affected at
48°C and above. After 10 h exposure, all focal groups showed reduced survival at
48°C and 50°C, but mated females were the only group affected at 46°C.
Reproductive output following a 48°C, 5 h heatwave was reduced in virgin males,
mated males and mated females, whereas virgin females were unaffected. These
findings demonstrate that both sex and mating status shape responses to

heatwaves, with mated females showing the greatest survival vulnerability.
5.2 Introduction

Extreme weather events such as heatwaves are predicted to have a greater
ecological impact than increases in mean temperatures alone (Seneviratne et al.,
2021). This is concerning, given that heatwaves are becoming more common and
intense due to anthropogenic climate change. Insects are among the most diverse
and ecologically important groups on Earth (Deutsch et al., 2008; Stork, 2018), and
their ectothermic physiology makes them particularly vulnerable to extreme heat.
Because insects underpin key ecosystem processes such as pollination and nutrient
cycling, understanding how they respond to heatwaves is crucial for predicting

biodiversity and ecosystem resilience.
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In Chapter 3, | broadly demonstrated that exposure to heatwave conditions
of 42°C for between 2 hours (h) and 5 consecutive days (d) had no impact on
survival and reproductive output in Tribolium castaneum, except for a tentative
suggestion of potential reproductive vulnerability in mated females. Furthermore,
survival rates across all treatments were very high. These results were somewhat
unexpected, with Tribolium castaneum showing a high degree of thermal tolerance
in comparison to previous studies, which had assessed virgin males as particularly
susceptible to continuous 42°C 5 d heatwaves (Sales et al., 2018, Sales, Vasudeva
and Gage, 2021). Given that previous literature has shown males to be more
susceptible to continuous heatwaves than females (e.g., Sales et al., 2018), | then
focused on potential male susceptibilities to short but more intense heatwave
exposures in Chapter 4. There, | showed that higher temperature (46-50°C)
heatwave exposures of between 2-10 h caused significant impacts on male
reproductive output and reproductive morphology. | also showed that the most
intense heatwave conditions (48/50°C for 10 hours) dramatically reduced virgin
male survival. Although preliminary, the potential sensitivity of mated females
highlighted in Chapter 3 poses a key question as to whether this is present and
persistent under heatwave conditions identical to those used in Chapter 4. In this
Chapter, | aim to begin addressing these key questions by focusing on elucidating
sex- and mating status-specific survival sensitivities, before briefly examining

reproductive sensitivity.

Should any such sensitivities exist, this may have dramatic implications for
insect survival under future climate regimes, especially given the increasing
prevalence of short-duration heatwaves (Trenberth, 2018). This would be
particularly salient if female-specific sensitivities are seen, given that the broad
majority of current literature has focused on male reproductive sensitivities, with an
“‘emerging pattern” in the literature indicating that this is a key sensitivity to
heatwaves among the Insect Class (lossa, 2019). The ability of insect populations to
persist and thrive relies on the survival and reproduction of both sexes, as stress
acting on either males or females can disrupt mating and offspring production.
However, in many species, such as Tribolium castaneum, females spend the vast
majority of their lives as mated individuals (Pai and Yan, 2003), and therefore
represent a particularly important demographic factor in determining population
growth and resilience under heatwave scenarios. Such considerations may extend
to other groups of insects, for example, in eusocial species where the survival and

fertility of queens are essential for colony persistence (Keller and Chapuisat, 2017).
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While the dynamics of social insects differ from those of many insect species, this
example illustrates how the loss of reproductively successful females can impact
populations under extreme heat exposure. Elucidating any potential sex-specific
sensitivities to heatwaves may have profound implications for future research aimed

at understanding how such trends may exist across insect taxa.

To assess whether any such sex-specific sensitivities exist in Tribolium
castaneum, | first assess the impacts of a wide range of heatwave conditions (42-
50°C for 2, 5 or 10 h) on survival in four focal groups: virgin males, virgin females,
mated males and mated females. This full factorial experimental design enables a
comprehensive understanding of sex-specific vulnerabilities, as well as determining
whether mating status may influence resilience to heatwaves. This is particularly
important to understand given the vast changes that occur post-mating, particularly
in females, whereby individuals undergo dramatic changes in behaviour and
physiology which are influenced by energetic investments in offspring production,
hormonal changes and responses to proteins found within male seminal fluids
(Chapman et al., 1995; Wolfner, 2009; Nanfack-Minkeu and Sirot, 2022).

Following-up on the outcomes of the first experiment, | then assessed the
sex- and mating status-linked impacts of short heatwave conditions on reproduction.
An exposure duration and temperature of 48°C for 5 h was selected as it induces
mild survival costs in some of the focal groups assessed in this Chapter within T.
castaneum (representing conditions bordering sub-lethality/lethality), is towards the
lower end of temperatures assessed previously in Chapter 4 as inducing future
reproductive losses in virgin males, and represents ecologically relevant heatwave
conditions which are commonly experienced by this species in nature (Oliveira et
al., 2021; Campbell et al., 2022; Christidis et al., 2023). Together, the findings from
these two experiments aim to provide a comprehensive understanding of sex-
specific and mating status-dependent survival sensitivities within Tribolium
castaneum to heatwaves, as well as an initial examination of reproductive
sensitivities. This data offers valuable insights into factors which may affect insect
population resilience under current and future climate change, whereby short,

intense heatwaves are becoming more common (Trenberth, 2018).

In this chapter, | ask whether survival and reproductive responses to short,
intense heatwave exposures differ according to sex and mating status in Tribolium
castaneum. | predict that heatwave sensitivity will generally increase with
temperature and duration, but that virgin females will be broadly resilient based on

previous work showing limited virgin female reproductive sensitivity to heatwaves.
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Among the other focal groups, | predict the severity of heatwave impacts would
differ according to sex and mating status, with males showing the greatest

reproductive vulnerability.
5.3 Materials and methods

5.3.1 Line maintenance and experimental individuals

T. castaneum used in these experiments were from the Krakow Super Strain (KSS)
outbred stock line, which was maintained as described in Chapter 2. Experimental
individuals were sexed at the pupal stage by visual identification of sexually dimorphic
genital papillae (on day 18 of development) and then kept in single-sex groups of 20
individuals for a further 10 days to allow for development to sexual maturity. Groups
were kept in 6cm Petri dishes filled with 3 grams (g) of fodder and topped with an
even layer of oats. Once matured, females were identified with a dot of Uni Posca

non-toxic marker (Uni-ball, Tokyo, Japan) on the dorsal thorax.
5.3.2 Experimental treatment groups

The sex-specific impacts of heatwaves on survival and fertility were tested by
selectively exposing combinations of focal individuals to heatwave conditions in the
following combinations: virgin males only, virgin females only, mated males only, and
mated females only. This focal-group structure allowed heatwave responses to be
compared between sexes and between mating statuses while applying the same

general exposure framework to each group.
5.3.3 Experimental heatwave treatments

Heatwave conditions were applied using replicate Octagon 20 Eco incubators
(Brinsea Incubation Specialists, Somerset, UK). For the survival assay, virgin male,
virgin female, mated male, or mated female beetles were exposed in single-sex and
mating status groups in 6cm Petri dishes filled with 3g of ambient temperature fodder
and topped with a layer of oats. The vast majority of pots had 10 individuals (n = 997),
although due to sample size constraints, a small number of pots from control groups
(n = 11) had between 8 and 9 individuals. For the reproductive assay, virgin male or
female beetles were exposed in single-sex groups of 20 individuals in 6cm Petri
dishes filled with 3g of ambient temperature fodder and topped with a layer of oats.
Mated male and female beetles were exposed as individuals in a 6¢cm Petri dish, filled
with 3g of ambient temperature fodder and topped with a layer of oats to allow for

tracking of individual fertility measurements.
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To assess survival, focal beetles were exposed to heatwave conditions (42°C,
44°C, 46°C, 48°C or 50 °C £ 1°C, = 10 % RH) for one of the following durations: 2 h,
5 h or 10 h, with controls (30 £+ 1°C, 60 + 10 % RH) run in parallel. To assess
reproductive output, focal beetles were exposed to heatwave conditions of 48°C +
1°C and 60 + 10% RH for 5 h, with controls (30 £ 1°C, 60 + 10% RH) run in parallel.
The survival assay used the full temperature and duration range to compare the
heatwave conditions under which survival began to decline in each focal group,
whereas the reproductive output assay used a single 48°C, 5 h heatwave exposure
so that reproductive consequences could be compared across sex and mating-status

groups under the same heatwave condition.
5.3.4 Virgin survival treatment groups

48 h after eclosion, single-sex groups of virgin males or virgin females were subject
to either heatwave conditions or control conditions as described above. After this, all
individuals underwent a 24 h rest period at 30 + 1 °C and were then visually assessed

for survival.
5.3.5 Mated survival treatment groups

48 h after eclosion, age-matched pairs consisting of 1 virgin female and 1 virgin male
were moved into a 7 ml mating vial (filled with 2.4 g of fodder and topped with an even
layer of oats) for 48 h at 30 £ 1 °C. Pooled single-sex groups of mated males or mated
females were then subject to either heatwave conditions or control conditions as
described above. After this, all individuals underwent a 24 h rest period at 30+ 1 °C

and were then visually assessed for survival.
5.3.6 Virgin reproductive output treatment groups

48 h after eclosion, single-sex groups of virgin males or virgin females were subject
to either heatwave conditions or control conditions as described above. After this, all
individuals underwent a 24 h rest period at 30 + 1 °C and were then visually assessed
for survival. All survivors were then moved into a 7 ml mating vial (filled with 2.4 g of
fodder and topped with an even layer of oats) with an age-matched member of the
opposite sex from a KSS stock population for 48 h at 30 + 1 °C. After the mating
period, females were removed and placed into a reproductive output assay. These
mating vials were retained to ensure successful ejaculate transfer, assessed by the

visual presence of larval tracks/offspring.
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5.3.7 Mated reproductive output treatment groups

48 h after eclosion, virgin females were moved into a 7 ml mating vial (filled with 2.4
g of fodder and topped with an even layer of oats) with an age-matched member of
the opposite sex from a KSS stock for 48 h at 30 = 1 °C. After this, individual males
and females were placed into a 6cm Petri dish (filled with 3g of fodder and a layer of
oats) and were subject to either heatwave conditions or control conditions as
described above. After this, all individuals underwent a 24 h rest period at 30+ 1 °C.
Individuals were then visually assessed for survival at this time, and surviving females
were placed into a reproductive output assay. Males were moved into a new 7ml
mating vial (filled with 2.4 g of fodder and topped with an even layer of oats) with an
age-matched member of the opposite sex from a KSS stock for 48 h at 30 + 1 °C.

Females from these mating pairs were placed into a reproductive output assay.

5.3.8 Statistical analysis

All data were analysed using R version 4.4.1 (R Core team, 2024) in RStudio Version
2024.04.2+764 (Posit team, 2024). Plots were created using “ggplot2” (Wickham,
2016). Data handling was done using “tidyverse” (Wickham et al., 2019). Survival was
analysed separately for each heatwave exposure duration, with survival status as the
binomial response variable. Heatwave temperature treatment, focal group and their
interaction were included as fixed effects. Models were initially fitted as GLMMs with
a binomial error structure and logit link function, with pot number included as a
random effect. However, for 2 hours, its explanatory power of variance was estimated
to be 0 (compared to 0.37% for 5 hours and 0.11% for 10 hours); therefore, a binomial
GLM with a logit link function was used instead for this time period. For the 5 h and
10 h exposure durations, GLMMs with pot number as a random effect were retained.
Post-hoc Tukey tests were used to compare the focal groups within each heatwave
treatment temperature and to compare survival across temperature treatments within

each focal group.

Reproductive output data were first censored where data were missing or
individuals escaped from or died during the reproductive output assay (N = 10). Virgin
controls and mated controls were compared using a non-parametric Wilcoxon test,
which showed significant differences between their reproductive outputs. Therefore,
virgin treatment groups were compared to virgin controls, and mated treatment
groups were compared to mated controls. Zero-inflated negative binomial GLMs
(Zeileis, Kleiber and Jackman, 2008) were used to analyse all data after running and

comparing Poisson, negative binomial, zero-inflated Poisson, and zero-inflated
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negative binomial models for over- or under-dispersion and comparing goodness of
fit using “performance” and “Imtest” (Zeileis and Hothorn, 2002). Models were fitted
with 20-day reproductive output as the response variable and treatment group as the
predictor variable. For each model, treatment effects were assessed in both the count
component, representing differences in reproductive output, and the zero-inflation

component, representing differences in the probability of excess zeros.

5.4 Results

5.4.1 Survival

Broadly, increasing heatwave duration and intensity resulted in reduced survival in all
groups, with the worst survival being seen after a 10-hour heatwave at 50°C (Fig.
5.1). Whilst the only focal group to show survival reductions after a 2-hour heatwave
were mated females subject to 50°C, by a 10-hour exposure, all focal groups showed
reductions in survival at both 48°C and 50°C. Where survival reductions were seen,
mated females consistently showed a more severe reaction than other focal groups.
Notably, only mated females exhibited a reduction in survival in response to a 10 h,

46°C heatwave.
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Figure 5.1: Impact of varying heatwave conditions on survival of virgin males, virgin females, mated
males and mated females. Pot level survival (representing between 8 and 10 individuals) is plotted as
Jittered shapes, corresponding to different focal groups. An open circle represents virgin males, an open
triangle represents virgin females, a filled circle represents mated males, and a filled triangle represents
mated females. Boxplots contain a median line, a mean dot, and an interquartile range box, where
appropriate. Significance values represent a comparison between control conditions and the respective
experimental focal group and are denoted by asterisks: * = p <0.05, ** = p <0.01, *** = p <0.001. Letters
denote comparisons between focal groups within the same duration/temperature experimental group.
Sample sizes for all groups are 14 pots, with 10 individuals in each pot, except for the following groups;
Virgin males at 30°C for 2 hours (12 pots of 10 individuals, one pot of 9 individuals and one pot of 8
individuals); Virgin males at 30°C for 5 hours (12 pots of 10 individuals, one pot of 9 individuals and one
pot of 8 individuals); Virgin males at 30°C for 10 hours (13 pots of 10 individuals, one pot of 9 individuals);
Mated males at 30°C for 2 hours (12 pots of 10 individuals, two pots of 8 individuals); Mated males at
30°C for 5 hours (12 pots of 10 individuals, one pot of 9 individuals and one pot of 8 individuals); Mated
males at 30°C for 10 hours (13 pots of 10 individuals, one pot of 8 individuals) and mated females at
30°C for 2 hours (13 pots of 10 individuals, one pot of 8 individuals).

78



5.4.1.1 Impact of a 2 hour heatwave exposure

The overall Generalized Linear Model revealed a statistically significant main effect
of temperature at 50°C (GLM:  =-1.520, SE = 0.652, z = -2.330, p = 0.0198);

however, all other main and interaction effects were non-significant.

Compared to the control conditions of 30°C, being subjected to the most
intense heatwave conditions tested here (50°C) resulted in significantly reduced
survival for mated females, whereby survival dropped from 98.6 + 3.6% SD to 84.3
+7.6% SD (Tukey: OR = 12.68, p < 0.001). No other focal groups showed a
significant reduction in survival, and post-hoc comparisons between focal groups for

each temperature were non-significant.
5.4.1.2 Impact of a 5 hour heatwave exposure

The overall Generalized Linear Mixed Model revealed a statistically significant main
effect of temperature at 50°C (GLMM: B =-2.782, SE =0.744,z=-3.740,p <
0.001), showing a dramatic reduction in the log-odds of survival at 50°C compared
to controls. The only significant interaction effects were seen between temperature
and focal group, specifically with mated females at the highest tested temperatures
(GLMM: 48°C; B = -2.250, SE = 1.106, z = -2.035, p = 0.042, 50°C; § = -2.804, SE
=1.051, z=-2.668, p = 0.008).

Compared to their respective control group at 30°C, being subjected to the
most intense heatwave conditions for 5 hours resulted in significantly reduced
survival for all groups, except for virgin females, who showed only a trend towards
significance when comparing 50°C survival to controls (Tukey: OR = 16.7, p =
0.074). In comparison, virgin male survival reduced from 98.5 + 3.8% SD at 30°C to
80.7 £ 14.4% SD (Tukey: OR = 16.15, p = 0.002) at 30°C, mated female survival
reduced from 98.6 + 5.4% SD to 20.7 + 15.9% SD (Tukey: OR = 266.62, p < 0.001)
and mated male survival reduced from 98.4 + 5.9% to 87.9% + 11.9% SD (Tukey:
OR =9.33, p = 0.038). Mated females were the only group to show a significant
reduction in survival at 48°C compared to controls, with survival decreasing from
98.6 + 5.4% SD to 70.7 £ 17.3% SD (Tukey: OR = 28.67, p < 0.001).

Whilst not reaching a statistical cutoff of 0.05 during post-hoc Tukey testing,
mated females subject to 46°C for 5 hours trended towards lower survival rates than
the other three focal groups with a mean pot survival of 92.1 + 11.2% SD compared
t0 99.3 £ 2.7% SD, 98.6 + 5.4% SD and 99.3 £ 2.7% SD in virgin males (Tukey: OR
=11.86, p = 0.087), virgin females (Tukey: OR = 5.89, p = 0.103) and mated males
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(Tukey: OR = 11.86, p = 0.087) respectively. No other focal groups showed

statistical differences in survival.

This trend was made evident at 48°C, whereby mated females showed
dramatically lower survival rates than the other three focal groups (mean pot
survival of 70.7 + 17.3% SD compared to 95.7 + 9.4% SD, 93.6% % 9.3% SD and
95.0% £ 7.6% SD in virgin males (Tukey: OR =9.28, p < 0.001), virgin females
(Tukey: OR = 6.05, p < 0.001) and mated males (Tukey: OR = 7.89, p < 0.001)

respectively. No other focal groups showed statistical differences in survival.

The most pronounced difference in survival between mated females and the
other focal groups was observed at 50°C. Here, a large majority of mated females
died (mean pot survival of 20.7 + 15.9% SD) which compared starkly to all three
other focal groups, whereby 80.7 £ 14.4% SD, 89.3 + 12.7% SD and 87.9 £ 11.9%
SD survived in the virgin male (Tukey: OR = 16.14, p < 0.001), virgin female (Tukey:
OR =32.16, p < 0.001) and mated male Tukey: (OR = 27.92, p < 0.001) groups

respectively. No other focal groups showed statistical differences in survival.
5.4.1.3 Impact of a 10 hour heatwave exposure

The overall Generalized Linear Mixed Model revealed highly statistically significant
main effects of temperature at 48°C (GLMM: B = -3.867, SE = 1.023,z=-3.782, p
< 0.001) and 50°C (GLMM: 8 = -6.188, SE = 1.025, z = -6.039, p < 0.001), showing
a dramatic reduction in the log-odds of survival at these temperatures compared to

controls. All other main and interaction effects were non-significant.

Under control conditions of 30°C, survival was very high for all groups, with
mean pot survival of 99.3 + 2.7% SD for virgin males, 97.9 £ 5.8% SD for virgin
females, 98.6 + 3.6 % SD for mated females and 98.6 + 3.6% SD for mated males.
Compared to controls, being subjected to 46°C conditions for 10 hours resulted in a
reduction in the survival of mated females to 84.3 £ 12.8% SD (Tukey: OR = 12.87,
p = 0.009). Being subjected to 48°C for 10 hours resulted in significant reductions in
survival for all groups when compared to controls, with virgin male survival being
reduced to 74.3 + 22.8% SD (Tukey: OR =47.81, p = 0.002), virgin females to 70.0
1 20.4% SD (Tukey: OR = 19.59, p < 0.001), mated females to 37.1 + 19.4% SD
(Tukey: OR = 117.05, p < 0.001), and mated males reduced to 68.6 + 21.8% SD
(OR = 31.20, p < 0.001). Being subjected to the most extreme conditions of 50°C for
10 hours produced the most severe reductions in survival compared to controls,
with virgin male survival being reduced to 22.1 + 11.9% SD (Tukey: OR = 486.63, p
< 0.001), virgin females reduced to 33.6 £ 19.5% SD (Tukey: OR =90.58, p <
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0.001), mated females reduced to 2.9 + 8.3% SD (Tukey: OR = 2354.48, p < 0.001),
and mated males reduced to 29.3 + 17.7% SD (Tukey: OR = 164.63, p < 0.001).

At 46°C, mated females showed significantly lower survival rates than the
other three focal groups with a mean pot survival of 84.3 + 12.8% SD compared to
97.9 +5.8% SD, 99.3% + 2.7% SD and 96.8% + 3.6% SD in virgin males (Tukey:
OR =8.52, p = 0.004), virgin females (Tukey: OR = 25.93, p = 0.009) and mated
males (Tukey: OR = 12.87, p = 0.004) respectively. No other focal groups showed

statistical differences in survival.

At 48°C, mated females continued to exhibit dramatically lower survival
rates than the other three focal groups, with a mean pot survival of 37.1 £ 19.4% SD
compared to 74.3 + 22.8% SD, 70.0 £ 20.4% SD and 68.6 + 21.8% SD in virgin
males (Tukey: OR =4.90, p < 0.001), virgin females (Tukey: OR = 3.95, p < 0.001)
and mated males (Tukey: OR = 3.70, p < 0.001) respectively. No other focal groups

showed statistical differences in survival.

At 50°C, the most extreme temperature/duration combination tested, mated
females still showed lower survival rates than the other three focal groups, with a
mean pot survival of just 2.9 + 8.3% SD compared to 22.1 + 11.9% SD, 33.6 +
19.5% SD and 29.3 + 17.7% SD in virgin males (Tukey: OR =9.68, p < 0.001),
virgin females (Tukey: OR = 17.20, p < 0.001) and mated males (Tukey: OR =
14.10, p < 0.001) respectively. No other focal groups showed statistical differences

in survival.
5.4.2 Reproductive output

After exposure to a 48°C heatwave for 5 hours, virgin males, alongside mated
males and mated females, all showed reductions in reproductive output compared
to controls (Fig. 5.2). Both control groups showed high reproductive outputs (203.0
+71.9 SD and 232.0 £ 96.0 SD for virgin and mated controls, respectively). Apart
from virgin females, which showed no significant drop in reproductive output (ZINB
GLM; count component: z = -0.245, p = 0.807; zero-inflation component: z = 0.007,
p = 0.995), all other groups saw dramatic reductions compared to controls. Virgin
males saw a 39.6% drop (ZINB GLM; count component: z = -2.51, p = 0.012; zero-
inflation component: z = 0.007, p = 0.994), whilst mated males and females showed
a 43.6% (ZINB GLM; count component: z = -3.59, p < 0.001; zero-inflation
component: z = 1.332, p = 0.183) and 42.1% (ZINB GLM; count component: z = -
3.23, p = 0.0013; zero-inflation component: z = 1.259, p = 0.208) drop, respectively.
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Figure 5.2: Impact of a 48°C heatwave for 5 h on reproductive output of virgin males, virgin females,
mated males and mated females. Raw data points are plotted as open jittered circles. Boxplots contain
a median line, a mean dot, and an interquartile range box. Significance values representing a
comparison between the respective control group and the experimental heatwave condition are
denoted by stars: * = p <0.05, ** = p <0.01, *** = p <0.001. Sample sizes from left to right for each
experimental group are: 49, 65, 66, 37, 66 and 49.

5.5 Discussion

In T. castaneum, survival was broadly resilient across all groups across 2-h
heatwaves of all intensities, with sex- and mating status-specific sensitivities
becoming more pronounced at 5- and 10-h heatwaves. Interestingly, only mated
females subjected to 50°C for 2 hours showed a drop in survival compared to
controls, with a marked decrease of ~14% after such a short exposure, highlighting

the sensitivity of this group to even very short periods of extreme heat.

In response to longer heatwave exposures, not only did mated females show
significant survival reductions in response to less intense heatwaves than other

groups (48°C at 5-h compared to 50°C for virgin males and mated males, and 46°C
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at 10-h compared to 48°C for all other focal groups), but mated females consistently
showed significantly worse survival than all other focal groups in response to the
same heatwave conditions. Some of the most extreme cases of this can be
observed after a 5 h, 50°C heatwave, where only ~21% of mated females survived,
compared to all other groups, which displayed survival rates of over 80%. Likewise,
after a 10-h, 50°C heatwave, only ~3% of mated females survived, compared to
other focal groups, which all showed survival rates between ~22% and ~34%.
These results indicate that mated females represent the focal group that displays
the greatest sensitivity to heatwaves in terms of survival. This is greatly concerning
given that females of this, and many other species, will spend the majority of their

lives as mated individuals (Pai and Yan, 2003).

Potentially extreme trade-offs between survival and reproduction are
highlighted by the stark differences in survival between virgin females and mated
females across all temperatures which elicited a significant reduction in survival.
The pronounced sensitivity of mated females suggests that the physiological
requirements of reproduction impose a cost which appears to compromise their
ability to resist thermal stress associated with heatwaves. Reproductive activity
alone can incur energetic costs, as cellular resources are diverted from somatic cell
maintenance and repair to focus on reproductive efforts (Harshman and Zera,
2007). Furthermore, evidence of trade-offs between reproduction and thermal
acclimation in insects is being uncovered (Wang et al., 2024), and inhibition of
reproductive genes in response to heat stress has been demonstrated (Li et al.,
2024). Whilst the exact mechanisms underpinning the sensitivity of mated females
shown here are not investigated in this Chapter, it appears to reflect a classic life-
history trade-off but in the context of heatwaves. The molecular genetic and
physiological mechanisms underpinning this response are further investigated in
Chapters 6 and 7.

Preliminary assessments of future reproductive output losses showed that
virgin males, mated males and mated females all showed relatively similar
responses to heatwaves. This may be unsurprising, given that previous research on
this species has largely highlighted sperm damage, both within males and stored in
females, as the primary mechanism by which reproductive output losses are
induced in this species (Sales et al., 2018). Whilst the underlying mechanisms
behind reproductive output losses are not tested in this Chapter, the resilience of
virgin females alone to reproductive output losses seen here aligns strongly with

previous studies. While this preliminary data, examining the impacts of 48°C, 5 h
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heatwaves on reproductive output, generally agrees with previous studies, it is
essential to consider that different temperature/duration combinations may elicit
distinct physiological responses in each focal group. A comprehensive assessment
of such conditions would be insightful in future work. | further assess the
reproductive response of mated females to heatwave conditions of 42°C to 50°C for
2-, 5- and 10-h in Chapter 6 to understand better this key focal group’s response to
such conditions, allowing for a qualitative comparison to previous work, such as the

assessment of reproductive responses shown by virgin males in Chapter 4.

Considering that the vast majority of female insects possess a sperm
storage organ (Pascini and Martins, 2017), and the increasing occurrence of
heatwaves (Trenberth, 2018), these results showing that reproductive output can be
reduced when both males or mated females are subject to heatwaves may be
particularly concerning. Adverse reproductive effects may be compounded should a
male be subject to a heatwave before mating with a female, who is then subject to a
heatwave herself. Further research assessing the impacts of such exposure

scenarios will be insightful.

When viewed holistically, | suggest that mated females represent a currently
under-recognised yet key sensitivity within insects to heatwaves. Given that mated
females exhibited qualitatively similar reproductive losses to virgin and mated
males, yet consistently showed reduced survival at lower temperatures than all
other focal groups, and greater survival losses in response to the same
temperatures, this group may likely play a key role in population-level responses to

heatwaves within this species.

Broadly speaking, where overlap exists, the results presented in this Chapter
align well with data collected in previous Chapters, indicating replicability of results.
This is positive in light of the recently highlighted ‘replication crisis’ in science, where
many studies have shown difficulty in reproducing results across studies. For
example, all survival data for 42°C across 2-h, 5-h and 10-h in Chapter 3 showed no
significant reductions when compared to controls, which was replicated here.
Survival trends shown in Chapter 4 for virgin males match well with the data
collected here, with only a couple of minor exceptions; in this Chapter, virgin males
being subject to 50°C for 5 h saw a significant, ~17% reduction, whereas in Chapter
4, a non-significant ~12% reduction was seen. However, the results were trending
towards significance (p = 0.06). One notable exception was observed at 50°C for
10-h, where Chapter 4 reported 100% mortality among virgin males, compared to

~22% under the same conditions seen here in Chapter 5. The reason for this
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difference is unclear but may reflect stochastic variation in heating equipment, and
/or biological variation. The broad replicability of the results presented in this thesis
is particularly interesting, given that different incubators were used (A.B. Newlife 75
Mk4 incubators in Chapter 4, Brinsea Octagon 20 Incubators here). Comparison of
results to other commonly used heatwave applying mechanisms (e.g. Water baths
(as in Weaving, Terblanche and English (2024)), temperature controlled rooms (as
in Deschamps et al. (2025) and use of heat mats (as in Ratz et al. (2024)), would be

insightful for further understanding the comparability between different studies.

In summary, this Chapter provides important insights into the survival
implications of heatwave exposure in T. castaneum. Specifically, this work elucidates
the sensitivity of mated females, a key yet under-considered insect vulnerability to
heatwaves. It is demonstrated that mated females exhibit survival reductions under
lower temperatures than virgin males, virgin females, and mated males, as well as
showing greater survival reductions under identical heatwave conditions compared to
these groups. This Chapter also provides a brief comparison of reproductive output
between these focal groups under ecologically relevant heatwave conditions,
showing that whilst virgin females are resilient to reproductive losses after being
subject to 48°C for 5 hours, mated females, mated males, and virgin males are all
equally susceptible. This work highlights that mated females display a key sensitivity
to heatwaves, opening up crucial areas for future work in this thesis. An assessment
of the implications of a wider array of heatwaves on mated females is required,

alongside an investigation into the physiological basis behind this sensitivity.

85



6. Ejaculate receipt reduces mated female survival
under ecologically relevant heatwave exposures in

Tribolium castaneum

6.1 Abstract

Mated females are central to population persistence, yet their vulnerability to
heatwaves remains poorly understood when compared to the more established
sensitivities shown in male reproduction. Here, | assess mated female responses to
ecologically relevant heatwaves of 42-50°C for 2, 5 or 10 h, measuring both survival
and reproductive output. Then, | assess whether heatwave-associated mortality was
linked to ejaculate receipt by experimentally preventing insemination while retaining
exposure to males and attempted mating. | show that mated females were highly
vulnerable to heatwave exposure, with survival dropping sharply after 5 h and 10 h
exposures at temperatures of 46°C and above. After 10 h of exposure, survival was
reduced to 47.1% at 46°C, 41.4% at 48°C and 1.5% at 50°C, compared to 98% in
controls. Reproductive output was also reduced after the most intense heatwave
conditions, including after a 2 h exposure at 50°C, a 5 h exposure at 50°C, and 10 h
exposures at 48°C and 50°C. Importantly, females prevented from receiving an
ejaculate survived a 48°C, 5 h heatwave substantially better than unsealed females,
with survival of 83.8% compared to 38.5%, while sealing had no survival effect
under control conditions. These findings show that ejaculate receipt, rather than
harassment or attempted mating alone, contributes to mated female heatwave

vulnerability.

6.2 Contributors

Ramakrishnan Vasudeva and Natasha Brown assisted with sexing experimental

individuals. Natasha Brown assisted with ‘sealing’ individuals with super glue.

6.3 Introduction

Under anthropogenic climate change, short-duration heatwaves are becoming more
common, and their impacts on the environment are intensifying (Trenberth, 2018).
The severity of such extreme climatic events is increasing more rapidly than mean
temperatures (Seneviratne et al., 2021). Therefore, the impacts of short-duration

heatwaves on biological systems are likely to be dramatic in the future, with
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implications for both natural and anthropogenic ecosystems; yet research on this

topic remains limited (Perkins-Kirkpatrick and Lewis, 2020; Dougherty et al., 2024).

Ectothermic taxa such as the insects, may be particularly susceptible, as
their limited capacity to buffer against extreme heat through physiological
mechanisms has been linked to elevated mortality (Gonzalez-Tokman et al., 2020).
Exposure to a wide array of heatwave exposures not only leads to survival costs but
also to sub-lethal impacts on various aspects of physiology, affecting key life-history
traits such as reproduction (Walsh et al., 2019). The implications of such sub-lethal
exposures can have a wide-reaching effect on populations, as sterilisation can alter
reproductively active sex ratios and reduce effective population sizes (Bressac et
al., 2023).

Within insects, reproduction is often sensitive at sub-lethal limits, and heat
stress has been extensively shown to reduce fertility in this taxonomic group (lossa,
2019; Walsh et al., 2019). Research assessing the impacts of heatwaves on insects
has placed a heavy emphasis on male insects as a key reproductively sensitive
group with many studies showing severe reductions in sperm production or viability
as a key driver for reduced insect fertility in response to heat (Vasudeva, Deeming
and Eady, 2014; Uy et al., 2015; Porcelli et al., 2016, Sales et al., 2018; Canal
Domenech and Fricke, 2023; Sales et al., 2024). In contrast, females — and
oogenesis — have broadly been identified as comparatively resilient to heat (Sales et
al., 2018; Meena et al., 2024). Whilst the mechanisms behind this suggested
resilience are still unclear (lossa, 2019), it may be attributed to a comparative
robustness of eggs, potentially linked to unequal investment in gametes between

Sexes.

While an emerging trend of male sensitivity is evident, a large proportion of
research assessing sex-specific sensitivities to heat in insects has focused on
Drosophila, suggesting that the potential for variability in sex-specific vulnerabilities
across taxa need to be considered. Likewise, much of the work assessing sex-
specific reproductive susceptibility to heatwaves focuses on subjecting females to
heat stress as virgins and then measuring their subsequent reproduction. Yet,
females of many insect species will only remain virgins for a small fraction of their
reproductively active life (Pai and Yan, 2003), and individuals would be expected to
be mated at the onset of heatwave exposures they may experience, making mated

females a particularly important group to study.
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Mating can carry substantial costs for females through several mechanisms.
Repeated courtship, male exposure and harassment can impose energetic and
behavioural costs, as females may spend more time avoiding males, resisting
mating attempts or recovering from copulation, reducing the time and energy
available for feeding, oviposition and other fitness-related behaviours (Rowe et al.,
1994; Arnqvist and Nilsson, 2000). In some species, mating attempts and copulation
can also cause direct physical damage, meaning that the costs associated with
male harassment and mating can be substantial and may exceed the costs of
mating itself (Rowe et al., 1994). Whilst mating initially increases a female's lifetime
fitness, optimal mating rates exist, and when exceeded, result in a reduction in a
female’s lifetime fitness (Arngvist and Nilsson, 2000). Along with the direct costs of
mating above, this reduction may be partly driven by indirect costs whereby mating
can increase fatigue, reduce feeding opportunities, and time available for oviposition
or other fitness-related behaviours, which may decrease lifetime fitness (Arnqvist
and Nilsson, 2000). Furthermore, both the receipt of ejaculate components and
storage of received sperm are known to induce a wide range of physiological
changes in females post-mating, which are often dramatic and alter many life-
history traits, including stress responses, immune function and reproductive
behaviour (Baer, Sophie and Boomsma, 2006; Nanfack-Minkeu and Sirot, 2022).
Such impacts may have negative consequences for female survival and
reproductive investment. The degree to which receipt of an ejaculate may modulate
females' susceptibility to heatwaves is largely unclear, representing a critical
knowledge gap that must be filled to better understand the implications of

heatwaves for insect persistence under climate change.

In Chapter 5, | demonstrated that within Tribolium castaneum, mated
females exhibited the greatest mortality under a wide range of short heatwave
exposures (42-50°C for 2, 5, or 10 h) when compared to other groups (virgin males,
virgin females and mated males). Mated females also exhibited significant survival
drops in response to less intense heatwaves than these other groups. Following
this, | demonstrated that under a specific exposure (48 °C for 5 h), virgin female
reproductive output was unaffected, whereas mated females exhibited reductions
comparable to those observed in virgin and mated males. When the survival and
reproductive data are taken together, they broadly conflict with the emerging
paradigm of female resilience previously discussed, and even contrasts with
previous experiments on this species assessing chronic heat stress whereby

continuous exposure to 42°C for 5 d resulted in a ~50% reduction in reproductive
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output for virgin males, but only a ~33% reduction for mated females (Sales et al.,
2018).

Here, | aim to replicate my assessment of survival of mated females under a
wide array of short heatwave exposures (42-50°C for 2, 5 or 10 h), before also
assessing the reproductive implications of these heatwave exposures as well,
allowing for a qualitative comparison to the virgin male results presented in Chapter
4. | then investigate the mechanisms behind survival sensitivity of mated female to
heatwaves by controlling ejaculate receipt through selective sealing of the female
genital opening. This approach distinguishes the effects of mating-induced
physiology and offspring production from those of male harassment and attempted
copulation. Using a split design that exposes females to harassment/attempted
copulation while either permitting or preventing ejaculate transfer, | disentangle the

processes driving the observed survival sensitivity.

In this Chapter, | ask whether the mated female vulnerability identified in
Chapter 5 is repeatable and whether this vulnerability is linked to ejaculate receipt. |
predict that mated female survival and reproductive output will decline under longer
duration and more intense heatwave exposures. | also predict that individuals who
are prevented from receiving an ejaculate will show higher survival than normally

mated females under identical heatwave exposures.

6.4 Materials and methods

6.4.1 Line maintenance and experimental individuals

T. castaneum used in these experiments were from the Krakow Super Strain (KSS)
outbred stock line, which was maintained as described in Chapter 2. Experimental
individuals were sexed at the pupal stage by visual identification of sexually dimorphic
genital papillae (on day 18 of development) and then kept in single-sex groups of 20
individuals for a further 10 days to allow for development to sexual maturity. Groups
were kept in 6¢cm Petri dishes filled with 3 grams (g) of fodder and topped with an
even layer of oats. Once matured, females were identified with a dot of Uni Posca

non-toxic marker (Uni-ball, Tokyo, Japan) on the dorsal thorax.
6.4.2 Experimental heatwave treatments

Heatwave conditions were applied using an Octagon 20 Eco incubator (Brinsea
Incubation Specialists, Somerset, UK). For both experiments, female beetles were
exposed as individuals in 6cm Petri dishes filled with 3g of ambient temperature

fodder and topped with a layer of oats.
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To assess the reproductive output of mated females, beetles were exposed to
heatwave conditions (42°C, 44°C, 46°C, 48°C or 50 °C £ 1°C, £ 10 % RH) for one of
the following durations: 2 h, 5 h or 10 h, with controls (30 + 1°C, 60 + 10 % RH) run

in parallel.

To assess the impact of ‘sealing’ the female genital opening to prevent receipt
of an ejaculate on survival, beetles were exposed to heatwave conditions of 48°C %
1°C and 60 £ 10% RH for 5 h, with controls (30 £ 1°C, 60 £ 10% RH) run in parallel.

6.4.3 Survival and reproductive output assay

48 h after eclosion, virgin females were moved into a 7 ml mating vial (filled with 2.4
g of fodder and topped with an even layer of oats) with an age-matched member of
the opposite sex from a KSS stock for 48 h at 30 + 1 °C. After this, individual females
were placed into a 6¢cm Petri dish (filled with 3g of fodder and a layer of oats) and
were subject to either heatwave conditions or control conditions as described above.
After this, all individuals underwent a 24 h rest period at 30 £ 1 °C. Individuals were
then visually assessed for survival at this time, and surviving females were placed
into a reproductive output assay. They were moved into individual 6cm Petri dishes
(filled with 3g of fodder and topped with an even layer of oats) and allowed to oviposit.
Oviposition occurred across two separate ten-day blocks (twenty days in total) to
reduce cannibalism associated with overlapping offspring developmental life stages
(Park et al., 1965). After twenty days, the females were removed, and the oviposited
eggs were allowed to develop until maturity for an additional 35 days under standard
developmental conditions (30 £ 1°C, 60 £+ 10 % RH). The reproductive output of each
pair was then assessed as the number of mature adults produced from twenty days
of oviposition (equating to ~ 51% of a female’s lifetime reproductive output; pg. 31,
Dickinson, 2018).

6.4.4 Female ejaculate receipt experiment

To assess whether receipt of an ejaculate influences female beetles’ susceptibility to
heatwave-induced mortality, a fully factorial experiment was conducted in which all
females were presented with a mating opportunity with an age-matched male. A
subset of these females had their genital opening sealed by the application of non-
toxic super glue to prevent ejaculate transfer. In contrast, the remaining individuals
had an identically sized dot of superglue placed on their thorax to control for any

potential effects of the glue itself (e.g. via olfactory cues).
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48 h after eclosion, virgin females either had superglue placed over their
genital opening or on their thorax (as above). After the glue had dried, a visual
assessment was made to ensure there were no impacts on mobility. Females were
moved into a 7 ml mating vial (filled with 2.4 g of fodder and topped with an even layer
of oats) with an age-matched member of the opposite sex from a KSS stock for 48 h
at 30 = 1 °C. After this, individual females were placed into a 6¢cm Petri dish (filled with
3g of fodder and a layer of oats) and were subject to either heatwave conditions or
control conditions as described above. After this, all individuals underwent a 24 h rest
period at 30 £ 1 °C. Individuals were then visually assessed for survival at this time.
Data were censored where individuals who should have been sealed produced
offspring (N = 4). Because sealed and unsealed females were both exposed to males
before heatwave treatment, this design allowed survival effects associated with
ejaculate receipt to be separated from effects associated with male exposure,

harassment, attempted copulation or glue application.
6.4.5 Statistical analysis

All data were analysed using R version 4.4.1 (R Core team, 2024) in RStudio
Version 2024.04.2+764 (Posit team, 2024). Plots were created using “ggplot2”
(Wickham, 2016). Data handling was done using “tidyverse” (Wickham et al., 2019).

The impact of heatwave temperature on survival was analysed separately for
each heatwave exposure duration, with survival status as the binomial response
variable and heatwave temperature treatment as the predictor variable. Binomial
GLMs were initially fitted for each exposure duration. Firth's penalised logistic
regression from the brgim2 package was used where near-separation or complete
separation issues caused model convergence issues (Kosmidis, 2023). Fit of the
models were then assessed using “performance” (Lidecke et al., 2021) and residuals
were visually evaluated. Post-hoc comparisons between temperatures within the

same duration were made using “emmeans” (Lenth, 2025).

Reproductive output data were first censored where data were missing,
individuals escaped from or died during the reproductive output assay, or pots were
too mouldy to count offspring from (N = 93). Zero-inflated negative binomial GLMs
(Zeileis, Kleiber and Jackman, 2008) were used to analyse all data after running
and comparing Poisson, negative binomial, zero-inflated and zero-inflated negative
binomial models for over- or under-dispersion and comparing goodness of fit using
“performance” and “Imtest” (Zeileis and Hothorn, 2002). Models were fitted

separately for each heatwave exposure duration, with 20-day reproductive output as
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the response variable and heatwave temperature treatment as the predictor
variable. For each model, treatment effects were assessed in both the count
component, representing differences in reproductive output, and the zero-inflation

component, representing differences in the probability of excess zeros.

The impacts of altering the ability of females to receive an ejaculate on heatwave
survival were assessed using a binomial GLM, with survival as the binomial
response variable and experimental treatment group as the predictor variable. Post-
hoc comparisons within groups were made using “emmeans” (Lenth, 2025). Fit of
the model were assessed using “performance” (Lidecke et al., 2021) and residuals

were visually evaluated.

6.5 Results
6.5.1 Survival
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Figure 6.1: Impact of varying heatwave exposures on survival of mated females. Plotted points
represent a point estimate of survival, based on groups of individual binary survival scores. The

sample sizes from left to right for each exposure duration are as follows: 2 hours: 51, 50, 60, 50, 65,
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70; 5 hours: 50, 50, 59, 59, 68, 70, 10 hours: 50, 50, 50, 70, 70, 68. Significance values representing a
comparison between 30°C and the experimental heatwave condition are denoted by asterisks: ** = p <
0.01, *™* =p <0.001.

6.5.1.1 Impact of a 2 hour heatwave exposure

Survival rates for groups exposed to all temperatures for two hours were generally
high, with controls as well as groups exposed to 42°C or 44°C heatwaves showing
100% survival (Fig. 6.1). A trend towards a reduction in survival was seen after a
50°C heatwave exposure (Firth’s penalised regression: z = -1.681, p = 0.09), where
survival was 90%. However, no significant decreases in survival were observed in

any group when compared to controls.
6.5.1.2 Impact of a 5 hour heatwave exposure

Exposure to 42°C or 44°C heatwave exposures did not significantly impact survival
(Fig. 6.1). This changed dramatically at more intense exposures, whereby being
subject to a 46°C heatwave exposure reduced survival to 59.3% compared to 100%
in the controls (Firth’s penalised regression: z = -2.908, p = 0.003). Similarly, being
subject to a 48°C heatwave exposure reduced survival to 58.8% (Firth’s penalised
regression: z = -2.928, p = 0.003), and being subject to a 50°C heatwave exposure
reduced survival to 47.1% (Firth’s penalised regression: z = -3.249, p = 0.0011).
Survival did not differ significantly among 46°C, 48°C and 50°C (Tukey: p > 0.7 for

all pairwise comparisons).
6.5.1.3 Impact of a 10 hour heatwave exposure

Exposure to 42°C or 44°C heatwave exposures did not significantly impact survival.
This changed dramatically at more intense exposures, whereby being subject to a
46°C heatwave exposure reduced survival to 47.1% compared to 98% in the
controls (Firth’s penalised regression: z = -4.146, p < 0.001). Similarly, being subject
to a 48°C heatwave exposure reduced survival to 41.4% (Firth’s penalised
regression: z = -4.404, p < 0.001). Being subject to a 50°C heatwave exposure
reduced survival the most dramatically when compared to controls, with only one
individual out of 68 surviving (Firth’s penalised regression: z = -6.190, p < 0.001).
Whilst survival did not differ significantly between groups subject to 46°C and 48°C
exposures (Tukey: OR = 1.26, p = 0.985), a 50°C exposure produced a significant
difference to both 46°C and 48°C (Tukey: 46°C; OR =40.2, p < 0.001, 48°C; OR =
31.99, p < 0.001).
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6.5.2 Reproductive output

As exposure duration and intensity increased, increasingly negative impacts on
mated female reproductive output were observed. Heatwave exposure at 50°C for 2
h reduced female reproductive output by 23.7% compared to controls (ZINB GLM:
count component; z = —2.021, p = 0.043; zero-inflation component: z = 0.706, p =
0.480; Fig. 6.2). For 5 h exposures, heatwave exposure at 50°C produced a
significant reduction (—46.6%; ZINB GLM: count component; z = —4.093, p < 0.001;
zero-inflation component: z = 1.348, p = 0.178; Fig. 6.2), whereas 42—48°C produced
no significant effects. By contrast, for 10 h exposures, significant reductions in
reproductive output were observed at both 48 °C (-29.2%; ZINB GLM: count
component; z = —2.557, p = 0.011; zero-inflation component: z = 0.000, p = 1.000)
and 50°C (-69.3%; ZINB GLM: count component; z=-2.378, p = 0.017; zero-inflation
component: z = 0.000, p = 1.000; Fig. 6.2). Due to extreme numbers of deaths in the

50°C, 10 h treatment, reproductive output was only collected for one individual.
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Figure 6.2: Impact of varying heatwave exposures on reproductive output of mated females. Raw data
points are plotted as open jittered circles. Boxplots contain a median line, a mean dot and an
interquartile range box. The sample sizes from left to right for each exposure duration are as follows: 2
hours: 46, 49, 60, 47, 39, 62; 5 hours: 49, 42, 30, 35, 40, 32; 10 hours: 22, 48, 46, 33, 29, 1.
Significance values representing a comparison between 30°C and the experimental heatwave

condition are denoted by asterisks: * = p < 0.05, *** = p < 0.001.
6.5.3 Female ejaculate receipt impact on survival

At 30°C, survival was very high in both groups of females that were sealed and
those that weren’t (95.1% for unsealed females vs 97.4% for sealed; Fig. 6.3).
There was no statistical difference between their survival, showing that sealing had
no direct impact on survival (Tukey: OR = 1.48, p = 0.96) under control conditions.
When compared to these controls, subjecting unsealed females to heatwave
conditions of 48°C significantly reduced their survival to 38.5% (Tukey: OR = 8.27, p

< 0.001). In contrast, subjecting sealed females to heatwave conditions of 48°C did
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not significantly reduce their survival (Tukey: 83.8%, OR = 0.14, p = 0.28). This was
further demonstrated by a direct comparison at 48°C, which showed that sealed
females survived significantly better than unsealed females (Tukey: OR = 8.27, p <

0.001), highlighting the protective effect of sealing.
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Figure 6.3: Impact of females' ability to receive an ejaculate on their survival susceptibility to
heatwaves. Plotted points represent a point estimate of survival, based on groups of individual binary
survival scores. The sample sizes from left to right for each panel are as follows: Not Sealed: 40, 38;
Sealed: 38, 37. Significance values representing a comparison between 30°C and the experimental

heatwave condition are denoted by asterisks: *** = p < 0.001.
6.6 Discussion

In T. castaneum, mated females demonstrate susceptibility to short-duration
heatwave exposures, with survival dropping drastically in response to both 5-h and
10-h heatwave exposures at temperatures of = 46°C. Broadly speaking, this
replicates the survival results observed previously in Chapter 5. Mated females also
displayed some level of sub-lethal reproductive losses, as seen after a 2-h exposure
to 50°C. Interestingly, at 5-h and 10-h exposures, however, mated females showed

reproductive losses at temperatures above those at which drastic survival
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reductions occurred. Importantly, the survival vulnerability is closely linked to receipt
of an ejaculate and associated post-mating physiological changes, rather than to
stress related to male harassment and mating attempts. This provides a new insight
into mechanisms underpinning sex- and mating status-specific responses to

heatwaves in this species.

In the previous Chapter, | showed that mated females consistently displayed
reduced survival in response to identical heatwaves when compared to other focal
groups (virgin males or females and mated males). Here, | broadly replicated the
responses shown by mated females to a wide range of heatwave exposures (42-50
°C for 2-h, 5-h, or 10-h), providing further evidence of the vulnerabilities of mated
females in this species. Furthermore, | show that mated females display a
qualitatively similar drop in reproduction in response to the most intense heatwaves
to those shown in virgin males in Chapter 4. There, | showed that after exposure to
a heatwave of 50°C for 2-h and 5-h, virgin males displayed a ~33% and ~50%
reduction in reproductive output, respectively, compared to ~34% and ~47% in
mated females shown here. Remarkably comparable decreases were also seen
after an exposure of 48°C for 10 h (virgin males; ~66%, mated females; ~69%). The
only exception to this was where virgin males showed a ~23% reduction in
response to 48°C exposure for 5 h, whereas mated females showed no significant

reduction here.

When taken together, these results show that mated females exhibit reduced
survival at temperatures lower than those of other focal groups, as well as identical
reproductive losses to groups such as virgin males, who have classically been
assumed to be the group with the greatest sensitivity to heatwaves. These findings
challenge the prevailing paradigm that female reproductive output is more resilient
to heat than males (Sales et al., 2018; Meena et al., 2024).

Females whose genital opening was sealed with glue — thereby preventing
ejaculate transfer — showed dramatically higher survival at 48°C than females that
could receive an ejaculate. Therefore, it is the physiological costs associated with
ejaculate receipt or storage of sperm that is a key driver of reduced survival in
mated females, rather than being related to purely to male harassment and resulting
damage and/or fatigue. Whilst a link between reproduction and survival trade-offs is
generally well-known (Baer, Sophie and Boomsma, 2006; Yu et al., 2021), and
some work has assessed trade-offs between responses to heat and reproduction
(e.g. Wang et al., 2024, Li et al., 2024), a focus on mated females has broadly been

overlooked in previous research, with little work assessing male versus female
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contributions to reproductive fertility loss (Dougherty et al., 2024). Classically, where
these sex-specific contributions have been evaluated, research has focused mainly
on the impacts of heat applied to virgin females, who are subsequently mated and
their reproduction assessed. A focus on the survival and reproductive responses of
mated female insects to direct heat represents a key area for future research to
understand better insect vulnerabilities to heat and their implications for population

and species persistence.

Within the current literature, species vulnerability to heatwaves is often
framed in the context of thermal limits, whether this be in the context of survival or
reproduction. Many insect species currently exist close to their upper thermal limits,
particularly in regions such as the tropics and other areas with high insect
biodiversity (Deutsch et al., 2008; Novotny and Miller, 2014; Stork, 2018; Sanchez-
Bayo and Wyckhuys, 2019). These results suggest that mating status may also
narrow such thermal limits for females, in contrast to males, who have been the
focus of much of the seminal research highlighting male fertility limits as the key
driver behind persistence and distribution in studies on Drosophila (Parratt et al.,

2021; van Heerwaarden and Sgro, 2021).

The reproductive declines shown in mated females here, coupled with the
extensive literature showing male-focused reproductive losses, suggest a potential
for complementary negative impacts of heatwaves on populations. This sensitivity to
heatwaves in both sexes highlights a key future research need to assess the
implications of heatwaves under more ecologically representative scenarios, where
both sexes are simultaneously exposed to heatwave conditions and may experience
multiple heatwaves over time. On a population level, such repeated heatwave
exposures may also first damage sperm in males, who then mate with females,
who, in response to a subsequent heatwave, may i) suffer mating status-related
heatwave mortality and ii) receive degraded quality sperm. Such compounding
impacts of thermal stress may lead to greater issues for populations than has been

previously assumed.

While the results here clearly show that being mated causes females to
suffer a survival cost in response to heatwaves, the proximate mechanisms
underpinning such losses remain unclear. This may involve a wide array of
mechanisms, including shifts in resource allocation or the inactivation of stress-
response pathways. In Chapter 7, | aim to address this knowledge gap by
undertaking transcriptomic analysis of focal groups to examine the key pathways

and mechanisms altered by mating and in response to heatwaves.
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In summary, this Chapter reinforces the survival and reproductive
vulnerability of mated females to heatwaves in T. castaneum. | demonstrate that
heatwave exposures as low as 46°C for 5 h can produce drastic survival impacts,
and that heatwave exposures as low as 50°C for 2 h can produce reproductive
output losses, which broadly align with the trends previously shown in virgin males.
Moreover, the survival sensitivity of mated females is linked specifically to ejaculate
receipt rather than to harassment or attempted mating per se, raising critical

questions about the proximate mechanisms driving these vulnerabilities.
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7. Sex-, mating status- and body part-specific
transcriptomic responses to ecologically relevant

heatwave exposures in Tribolium castaneum

7.1 Abstract

Heatwave exposure induces transcriptional stress responses that can protect
organisms from cellular damage, yet these responses may be altered by sex,
mating status and tissue function. Previous chapters identified mated female
Tribolium castaneum as unusually vulnerable to short, intense heatwaves, but the
molecular mechanisms underlying this sensitivity remain unclear. Here, | used RNA
sequencing to assess sex-, mating status- and body-part-specific transcriptional
responses to a 48°C, 5 h heatwave exposure. Gene expression was analysed
separately in the head, thorax and abdomen of virgin and mated males and
females, using principal component analysis, differential gene expression and
functional enrichment analysis. | show that virgin males and females mounted broad
transcriptional responses to heatwave exposure, including enrichment of terms
associated with protein folding, protein refolding, unfolded protein binding and heat
shock protein binding across body parts. However, this canonical heat stress
response was strongly altered by mating status. Mated males retained a restricted
heat stress response, particularly in the thorax, whereas mated females showed no
enrichment of these heat stress terms in any body part. These findings suggest that
mating suppresses or redirects the female molecular heat stress response,
providing a potential mechanism for the elevated heatwave mortality observed in

mated females.
7.2 Contributors

Joshua Cole assisted with the methodology for and execution of the bioinformatic

pipeline, as well as the production of volcano and PCA plots.
7.3 Introduction

Heatwaves are becoming more severe and frequent under human-driven climate
change (Perkins-Kirkpatrick and Lewis, 2020). The rate of change in extreme
weather events, such as heatwaves, exceeds the change in mean global
temperatures, and thus potentially poses a greater threat to biodiversity (Ruthrof et

al., 2018). This may be particularly true for insects, which are vulnerable to such
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extreme heat due to being ectotherms and possessing only a limited ability to
behaviourally thermoregulate. This couples poorly with the fact that many insects
are living close to their thermal limits, particularly in areas such as the tropics, where
they are highly concentrated, meaning that even short durations of extreme heat
exposure may push a vast number of insect species beyond their thermal limits
(Deutsch et al., 2008; Novotny and Miller, 2014).

Heat stress can induce a wide range of responses in insects, from the more
striking impacts on mortality and behaviour to more subtle changes in immune
responses and reproductive processes (Gonzalez-Tokman et al., 2020; Ma, Ma and
Pincebourde, 2020). Increasingly, sublethal impacts affecting reproduction are being
recognised as key drivers of insect declines (Walsh et al., 2019); yet, mortality
remains the most extreme outcome that individuals must evade by responding to
extreme heat. At a physiological level, responses to heat stress can be mediated

through rapid changes in gene expression (Gonzalez-Tokman et al., 2020).

The importance of such physiological responses to heat stress is well
understood, with extensive literature demonstrating that the induction of heat stress
responses, and more specifically the upregulation in the expression of heat shock
proteins (HSPs), represents an essential and highly conserved response in insects
(Nguyen, Gotelli, and Helms Cahan, 2016). Experimental knockdown of a wide
variety of HSPs can dramatically reduce the ability of insects to respond to heat
stress, for example, RNAI suppression of HSP70 has been linked to reduced
survival, longevity and reproduction in the Adonis ladybird under heat stress (Yang
and Lu, 2024) and RNAi knockdown of HSP20.8 increased mortality during heat

stress in the celery leafminer (Zhang et al., 2024).

Experimental work has shown that species are capable of evolving an
enhanced heat shock response through increased HSP expression (e.g.
Bettencourt, Feder and Cavicchi, 1999), highlighting the potential for long-term
adaptation of insects under scenarios with increasingly severe and prevalent
heatwaves. However, this potential assumes such adaptive processes are not
overwhelmed by the transient and unpredictable nature of heatwaves in natural

environments (van de Pol et al., 2017; Harvey et al., 2020).

Whilst the heat shock response may be inducible and adaptable, its
expression is not solely determined by exposure to heat stress. A wide variety of
additional biotic and abiotic stressors, including nutrition, immune function, and age,

can also modulate the expression of heat shock response genes, including HSPs
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(Serensen, Kristensen, and Loeschcke, 2003; Banfi et al., 2025). Importantly, it is
well known in insects that investment in reproduction may induce trade-offs with
other physiological mechanisms, such as immunity, metabolism, and
chemosensation, mediated by gene expression (Nanfack-Minkeu and Sirot, 2022).
For example, in Cephalcia chuxiongica, RNA sequencing experiments showed that
mating induces downregulation of genes associated with general stress responses
and longevity (Yu et al., 2021). Such trade-offs provide a potential mechanistic
explanation for why mated females may be disproportionately vulnerable to
heatwaves, highlighting transcriptomics as a crucial step in identifying and
understanding the underlying causes of vulnerabilities to heatwaves within insects.
This understanding can help determine whether mating status alters the ability of

females to mount an appropriate response to thermal stress.

Transcriptomic responses to stressors are unlikely to show uniform trends
across an individual’s body as different body parts contain tissues with distinct
makeups, physiological roles and baseline expression levels. This is particularly
relevant in Tribolium castaneum, where BeetleAtlas, a transcriptomics resource, has
been curated and demonstrates tissue and life-stage-specific gene expression
(Leader, Naseem and Halberg, 2024). In the context of Insects broadly, body parts
may be expected to display different transcriptional responses based on their
biological functions, with prior studies focusing on three main body parts: the head,
thorax and abdomen (Chauhan et al., 2014). The head is likely to capture
transcriptional changes associated with sensory perception, neural signalling,
behaviour and neuroendocrine regulation, all of which may respond to either
thermal stress or mating state (Dalton et al., 2010). In contrast, the thorax is
dominated by locomotor musculature and may therefore provide insight into
energetically demanding processes associated with movement, metabolism and
physiological stress (Bretscher and O’Connor, 2020). The abdomen is particularly
relevant to reproduction and resource allocation, as it contains reproductive tissues,
the gut, and the fat body, thereby linking it to sperm storage, oviposition,
reproductive investment, metabolism, and immune regulation (Arrese and Soulages,
2010; Nanfack-Minkeu and Sirot, 2022). Separating these body parts, therefore,
allows heatwave- and mating-associated transcriptional responses to be interpreted
in relation to their likely functional context, rather than treating gene expression as a
single whole-body response. Some work on Insect transcriptional responses to heat
alone has been undertaken. For example, short-term heat stress in adult honeybees

induced transcriptomic changes associated with protein folding and unfolded protein

102



binding, while tissue-specific validation showed that several heat-responsive genes
were highly expressed in the thorax compared with the head and abdomen (Zhang
et al., 2023). Similarly, heat-shock protein expression differs among adult body parts
in Monochamus alternatus, with Hsp70 and Hsp60 showing particularly high

expression in the abdomen (Cai et al., 2017).

It is currently unclear how mating status affects transcriptional responses to
short heatwave exposures in insects, with most studies focusing on the impacts on
factors such as fertility or immune pathways under benign conditions. Given my
previous findings that mated female Tribolium castaneum beetles exhibit increased
susceptibility to death under heatwave conditions, this represents a significant
knowledge gap in understanding the underpinning mechanisms behind insect
vulnerabilities to heatwaves. Furthermore, there is a need to explore whether any
such transcriptional changes are linked exclusively to one sex or both sexes, and
whether there is an interaction between sex, mating status and heatwave exposure,
as changes in reproductive physiology in response to mating likely differ between

Sexes.

Here, | aim to fill this knowledge gap by assessing the impacts of heatwaves
on transcriptional profiles of male and female Tribolium castaneum beetles in a full
factorial design: i) as virgins under control conditions ii) as virgins after a heatwave
exposure iii) mated animals under control conditions and iv) mated animals after a
heatwave exposure. This design enables a clear analysis of the effects of both
heatwaves and mating on transcriptional profiles, while also investigating interactive
effects in the context of the survival costs previously detected. Within each beetle,
transcriptomics was performed on the head, thorax, and abdomen to assess
potential body part-specific responses, which may be particularly relevant in the
context of reproductive trade-offs. These changes are examined in the context of
ecologically relevant heatwave exposures of 48°C + 1°C for 5 hours, which
represent conditions experienced within the natural range of Tribolium castaneum
(Campbell et al., 2022; Christidis et al., 2023) and also represent conditions

previously shown to induce sex-specific survival costs (see previous Chapters).

In this chapter, | ask whether transcriptional responses to heatwave
exposure differ according to sex, mating status and body part in Tribolium
castaneum. | predict that heatwave exposure will induce molecular stress
responses, but that these responses will be dampened in mated females in
comparison to other focal groups, potentially providing a molecular mechanism

underlying their elevated vulnerability to heatwave exposures.

103



7.4 Materials and methods

7.4.1 Line maintenance and experimental individuals

T. castaneum used in these experiments were from the Krakow Super Strain (KSS)
outbred stock line, which was maintained as described in Chapter 2. Experimental
individuals were sexed at the pupal stage by visual identification of sexually dimorphic
genital papillae (on day 18 of development) and then kept in single-sex groups of 20
individuals for a further 10 days to allow for development to sexual maturity. Groups
were kept in 6cm Petri dishes filled with 3 grams (g) of fodder and topped with an
even layer of oats. Once matured, females were identified with a dot of Uni Posca

non-toxic marker (Uni-ball, Tokyo, Japan) on the dorsal thorax.
7.4.2 Experimental treatment groups

The sex-specific impacts of heatwaves on gene expression were investigated by
selectively exposing combinations of focal individuals to various mating statuses and
heatwave conditions. A fully factorial design was implemented, with the following
categories: sex (male or female), mating status (virgin or mated), and heatwave
exposure (yes or no). This created eight different focal groups. This factorial structure
allowed gene expression responses to be compared between males and females,
between virgin and mated individuals, and between control and heatwave-exposed

beetles.
7.4.3 Experimental heatwave treatments

Heatwave conditions were applied using an Octagon 20 Eco incubator (Brinsea
Incubation Specialists, Somerset, UK). Beetles were exposed as individuals in 6cm
Petri dishes filled with 3g of ambient temperature fodder and topped with a layer of
oats. Beetles were exposed to heatwave conditions of 48°C + 1°C and 60 £ 10% RH
for 5 h, with controls (30 + 1°C, 60 + 10% RH) run in parallel. A single 48°C, 5 h
heatwave exposure was used so that transcriptomic responses could be compared
across all focal groups under the same thermal stress, under conditions previously
shown to produce clear sex- and mating-status-specific differences in survival and

reproductive output.
7.4.4 Virgin treatment groups

48 h after eclosion, individual virgin males and females were subject to either

heatwave conditions or control conditions as described above.
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7.4.5 Mated treatment groups

48 h after eclosion, a single virgin female and an age-matched virgin male were
moved into a 7 ml mating vial (filled with 2.4 g of fodder and topped with an even layer
of oats) for 48 h at 30 + 1 °C. After this, individuals were placed into a 6¢cm Petri dish
(filled with 3g of fodder and a layer of oats) and were subject to either heatwave

conditions or control conditions as described above.
7.4.6 Sample preparation

Immediately following the treatment period, surviving individuals were moved into an
Eppendorf tube and placed in liquid nitrogen. Following this, individuals were stored
in a -80°C freezer. Individuals were then removed from the -80°C freezer and
maintained on a sterilised petri dish, held within a Styrofoam plate in a tray of liquid
nitrogen. Using a sterilised surgical scalpel, individuals were sectioned into the head,
thorax and abdomen. Six individuals from each focal group were sectioned and used
for analysis. Head, thorax and abdomen samples were processed separately so that
gene expression responses could be assessed independently across body parts with

different behavioural, physiological and reproductive functions.
7.4.7 Library preparation and sequencing

RNA was extracted from each sample using a Quick-RNA™ Miniprep Kit (Zymo
Research, Irvine, USA), following the manufacturer’s protocol. Homogenisation was
performed using ZR BashingBead™ Lysis Tubes (Zymo Research), which were used
to ensure complete tissue disruption. The extraction protocol included DNase |
digestion to remove genomic DNA. A Nanodrop spectrophotometer was used to
initially investigate quality, before the sample was sent for sequencing. RNA samples
were submitted to Novogene (UK) Company Limited (Cambridge, UK) for library
preparation and sequencing. All samples underwent initial QC and were assessed for
their RIN score, total volume, concentration and baseline characteristics. Where
samples failed QC, they were not utilised further for library preparation (N = 12).
MRNA libraries were prepared for the remaining 132 samples using poly(A)
enrichment, and sequencing was performed using an lllumina platform to generate

paired-end 150-bp reads. A minimum of 6 GB of raw data was produced per sample.
7.4.8 Read processing and quality control

Raw paired-end lllumina reads were quality- and adapter-trimmed using Cutadapt

v4.8 (Martin, 2011). Specifically, reads shorter than 40 bp were discarded, and the
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remaining reads were trimmed by 7 bp. Low-quality bases were filtered with a
quality cutoff of Q15. Trimmed reads were assessed using FastQC v0.12.1
(Andrews, 2010) and MultiQC v1.13 (Ewels et al., 2016) to validate post-trimmed
read quality.

7.4.9 Read alignment and quantification

Trimmed reads were aligned to the Tribolium castaneum reference genome
(Tcasb5.2 assembly, obtained from the NCBI genome database:
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000002335.3/) using Hisat2
v2.2.0 (Kim et al., 2019). Alignment was performed with default settings and by
providing a reference splice site annotation with the -known-splicesite-infile option.
HISAT2 summary reports were assessed for alignment quality. SAM alignment files
were converted to BAM format and sorted by coordinate using SAMtools v1.18.
Subsequently, gene-level read counts were obtained with HTSeq v2.0.3 (Putri et al.,

2022), with counting performed in a stranded manner.
7.4.10 Differential gene expression analysis and functional analysis

Differential gene expression and exploratory transcriptomic analyses were
performed separately for each sex and body part to allow sex- and body-part-
specific responses to be independently assessed. Principal component analysis
(PCA) was used as an exploratory approach to visualise broad patterns of
transcriptomic variation among samples. PCA plots were used to visually assess
whether samples clustered according to heatwave exposure, mating status or their
combination, and to identify whether the major axes of transcriptomic variation
differed between the head, thorax and abdomen. PCA was performed on variance-
stabilised transformed count data to reduce the influence of differences in

sequencing depth and mean-dependent variance.

Differential gene expression (DGE) analysis was performed using the DESeq2 R
package v1.36.0 (Love et al., 2014). For each sex and body part, pairwise contrasts
were used to compare transcriptional responses associated with mating, heatwave
exposure, and the combined effect of mating followed by heatwave exposure.
Differentially expressed genes were identified based on log2 fold change cutoffs of

1 and an FDR cutoff of 0.05. Volcano plots were produced for each comparison to
visualise both the magnitude and statistical significance of gene expression change.
In these plots, log2 fold change was used to indicate the magnitude of expression
differences, while statistical significance was used to identify genes with evidence of

differential expression. Significantly upregulated and downregulated genes were
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highlighted separately to allow treatment-, sex- and body-part-specific patterns of

expression to be compared.

To identify biological pathways and functions enriched in the differentially
expressed genes, a functional enrichment analysis was performed using gProfiler
(Kolberg et al., 2023). Upregulated and downregulated gene lists were analysed
separately, allowing biological processes associated with increased and decreased
expression to be independently interpreted. A custom background gene list was
created for each tissue and sex combination by selecting the list of all genes
included in the corresponding DESeq2 analysis, ensuring that enrichment analysis
was restricted to genes detectable in the relevant sample set. Enriched GO and
KEGG terms were then visualised using bubble plots, with the 35 terms with the
highest gene ratio scores plotted for each group. These plots were used to identify
the dominant biological processes associated with mating, heatwave exposure and

their combined effects across sex- and body-part-specific comparisons.
7.5 Results

7.5.1 Principal component analysis

Principal component analysis of RNA-seq data clearly revealed both body part- and
sex-specific responses to different treatments. In females, all body parts displayed
distinct clustering of individuals who had been maintained under control conditions
versus those who had been subject to heatwave exposure (Fig. 7.1). Within this
distinct clustering, separation between virgin females and mated females was also
visually clear in both the head and the abdomen, whereas the thorax lacked such
separation. In males, a strong effect of exposure temperature was also seen, with
all body parts showing clear clustering of individuals who had been maintained
under control conditions versus those who had been subject to heatwave exposure
(Fig. 7.2). Males also broadly showed clustering by mating status, with distinct
separation of virgin and mated individuals evident under heatwave conditions in
both the head and the abdomen. In contrast, the thorax did not show such

separation.
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Figure 7.1: Principal Component Analysis of RNA-seq samples illustrating gene expression profiles of female
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Tribolium castaneum heads, thoraxes and abdomens under the following combinations of conditions: Virgin individuals

maintained under control conditions, virgin individuals after heatwave exposure, mated individuals maintained under

control conditions and mated individuals after heatwave exposure.
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7.5.2 Volcano plots
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Figure 7.3: The impact of combinations of mating status and heatwave exposure on female Tribolium

castaneum differential gene expression in the head, thorax and abdomen. Significantly upregulated

and downregulated genes (FDR < 0.05 and log2FC > 1) are represented as coloured circles, whereas

non-significantly expressed genes are represented as grey circles. The total number of differentially

expressed genes is indicated in the coloured circle at the top of each graph (downregulated to the left

of the centre line and upregulated to the right).
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Figure 7.4: The impact of combinations of mating status and heatwave exposure on male Tribolium

castaneum differential gene expression in the head, thorax and abdomen. Significantly upregulated

and downregulated genes (FDR < 0.05 and log2FC > 1) are represented as coloured circles, whereas

non-significantly expressed genes are represented as grey circles. The total number of differentially
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Female Tribolium castaneum beetles showed tissue-specific differential gene

expression in response to heatwave exposure, mating or a combination of both.

Across all three treatments, the abdomen consistently showed a markedly higher
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number of differentially expressed genes (DEGs) compared to the head and thorax
(Fig. 7.3). In response to mating, the head exhibited only 31 DEGs, while the thorax
showed 101. In contrast, the abdomen had 1,543 DEGs in response to mating. This
trend persisted across both the heatwave-only treatment and the mating and
heatwave treatment. However, the magnitude to which the abdomen had a greater
number of DEGs was diminished in both of these treatment groups compared to
mating alone. In the heatwave exposure group, abdomens had 1,646 DEGs
compared to 1,355 in the head and 1,352 in the thorax. After mating and exposure
to a heatwave, the abdomen had 1,817 DEGs compared to 718 in the head and 278

in the thorax.

Within body parts, the strongest transcriptional responses (in terms of fold
change in gene expression) were consistently observed in the group subject to only
heatwave exposure. All three body parts contained genes with extremely high
expression changes, with multiple genes in each case (>9 genes for all body parts)
showing a maximum fold change of greater than 1000 times that of the control
group (log,FC > ~10). By contrast, such extreme fold changes in DEGs were rare in
the mating-only group (none in the head, one in the thorax, and five in the
abdomen) and in the combined treatment (one in the head, none in the thorax, and

two in the abdomen).

Similar to females, male Tribolium castaneum beetles showed body part-
specific differential gene expression in response to heatwave exposure, mating or a
combination of both (Fig. 7.4). In the mating-only group, few DEGs were detected
across all body parts. Furthermore, in contrast to females, the abdomen did not
display a markedly increased number of DEGs in response to mating when
compared with other body parts, with 134 DEGs seen in the head, 24 in the thorax
and 11 in the abdomen. In contrast to the low number of DEGs in response to
mating, the heatwave-only treatment resulted in 1,640 DEGs in the head, 911 in the
thorax and 1,915 in the abdomen. Similarly high numbers of DEGs were also seen
in the head and abdomen after mating and heatwave exposure (1,585 and 2,648,

respectively), yet only 89 DEGs were detected in the thorax.
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7.5.3 Functional enrichment analysis

7.5.3.1 Females
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Figure 7.5: Functional enrichment of upregulated genes in female Tribolium castaneum after mating.
Bubble plots show enriched GO terms and KEGG pathways for the thorax and abdomen (top to bottom).
Dot size reflects the number of DEGs in each term, and the colour scale indicates adjusted p-values. The

gene ratio represents the proportion of DEGs mapping to each pathway relative to the query set size.
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Figure 7.6: Functional enrichment of downregulated genes in female Tribolium castaneum after mating.
Bubble plots show enriched GO terms and KEGG pathways for the abdomen. Dot size reflects the
number of DEGs in each term, and the colour scale indicates adjusted p-values. The gene ratio

represents the proportion of DEGs mapping to each pathway relative to the query set size.
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Figure 7.7: Functional enrichment of upregulated genes in female Tribolium castaneum after heatwave
exposure. Bubble plots show enriched GO terms and KEGG pathways for the head, thorax, and
abdomen (top to bottom). Dot size reflects the number of DEGs in each term, and the colour scale

indicates adjusted p-values. The gene ratio represents the proportion of DEGs mapping to each

pathway relative to the query set size.
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Figure 7.8: Functional enrichment of downregulated genes in female Tribolium castaneum after
heatwave exposure. Bubble plots show enriched GO terms and KEGG pathways for the head, thorax,
and abdomen (top to bottom). Dot size reflects the number of DEGs in each term, and the colour scale

indicates adjusted p-values. The gene ratio represents the proportion of DEGs mapping to each

pathway relative to the query set size.
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Figure 7.9: Functional enrichment of upregulated genes in female Tribolium castaneum after mating
and subsequent heatwave exposure. Bubble plots show enriched GO terms and KEGG pathways for
the head, thorax, and abdomen (top to bottom). Dot size reflects the number of DEGs in each term, and
the colour scale indicates adjusted p-values. The gene ratio represents the proportion of DEGs

mapping to each pathway relative to the query set size.
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Figure 7.10: Functional enrichment of downregulated genes in female Tribolium castaneum after mating
and subsequent heatwave exposure. Bubble plots show enriched GO terms and KEGG pathways for the
head and abdomen (top to bottom). Dot size reflects the number of DEGs in each term, and the colour
scale indicates adjusted p-values. The gene ratio represents the proportion of DEGs mapping to each

pathway relative to the query set size.
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Figure 7.11: Functional enrichment of downregulated genes in male Tribolium castaneum after mating.
Bubble plots show enriched GO terms and KEGG pathways for the thorax and abdomen (top to bottom).
Dot size reflects the number of DEGs in each term, and the colour scale indicates adjusted p-values. The
gene ratio represents the proportion of DEGs mapping to each pathway relative to the query set size.
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Figure 7.12: Functional enrichment of upregulated genes in male Tribolium castaneum after heatwave
exposure. Bubble plots show enriched GO terms and KEGG pathways for the head, thorax, and abdomen
(top to bottom). Dot size reflects the number of DEGs in each term, and the colour scale indicates
adjusted p-values. The gene ratio represents the proportion of DEGs mapping to each pathway relative to

the query set size.
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Figure 7.13: Functional enrichment of downregulated genes in male Tribolium castaneum after heatwave
exposure. Bubble plots show enriched GO terms and KEGG pathways for the head, thorax, and abdomen
(top to bottom). Dot size reflects the number of DEGs in each term, and the colour scale indicates adjusted
p-values. The gene ratio represents the proportion of DEGs mapping to each pathway relative to the query

set size.
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Figure 7.14: Functional enrichment of upregulated genes in male Tribolium castaneum after mating and

subsequent heatwave exposure. Bubble plots show enriched GO terms and KEGG pathways for the

head, thorax, and abdomen (top to bottom). Dot size reflects the number of DEGs in each term, and the

colour scale indicates adjusted p-values. The gene ratio represents the proportion of DEGs mapping to

each pathway relative to the query set size.
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Functional enrichment analysis showed that several treatment-tissue combinations
produced no enrichment of GO terms. In females, no upregulated or downregulated
terms were observed in the head after mating, and no downregulated terms were
observed in the thorax after mating or after mating and heatwave exposure. In
males, no upregulated terms were observed in the head, thorax or abdomen after

mating, and no downregulated terms were observed in the head after mating.

Functional enrichment analysis shows both sex-specific and sex-shared
responses to both mating and heat stress. In response to just heatwave exposure,
both virgin males and females showed a clear and widespread upregulated
enrichment of terms associated with responses to heat (females: Fig. 7.7; males:
Fig. 7.12), such as protein folding (GO:0006457), protein refolding (GO:0042026),
unfolded protein binding (GO:0051082), heat shock protein binding (GO:0031072),
response to heat (GO:0009408) and protein refolding (GO:0042026). This was seen

consistently across all body parts.

Whilst the above terms were seen nearly ubiquitously in both males and
females after just heatwave exposure, the presence of these terms was muted in
response to mating and heatwave exposure, especially in females. Mated females
did not show upregulation of any of these terms canonically associated with the heat
stress response in any body part (Fig. 7.9). Whilst males also showed no presence
of such terms in the head, they were all present in the thorax, and heat shock

protein binding was also associated with the abdomen (Fig. 7.14).

Alongside the enrichment terms directly associated with heat shock
responses, functional enrichment analysis also highlighted several other trends in
the presence of enrichment terms. Within females, unique patterns of upregulation
and downregulation were observed under different treatments for lysosomal and
membrane remodelling processes, with enrichment of terms such as lysosome
(G0O:0005764), lytic vacuole (GO:0000323), and sphingolipid metabolic process
(G0:0006665). Furthermore, these are associated with terms such as
transmembrane transporter activity (G0:0022857). Such terms are likely associated
with both lipid and protein trafficking within the female abdominal section, linked to
reproductive investment and remodelling. Consistently, such terms were
upregulated in mated females in the thorax and abdomen, and downregulated in the
same body parts of females who were exposed to a heatwave. In contrast to both of
these, such terms were not present in the mated and heatwave female group, with
the one exception being the term ‘lysosome’, which was upregulated in the

abdomen.
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7.6 Discussion

Functional enrichment analysis has revealed that Tribolium castaneum beetles
exhibit both sex- and body-part-specific transcriptional changes in response to
mating, heatwave exposure, and a combination of mating followed by heatwave
exposure, providing cues to potential mechanisms to explain the previously
observed sensitivities in mated females. The different analytical approaches used
here provide complementary levels of interpretation. The PCA plots indicate that
heatwave exposure was a major driver of overall transcriptomic variation, with
heatwave-exposed and control individuals separating clearly across both sexes and
multiple body parts (Figs 7.1 and 7.2). This suggests that exposure to heatwave
conditions of 48°C for 5 h induced broad genome-wide shifts in gene expression,
rather than changes restricted to a small number of genes or pathways. However,
the PCA plots also show that this response was modified by mating status in a
body-part-specific manner. In females, separation between virgin and mated
individuals was most evident in the head and abdomen, whereas the thorax showed
clearer separation by heatwave exposure than by mating status (Fig. 7.1). Similarly,
in males, mating-associated separation was most apparent in the head and
abdomen under heatwave conditions, while the thorax again showed weaker
separation by mating status (Fig. 7.2). These patterns support a central premise that
transcriptional responses to heatwave exposure are shaped not only by thermal

stress, but also by sex, mating status and body part.

The volcano plots further clarify the scale, direction and body-part
distribution of these transcriptional responses. In females, the abdomen consistently
showed the greatest number of differentially expressed genes across mating,
heatwave exposure, and the combined mating and heatwave treatment (Fig. 7.3).
This is consistent with the abdomen containing reproductive tissues, the gut and fat
body, and therefore being closely linked to post-mating reproductive investment,
metabolism and immune regulation (Arrese and Soulages, 2010; Nanfack-Minkeu
and Sirot, 2022). However, the nature of this abdominal dominance differed
between treatments. Mating alone produced a strongly abdomen-biased response,
whereas heatwave exposure alone produced large numbers of differentially
expressed genes across all three body parts, indicating a broader, more systemic
transcriptional response to acute thermal stress. Across both sexes, the strongest
fold-change responses were also observed after heatwave exposure alone,
consistent with the expectation that acute heat stress can induce large

transcriptional shifts in stress-associated genes (Feder and Hofmann, 1999;
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Sarensen, Kristensen and Loeschcke, 2003). By contrast, the combined mating and
heatwave treatment produced a different pattern, with a stronger abdominal
response but fewer differentially expressed genes in the head and thorax than
under heatwave exposure alone. This suggests that mating did not simply add to
the heatwave response but altered both the magnitude and distribution of
transcriptional responses across body parts. In males, mating alone produced
relatively few differentially expressed genes, whereas heatwave exposure produced
large transcriptional responses, particularly in the head and abdomen (Fig. 7.4).
Interestingly, this head- and abdomen-biased response was retained after mating
and heatwave exposure, while the thorax showed very few differentially expressed
genes under the combined treatment. Given that the thorax is closely associated
with locomotor musculature, energetic demand and metabolic regulation, this
suggests that mating may alter the body-part distribution of the male heatwave
response, rather than uniformly reducing transcriptional responses across the whole
body (Bretscher and O’Connor, 2020). Together, Figs 7.3 and 7.4 show that
heatwave exposure was a major driver of differential gene expression, but that the
scale and body-part distribution of this response depended strongly on sex and

mating status.

Together, the functional enrichment shows that the biological meaning of
differential gene expression differed strongly between treatments, with mating-
associated responses, heatwave-associated responses and combined mating—
heatwave responses producing distinct patterns of upregulated and downregulated
functional terms across sexes and body parts (Figs 7.5-7.15). A wide array of
cellular processes were differentially enriched in the mating, heatwave exposure,
and mating and heatwave exposure groups, highlighting the broad and sometimes
conflicting transcriptional consequences of both thermal and reproductive stress.
Among such conflicting enrichment terms were those typically associated with
lysosomal and membrane remodelling processes, including lysosome, lytic vacuole,
and sphingolipid metabolism. These processes are well known to play key roles in
cellular degradation and lipid signalling (Gault, Obeid and Hannun, 2010; Settembre
et al., 2013). These terms were all upregulated in the thorax and abdomen of mated
females, yet downregulated in the abdomen of mated females exposed to
heatwaves, suggesting that mating and/or reproduction drive upregulation of some
aspects of membrane trafficking and lipid metabolism, whereas heat exposure
suppresses them. Curiously, the terms lytic vacuole and sphingolipid metabolism

showed no enrichment in response to mating followed by heatwave exposure in
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females, suggesting that these pathways are either suppressed under heatwave
stress despite mating or deprioritised in favour of other cellular responses.
Contrastingly, the term lysosome remained upregulated in females who were mated
and exposed to a heatwave. This likely reflects the complex role of lysosomal
activity, which is associated with both stress responses and reproduction (Li et al.,
2022), and may therefore remain upregulated even when other membrane

remodelling pathways are suppressed after heatwave exposure.

Perhaps the most important result of the enrichment analysis was in relation
to the heat stress response. Following heatwave exposure, virgin beetles showed
consistent upregulation of terms associated with responses to heat stress, such as
protein folding, protein refolding, unfolded protein binding, heat shock protein
binding, response to heat and protein refolding. These terms were enriched
strongly in the head, thorax, and abdomen of both males and females and represent
commonly seen and expected upregulated terms in response to heat stress (Li et
al., 2020; Krog Noer et al., 2023). Such terms were not observed within the mating-
only group, and may potentially explain some of the distinct clustering of the
heatwave-exposed and control groups in principal components analyses. More
broadly, these terms represent a well-described response to heat exposure,
whereby the upregulation of heat shock proteins and associated pathways protects
against the denaturation, accumulation, and aggregation of proteins (Feder and
Hofmann, 1999).

In contrast, the presence of such enrichment terms was not so consistent in
the groups that were mated before being subject to heatwave exposure. Whilst
mated males maintained upregulated enrichment of all the heat response terms
discussed above, this was limited only to the thorax, with heat shock protein binding
being the only of these terms upregulated within the abdomen. Consistent with this
more restricted transcriptional response, mated males also experienced reduced
survival under heatwave exposure. However, this was much less pronounced than
in mated females, who showed none of these terms being differentially enriched in
any body part. Here, it is clearly demonstrated that females exhibited a strongly
reduced transcriptional response to a heatwave exposure after mating. The
transcriptomic samples were collected after a heatwave exposure of 48°C for 5
hours, representing a temperature at which mated females showed a significantly
lower survival rate than virgin males, virgin females and mated males. In females, it
appears that reproduction dampens the heat stress response, providing a potential

mechanism explaining the susceptibility and increased mortality observed in
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previous Chapters. This aligns with broader reproductive-associated trade-offs, such
as those involving immunity, metabolism, and lifespan (Yu et al., 2021; Nanfack-
Minkeu and Sirot, 2022).

This male ejaculate-mediated trade-off between reproduction and the heat-
stress response may be the driving mechanism behind the mortality susceptibility of
mated females previously observed. It therefore raises profound questions about
the factors affecting insect populations' reaction to current and future heatwaves
and general climate change. Furthermore, this result challenges the current model
of insect vulnerability to heatwaves, as the majority of studies remain primarily
focused on male-driven susceptibility, mainly due to the apparent reproductive
sensitivity of males and sperm (lossa, 2019; Dougherty et al., 2024). By revealing
molecular sex-specific trade-offs, | emphasise the need for a greater focus on
understanding female insect responses to climate change, with a requirement for a
more holistic approach to thermal vulnerabilities that factors in both survival and
reproductive costs. By showing that female mating status impacts heat tolerance
and, consequently, survival, | suggest that population resilience to heatwaves may

be constrained by female mortality as well as male reproductive limits.
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8. General discussion

8.1 Chapter outline

In this Chapter, | summarise and present the key findings of this thesis before
discussing these results within the context of the current research base. Then, |
propose ideas for future research, building on the novel findings presented in this

thesis and considering the broader requirements of the field.
8.2 Aims and scope

Broadly, this thesis has aimed to enhance the understanding of the impacts of short-
duration heatwave exposure on insect reproduction and survival, using Tribolium
castaneum, a model insect in evolution and ecology (Pointer, Gage, and Spurgin,
2021; Campbell et al., 2022). This research is essential and timely, given that
heatwaves are becoming more common and intense due to anthropogenic climate
change, with short duration heatwaves expected to display a particularly dramatic
increase in frequency (Meehl and Tebaldi, 2004; Trenberth, 2018; Perkins-
Kirkpatrick and Lewis, 2020).

Within this thesis, three main areas of findings have been covered: i) the
impact of short-duration heatwave exposures on survival, ii) the impact of short-
duration heatwave exposures on reproductive output and iii) the impact of short-
duration heatwaves on gene expression, focusing on the molecular mechanisms

underpinning the phenotypic effects.
8.3 Summary of findings

8.3.1 Survival

Across Chapters, | assessed the survival of T. castaneum across a wide range of
heatwave exposures, representing ecologically relevant heatwave conditions for this
species, which are expected to become increasingly common across T.
castaneum’s range (Campbell et al., 2022; Christidis et al., 2023). T. castaneum
beetles were shown to be broadly resilient to a lower range of exposure
temperatures, with all focal groups (virgin males, virgin females, mated males, and
mated females) exhibiting resilience against exposure temperatures of 42°C and
44°C. Within 42°C exposures, this resilience was demonstrated not only over single-
day exposures but also over five consecutive days of exposure, highlighting these

temperature conditions as broadly benign in this system.

129



As exposure intensity increased above these benign temperatures, mortality
rates generally increased, although not uniformly across focal groups. In Chapter 5,
| show that at temperatures of 46°C, all focal groups exhibited resilience to
heatwaves of durations shorter than 5 hours. However, mated females stand out as
they displayed a drop in survival in response to a 10-hour exposure, resulting in a
~15% reduction in survival compared to controls. This represents a key finding,
whereby mated females display significant survival reductions in response to less
intense heatwave exposures than other groups. As exposure temperatures
increased to 48°C and 50°C, all focal groups showed reductions in survival. This
was well replicated where groups were assessed multiple times under identical

conditions.

Under these more extreme exposures, mated females consistently showed
significantly worse survival than all other focal groups in response to the same
heatwave conditions. These differences were often stark; for example | found
female survival rate of just ~20% in response to a 5-hour, 50°C heatwave exposure,

in contrast to a greater than 80% survival in all other focal groups.

Experimental manipulations reinforced this mating status-mediated effect:
sealing females’ genital openings so they could participate in mating behaviours but
not receive an ejaculate increased survival under a 5-hour, 48°C heatwave, relative
to females with unsealed openings that could therefore receive an ejaculate. These
results clearly demonstrate that the reduced survival of mated females, as
extensively shown in this thesis, is caused by male ejaculate and is not simply a
result of male harassment. | thus show that male ejaculate alters female physiology

and mediates the trade-off between reproductive investment and thermal tolerance.

Generally, studies to date have failed to find clear patterns of sex-biased
thermal limits, and meta-analyses have indicated that there is no sex difference in
the ability to acclimate to thermal limits (Pottier et al., 2021). Additionally, there is no
systematic sex difference in phenotypic plasticity under thermal manipulations
(Hangartner et al., 2022). For some time, research has pointed towards a female-
biased mortality resilience to heat (e.g. Cui et al., 2008; Roux et al., 2010; Chen et
al., 2018); however, this has focused on comparing virgin females and males. The
findings presented in this thesis extend such work by showing that mating status
can fundamentally alter female survival under thermal stress, revealing a previously

under-tested and unrecognised vulnerability.
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In summary, this thesis has demonstrated that T. castaneum beetle survival
is resilient to milder, short-duration heatwave exposures but becomes susceptible to
exposures of 46 °C and above, depending on the exposure duration and focal
group. The consistent vulnerability of mated females highlights a crucial and
heretofore unrecognised interaction between mating status and heatwave exposure,
with important implications for population-level responses of ectotherms to a

warming world.
8.3.2 Reproduction

Across Chapters, | also examined how short-duration heatwaves impact
reproduction in T. castaneum. As with survival, reproductive output was resilient to
milder heatwave exposures, with reproductive output being maintained in response

to heatwave conditions of 42°C and 44°C.

At increasing temperatures, sex-specific reductions in reproductive output
became apparent. Comparing qualitatively between the results in Chapters 4 and 6,
mated females subjected to heatwave exposures of 46°C maintained reproductive
output, whereas virgin males exhibited clear reductions in reproductive output. This
highlights that at intermediate heatwave intensities, male reproduction may be more
sensitive to heat stress than female reproduction, in line with some of the recent
work in this field (e.g. Sales et al. 2018; Zwoinska et al., 2020; Meena et al., 2024),

contrasting with the trends seen for survival.

Results in Chapter 5 show that reproductive output was consistently and
dramatically reduced across virgin males, mated males, and mated females after a
5-hour, 48°C heatwave exposure. Interestingly, virgin females showed resilience
against these conditions, highlighting sperm damage (whether in the male or stored
post-mating in the female) as the avenue by which reproductive losses are incurred
in response to heatwave exposure. These interpretations align strongly with the
growing body of research showing that male reproductive traits are the key drivers
of reproductive losses in response to thermal stress (Porcelli et al., 2016; Sales et
al., 2018; Walsh et al., 2019; Canal Domenech and Fricke, 2023; Gandara and
Drummond-Barbosa, 2023). This interpretation was further strengthened by
morphological investigations reported in Chapter 4, which demonstrated that
heatwave exposures as low as 42°C for 2 hours resulted in reduced sperm length,
and 42°C for 10 hours resulted in nearly a halving of testes volume. However, these
impacts did not translate into fitness consequences at these lower temperature

exposures.
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In summary, this thesis has demonstrated that reproductive output and
reproductive morphology are key vulnerabilities to short-duration heatwave
exposure in T. castaneum. Male reproductive morphology is particularly susceptible,
with sperm and testes being impacted by the least intense heatwave exposures
tested. Reproductive output was maintained under milder short-duration heatwave
exposures, but began to decline rapidly after 46°C, with an initial male-biased

susceptibility.
8.3.3 Gene expression

In Chapter 7, | presented results from the investigation of the transcriptional
responses to a 48°C, 5-hour heatwave exposure in T. castaneum. Using functional
enrichment analysis, | showed widespread upregulation of enrichment terms
associated with the heat stress response in virgin beetles of both sexes, including
protein folding and heat-shock protein binding. This response was consistent across
all body parts and represents a well-known response to thermal stress (Li et al.,
2020; Krog Noer et al., 2023). Crucially, however, this response was mediated by
mating status and sex. In mated males, enrichment of heat stress terms was found
only within the thorax, except for one term that was also enriched in the abdomen.
Even more dramatically, in mated females, there was no enrichment of any terms
associated with the heat stress response in any body part. This is particularly salient
given that such heatwave conditions had previously been shown to induce mortality
in mated females, whereas other focal groups maintained high levels of survival. It
is well established that mating can induce changes in gene expression in mated
female insects (McGraw et al., 2004). In some instances, mating may also suppress
stress and immune responses, as well as reduce longevity (Yu et al., 2021;
Nanfack-Minkeu and Sirot, 2022). This inability to mount a molecular heat stress
response following mating therefore provides a potential mechanism underlying the
vulnerability of mated females to heatwaves, as demonstrated in this thesis. More
broadly, it suggests that mating can directly reduce the capacity to induce a
protective transcriptional response to heatwave exposure in insects. This could be a
result of an increased allocation of limited resources to reproduction in mated

females, but this question requires further investigation.
8.4 Future work

The primary outcome of this thesis is the concept that female mating status
significantly alters thermal tolerance to short-duration heatwave exposure,

increasing mortality risk. This has clear and vital implications for population
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persistence under climate change scenarios, whereby such heatwaves are
becoming more common and intense (Meehl and Tebaldi, 2004; Trenberth, 2018;
Perkins-Kirkpatrick and Lewis, 2020). Understanding the broader significance of
these findings is clearly necessary in light of such results. A key research priority
should therefore be to test sex- and mating-specific vulnerabilities to heatwaves in a
diverse range of insects, to assess whether this trend persists across the whole

group or just in select taxa.

Social insects are a particularly critical group for assessing such
vulnerabilities. In these species, a single queen (or a small number of queens) is
responsible for founding and maintaining a colony, meaning their survival in the
early period of colony life is solely responsible for colony survival. Many social
insect species undergo nuptial flights before founding their own colony and,
therefore, would be exposed to any ongoing heatwaves at this time. This represents
a crucial period during which females may be subject to extreme temperatures while
in a mated state. Species such as Lasius niger have well-studied cues which induce
nuptial flights, with ‘flying ants’ being observed on all days with mean daily
temperatures > 25°C across summer months in the United Kingdom (Hart et al.,
2017). Therefore, the potential for such species to be subject to extreme heat is
relatively high and may represent a key driver of population and species declines

during periods when heatwaves occur, particularly under future climate change.

Alongside the mortality vulnerabilities of mated females, colony persistence
could also be hindered due to sperm sensitivities to heat, which are comparatively
well studied in many insects, including social insects (e.g., Porcelli et al., 2016;
Sales et al., 2018; McAfee et al., 2020), and are also covered extensively in Chapter
4 of this thesis.

The ability for female and male-specific sensitivities to combine to induce
population and species losses should be considered holistically in future studies.
Within a natural heatwave scenario, populations exposed to the heat will comprise
individuals with varying sexes, mating statuses, and ages, rather than single,
isolated focal groups. These overlapping vulnerabilities, as shown in this thesis,
may amplify population-level consequences, particularly if survival costs in mated
females coincide with reductions in reproductive output resulting from mating with
reproductively impaired males. Conversely, compensatory mechanisms may buffer
some of these vulnerabilities. Previous research on T. castaneum has shown that
remating can restore female reproductive output after initially mating with a

heatwave-exposed male (Vasudeva et al., 2021). The degree to which these

133



vulnerabilities and potential compensatory mechanisms may interact at a population
level is currently unknown and represents a key next step in understanding

responses of insect populations in natural settings.

Future work should also aim to more closely replicate natural heatwave
conditions. Laboratory studies often impose simplified, thermally homogeneous
environmental conditions, which may limit the behavioural strategies that mitigate
thermal impacts (Ma and Ma, 2012). In natural settings, insects may seek more
favourable microclimates or employ behavioural thermoregulation, which may be
impossible under experimental setups such as the commonly used incubators or
water baths. Furthermore, the thermal profile of natural heatwaves will display
fluctuations which may produce periods of relatively high stress and periods of
thermal relief. Such fluctuations may alter the outcomes of heatwave exposure,
enhancing the negative impacts of peaks and allowing for potential recovery during
cooler periods, as has been observed on wider time scales (Colinet et al., 2015; Bai
et al., 2019). By incorporating these environmental complexities into future studies,

resilience or further vulnerabilities to heatwaves may be identified.

In the same vein, future work should also assess the potential for the
evolution of compensatory mechanisms to counter the survival and reproductive
impacts documented throughout this thesis. Whilst research has shown that the
evolutionary potential of upper thermal limits is limited within insects (Kellermann
and van Heerwaarden, 2019), it is unclear to what extent species can to evolve to
withstand the specific impacts of heatwaves, especially given their transient and

unpredictable nature (van de Pol et al., 2017).
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SHORT COMMUNICATION

Short experimental heatwaves have sublethal impacts on male

reproduction in a model insect

Benjamin Cole'*, Ramakrishnan Vasudeva®*, Kay Dragoi’, Josie Hibble', James King®, Alexei A. Maklakov®,

Tracey Chapman’ and Matthew J. G. Gage'

ABSTRACT

Heatwaves are becoming more common and severe. Previous
work has highlighted male insects as being particulary vulnerable to
mult-dey continuows hestweves, yet our understanding of short
duration heatwave impacts on insects is limited. Here, we assessed
the impacts of short, simulsted hestwave exposures (2, 5 and 10 h)
using ecologically relevant temperatures (42, 44, 46, 48 and 50°C)
on survival, mproductive output, testes volume and spemm length
in Trbolum cssfanewm. We show that repmoductive output s
compromised at lower temperatures than survival, especially during
the shorest heatwaves, supparting the notion that themal fertlity imits
are lower than thesmal viability limits. Furthesmore, testes volume was
reduced by 40% after 8 10 h exposure &t 42°C and sperm length
decreased by 2.7% afier an exposure of 42°C for just 2h. This
highlights that even short heat exposure can impact male fertiity and
reproductive trait morphology et temperatures. below viability Brmits.

KEY WORDS: Climate change, Heatwaves, Insect fertility,
Male susceptibility, Tribokium

INTRODUCTION

Significant changes to Earth’s climate are being seen due to human
activities, with mean global temperatore predicted to reach
up to 1.9°C higher than pre-imdustrial times by 2028 (World
Meteorological Organisation, 2024). In addition to increases in
mean global temperature, incidences of extreme heat are also fsing.
Heatwaves are becoming broadly more common and intense,
incleding in regions where they were previously rare (Mechl and
Tehaldi, 2004; Perkins-Kirkpatrick and Lewis, 2020). In particular,
short duration heatwaves and their impacts on ecosystems and the
environment are expected to increase in frequency (Trenberth,
200 8). Understanding the ecological and evolutionary implications
of these heatwaves is critical as climatic extremes are shifting more
rapidly than mean temperature (Senevirame et al |, 2020
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‘With anthropogenic climate change occurring at accelerating
ratzs  in all geographical regions (World Meteorological
Owganisation, 2024), there is emerging evidence that it has caused
species extinctions (Ceballos et al., 2005), with insects highlighted as
being particularty at risk {Dunn, 2005, Wiens, 2016, Wagner et al,
2021). Understanding the mechanisms underpinning  cument and
future insect declines under climate change 5 becoming an
increasingly important rescanch focws, with extreme heat often linked
o decreasing insect survival (Ma et al, 2020). However, sub-lethal
impacts of heat on biological fiunctions ane less well understood.
Recent reseanch has shown that thermal fertility limits (TFLs) ane
reached at lower temperstures than critical themmal limits (CTLs) in
some species (Parmtt et al, 2021 Furthermorne, male TFLs have been
shown to predict species distribution and extinction risk better than
CTLs (Parratt et al., 2021; van Heerwaarden and Sgrd, 2021).

Many studies have assessed the effect of extrerne heat on multiple
aspects of male insect reproduction including spermatogenesis
(Canal Domenech and Fricke, 2023), sperm motility, mobility and
morphalogy (U et al., 2015; Porcelli et al., 201 6; lossa et al_, 20019),
sperm number (Vasudeva et al., 2014; Sales et al., 2018), sperm
vighility (Sales et al, 2018; Martinet et al., 2020; Campion et al_,
20)23), sperm storage (Sales et al., 2024), testes volume (Vasudeva
et al., 2004; Sales et al, 2021), courtship and mating behaviour
(Grandela et al, 2023; Ratz et al., 2024 yand parental care ( Pilakouta
et al, 2023). These studies have highlighted the mnge of fertility
traits that can be affected. However, research on the impact of short-
term heat remaing limited (Dougherty et al, 2024), which is a
particular concemn given that shorter and mone intense heatwaves are
increasing in frequency (Trenberth, 20018).

Using Triboltun casarenm, a widely used model in evolution
and ecology (Pointer et al_, 202 1; Campbell et al., 2022), Sales et al.
(201 8) showed that subjecting viegin rmales, but not virgin females,
to a sirmulated heatwave before mating severely reduced reproductive
output. Subjecting males to heatwave conditions of 42°C for 5
continuous days halved male fertility, with a further heabwave
sterilising most individuals, which was linked to decreased sperm
vighility and number. Such long-term heatwaves were also shown to
reduce testes volume by half, which recovered to control levels
~25 days post-heatwave exposure (Sales et al., 2021). Under future
climate projections, ‘extremely hot days” with temperatuses over
S0°C are expected to become mcreasingly commaon within anas of
T castanenn™s global distribution (Camphell et al, 2022; Christidis
etal, 2023). It is impomant to understand the consequences of such
imtense conditions under ecologically relevant scenarios, as peak
temperatures within a heatwave may only be experienced for a fow
hours in a single day (Holmes et al., 20015; Oliveira et al., 2021).
Therefore, there i a pressing need to investigate how exposurne to
varipus short duration heatwave conditions may impact male
survival and fertility and understand the potential implications this
may have on insect populations.
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This has been further emphasised by recent studics applying the
thermal death time (TDT) framework, which integrates both the
duration and infensity of thermal exposures to predict biobogical
damage. While initially focused on describing swrvival thoesholds,
such approaches are increasingly being used to understand sublethal
impacts on fertility, highlighting that diffierent traits may have distinct
thermal sensitivities and damage accumulation rates (Rezende et al.,
2014; Jorgensen et al, 2019; Orsted et al, 2024). Our study
contribuies to a growing understanding of such interacting factors by
testing the impacts of ecologically relevant simulated heatwaves with
warying duration (2, 5 or 10 h) and intensity (42, 44, 46, 48 or 50°C)
on male survival, reproductive output, testes volume and sperm
length using T costarenm. We predict that fertility and associated
traits could be more sensitive than survival in general.

MATERIALS AND METHODS

Line maintenance and experimental individuals

Trifoltiem castanesr (Herbat 1797) boetles used inthese experiments
were from the Krakow Super Strain (K55) outhred stock line (details
o the set-up are given in Dickinson, 200 8). Steck populations were
maintained in 12=12=02 cm plastic twbs half-filled with fodder (a 9:1
wvolurme ratio of organic flowr and yeast) and topped with an even layer
of cats for trection. Populations were kept at constant standard
conditions of 304+1°C and &0+ 10% relative humidity (RH) under a
16 h:f h lightdark photoperiod. Experimental individuals were
obtained as the offspring of ~300 mature adults selected at random
from the siock line. These individuals were allowed to mate randomly
and oviposit for 7 days in a fresh tub before the removal of adults by
mezchanical sieving, leaving only the fodder with oviposited cggs in
this mew population.

Individuals were sexed at the pupal stage by visual identification of
sepually dimorphic genital papillac (on day 18 of development) and
then kept in single-sex groups of 20 individuals fora further 10 days to
allow for development to sexual matarity. Groups were kept in 6 cm
Peiri dishes filled with 3 g of fodder and topped with an even layer of
oats. Onee matured, fermales were identified with a dot of Uni Posca
non-toxic marker (Uni-ball, Tokyo, Japan) on the dossal thorx_

Experimental heatwave treatments

Heatwave conditions were applied using cither an A_B. Newlife 75
Mk4 forced air egg incubator or an A B. Newlife 75 Mk 4 moving
air incubator (A_B. Incubators, Suffolk, UK). These conditions were
selected based on previous research, which established the
reproductive optimum of males (sec Sales et al., 2018). Virgin
muale beetles were exposed to cither heatwave conditions (42, 44, 46,
48 or 50°C £1°C, 60£10% RH) or control conditions (30+1°C,
G010 RH) for 2, 5 or 10 hin single-sex groups of 20 mdividuals
in 6cm Petri dishes filled with 3 g of fodder and a layer of oats.
Temperatune was checked every 30 min using a digital thenmometer
integrated into the incubator and an additional mercury thenmometer
placed in the incubator. No recorded temperature was above or
below 1°C from the set point.

Experimental protocol

Survival and fertility

Virgin, sexually mature mabes (48-72 h post-cclosion) were subject
1 heatwave conditions with controls man in parallel (conditions
described above). All individuals then experienced a further
rest period at 30=1°C for 24 he Fernales were sourced from the
same population but were maintained co thy under standard
conditions in identical density. Individual males were visually
asgessed at this time, and survivors were paired with an age-matched

Table 1. Number of Tribolium castanewm individuals subject to each
heatwave lemperature/duration condition for the survival assay and
number of survivors that subsequently went through the reproductive

output assay

Sample size
5h
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*Mo individuals were azzayed because af 100% mortality during the heatwave
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virgin fiemale for 48 hat 30+£1°C ina 7 ml mating vial. Sample sizes
for survival and reproductive output assays are summarised in
Table 1. These mating vials were filled with ~2.4 g of fodder and
topped with a few pieces of oats for traction. These mating vials
wiere retained to ensure successful ejaculate transfer, assessed by the
visual presence of larval tracks/offspring.

Females fromn the above mating assays wene then moved into
individual & crm Petri dishes | filled with 3 g of fodder and topped with
an even layer of oats) and allowed to oviposit. Oviposition occurred
across two separate 10 day blocks (20 days in total) to reduce
cannibalism associated with overlapping offspring developmental
life stages (Park et al, 1965). After 20 days, the females were
removed, and the oviposited eggs were allowed to develop until
maturity for an additional 33 days under standard developmental
conditions (3041°C, 60=10% RH). The reproductive output of each
pair was then assessed as the number of mature aduls produced from
20 days of oviposition (equating to ~51% of a female’s lifetime
reproductive output; see p. 31, Dickinson, 2018}

Testes and &S Urements

Amn additional cohort of mabes that experienced identical experimental
conditions were allocated to quantifiving testes volume and total sperm
length. These individuals were frozen at —20°C immediately after
being subject to cither heatwave or control conditions (as described
abovel All samples were blinded to the wser by a random code at
this point to avoid any unconscious hizs during momphobegical
measurements.  Measurements were taken from individuals that
survived the heatwaves for all experimental goups apant from
those subject to 50°C for 10h, where all males had died during the
exposure period. Testes dissections and measurements were camied
out a5 described in Sales et al. (20211 The testes of 10 males were
measured per durstion'heatwave condition. Total sperm length
miasurements were taken as described in Godwin et al. {20017y and
Vasudeva et al. (2009). Twenty individual mature intact spenm were
mizsured per male (V=10 males per duration/heatwave condition ).

Statistical analysis

All data were analysed using R version 4.4. 1 (hitp:fasw B-project.
org) in RStwwdio Version 202404 2+764 (hitps2/posit.co). Plots
were created using ‘goploa2’ (Wickham, 20016) Data manipulation
was done using “tidyverse’ (Wickham et al., 20019). The impact of
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heatwave temperature on survival for cach of the three heatwave
durations was initially assessed using a binomial GLM. Firth's
penalised logisti ion from the brglm2 package was used
wherne near-separation of complete separation isswes caused model
convergence issues (hitps2\CRAN_R-project.org/package=brglm2).
Fit of the models was then assessed using “performance” (Lidecke
etal., 2021) and residuals were viswally evaluated.

Reproductive output data were first censored where individuals
escaped from or died during the reproductive output assay (M=31).
Zero-inflated negative binomial generalised linear models (GLMs)
(Zeileis et al, 2008) were used to analyse data after assessing
msdels for over- or under-dispersion and comparing goodness of fit
using ‘performance’ and “lmtest’ (Zeileis and Hothom, 2002).

Teses volume data were analysed wsing Ceaussian GLMs and
models, and residuals were tesed Where residuals  showed
heteroseadasticity, gamma GLMs wene employed, and models wee
compared for goodness of fit. Average spenm bength data, grouped by
heatwave condition, were analysed using ganma GLMs and models
and residuals were tested using ‘performance” and “Irntess”.

RESULTS AND DISCUSSION
Our findings show that reproductive traits were impacted at
sublethal temperatures when male T cosfomens beetles were
exposed to heatwave conditions from 42°C w 50°C for 2, 5 and
10 h. Some reproductive traits were also mone thermally sensitive
than others. For example, sperm length showed reductions at lower
termperatunes than reproductive owtput for all heatwave durations.
Our results are in ling with existing findings across taxa, which
report sensitivity to heat in the reproductive traits of males {e.g.
Canal Domenech and Fricke, 2023; Grandela et al, 2023; Meena
et al, 2024; Ratz et al,, 2024). Statistics are surnmarised in Table 2.
The survival of males exposed to heatwave conditions for 2 or 5 h
was high across all groups, with no significant reduction compared
with controls, except for a 5 h exposure &t 46°C. Howewver, this
difference was not observed at higher temperatunes. Survival started
to drop dramatically compared with controls in males exposed 1o
higher temperatures for 10k (Fig. 1A-C). Males exposed to

heatwave conditions of 48°C and 50°C for 10 h showed a marked
reduction in survival. At 48°C, only 53% of males survived, and at
S0°C, none survived (compared with 93.3% in the control group).
Here, we demonstrate that male T, castanewm survival was resilient
o heatwave conditions wntil ~11-13°C above their optimum at
35°C (Sales et al_, 201 8) before hitting an upper limit when exposed
o very intense heat (48°C and 30°C for 10 h)

By contrast, male reproductive owtput  and  reproductive
morphology were less resilient actoss a range of short duration heat
exposures. A exposune duration and intensity increased, we observed
increasingly negative impacts on reproductive output. We found that
temperatures a5 low as 46°C caused a significant reduction in
reproductive output afier exposune to heatwave conditions for 10 h.
At 48°C and 50°C, there wene significant reductions following
heat exposure of only 5 h and 2 h, respectively. Heatwave exposure at
S0°C for 2 h reduced male reproductive output by 33% compared
with controls {Fig. 11, Heatwave exposure at 48°C and 50°C for 5 h
redwced male reproductive output by 23% and 55%, respoctively
(Fig. 1E). Heatwave exposune at 46°C and 48°C for 10 h reduced
male reproductive output by 1 7% and 66%, respectively (Fig. 1 F All
individuals exposed to 50°C for 10h died befone the reproductive
assay; therefore, no reproductive output data were collected.

The relationship between heatwave duration and intensity shown
in this study further highlights the imponance of considering the
mwo factors simultancously when assessing the impact of heat
on insects. This s particularly relevant when considering future
climate change scenarios where both shorn duration and more
intcnse  heatwaves are predicted to become more prevalent
(Trenberth, 2018). Moreover, there is a need to consider trait-
specific responscs to combinations of these factors.

Consistent with previous studies (Sales et al, 2021; Hu et al,
2022), we found that testes volume was significantly impacted by
heatwave exposure. This effect was observed following exposune to
very brief heatwave conditions. Males exposed o heatwave
conditions of 30°C for 2 h showed reduced testes volume by 29%
cormpared with controls (Fig. 1) For 5 h heatwave exposure, 48°C
and S0°C reduced testes volurme by 26% and 36%, respectively

Table 2 Summary statistics for survival, reproductive output, testes volume and sperm length data under various heatwave conditions

Survival 20 dary reproductive oulput Testes volume (mm) Spem length (jm)
Treatmenl Survivors i)z P Meanizem. =z P Meanizem. P Meangsem. ¢ P
2 h exposure
C 5458 - - H7+163 - - 0260+0.014 - - BEA#0 758 - -
40 FAMD 0281 0771 21Ba10.8 1.058 0.290 0253:0.018 1578 0120 B42:0640 2099 0.041
4470 35/35 1.168 0247 1832159 =1.843 0.085 021080021 -1.966 0054 E15:0868 -4.560 «0.001
46°C H254 0085 0832 18616.7 =0808 0364 022480023 -1427 01589 E18:0821 -4.346  =0.001
4870 B5TD =0025 0.880 172124 =030 0818 022520012 =137 0175 E11£0623 2 -4877  «<0.001
5000 BT 1.387 0.185 138487 =4.302 -0001 018480.017 -3.018 0004 BO.T£0E23  -0.5352 =0.001
5 h exposure
wc SAMG0 - - 20T - - 0273£0.011 - - BR1#0.57T - -
40 4D =0280 0.772 223196 =053 0532 025480018 -0.764 0448 BI6L0E86 ~-4.387 «0.001
4470 st =1.381 0187 2172116 =1.841 0123 022680.017 =-1.881 0065 E14£0.727 -6.581 <0001
46°C 44D =2128 0.033 180=30.8 =1450 0147 024580020 -1.087 0278 E2E£0.763 -5.162 «<0.001
4B8°C ETED ~-0.457 0.647 201128 -1.885 O0.047 0201£0.018 -2.847 0006 TOEL0E88 -8.344 0001
5000 5461 =-1875 0.081 120125 =611 =0001 01760021 -3.865 =0001 E18£0740 -6.267 «0.001
10 b exposune
ac 580 - - Hdsi0.T - - 028260010 - - B44+0587 - -
40 5760 D362 0717 255s128 0392 0770 0174:0.00% 4471 <001 E25:0.T11 -1.636 0.072
4470 GO0 1456 0135 235123 =0.840 0401 018320007 4077 =0001 B0.1£0B3% -4228 «0.001
46°C A0 1.187 0235 21541032 =2028 0043 02050020 3.147 000G B15£0815  -2.836 0.006
48°C H2G0 =4302 «=0001 B0219.4 =2.837 0005 0.155£0.010 5356 «<0.001 B0S5£0668 3624 «<0.001
5000 Weo =4 837 «=0.001 - - - 0.086£0.011 B.754 «0001 B17:0524 -2.684 0o

Slatislics represent a companson betwesn sach group and their respactive conbeol.

g
1]
]
b
[=
o
2
=
=
o
=R
=
L
Y
(=]
™
=
e
3
(&}
=

168



SHORT COMMUNICATION

Journal of Expenmental Biclogy (2025) 228, jeb250885. dol:10.1242eb. 250585

2h

i0h

Sunvival %)
o 8 &8 8 8

Reproductive cutput

iy

Rad

-, e l LA AR L L L L L L

i "Ity -**4-*
%5 v ate ate oot wiw |[IK w+% waw wir oae soe |IL woe se mee 90

s,

i. THNea Sefgm *-ym

(Cv-l)hshswlmlnd(J—L)spennlmqmldbwmmnhm 42, 44,46, 48 and 50°C for 2, 5 and 10 h. For D~ raw data paints are plolted as open
ytwadades ForJ-LMmmhf@hpﬁmﬁs#uﬂaﬂsm;ﬁnmﬂm&aﬂmp‘o&mﬁ.namﬁhlm mean dot and interquartile range
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values ga

30°C and the expenmental heatwave condition are denoted by astersks: *P<0.05, **P<0.01,

P2 001. Wmnhmsmmmmheﬂmm 2h (A): 58, 40, 35, 34, 70, 70; 5 h (B): 60, 40, 38, 40, 69, 61, 10h (C): 60,
60, 60, 60, 60, 60. Sample size for reproductive output for each exposure duration: 2 h (D): 53, 38, 28, 32, 65, 68; 5 h (E): 54, 37, 32, 32, 65, 52; 10 h (F): 51,
56, 60, 59, 32 (sl individuais exposed 1o 50°C for 10 h died before the reproductive assay). Sample size for festes volume was 10 individuals per group. The

sample size for sparm length was 20 individual sperm fom 10 males per group.

(Fig. 1H). For 10h exposure, all heatwave temperatures reduced
testes volume co with controls, with even the lowest
exposure temperature of 42°C resulting in a 40% drop in testes
volume (Fig. 11). This reduction in testes volume remained
relatively consistent over 44°C (37%) and 46°C (30%), and
further reductions were seen at 48°C (47%) and at 50°C, where
testes volume was reduced by 70%. For both 2 h and 5 h heatwaves,

the temperatures that resulted in significant reductions in testes
volume were the same as those at which significant reductions
in reproductive output occurred (50°C and 48°C, respectively).
For 10 h exposures, testes volume was significantly reduced at a
lower temperature (42°C) than that at which reproductive output
was first compromised (46°C). Broadly, these findings suggest that
reductions in testes volume are associated with reduced male
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reproductive output and that testes volume is highly thermally
sensitive.

Heat-related  damage to insect spern has been  documented
previously (Martinet et al, 2020; Sales et al, 2021; Canal
Domenech and Fricke, 2023; Lv et al, 2024). In T codanen, a
5 day, 42°C heatwave reduced spenm survival by ~60% and sperm
count by 753% (Sales et al., 20018). Here, we found that cven the
shortest and least intense heatwave exposures tested in this study
caused a decrease in sperm lengthe All heatwave exposures for 2 h
reduced sperm length compared with controls (Figo 10, with
exposure at 42°C reducing spenm length by 2.7%. This reduction in
todal sperm length generally worsened with increasing temperature,
speing decreases at 44°C (5.7%), 46°C (5.4%), 48°C (62%) and
S0°C (6.7%). Similarly, for both 5 b and 10 h exposares, we observed
reduced sperm length compared with controls (Fig. 1B, L) For 5h
exposure, 42°C mesulted in a $.1% reduction, with further decreases at
470 (T.6%), 46°C (6%), 48°C (9.5%) and 30°C (7.3%). For 10h
exposure, all heatwave temperatures, cxcept 42°C, mesulicd in
significantly reduced sperm length compared with controls. Afier
4450 exposure, there was a 5.1% reduction, with similar decreases at
46°C (3.5%), 48°C (4.7%) and 30°C (33%). It is unclear exactly
what mechanism gives rise to these sperm length reductions, and
fustune work on this will be insightful.

Spermatogenesis occurs  throughout the sdult life stage in
T costaneisn, but the exact durstion of spermatogencsiz and
spemmiogenesis 5 unknowm. However, in other insects, these
processes oocur over 4 number of days (ego 10days for
spemmategencsis and 5 days for spermiogencsis in Drosophile
melanogaster: Rohmer, 2004; Fabian and Brill, 20012; and 12 days
for spenmatogenesis in Haemearobids rvitars: Basso et al, 20000
Considering the shornt duration between the initiation of heat exposure
and freezing of samples in this stedy (2-10 k), we suggest that the

h derpinning sperm length change in response to heat
exposure may be linked to disruption of spermiogenesis in nearly
mature sperm or through direct impacts on mamee sperm. This s
supported by an observed increase in sperm length variation within
individuals, associated with increasing temperatures of heatwave
conditions (see Fig. 510 Funther work assessing the specific
muwphological changes associated with such sperm length variation
may elucidate the mechanizms behind the impacts on spenm and male
reproductivie output observed in this sdy.

Broadly, we have highlighted that the thermal sensitivity of
male  reproductive  traits s even  greater  than  previously
demonstrated (e.g. Sales et al, 2008, 2021). Our resals showing
trait-specific sensitivity also align with recent work on other taxa.
For example, in Dvosophile sk, raits (survival, coma induction
and productivity ) wene shown to have different sensitivities to heat
stress exposune, and the stress durations requined to produce a 507
reduction in each trait often varied greatly {Orsted et al., 2024). That
study, utilising thermal dese—time models, builds on earlier work
showing that the time—ternperature relationship underlying thermal
damage differs across traits (Jorgensen etal., 2019), and future work.
integrating such approaches would be imsightful.

It would be interesting to expand future heatwave studies to test
whether trait-specific variability changes afier multiple days of
exposure, with and without a rest phase. This may reveal the relative
wvulnerability of specific traits to natural heatwaves, whose intensity
would vary over several days (Frich et al., 2002; Christidis et al.,
2023). It is also unclear whether some traits can recover or harden
afier exposure to extreme conditions (e.g. 48°C and 30°C) under
natural heatwave scenarios, as pofentially compounding effects
from repeated exposurcs may be modulated by periods of non-

isims

stressful conditions (e.g. benign cooler night-time and daytime
temperatures), allowing time for physiological repair and fitness
recovery (Bai et al, 2019) Previous work found that males can
recover reproductive function afier longer exposure 1o less imtense
experimental heatwave conditions (Sales et al, 2021). Therefore, it
will alsy be important to understand whether there is a general
recovery of reproductive potential in males exposed to shorter bat
moe intense heatwave conditions as used in this sody.

Or study focused on the effects of heatwave conditions that may
be experienced by this species in its natural environment, and which
are likely tobe increasingly commaon in the future (Zittis etal, 2021;
Camphell et al, 2022). We show that reproductive output is
sensitive to sublethal short heatwaves. However, we recognise that
thi thermal homogeneity and potential lack of interacting factors in
our study may have constrained strategies such as moving to more
benign microhabitats (e.g dropping behaviour in aphids; Ma and
Ma, 20012 ), which may alleviate the impact of extreme heat | Terlan
et al., 2023). In future stadies, it will be necessary to explore these
factors and assess whether different species can adapt o
increasingly severe short-term heat exposures (Kellermann and
van Heerwaarden, 20019) or whether they are likely to be
overwhelmed by the transient and unpredictable nature of extreme
thermal events (van de Pol et al, 2017).
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Fig. S$1. Effects of varying heatwave conditions on the standard deviation of sperm
length within males. The mean sperm length standard deviation per male is plotted
as open jittered circles. Boxplots contain a median line, mean dot and interquartile
range box. Significance values representing a comparison between 30°C and the
experimental heatwave condition are denoted by stars: * = P <0.05, ** = P < 0.01, ***
= P < 0.001. The sample size for sperm length variation consisted of 20 individual

sperm from 10 males across all groups.

The standard deviation of sperm length for each male was calculated. Linear mixed models
were fitted separately for each exposure duration with temperature as a fixed effect and
Male ID as a random effect. Our results show a significant increase in sperm length
variability at higher temperatures across all durations (Fig. 51). All heatwave exposures for
2 h increased the standard deviation of sperm length when compared to controls, except for
42°C (t=0.933, p = 0.356). Varability increased by 61.1% at 44°C (t = 4234, p < 0.001),
41.7% at 46°C (t = 2.881, p = 0.008), 43.3% at 48°C (t = 3.008, p = 0.004), and 53.1% at
50°C (t = 3.683, p =< 0.001), relative to controls. In line with the 2 h exposure results, a S h
exposure at 42°C did not significantly affect sperm length variation when compared to
controls (t = 0.415, p = 0.679). In contrast, exposure to 44°C resulted in a 51.3% increase (t
= 3.459, p = 0.001). Variability remained high at more extreme temperatures, with increases
of 57.2% at 46°C (t = 3.862, p < 0.001), 35.3% at 458°C (t = 2.390, p = 0.020), and 29.3% at
50°C (t = 1.974, p = 0.053), although the latter only approached significance. Exposure to
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heatwave conditions for 10 h significantly increased sperm length variability at all
temperatures tested. Variability increased by 36.0% at 42°C (t = 2.792, p = 0.008), with
larger increases at higher temperatures: 85.5% at 44°C (t = 6.637, p < 0.001), 72.5% at
46°C (t = 5.618, p < 0.001), 85.3% at 48°C (t = 6.614, p < 0.001), and 49.9% at 50°C (t
=3.883, p < 0.001), relative to controls.

These findings demonstrate that prolonged heat exposure consistently elevates sperm
length variability, highlighting a potential sensitivity of sperm morphology to heatwave
conditions. This increase in variability may have a role in the observed reductions in male

reproductive output.
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