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Thesis abstract
Species are expected to respond to global warming through range shifts that are either
poleward or towards higher altitude such that they track the movement of their current thermal
niches. This generalized view is fundamentally flawed because it marginalizes the role of key
biological aspects in shaping ecosystems. For example, it disregards any potential influence
that phenotypic flexibility may convey, the influence of habitat heterogeneity and the
availability of microclimates as thermal refugia, differences between species dispersal ability,
the importance of species interactions, and the influence of phenological mismatches. Given
the limitations associated with the view that species will deal with global warming by
continually migrating, as well as the rapid rate of warming, there is an urgent need to improve
the understanding of how species potentially may respond. Thus, it is crucial that mechanistic
approaches are adopted to generate a holistic perspective of the factors that govern species
distributions and use this information to forecast responses to global warming.
Physiological studies are vital because knowing the physiological tolerances of a
species provides insight into their fundamental niche, and also provides a means of identifying
species that face higher risks of experiencing more immediate effects due to global warming.
Autecological knowledge would also serve to refine the species fundamental niche to more
closely resemble their realized niche. In this regard, this thesis identifies arboreal mammals in
the tropics as being vulnerable to hyperthermia due to global warming. The basis of this claim
is related to the exposed lifestyle of many arboreal species, the biphasic effect of temperature
on biological processes and the hypothesis that natural selection would have favoured the
optimisation of bodily functions at or close to the species-specific body temperatures (Tb).
Initially, there is a positive relationship between biological process and temperature as
the rate of processes increase with temperature, up to a maximum point. Thereafter,
hyperthermia ensues as further increases in temperature results in a rapid decline in the rate
of said processes. Thus, it is plausible to expect that species with lower Tb risk deleterious
effects at lower absolute Tbs relative to their higher Tb counterparts. Therefore, it is concerning
that many small, tropical endotherms have low and thermolabile Tbs that, because of the small
temperature differential between themselves and the ambient (Ta), compromises their capacity
to passively off-load excess stored body heat. In addition, the high humidity of tropical
environments would theoretically reduce their capacity to retard heat storage by off-loading
body heat via evaporation. This reduced capacity to dissipate excess stored body heat, in
combination with the exposed life-style of an arboreal species, suggests that small, tropical
arboreal mammals are vulnerable to hyperthermia should even minor increases in Ta occur.
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The aim of this thesis was to assess the vulnerability of tropical, arboreal small
mammals to hyperthermia due to global warming. This was achieved by determining and
integrating the physiological susceptibility for heat stress in two species and relate that to the
microclimate experienced within their habitats. Given the growing argument that adaptive
heterothermy - the capacity for species to facultatively down-regulate metabolism and enter
torpor or hibernation - may be employed at high Ta to cope better with hyperthermia, this thesis
in addition investigated whether heterotherms use torpor at high Ta and identified the putative
benefits of hyperthermic torpor. Furthermore, by considering the phylogenetic placement of
the study species, this thesis also sought to provide insights into the evolution of endothermy
in placental mammals.
Flow-through respirometry was used to measure resting metabolic rate (RMR) and
evaporative water loss (EWL) at a range of Ta in a heterothermic bat, the lesser dog-faced
fruit bat (Cynopterus brachyotis), and a suspected heterothermic primate, the western tarsier
(Cephalopachus bancanus). The animals were injected with temperature-sensitive passive
integrated transponder tags to obtain concurrent Tb readings during respirometry
measurements in freshly-caught individuals. In addition, Tb was measured in free-ranging
tarsiers using custom designed temperature data-loggers. The Ta at capture sites were
measured using commercially available data-loggers.
The laboratory data show that, whereas tarsiers endeavoured to remain normothermic,
lesser dog-faced fruit bats readily entered torpor at low temperatures. The free-ranging Tb data
support the assertion that tarsiers may be incapable of adaptive heterothermy. The onset of
heat storage in tarsiers occurred at approximately 30°C, once the thermal gradient (ΔT = T bTa) approached 4°C, whereas the onset of heat storage in lesser dog-faced fruit bats occurred
at approximately 31°C, which was only when ΔT approached 1°C. Given that both species
have low normothermic resting Tbs (tarsiers: Tb ≈ 34.5°C; lesser dog-faced fruit bats: Tb ≈
32.5°C), they seem physiologically susceptible to heat stress at moderately low T a. Notably,
though, lesser dog-faced fruit bats appeared to thermoconform at Ta above their thermoneutral
zone suggesting that they may have entered torpor. Torpor seems to have allowed them to
reduce heat storage.
Field data suggest that lesser dog-faced fruit bats may have the option to exploit cool
microclimates at their capture sites, but the data at the capture site of tarsiers suggest that
they may not. However, even though the population of tarsiers studied may not have access
to cool microclimates, the same may not be true for other populations of tarsiers. Thus, the
empirical results support the argument that tropical, arboreal small mammals are
physiologically susceptible to heat stress due to global warming, but they also suggest that
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thermal refugia are an important consideration as they may allow species to escape the
predicted future high Ta and its related deleterious effects.
This thesis also presents a meta-analysis on the thermoregulatory pattern of bats in
general. The aim of this meta-analysis was to determine whether corroborating physiological
support for the use of torpor at high Ta exists. A comprehensive literature search was
conducted based on the availability of concurrent measures of Tb and RMR; a new dataset of
thermoregulatory variables was generated for 29 species of bats (18 heterothermic spp. and
11 homeothermic spp.). The dataset was standardized, and phylogenetic relatedness was
considered before any comparative analyses were performed. The results show that
heterothermic bats maintain lower Tbs than homeothermic bats, yet they have similar upper
limits of thermoneutrality (Tuc). In contrast to expectations, heterothermic bats had a lower rate
of evaporative water loss at similar Ta, especially at Tuc. Crucially, in the case of heterothermic
bats, Tuc exceeds Tb. The only manner in which heterothermic bats could achieve this, would
be through a reduction in metabolic rate with the onset of heat storage at high Tas. Moreover,
heterothermic species thermoconform even at comparatively moderate Ta, which presumably
also minimizes heat storage and lowers evaporative water loss. Thus, these results support
the hypothesis of torpor use at high Ta and suggest that heterotherms, in particular small,
tropical, arboreal heterotherms, could benefit from a reduction in water use associated with
evaporative cooling and tolerate higher Ta.
Overall, the results presented in this thesis illustrate that even though small mammal
species living in tropical regions may be physiologically susceptible to heat stress due to global
warming, they could minimize their risk of lethal hyperthermia through behavioural
mechanisms such as exploiting cooler microclimates; provided that suitable habitats are
available. In addition, adaptive heterothermy may convey a physiological advantage that
allows heterotherms to better cope with heat. As such, heterotherms may be resilient to the
negative effects associated with global warming because they are able to employ torpor to
conserve energy during periods of low resource availability, as well as to minimize heat
storage and endure moderate hyperthermia to conserve water to use at more extreme Tas.
Given the phylogenetic placement of tarsiers at the base of the Haplorrhini clade
(Anthropoidea and Tarsiidae), the current lack of evidence for adaptive heterothermy in
tarsiers, in combination with the lack of evidence in anthropoids, suggest that adaptive
heterothermy in haplorrhine primates may have been lost at the Strepsirrhini-Haplorrhini split.
The implication of the aforementioned idea is that many primates may not have the benefits
associated with adaptive heterothermy to improve their future survivability as global warming
continues.
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By adopting a mechanistic approach, this thesis highlighted the potential for species
to respond to global warming using behavioural and physiological mechanisms that could
allow them to persist in their current habitats until the end of the century at least. However, to
improve the likelihood of arboreal tropical small mammals to persist in their current habitats
for the foreseeable future, especially those mammals that are strictly homeothermic,
conservation efforts must prioritise the preservation of areas that could serve as thermal
refugia.
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Original contributions to knowledge
Chapter one – Southeast Asia: an evolutionarily insightful but rapidly deteriorating
ecosystem
The evolutionary history of mammals’ remains hotly contested and the uncertainty has
limited our framework of understanding regarding their evolution. There is now robust support
for the argument that placental mammals evolved in warm tropical conditions because
rainforests are thought to have evolved during the mid-Cretaceous (ca. 100 mya). Thus,
placental mammals either evolved coincidently with rainforests or would have evolved from
an ancestor that already lived in a rainforest environment. Based on this framework, I argue
that Southeast Asian mammals could provide valuable insights into the placental ancestor
because they are likely to have retained plesiomorphic traits through stabilising because they
have remained in tropical conditions since their evolution. This framework would be beneficial
for evolutionary biologists and I provide an example of how it could facilitate studies that test
hypotheses regarding the evolution of placental mammals using the evolution of endothermy
as an example. There is urgent need to exploit the opportunity to study Southeast Asian
mammals because the Southeast Asia region is under severe threat due to human-related
impacts such as land use change and global warming. Thus, I argue that strategic studies
could yield data that are vital for assessing the potential of Southeast Asian mammals to
survive global warming and simultaneously document information that this evolutionarily
insightful.
Chapter two - Searching for the Haplorrhine Heterotherm: Field and Laboratory Data of
Free-ranging Tarsiers
Primates display a puzzling dichotomy in endothermic traits. Whereas adaptive
heterothermy is wide-spread throughout the Strepsirrhini (lemurs, galogos and lorises), there
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is no record of it within the sister clade, the Haplorrhini. There has been a recent paradigm
shift in our view of the evolution of endothermy in mammals. The earlier paradigm was that
strict homeothermy evolved directly from ectothermy. Thus, adaptive heterothermy was
viewed as an apomorphic condition. The contemporary paradigm is that adaptive
heterothermy is the plesiomorphic condition that served as the intermediate state between the
ectothermic condition of the ancestral mammaliaforms and strictly homeothermic modern
mammals. Given that tarsiers are basal in the clade Haplorrhini, their phylogenetic placement
means that they are excellent candidates in which to search for adaptive heterothermy within
this clade. Current physiological data for tarsiers are limited to a few metabolic rate
measurements and potentially inaccurate skin temperature measurements of Philippine
tarsiers (Tarsius syrichta). In this chapter, I present the first comprehensive description of
thermoregulation in a tarsier other that T. syrichta, namely Cephalopachus bancanus. The
data presented includes novel, concurrent, laboratory measurements of metabolic rate, body
temperature and evaporative water loss, as well as core body temperature measurements in
free-ranging individuals. The results of my study contradict earlier work and show that tarsiers
may be highly susceptible to heat stress, even at moderate temperatures. Combining their
thermoregulatory capacity, the microclimate data of their habitat and their exposed arboreal
lifestyle, tarsiers may be vulnerable to the effects of global warming. This observation supports
the argument that tropical arboreal endotherms may be physiologically vulnerable to global
warming because they generally have low body temperatures and are exposed to
environmental conditions that compromise their capacity to dissipate excess heat. However,
the true novelty of this chapter is that it serves to further our understanding of the evolution of
endothermy within primates by synthesizing all relevant work on haplorrhines and
contextualizing the current lack of evidence for adaptive heterothermy in the Haplorrhini within
our contemporary understanding of the evolution of endothermy. This chapter introduces a
new, testable, hypothesis that adaptive heterothermy in Haplorrhini was lost at the
Strepsirrhini-Haplorrhini split, and this hypothesis provides a framework for future physiologybased primate studies.
Chapter Three - Using thermoregulatory profiles to assess climate change vulnerability
in an arboreal tropical bat: heterothermy may be a pre-adaptive advantage
The role that frugivorous and nectivorous bats play in maintaining ecosystem integrity
is greatly underappreciated; especially within the context of global warming. On a global scale,
the contribution of bats to plant pollination and seed dispersal is considered secondary to, for
example, invertebrates and birds. However, within the tropics, bats arguably have the most
important contribution to animal-plant interactions necessary to maintain the ecosystem
integrity. In this chapter, I present an updated account of the thermoregulatory capacity of the
ix

dog-faced fruit bat (Cynopterus brachyotis), a bat that is prominent within the bat-fruit network
in the tropics. Unlike the initial physiological study on C. brachyotis, I present comprehensive
thermoregulatory data illustrating variations in core body temperature directly, instead of
variations in skin temperature that serve to approximation core temperature. I also reported
the first account of the species’ capacity for evaporative heat loss. As in Chapter 2, the species’
thermoregulatory capacity is integrated with their habit microclimate data. The results show
that C. brachyotis maintain a Tb that is much lower than previously reported and consequently
they would seem to be, theoretically, more susceptible to heat stress due to global warming
than initially thought. However, unlike the tarsiers studied in Chapter 2, C. brachyotis have the
capacity to enter torpor at high ambient temperatures and appeared to thermoconform at both
low and high temperatures. This observation adds to the evidence that heterothermic species
may down-regulate metabolism at high temperatures and thermoconform to better cope with
the heat (investigated in Chapter 4). Metabolic down-regulation at high Ta thus offsets the
onset of heat storage. Given the benefits of torpor, the generalist nature of the species, as
well as the cool microclimate of their habitat, I argue that C. brachyotis may be less vulnerable
to the effects of global warming than expected based only on their thermoregulatory capacity
and predicted increases in regional ambient temperature. As such, this chapter provides
evidence that reaffirms the importance of integrating behavioural aspects, physiological
principles and the experienced environmental conditions when evaluating a species response
to global warming. Importantly, given the limited time and resources available to researchers
and conservationists involved with climate change, this chapter provides an example of a
framework of how to identify species whose survival are critical to ensure general ecosystem
health and prioritizing conservation efforts accordingly.
Chapter Four - Torpor at high temperatures? Thermoregulatory comparison between
heterothermic and homeothermic bats.
There is a growing argument that heterotherms are able to better cope with heat than
homeotherms because they may use torpor at high temperature. Until now, there has been
little corroborating physiological evidence to support the few claims that heterothermic species
do down-regulate metabolism at high temperature. Chapter 4 builds on the initial arguments
made in Chapter 3 and reviews the thermoregulatory capacity of bats to determine whether
there are notable differences between heterothermic and homeothermic species. I present a
new perspective on how to interpret the thermoregulatory profiles of heterothermic species
and I also introduce the first formal attempt to test the hypothesis that heterothermic species
use torpor at high temperatures. All contemporary models used to determine torpor expression
fail at high temperature. Thus, I developed a new model that uses an indirect approach to
determine whether metabolic down regulation does occur at high temperature. To do so, I
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developed a new, standardized, dataset of thermoregulatory variables to address the
systematic errors within existing datasets of physiological variables. Given that the results
support the use of torpor at high temperature, I also integrated principles from molecular
physiology to introduce a mechanistic framework of how metabolic down-regulation at high
temperature may occur and then developed testable predictions that future work can use to
further our understanding of torpor at high temperature. Aside from introducing a novel
perspective on mammalian thermoregulation, the work conducted in this chapter builds on the
argument that heterotherms have a pre-adapted advantage when dealing with the effects of
global warming and using torpor at high temperature could have wide implications regarding
species survivability and the likelihood that they will migrate, which has cascading implications
for conservation planning.
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Abstract
Despite the uncertainty regarding the divergence dates of crown Mammalia, placental
mammals are thought to have evolved in warm, tropical conditions. Given that many of the
islands in Southeast Asia have remained within the tropics since at least the mid-to-late
Cretaceous, mammals that colonized these islands, before the onset of global cooling during
the Cenzoic, are likely to have retained pleisiomorphic traits through stabilizing selection. As
such, physiological and ecological data collected from those mammalian lineages would
provide key insight into the phenotype of the common ancestor of placental mammals.
Unfortunately, many Southeast Asian mammals seem particularly vulnerable to the negative
effects associated with habitat loss and global warming and the window of opportunity for data
collection is quickly disappearing. Fortunately, studies that adopt a mechanistic approach
could yield data that are vital for assessing the potential of Southeast Asian mammals to
survive global warming and simultaneously document information that is evolutionarily
insightful.

Recent insight into the evolution of placental mammals
Based upon character state reconstruction analyses, it has been proposed that the
hypothetical common ancestor of placental mammals, colloquially named Schrëwdinger, was
a small, insectivorous and nocturnal shrew-like mammal (O'Leary et al., 2013). Schrëwdinger
is likely to have had a body temperature (Tb) of approximately 34°C (Lovegrove, 2012a; b) and
to have had the capacity to employ adaptive heterothermy (Lovegrove, 2012c); which was
taken to mean that it had the ability to enter torpor or hibernation. Notably, here and throughout
the thesis, I have chosen to follow a similar definition of adaptive heterothermy. However, the
use of heterothermy in this context does not obviate the presumuption that Schrëwdinger likely
also had a highly variable Tb; not unlike that observed in phylogenetically closely related taxa
such as monetremes and marsupials (reviewed by Gaughan et al., 2015), xenarthra (McNab,
1985; Boily, 2002; Toledo et al., 2017), and a few placental mammals such as tenrecs
(Levesque and Lovegrove, 2014).
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Confidence in the idea that Schrëwdinger was a heterotherm is central to the
understanding of how mammals could have persisted until now. Importantly, the physiological
benefits associated with torpor and hibernation significantly improves survivability in extant
species (Geiser and Turbill, 2009; Turbill et al., 2011), especially during adverse
environmental conditions (Nowack et al., 2017). Based on this observation, it has been argued
that mammals only survived the Cretaceous-Paleogene (K-Pg) extinction event at around 65.5
million years ago (mya) because of their capacity to endure the environmental turmoil following
the meteorite impact at Chicxulub, Mexico, through the use of adaptive heterothermy
(Lovegrove et al., 2014b). However, the general acceptance of such an argument is hindered
by the highly contentious debate regarding the date of divergence for Mammalia and the
number of mammalian groups that survived the K-Pg extinction (Bininda-Emonds et al., 2007;
Meredith et al., 2011; O'Leary et al., 2013; Foley et al., 2016; Halliday et al., 2017).
Whereas some argue that the major radiation of placental mammals occurred shortly
after the K-Pg boundary (i.e. < 65.5 Mya) (O'Leary et al., 2013; Halliday et al., 2017), others
argue that all of the major groups of placental mammals were already present during the midto-late Cretaceous (ca. 90 – 65.5 mya) (Bininda-Emonds et al., 2007; Meredith et al., 2011;
Foley et al., 2016). Consequently, we lack a definitive understanding of the environmental
conditions under which placental mammals would have evolved. This uncertainity has had a
profound influence on how mammalian traits are perceived to have evolved, and limits the
context of the adaptations needed for their survival. Now, thanks to recent improvements in
our understanding of the paleotopography during the Cretaceous Period, there has been a
change in perception regarding the paleoclimate during that time, that could provide a better
framework for understanding the evolution of placental mammals.
The latest thinking is that the Cretaceous Period was warmer and wetter than
previously suggested (Hay, 2017), lending credence to the argument that tropical rainforestlike biomes already exisited by the end of the Cretaceous (Couvreur and Baker, 2013). Thus,
whereas earlier studies claimed that tropical rainforests evolved only after the K-Pg boundary
during the Paleogene (ca. 65-62 mya: Morley, 2000; Jaramillo et al., 2010), paleoclimatic data
now support Couvreur and Baker (2013)’s argument that it evolved much earlier, during the
mid-Cretaceous (ca. 100 mya) (Fig. 1-1). If the latter is true, it would provide robust support
for the idea that placental mammals evolved under warm, tropical conditions because
irrespective of whether Schrëwdinger evolved as early as 100 mya (Foley et al., 2016) or as
late as 66 mya (O'Leary et al., 2013), placental mammals would still have evolved under
tropical rainforest-like conditions and remained therein, for the most part, until the onset of
global cooling during the Cenozoic (ca. 50 mya) (Fig. 1-1).
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Figure 1-1: The overlap between the evolutionary history of endothermy in mammals
according to Lovegrove (2017), the origin of the placental ancestor and the origin of rainforest
environments. The respective date of divergence of the superordinal groups of placental
mammals are depicted according to O'Leary et al. (2013) and Foley et al. (2016), and the
proposed origin of rainforest environments is according to Couvreur and Baker (2013). The
time periods under the cross-hatch shading are not to scale. The asterisk represents the
proposed origin of the placental ancestor. The palm silhouette represents the proposed origin
of rainforests at approximately 100 mya, and was obtained from silhouettesfree.com under a
Creative Commons License. The dashed line represents the Cretaceous-Paleogene (K-Pg)
boundary.
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The potential for Southeast Asian mammals to provide meaningful insight into
the placental ancestor
Mammals that colonised tropical islands during the Early Cenozoic, prior to the onset
of global cooling, would, in general, have retained plesiomorphic traits through stabilising
selection (Hansen, 1997; Lobban et al., 2014). The potential for stabilising selection certainly
seems high within Southeast Asian mammals because based on the theory of continental drift
(Wegener, 1912), a reconstruction of Earth’s landmasses suggests that many of the Southeast
Asian islands have remained within the tropics for at least the last 100 million years (Scotese,
1991). Thus, aside from some changes in floristic composition (Jablonski, 2003; Couvreur and
Baker, 2013), the tropical environment in Southeast Asia would have remained moderately
stable from the time that Schrëwdinger evolved, until now.
In combination with the notion that Southeast Asian mammals would have experienced
stabilising selection that favoured the retention of plesiomorphic traits, there also are several
species that are conveniently positioned phylogenetically to provide meaningful evolutionary
insight into the ancestral phenotype. For instance, tarsiers (Tarsiidae), colugos
(Cynocephalidae) and treeshrews (Tupaiidae and Ptiloceridae) are key representatives of the
orders Primates, Demoptera and Scandentia respectively. Collectively, these three orders
form the Euarchonta (Fig. 1-2). Whereas tarsiers are phylogenetically basal within one of the
two suborders of primates, namely the Haplorrhini (tarsiers, monkeys, apes and humans)
(Hartig et al., 2013), colugos are the only extant representatives of Dermoptera, the sister
group to the primates. Furthermore, treeshrews are the only representatives of order
Scandentia, the sister group to the Clade Primatomorpha (Dermoptera and Primates) (Roberts
et al., 2011). As such, this unique combination of taxa has the potential to provide meaningful
insight into the common ancestor of Euarchontoglires (Euarchonta and Glires), one of four
superordinal clades in Placentalia (Foley et al., 2016) (Fig. 1-1 and 1-2). Consequently,
understanding these species would significantly improve our understanding of the placental
ancestor.
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Figure 1-2: The phylogenetic relationship of the mammalian Orders within the clade
Euarchontaglires. The date of divergence at each node is based on the long fuse model of
Foley et al. (2016). The asterisk represents the date of divergence between the
Euarchontoglires and Laurasiatheria superordinal groups. The mouse, rabbit, tree shrew,
tarsier and flying lemur animal silhouettes depict commonly recognizable animals within their
respective Order. Animal silhouettes were obtained from Phylopic.org under a Creative
Commons License. The dashed line represents the Cretaceous-Paleogene (K-Pg) boundary.

The value of Southeast Asia as a model system to test evolutionary hypotheses
regarding the evolution of endothermy in placental mammals
The ability to regulate Tb through endogenous heat production (i.e. endothermy) and
remain active independently of ambient temperature (Ta) is thought to be the main reason why
mammals became so successful after the demise of the non-avian dinosaurs (Lovegrove,
2012a). However, the evolutionary history that resulted in this ability is uncertain. Recently, it
was claimed that mammals evolved higher Tb and improved homeothermy (i.e. the
maintenance of Tb within a relatively narrow range) through an iterative increase in metabolic
rate that progressively fuelled endothermy, and that this increase in metabolism was driven
by three major pulses in endothermic capacity (Lovegrove, 2017) (Fig. 1-1). The basis of this
claim was a comprehensive review and synthesis of previous hypotheses that have been
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proposed to explain the evolution of endothermy in birds and mammals, as well as the
available morphological evidence to support the arguments presented.
Briefly, Lovegrove (2017) claims that the first pulse in the evolution of endothermy was
related to increases in metabolic capacity by stem synapsids, therapsids and cynodonts due
to the activity demands and selection for enhanced embryonic development and post-hatching
parental care associated with colonising land (sensu Bakker, 1971; Bennett and Ruben, 1979;
Farmer, 2000; Koteja, 2000). It is also claimed that, due to the large body sizes of synapsids
and early therapsids, these creatures had high thermal inertia, which resulted in a rudimentary
capacity to achieve homeothermy and maintain a stable Tb (McNab, 1978). As a consequence,
selection would have favoured bodily functions that became optimized within a narrower range
of Tb (sensu Heinrich, 1977). The second pulse in the evolution of endothermy was then
initiated by the extreme miniaturization in the body size of therapsids during the Late Triassic
and Jurassic. It follows that as these therapsids shrunk, they would have progressively lost
their capacity to retain body heat through thermal inertia. To maintain the benefits accrued
during the period of large-body-size homeothermy, they would have needed to increase their
thermoregulatory control (Lovegrove, 2017). This would have been achieved through a
combination of enhanced endothermic capacity to elevate Tb (sensu McNab, 1978) and a
reduced rate of heat loss through the evolution of fur (Lovegrove, 2017). Consequently, these
improvements in thermoregulation would have allowed therapsids to invade and exploit a
vacant nocturnal niche (Crompton et al., 1978). Thereafter, endothermy would have been
advanced by the increases in metabolic rate associated with the evolution of larger brains and
other neuronal accompaniments needed for a nocturnal existence (Rowe et al., 2011). Finally,
the third pulse in the evolution of mammalian endothermy is claimed to be related to further
increases in aerobic capacity by early mammals due to the evolution of terrestrial cursoriality
and adaptations to the change in climate following the onset of global cooling during the early
Cenozoic (Lovegrove, 2000; Lovegrove and Mowoe, 2014; Lovegrove, 2017). It is also argued
that mammals could only have reinvaded a diurnal niche, following the demise of the nonavian dinosaurs, if they had a sufficiently large thermal gradient (T b-Ta) that allowed passive
heat transfer from the animal to the environment, minimising the need for evaporative cooling
and reducing the risk of dehydration (Crompton et al., 1978). Though, the theoretical basis for
the relationship between diurnality and endothermy is elusive. Could diurnality have been a
driver for enhanced endothermy, a benefit of enhanced endothermy or simply reflect the
absence of the previously dominate dinosaur taxa?
Given the long history of tropical conditions throughout many Southeast Asian islands
and the potential of the continuously tropical conditions to have favoured the retention of
pleisiomorphic traits in Southeast Asian mammals, Southeast Asia is an ideal region to study
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the evolution of endothermy in mammals. For instance, based on the triphasic iterative model
for the evolution of endothermy discussed above, one would expect ancient taxa such as
colugos and tarsiers, which have remained in tropical conditions since their respective date of
divergence, to have a low Tb, a low endothermic capacity and to be heterothermic.
Accordingly, they should have low metabolic rates and some propensity to enter torpor.
However, no physiological data exist for colugos and the limited data that do exist for tarsiers
provide evidence of a low metabolic rate and Tb (McNab and Wright, 1987; Lovegrove et al.,
2014a), but not of adaptive heterothermy. Though, given the small number of studies, the
current lack of evidence of adaptive heterothermy in tarsiers is not to say that adaptive
heterothermy does not occur in this clade. Furthermore, indigenous Southeast Asian
mammals, the ancestors of which have colonised islands in Southeast Asian before the onset
of global cooling during the Cenozoic, would have experienced similar, warm environmental
conditions. Hence, the influence of climate adaptation on endothermy, in response to cold,
would presumably have been minor. As such, these Southeast Asian mammals provide an
opportunity for a physiological comparison between diurnal and nocturnal, and arboreal and
cursorial that could be useful to determine the respective influence of diurnality and enhanced
locomotion on mammalian endothermy. In general, a better understanding of the physiology
of Southeast Asian mammals would greatly improve our understanding of the evolutionary
drivers that favoured the selection of homeothermy and higher Tbs. Yet, despite the possible
evolutionary significance, physiological data for mammals from Southeast Asia are scarce
(Lovegrove, 2000; Khaliq et al., 2015).

A race against time: The threat of habitat loss and global warming in the tropics
Tropical regions have the highest biodiversity on earth, usually boasting species-rich
ecosystems (Rohde, 1992; den Tex and Leonard, 2013; Jablonski et al., 2013; Jansson et al.,
2013). However, given that population density tends to decrease with an increase in species
richness and that specious ecosystems also tend to host a higher number of rare species,
tropical ecosystems are vulnerable to cascading extinctions and general ecosystem collapse
(Kaneryd et al., 2012). Ensuring the integrity of these ecosystems is of paramount importance
because, irrespective of any ethical obligation or academic interests (as previously discussed),
they form an integral component of the hydrological cycle and general atmospheric circulation
(Bruijnzeel, 2004; Warwick et al., 2013). The collapse of tropical ecosystems would thus have
a globally significant bearing on air quality and precipitation (Gedney and Valdes, 2000; Werth
and Avissar, 2002; Laurance, 2004; Pyle et al., 2011). Yet, despite their importance, tropical
regions are globally under severe pressure from anthropogenic-related effects.
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Land use change has been extensive throughout the tropics and is currently the
dominant threat to tropical ecosystems (Geist and Lambin, 2002; Achard et al., 2014);
especially within Southeast Asia (Reynolds et al., 2011; Gaveau et al., 2016; Miettinen et al.,
2016). Repurposing natural land has widespread detrimental implications for biodiversity and
ecosystem integrity due to the combination of direct effects and a cascade of indirect effects
(Martínez-Ramos et al., 2016; Barnes et al., 2017). The obvious direct effect of land use
change is the eradication of species and the reduction in the total area available for species
to inhabit. However, in addition to the overall decline in available habitat, land use change
increases fragmentation of the remaining habitat. This promotes edge effects and also affects
the microclimate within these habitats, making them less hospitable for many species (Turner
and Corlett, 1996; Laurance, 2004; Tuff et al., 2016). Thus, land use change could indirectly
facilitate changes in species communities (Martínez-Ramos et al., 2016; Barnes et al., 2017).
For example, habitat fragmentation decreases the total canopy cover in forests and allows
more light to reach the understory. The increase in light may favour certain plant species and
lead to their proliferation, at the expense of other species (Luken et al., 1997). Consequently,
structural changes to the plant community may promote changes to the faunal community
(Martínez-Ramos et al., 2016), that, in turn, would perpetuate ecosystem changes.
Tropical species are also threatened by the current, anthropogenic-related, global
warming. It is generally accepted that species will respond to global warming through a
compensatory migration poleward or towards higher altitude (Walther et al., 2002; Root et al.,
2003; Parmesan, 2006). However, globally, many species may be trapped in isolated habitat
fragments due to land use change (Hansen et al., 2001). Furthermore, many tropical species
live on islands and have limited dispersal potential. At some point, these species will no longer
be able to move and will be forced to endure or adapt to their new conditions or become
extinct. In this regard, studying their physiology provides a useful mechanistic link between
environmental variability, individual tolerances and performance, and thus the species’
potential to persist in the face of a warming climate (Ricklefs and Wikelski, 2002; Sherwood
and Huber, 2010; Lovegrove et al., 2014a). In the case of Southeast Asia, such data collection
has the secondary benefit of documenting information that is potentially vital for understanding
the evolution of mammals. Unfortunately, the physiological data required to assess species
tolerances are often unavailable for the tropics (Lovegrove, 2000; Huey et al., 2012). Though,
available data suggests that many tropical and semi-tropical mammals have comparatively
low (<36°C) and thermolabile Tb (Racey and Stephenson, 1996; Lovegrove and Génin, 2008;
Stawski and Geiser, 2012; Lovegrove et al., 2014a).
Temperature has a biphasic effect on biological processes. Initially there is a positive
relationship as the rate of processes increase with temperature, up to a maximum point.
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Thereafter, hyperthermia ensues as further increases in temperature results in a rapid decline
in the rate of said processes (Boyles et al., 2011; Tattersall et al., 2012). Endotherms can
experience varying degrees of hyperthermia ranging from non-lethal reversible effects to
death, depending on the rate of heat storage, the absolute increase in their Tb, as well as the
duration that they experience such elevated Tbs (Schmidt-Nielsen, 1997). For mammals, the
mean lethal Tb is seemingly ca. 43°C (Prothero, 2015). Thus, one view could be that mammals
with lower Tb can accommodate more heat storage before reaching the lethal threshold.
However, it is also reported that, in general, endotherms (birds and mammals) seemingly only
survive increases in Tb of up to 6°C relative to their normothermic Tb (Schmidt-Nielsen, 1997).
At the outset, these two views seem contradictory. However, the normothermic T b of species
used to calculate the mean lethal Tb of 43°C for mammals were predominantly ≥37°C, which
thus lends credence to the argument that endotherms, at least in the case of mammals, only
survive up to 6°C increases in Tb relative to their normal Tb. Furthermore, the optimal
temperature and effective range of temperatures that biological process function seems to
vary between processes and species (Schmidt-Nielsen, 1997; Boyles et al., 2011; Tattersall
et al., 2012). Thus, considering this biphasic effect of temperature on biological processes,
together with the hypothesis that natural selection would have favoured the optimisation of
bodily functions at or close to the species-specific Tb (McNab, 1978), it seems more likely that
species with lower Tb risk deleterious effects at lower absolute Tbs relative to their higher Tb
counterparts.
Based on the view that the level of hyperthermia perceived by endotherms is likely to
be Tb dependent, the low Tb of many tropical and semi-tropical mammals is particularly
concerning. As a consequence of their low Tb, they encounter relatively small temperature
differentials between themselves and their environment. The smaller thermal gradient (i.e. low
ΔT = Tb-Ta) compromises their ability to passively dissipate excess body heat or maintain T b
within species-specific ranges because heat dissipation via conduction and radiation
diminishes as ΔT approaches zero (Schmidt-Nielsen, 1997; Sherwood and Huber, 2010).
Once Ta ≥ Tb evaporative cooling becomes the only means of dissipating heat from the body
(McKechnie and Wolf, 2004; Cory Toussaint and McKechnie, 2012; Withers et al., 2012) but
it requires at least a 1-2°C differential between the animal’s skin and the wet-bulb temperature
(Sherwood and Huber, 2010). Thus, whereas mammals inhabiting higher latitudes usually
encounter large water vapour pressure deficits that favour evaporative cooling (Walsberg,
2000), the high relative humidity conditions in the tropics could potentially retard evaporative
cooling and lead to fatal levels of heat storage (Mora et al., 2017), even in seemingly mobile
species such as bats (Welbergen et al., 2008). As such, many tropical mammals could already
be living close to the upper limit of their thermotolerance and are at high risk of severe
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hyperthermia due to the predicted increase in global temperatures (Lovegrove et al., 2014a).
Crucially, the aggressive land use change in Southeast Asia could exacerbate the effects of
global warming because as previously mentioned, habitat fragmentation would diminish the
potential of forests to buffer environmental variability and would increase the exposure of many
species to potentially devastating environmental stochasticity (Hansen et al., 2001).

Conclusion
Tropical mammals, especially South East Asian species, have the potential to provide
key insight into evolutionary processes in mammals. However, the availability of natural
ecosystems and the time remaining within which to study them is quickly disappearing.
Southeast Asia is under severe threat due to aggressive land use change and the effects of
global warming. It is imperative that steps are taken to improve conservation efforts to prevent
wide-spread ecosystem collapse. In this regard, studies that adopt a mechanistic approach to
studying the physiological effects of global warming on tropical mammals would be strategic
because they could lead to a better understanding of the fate of tropical mammals, greatly
assist conservation planning and yield potentially significant evolutionary insight.

Problem statement and Thesis rationale
The tropics are highly speciose, make a significant contribution to the global primary
productivity, are an integral component of the global atmospheric circulation and, for
evolutionary biologists, potentially provide key insights into the evolution of placental
mammals (Rohde, 1992; Malhi, 2012; den Tex and Leonard, 2013; Jablonski et al., 2013;
Jansson et al., 2013). However, there is a vast gap in our understanding of the future of this
region. The widely accepted range shifts that species are expected to undertake in response
to climate change would suggest that many insular species, with limited dispersal capacity,
face extinction. Importantly, the view that species will migrate towards the poles or towards
higher altitude (Walther et al., 2002; Root et al., 2003; Parmesan, 2006) is based on species
distribution models (SDMs; synonymous with climate-envelope models, niche models or
bioclimatic models), which do not adequately consider all dynamics involved. These models
are rooted in the “ecological niche theory” (Hutchinson, 1957) and rely on the principle of niche
conservatism, that is to say that species’ will retain ancestral ecological characteristics and
seek to remain within similar niches (Wiens and Graham, 2005). However, even though SDMs
have been considered to be valuable conservation tools because some of them have
successfully predicted the distributional patterns of certain species (Pearson and Dawson,
2003; Araújo et al., 2004; Araújo et al., 2011; Struebig et al., 2015), they rely upon several
unrealistic assumptions, and are thus fundamentally flawed.
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The most significant assumptions that SDMs make are i) that the current distribution
of species and the associated large-scale environmental conditions accurately reflect the
species preferred niche (Guisan and Thuiller, 2005; Wiens et al., 2009), ii) that species can
migrate uninhibited across heterogeneous and often highly transformed landscapes to reach
suitable areas, at a rate similar to that of climate change (Pearson and Dawson, 2003; Wiens
et al., 2009), iii) that species will respond independently of others and thus SDMs essentially
disregard ecological effects (Davis et al., 1998; McCarty, 2001), and iv) that species will not
be able to tolerate or adapt to future conditions (Chevin et al., 2010; Chown et al., 2010; Fuller
et al., 2010; Boyles et al., 2011). Any assessment of a species vulnerability to global warming
should be multifaceted, especially large-scale models that aim also to predict future species
responses. These models would thus require a framework of understanding of the species
ecology, physiological sensitivity, risk of exposure, resilience, as well as adaptability due to
genetic variability and phenotypic plasticity. Exploring and understanding the mechanistic
relationship between climate change and the physiological responses of animals to
environment variability will provide a much needed subset of the framework for future largescale models (Williams et al., 2008; Kearney et al., 2010; Huey et al., 2012).
To date, most of the physiological research related to global warming is biased towards
ectotherms and focus on the temperate zone (Dillon et al., 2010; Lovegrove et al., 2014a).
Less than 1% of the long-term data stems from the tropics (Rosenzweig et al., 2008).
Nevertheless, thermotolerance is a quick and convenient measure that could be used to
assess species vulnerability to global warming because it represents a rigid physiological limit
to what animals may endure, and thus provides useful insights to species adaptability to global
warming (Sherwood and Huber, 2010). Heat stress is dependent on a species physiological
susceptibility and exposure (Ruddell et al., 2010). As such, small arboreal tropical mammals
seem particularly at risk of hyperthermia because they store heat quickly due to their low
thermal inertia. Moreover, their exposed lifestyles make them susceptible to environmental
perturbations and the small thermal gradient reduces their capacity to passively dissipate
excess body heat (Sherwood and Huber, 2010; Tattersall et al., 2012; Lovegrove et al.,
2014a). Thus, gathering information about species thermoregulatory capacity, coupled with
their habits and available microclimates, should be a priority. This thesis was aimed at
addressing some of these gaps in our knowledge.

Research objectives, study species and approach
The main objective of this study was to evaluate the vulnerability of tropical, arboreal
small mammals to heat stress. In addition, the data collected provide further insights into the
evolution of endothermy in mammals. I used an integrated field and laboratory design to
11

investigate the thermoregulatory capacity of two small nocturnal arboreal tropical endotherms
namely western tarsiers (Cephalopachus bancanus) and the lesser dog-faced fruit bat
(Cynopterus brachyotis) from the island of Borneo. It is predicted that by the end of this
century, Borneo would have experienced a mean Ta increase of 2.6 °C relative to the
temperatures during 1961-1990 (Numerikal, 2009). However, even though this increase may
be lower than the predicted average global increase, it is expected that Borneo will experience
several pulses of record high temperatures during 2028, 2048, 2061 and 2079, with spikes in
Ta of 1.9 - 2.7°C, 2.2 - 2.8°C, 2.9 - 3.4°C and 3.9 - 4.3°C respectively (Numerikal, 2009). Given
the catastrophic die-offs observed during anomalous heat waves in other tropical species
(Welbergen et al., 2008), these spikes could have devastating effects.
Tarsiers are small (80 – 150g; but see Clarke, 1943) primates that inhabit the forests
of South-east Asia (MacKinnon and MacKinnon, 1980; Crompton and Andau, 1986; 1987;
Neri-Arboleda et al., 2002; Groves and Shekelle, 2010). As previously mentioned, they are
the sister group of the Anthropoids and basal in Haplorrhini (Hartig et al., 2013). Tarsiers
evolved during the Eocene and have remained within the tropics ever since (Jablonski, 2003;
Simons, 2003). Thus, given their habitat stability, and the close phylogenetic relationship of
tarsiers to the Strepsirrhini, wherein adaptive heterothermy is common (Dausmann, 2014;
Dausmann and Warnecke, 2016), tarsiers can provide valuable insights into the evolution of
endothermy. Although some ecological (Jablonski and Crompton, 1994; Gursky, 2000;
Dagosto et al., 2001; Gursky, 2002; Crompton et al., 2010) and genetic (Schmitz et al., 2001;
Hartig et al., 2013) data exist for tarsiers, physiological data are scant. Available physiological
data exist for the Philippine tarsier (Tarsius syrichta) which have low Tbs (33.3°C - 33.8°C;
McNab and Wright, 1987; Lovegrove et al., 2014a) and display no adaptive heterothermy.
Based on these low Tbs, and hence compromised heat dissipation capacity due to a low ΔT,
tarsiers are theoretically vulnerable to heat stress.
Lesser dog-faced fruit bats (Cynopterus brachyotis) are small (37g) foliage-roosting
generalist frugivores that are widely distributed throughout Asia (Liat, 1970; McNab, 1989;
Abdullah, 2003). Relative to other bats, C. brachyotis have a high Tb (ca. 36.5°C; McNab,
1989). Thus, they should be less vulnerable to heat stress because, theoretically, they would
be able to maintain a favourable thermal gradient for longer than lower T b counterparts. In
addition, C. brachyotis are heterotherms (McNab, 1989). Using torpor would certainly make
them more resilient to indirect effects of global warming (Geiser and Turbill, 2009; Geiser et
al., 2011; Geiser and Brigham, 2012), but recent work argues that torpor could potentially
make them more resilient to direct effects as well (Bondarenco et al., 2014). Further, generalist
species are expected to be less affected by climate change (Gilman et al., 2010; Hof et al.,
2012; Gough et al., 2015; Afonso Silva et al., 2017) and are more likely to survive and persist
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within their current habitats. Because these bats are important seed dispersers that also
participate in pollination (Liat, 1970; Boon and Corlett, 1989; Tan et al., 1998), they have a
significant contribution in maintaining ecosystem integrity. Thus, I wanted to confirm earlier
thermoregulatory data as well as to assess whether there were any indications of adaptive
heterothermy being beneficial at high Ta.
Quantifying all aspects of heat exchange between an endotherm and its environment,
especially within its natural conditions, is difficult. However, the rate at which endotherms store
heat may be modelled mathematically by rearranging the simplified heat balance equation of
Schmidt-Nielsen (1997):
𝑇𝑆 = 𝐻𝑀𝑅 ± 𝐻𝐶 ± 𝐻𝑅 ± 𝐻𝐸

Equation 1

where TS is heat storage, HMR is heat production from metabolic processes (always
positive), HC is the net heat exchange from the combined effects of conductive and convective
heat transfer, HR is the net heat exchange from radiation, and HE the net heat exchange from
evaporation (typically negative). Thus, to better understand the risk of heat stress in the study
species, I focussed on the interaction between Ta, Tb, metabolism and evaporative heat loss.
Furthermore, as an attempt to attain a more realistic understanding of metabolic and energetic
implications of global warming for the study species, I related their physiological data to the
microclimate (Ta and relative humidity) measured within their respective habitats. Another
approach could have been to use physical models to quantify the heat exchange dynamics
between the study animals and their respective environments. Typically, such an approach is
used to determine operative temperatures and standard operative temperatures (Dzialowski,
2005), whereby operative temperature is an approximation of the net heat exchange via
conduction, convection and thermal radiation between the animal and its environment without
the influence of metabolic heat production or evaporative cooling, and where standard
operative temperature is a measure of the rate of metabolic heat production required to
compensate for the rate of heat lost observed for a set of standardized simulated
environmental conditions. However, this approach was avoided based on the following
considerations. Firstly, to be effective, these physical models necessarily must closely
resemble the thermal properties of each target species, yet they are not able to account for
non-metabolic thermoregulatory responses such as vasodilation and postural changes, that
also influence the rate of heat exchange. Secondly, even though using physical models may
have yielded data that are slightly more ecologically relevant, the specificity of such models
limits the wider applicability of the data. Thus, given the urgency with which we need to
improve our understanding of the likely responses of species to global warming, the use of Ta,
although not perfect, was favoured because of the convenience of obtaining data, and the
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general applicability of the data for understanding the physiological consequences of
temperature across taxa.
I also sought to combine the data collected for C. brachyotis with thermoregulatory
data available for other bat species to find corroborating physiological evidence to support
claims that heterotherms can enter torpor at Ta typically though to be within or above
thermoneutrality. Furthermore, based on the principles of heat exchange (equation 1), I
developed a prior models that could also test if metabolic down-regulation at these high Ta
had the potential to retard the rate of heat storage and minimize the use of evaporative water
loss.
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Abstract
The observation of adaptive heterothermy in a single suborder (Strepsirrhini) only
within the primates is puzzling. Given that the placental-mammal ancestor was likely a
heterotherm, we explored the potential for adaptive heterothermy (torpor or hibernation) in a
primate closely related to the Strepsirrhini. Based upon phylogeny, body size and habitat
stability since the Late Eocene, we selected western tarsiers (Cephalopachus bancanus) from
the island of Borneo. Being the sister clade to Strepsirrhini and basal in Haplorrhini (monkeys
and apes), we hypothesized that C. bancanus might have retained the heterothermic capacity
observed in several small strepsirrhines. We measured resting metabolic rate, subcutaneous
temperature, evaporative water loss and the percentage of heat dissipated through
evaporation, at ambient temperatures (Ta) between 22 - 35°C in fresh-caught wild animals
(126.1 ± 2.4g). We also measured core body temperatures in free-ranging animals. The
thermoneutral zone (TNZ) was 25 - 30°C and the basal metabolic rate was 3.52 ± 0.06 W.kg1

(0.65 ± 0.01ml O2.g-1.hr-1). There was no evidence of adaptive heterothermy in either the

laboratory data or the free-ranging data. Instead, animals appeared to be cold sensitive
because they could not defend normothermia (Tb ~ 35 °C) below TNZ, despite efforts to
increase metabolic heat production. We discuss possible reasons for the apparent lack of
adaptive heterothermy in tarsiers, and identify putative heterotherms within Platyrrhini. We
also document our concern for the vulnerability of C. bancanus to future temperature increases
associated with global warming.
Keywords: Metabolism, primate thermoregulation, tropics, evolution, tarsiers
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Introduction
The capacity to employ adaptive heterothermy, meaning that the animal can use torpor
or hibernation, conveys significant fitness benefits and promotes survivability (Geiser and
Turbill, 2009; Geiser and Brigham, 2012; Lovegrove et al., 2014b; Nowack et al., 2015;
Stawski et al., 2015; Nowack et al., 2016; Lovegrove, 2017). These benefits may be derived
either as a direct consequence of the reduction in energy expenditure and, in the case of
hibernators specifically, the preservation of fat reserves during periods of low resource
availability (Lovegrove, 2000; Dausmann, 2014), or, indirectly by reducing the risk of predation
due to decreased foraging effort (Bieber and Ruf, 2009; Stawski and Geiser, 2010; Bieber et
al., 2014). Adaptive heterothermy may also indirectly benefit reproduction by manipulating
foetal growth rate or by enhancing sperm storage (reviewed in Geiser and Brigham, 2012).
However, whereas the benefits of adaptive heterothermy may be well documented, its origin
remains hotly debated (Crompton et al., 1978; McNab, 1978; Bennett and Ruben, 1979; Hayes
and Garland, 1995; Farmer, 2000; Koteja, 2000; Grigg et al., 2004; Kemp, 2006; Clarke and
Pörtner, 2010; Lovegrove, 2012b; a; 2017).
For many years, the role of adaptive heterothermy seemed to have been an
afterthought in discussions about the evolution of endothermy (Bennett and Ruben, 1979;
Bennett, 1991; Hayes and Garland, 1995). Traditionally, it would appear, strict homeothermy
was regarded as having evolved directly form the ectothermic ancestral state, and adaptive
heterothermy evolved thereafter. However, with the aid of maximum likelihood character state
reconstruction, Lovegrove (2012a) determined that the last common mammalian ancestor was
likely to have displayed adaptive heterothermy and that strict homeothermy was an
apomorphic state. This conclusion supported arguments by Augee and Gooden (1992) and
later by Grigg et al. (2004), who argued that the role of adaptive heterothermy in the evolution
of endothermy was greatly underappreciated. Further, the likelihood that adaptive
heterothermy is plesiomorphic, in combination with recent work on brown antechinus
(Antechinus stuartii; Stawski et al., 2015), sugar gliders (Petaurus breviceps; Nowack et al.,
2015), and short-beaked echidnas (Tachyglossus aculeatus; Nowack et al., 2016), provided
support for the argument that the ancestors of the three crown mammalian clades namely, the
Monotremata, Marsupialia and Placentalia, likely only survived the mass extinction event
marking the Cretaceous-Paleogene (K-Pg) boundary because of their heterothermic capacity
(Lovegrove et al., 2014b; Lovegrove, 2017).
For many decades, it appeared that adaptive heterothermy within the primates was
geographically restricted to a single family - the Cheirogaleidae of Madagascar (see
Dausmann, 2008). Now, in addition to observations of torpor and hibernation in Malagasy
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mouse lemurs (Ortmann et al., 1997; Aujard et al., 1998; Schmid and Kappeler, 1998; Schmid,
2000; Kobbe and Dausmann, 2009; Schmid and Ganzhorn, 2009) and hibernation in dwarf
lemurs (Dausmann et al., 2000; Dausmann et al., 2005), adaptive heterothermy has been
observed in two non-Malagasy primates. Torpor, despite the initial lack of evidence for it (Knox
and Wright, 1989; Mzilikazi et al., 2006), occurs in the African lesser bushbaby (Galago
maholi; Nowack et al., 2010), albeit under extreme conditions only. Hibernation has now also
been observed in the pygmy slow loris in Vietnam (Nycticebus pygmaeus; Ruf et al., 2015).
Even with the additional observations of adaptive heterothermy in the Galagidae and
Lorisidae, all observations within Primates remain within the Strepsirrhini clade prompting the
question why it has not also been observed in the haplorrhines? Has adaptive heterothermy
potentially been ‘lost’ in more derived primate clades or does its absence reflect an artefact of
sampling bias?
In this paper, we sought to explore the potential for adaptive heterothermy in a nonstrepsirrhine primate in an attempt to gain further insight into the primate adaptive
heterothermy phenotype. Our choice of study animal was determined by three principal
factors; a) close phylogenetic relatedness to the strepsirrhines, b) an insular tropical existence,
and c) small body size. Choosing a close relative provides the best opportunity to confirm a
potential retention of the ancestral adaptive heterothermy condition. The island existence and
small body size criteria stem from observations of extensive employment of adaptive
heterothermy by small-bodied Malagasy lemurs and because most heterothermic mammals
are small (< 1kg) (Geiser, 1998; Lovegrove, 2012a; Ruf and Geiser, 2015). It has been
proposed that, in general, mammals that colonised tropical islands during the Early Cenozoic,
that is, prior to the onset of global cooling during the Late Eocene, retained plesiomorphic
climate-adaptation traits through stabilising selection (Hansen, 1997; Lovegrove, 2012a;
Lobban et al., 2014).
Based on the aforementioned criteria, the most apropos model to search for the
evidence of adaptive heterothermy in non-strepsirrhine primates is the tarsier (Tarsiidae).
Tarsiers are small (80 – 150g; but see Clarke, 1943), tropical, nocturnal and arboreal primates
which inhabit the forests of South-east Asia (MacKinnon and MacKinnon, 1980; Crompton and
Andau, 1986; 1987; Neri-Arboleda et al., 2002; Groves and Shekelle, 2010). The reported
body temperatures (Tb) of 33.3°C (Lovegrove et al., 2014a) and 33.8°C (McNab and Wright,
1987) for the Philippine tarsier (Tarsius syrichta) show that they are “basoendotherms” i.e. Tb
< 35°C and thus similar to the predicted ancestral condition (sensu Lovegrove, 2012a); ca.
3°C lower than the average Tb of the primate clade (see Clarke et al., 2010). Since their
evolution during the Eocene, tarsiers have persisted within a continuously tropical
environment in habitats that are argued to be very similar to those that their ancestors
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inhabited; despite some changes in floristic composition (Jablonski, 2003; Simons, 2003).
They are also the only strictly insectivorous/carnivorous primate and, as a rule, take live prey
(Jablonski and Crompton, 1994; Gursky, 2000). With regards to their phylogeny, their position
has been hotly debated and shuffled around the primate tree (Schwartz, 1984; Schmitz et al.,
2001; Meireles et al., 2003; Simons, 2003; Yoder, 2003; Matsui et al., 2009; Perelman et al.,
2011). However, the most recent study by Hartig et al. (2013) supports the Haplorrhini
hypothesis i.e. that tarsiers are the sister taxa to the Anthropoids, as originally proposed by
Pocock (1918). Tarsiers are thus the closest extant relatives to the strepsirrhines.
Given the close phylogenetic relationship of tarsiers to the Strepsirrhini, as well as the
varied observations of torpor in the Strepsirrhini (Dausmann, 2014; Dausmann and Warnecke,
2016), we predicted that stabilizing selection may have favoured the retention of the
plesiomorphic capacity for adaptive heterothermy within tarsiers (Lovegrove, 2012a).
Currently, there is no physiological evidence in tarsiers that supports our prediction. Most of
our understanding of tarsier thermoregulation does however stem from three studies on T.
syrichta (Clarke, 1943; McNab and Wright, 1987; Lovegrove et al., 2014a), but it has been
speculated that western tarsiers (Cephalopachus bancanus, previously T. bancanus) may be
capable of torpor (Niemitz, 1984; Niemitz et al., 1984).
Our study had two main objectives. The first was to determine the thermoregulatory
response of wild-caught C. bancanus to varying ambient temperatures (Ta), noting any
potential indication of hypometabolism or the associated reduction in Tb. The second was to
document free-ranging core temperatures (Tcore) continuously over several months to
determine whether torpor occurs in their natural setting.

Materials and methods
Animal capture and husbandry
Nine male and four non-pregnant female adult tarsiers were used in the study. Animals
were captured in mist nets during two sampling periods between August - October 2014 and
March - August 2015, at Sama Jaya Nature Reserve (1°31’16” N; 110°23’15” E) on the island
of Borneo. Unlike temperate zones or other higher latitudes, Southeast Asia does not have
typical summer or winter seasons. Instead, the region remains warm throughout the year, but
rainfall patterns are heavily influenced by the phases of the El Nino Southern Oscillations.
Although periods of El Niño cause an overall reduction in the mean annual rainfall of the
broader state of Sarawak, at a local scale, the mean annual rainfall of the area around the
study site seemingly remains high throughout (ca. 3700 mm per annum; Sa’adi et al., 2017).
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The vegetation type of the study area was secondary forest and the reserve
encompassed an area of approximately 38 hectares. The number of daylight hours remained
fairly constant, with sunrise typically occurring shortly after 06:00 and sunset occurring shortly
before 19:00. Nets were set in areas with a dense concentration of narrow-stemmed trees, as
well as in areas with notable olfactory cues from scent markings of resident tarsiers. All nets
were opened at dusk (ca. 18:00) and checked at regular intervals throughout the night during
the tarsier’s active phase (α-phase). Captured individuals were sexed and thereafter weighed
using an electronic scale (Shimadzu TX3202L, Columbia, USA). Temperature-sensitive
passive integrated transponder (PIT) tags (Biomark HDX12, Boise, Idaho, USA) were injected
into their flanks. The PIT tags enabled us to measure the animals’ subcutaneous body
temperatures (Tsub) and also provided a unique identification code. The PIT tag’s location was
chosen to avoid any potential harm to their vital organs, while still being situated in close
proximity to their core region during normal posture. After the injection, the animals were
rehydrated and housed in a covered wire mesh cage fitted with branches. During captivity,
animals were fed live lizards or crickets and provided with water ad libitum. However, to ensure
a post-absorptive status during measurements, all animals received their last meal six hours
prior to respirometry measurements. Tarsiers are notoriously difficult to maintain in captivity
so all animals were held captive for a maximum of 36 hours only.
All experimental procedures were reported to and approved by the University of
Kwazulu-Natal Animal Ethics Committee (116/13/Animal), which adopts the guidelines
described by the Canadian Council on Animal Care. All experimental protocols were also
approved by the Sarawak Forestry Department [permit number: NCCD.907.4.4(9)-223,
NCCD.907.4.4(13)-277].
Gas exchange measurements
We used the incurrent flow measurement flow-through respirometry design described
by Lighton (2008) to measure the rate of oxygen consumption (V̇ O2), carbon dioxide
production (V̇ CO2 ), and evaporative water loss (EWL) of tarsiers exposed to varying Tas.
Animals were housed in sealed 4l respirometers that were constructed from clear plexiglass
acrylic. Respirometers were fitted with a grid platform elevated above a 1 cm deep layer of
mineral oil used to trap urine and faeces. Dried and CO2-free air was flowed through the
chamber at constant rates between 400 – 500 ml.min-1 , sufficient to maintain O2
concentrations of 20.8 – 20.0% within the respirometer. Incurrent air was dried and scrubbed
of CO2 by drawing it through a PC-4 Condensing Dryer (Sable Systems, Las Vegas, USA),
followed by a column of silica gel and a column of indicating soda lime, and finally a column
of indicating Drierite before reaching the pump and flow meter unit (SS-4 sub-sampler, Sable
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Systems). With the aid of a RM-8 Flow Multiplexer (Sable Systems), the excurrent air from the
animal chamber and a stream of reference air were sequentially subsampled and passed
through a series of gas analysers. The water vapour content of the air was measured using a
RH-300 water vapour analyser (Sable Systems), whereafter it was dried again using a column
of Drierite and flowed through a field gas analysis system (Foxbox-C, Sable Systems) to
measure the fractional concentrations of CO2 and O2. CO2 was scrubbed from the air stream
using soda lime prior to the O2 analyser. Sable System’s data acquisition software, Expedata
(v 1.7.22), was used to interpret and record the digital outputs from the equipment using a
laptop at 1-sec intervals. The respective rates of EWL, V̇ CO2 and V̇ O2 were calculated using
the equations presented in Withers (2001).
The O2 analyser was spanned prior to every measurement and the water vapour and
CO2 gas analysers were calibrated monthly. Compressed pure nitrogen gas was used to set
the zero point during all calibrations. A bubbler flask and waterbath were used to generate
humid air of a known dew point to set the water vapour span values. The CO2 span value was
set using certified commercially available compressed CO2 gas.
Experimental protocol for gaseous exchange measurements
We determined the animals’ thermoregulatory response by concurrently measuring
resting metabolic rate (RMR) and Tsub adjustments while exposed to temperatures between
22 -35°C. The air temperature within the respirometers was measured using commercially
available temperature sensitive data-loggers (iButton DS1922L, Thermochron, Dallas, TX,
USA; resolution: 0.0625°C), hereafter temperature loggers. The experimental temperatures
were controlled by partially submerging the respirometers into a body of water within a
modified coolerbox, wherein the temperature of the water was regulated using a waterbath via
a closed loop, such that the water flowed from the waterbath into the coolerbox and back into
the waterbath. A Biomark HPR plus reader and antennae were used to read and record Tsub
every 30 sec; providing a real-time visualization of the animals’ thermal profile during
measurements. Temperature loggers and PIT tags were calibrated following the method of
Toussaint and McKechnie (2012).
All measurements were performed on solitary individuals during their rest phase (ρphase; 06:00 - 18:00). Tarsiers were exposed to a single temperature for 3 - 6 hours, and each
tarsier was exposed to a maximum of two temperatures per capture. In cases where tarsiers
were exposed to two temperatures, the experimental temperatures and order of exposure
were allocated randomly. To minimize the bias of any particular tarsier, all tarsiers were only
exposed to a maximum of 3 temperatures, irrespective of the frequency of recapture. Also,
there were two instances where measurements were terminated prematurely because the
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individuals remained restless and their Tsubs increased rapidly to 38°C; both occurred at Ta =
35°C. Data from these two individuals were excluded from analyses.
Surgical procedure and free-ranging body temperature measurements
After the completion of respirometry measurements, five of the 13 animals (three males
and two females) used in the respirometry study, were surgically implanted with the same
custom designed temperature sensitive data-loggers (MCP 9800, Microchip Technology,
Chandler, AZ; resolution: 0.0625°C) described in Lovegrove et al. (2014a) to measure Tcore in
free-ranging animals. The loggers were assembled on site at our research station at the
Universiti Malaysia Sarawak. A 3-volt CR 1632 coin battery was soldered to the terminals of
the logger circuit board and the units were then coated with an acrylic protective lacquer
(Electrolube, HK Wentworth Ltd., Leicestershire, UK) and encapsulated in surgical wax;
yielding a final weight of ca. 4g. In compliance with the conditions stipulated for the approval
of permits, all surgical procedures were performed by a local veterinarian (Dr. Samuel Kiyui,
Malaysian Veterinary Council registration number: 049) under sterile conditions at his surgery.
Anaesthesia was induced by a 1ml intramuscular injection of a cocktail containing Tiletamine
and Zolazepam as active ingredients (Zoletil 100, Virbac Veterinary Pharmaceutics),
whereafter the data loggers were inserted into the peritoneal cavity via an incision along the
linea alba. The incision was sutured using 3/0 absorbable Dexon polyglycolic acid suture and
a topical antiseptic [Chlorhexidine gluconate 5% (w/v) and Isopropyl alcohol 3.15% (w/v)] was
liberally applied to the area. While anaesthetized, animals were also fitted with external VHF
radio-telemetry transmitter collars (PD-2C, Holohil Systems Ltd., Ottawa, Canada; weight =
4g) to allow us to track and monitor the animals. Tarsiers were released at their site of capture
as soon as possible once they had regained their mental acuity and monitored for the first
hour following release. Thereafter, daily observations were made for the first week and then
monitoring became periodical to minimize disturbance.
The Tcore data loggers were calibrated in a similar manner to that previously mentioned.
They were programmed to record readings every 30 min for a period of six months. Of the five
implants, we recovered three and five weeks of data from a male and female respectively. The
unsuccessful attempts were due to premature battery failure caused by the soldering process.
The Ta within the forest was recorded throughout the study period using the same type
of temperature loggers that were used during metabolic measurements. The loggers were
housed in black and white solar radiation shields that were attached as a pair (1 black and 1
white) at a height of 1.5m above the ground to three trees located in different sections of the
reserve. All three trees were observed tarsier rest sites. All plots and analyses of Ta at the field
site were made using the mean Ta from all six loggers.
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Data analyses
Laboratory measurements
Baseline and lag corrections were performed in Expedata to synchronize the
respective gas-exchange traces before any calculations were made. RMR and EWL were
calculated from steady-state traces corresponding to the most level continuous 10-min section
of the V̇ O2 trace identified using Expedata functions. The accompanying body mass (Mb) was
calculated using a regression of the animals’ Mb at the start and end of metabolic
measurements. Metabolic rate (in Watts) was calculated by converting the respiratory
exchange ratio (V̇ CO2 /V̇ O2) using the thermal equivalence data in Table 4.2 in Withers (1992).
-1

Evaporative heat loss (in Watts) was calculated assuming 2.26 J. mg H2 O , and then used to
calculate the amount of metabolic heat dissipated through evaporation as the ratio of
evaporative heat loss to metabolic heat production (EHL/MHP).
To objectively identify inflection points along the profiles of RMR, T sub, EWL and
EHL/MHP as a function of Ta, we performed a piecewise regression analysis in R 3.0.2 (R
Core Team, 2017) using the package ‘segmented’ (Muggeo, 2008). Each section of data
identified through the analysis was treated as independent and we adopted the approach of
implementing mixed-effect models using the R package ‘nlme’ (Pinheiro et al., 2016) to
evaluate the effect of Ta while accounting for other variables. We developed models using
various permutations of Mb and sex as fixed factors. To account for repeated measurements
in laboratory measurements (n = 13) we included individual ID as a random factor in all of the
models. We then compared their Akaike Information Criterion values that were corrected for
small sample size (AICc and AICcWt; Burnham and Anderson, 2003) to determine the model
of best fit using the R package “AICcmodavg” (Mazerolle, 2015). We tested for a sex difference
in Mb at the time of first capture using a Student’s t-test. All values are reported as mean ±
standard error unless stated otherwise. The assumptions of the models were verified in a
similar manner to Levesque et al. (2014).
Free-ranging measurements.
We used Rayleigh’s tests to assess whether there was any uniformity in the times at
which maximum and minimum Tcore in free-ranging animals (n = 2) and forest temperatures
were observed. We also tested whether Tcore followed a normally distributed pattern, using a
Shapiro-Wilk’s test.
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Results
Thermoregulatory measurements
All thermoregulatory measurements were obtained concurrently during laboratory
experiments using 13 wild-caught animals. The mean Mb at first capture was 126.1 ± 2.4g.
Males (n = 9, Mb = 126.9 ± 2.7g) were significantly heavier than females (n = 4, Mb = 117.1 ±
2.7g; one-tailed t11 = 2.76, p = 0.009).
Mass-specific RMR displayed inflection points at Ta = 25.0 ± 1.3°C (± 95% confidence
interval; CI) and Ta = 30.0 ± 2.5°C (± 95% CI), and displayed a significant and linear
relationship with Tas < 25°C (F1,7 = 9.44, p < 0.018, r2 = 0.57) and Tas > 30°C (F1,13 = 9.99, p
= 0.007, r2 = 0.43), but not with Tas between these values (Fig. 2-1A, Table 2-1). Thus, the
species’ thermoneutral zone (TNZ) was ca. 25 – 30°C. We calculated a basal metabolic rate
(BMR) of 3.52 ± 0.06 W.kg-1 (0.65 ± 0.01ml O2.g-1.hr-1) by averaging all RMR values between
and excluding those at the inflection points; including the values from both inflection points
made no difference. The accuracy of the thermal limits proposed by the piecewise regression
analysis was confirmed by substituting BMR into the respective regression equation of each
line, to calculate the Ta at which they intersected BMR. The intersection corresponding to the
lower limit of thermoneutrality (Tlc) was at Ta = 25.2°C and the upper limit (Tuc) was at Ta =
30.6°C. The models which best predicted whole-animal RMR above (Akaike weight = 0.74)
and below (Akaike weight = 0.70) TNZ included Ta as the only fixed factor (Table 2-2). In both
cases, the next best models contained Mb as an additional factor, and explained all of the
remaining Akaike weight for metabolism below TNZ. The remaining Akaike weight for
metabolism above TNZ included gender as a factor.
Tsub displayed a single inflection point during the thermoregulatory measurements
coincident with Tuc (Fig. 2-1B). Both sections of the Tsub profile had a significant and linear
relationship with Ta (Ta < 30°C: F1,19 = 19.58, p < 0.001; Ta > 30°C: F1,13 = 15.68, p = 0.002),
but the slope of the relationship for Ta < 30°C was lower (Table 2-1). The model which best
predicted Tsub above Tuc included Ta as the only fixed factor (Akaike weight = 0.82), whereas
the model best suited to predict Tsub below Tuc included all of the variables (Akaike weight =
0.73). The mean minimum Tsub was 32.4 ± 0.5°C observed at Ta = 24°C, whereas at higher
Tas there was no difference in the mean maximum Tsub observed at Ta = 32°C (Tsub = 35.9 ±
0.5°C) and Ta = 33°C (Tsub = 36.0 ± 0.5°C).
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Figure 2-1: The thermoregulatory profile of Cephalopachus bancanus. a) Effect of ambient
temperature on resting metabolic rate. b) Effect of ambient temperature on subcutaneous
temperature. c) Effect of ambient temperature on the rate of evaporative water loss. d) Effect
of ambient temperature on the amount of metabolic heat dissipated through evaporative
cooling. Plotted regression lines indicate the best fit for the data based on piecewise
regression analysis and the equations are presented in Table 2-1. Closed circles = males,
open circles = females.
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Table 2-1: Linear regression models describing the relationship between ambient temperature
(Ta) and various physiological parameters in Cephalopachus bancanus. Mass-specific resting
metabolic rate = RMR, subcutaneous temperature = Tsub, the rate of evaporative water loss =
EWL, the amount of metabolic heat dissipated through evaporative cooling = EHL/MHP, * =
p< 0.05, ** = p< 0.01.
Parameter

Temperature range

Regression equation

RMR

Ta < 25°C:

RMR = 16.65 – 0.5212 x Ta*

Ta > 30°C:

RMR = 0.2479 x Ta – 4.069**

Ta < 30°C:

Tsub = 25.64 +0.2879 x Ta*

Ta > 30°C:

Tsub = 14.64 + 0.6547 x Ta*

EWL

All

EWL = 0.17512 x Ta – 2.41254*

EHL/MHP

Ta < 30°C:

EHL/MHP = 3.761 x Ta – 61.52*

Tsub
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Table 2-2: Linear mixed-effect models which best describe the significant relationships
between ambient temperature (Ta) and resting metabolic rate (RMR), subcutaneous
temperature (Tsub), the rate of evaporative water loss (EWL) and the amount of metabolic heat
dissipated through evaporative cooling (EHL/MHP) in Cephalopachus bancanus. Only models
with Akaike weights ≥ 0.01 are presented.
Fixed factors

Random factor

k

AICc

Akaike weights

Ta

~1|ID

4

-37.92

0.74

Ta + Mb

~1|ID

5

-34.89

0.16

Ta + Sex

~1|ID

5

-33.34

0.07

Ta + Mb + Sex

~1|ID

6

-31.08

0.02

Ta

~1|ID

4

-0.69

0.7

Ta + Mb

~1|ID

5

1.01

0.3

Ta

~1|ID

4

51.57

0.82

Ta + Sex

~1|ID

5

56.01

0.09

Ta + Mb

~1|ID

5

56.15

0.08

Ta + Mb + Sex

~1|ID

6

61.34

0.01

Ta + Mb + Sex

~1|ID

6

43.15

0.73

Ta + Mb

~1|ID

5

45.81

0.19

Ta

~1|ID

4

48.06

0.06

Ta + Sex

~1|ID

5

50.88

0.02

Ta

~1|ID

4

117.26

0.58

Ta + Sex

~1|ID

5

119.66

0.17

Ta + Mb

~1|ID

5

119.67

0.17

Ta + Mb + Sex

~1|ID

6

121.47

0.07

Ta

~1|ID

4

-52.66

0.65

Ta + Mb

~1|ID

5

-50.19

0.19

Ta + Sex

~1|ID

5

-49.62

0.14

Ta + Mb + Sex

~1|ID

6

-46.19

0.03

RMR (Ta > 30°C)

RMR (Ta < 25°C)

Tsub (Ta > 30°C)

Tsub (Ta < 30°C)

EWL

EHL/MHP (Ta < 30°C)
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EWL had a significant, positive linear relationship with T a (F1,34 = 37.9, p < 0.001, r2 =
0.53, Fig. 2-1C, Table 2-1) and was best predicted by a model containing Ta as the only fixed
factor (Akaike weight = 0.58, Table 2-2). EWL ranged from a mean minimum of 1.86 ± 0.37
mg-1 .g-1 .hr-1 at Ta = 26°C, to a mean maximum of 3.44 ± 0.52 mg-1 .g-1 .hr-1 at Ta = 32°C.
Barring the elevated rate at Ta = 27°C, EWL remained < 2 mg-1 .g-1 .hr-1 and was stable at Tas
≥ 28°C. In addition, EWL displayed a strong correlation with Tsub (r = 0.81), and Tsub was
correlated to the amount of EHL/MHP (r = 0.67).
The percentage of EHL/MHP scaled linearly with Ta below Tuc (F1,19 = 29.7, p < 0.001,
Fig. 2-1D, Table 2-1). At Tas > 30°C, EHL/MHP remained relatively constant and no longer
displayed any relationship with Ta. The mean maximum percentage of EHL/MHP was 57 ± 6%
and was achieved at Ta = 30°C. The model which best predicted EHL/MHP below Tuc was
again the one which included Ta as the only fixed factor (Akaike weight = 0.65).
Free-ranging body temperature profile
Both tarsiers were implanted on the 19th June 2015, but we excluded all values prior
to the 24th of June to minimize any potentially misleading data recorded during the period of
recuperation.
The Tcore-Ta gradient was lowest during the ρ-phase and was ≤ 3°C on 75% and 70%
of the observation days for the male and female respectively; of those, 42% and 61% were ≤
2°C (Fig. 2-2A-B). The frequency distribution (0.5°C incremental bin category) of T core did not
conform to a Gaussian distribution pattern (♂: W = 0.98, p < 0.001; ♀: W = 0.96, p < 0.001),
but displayed a slightly left-skewed unimodal pattern. For both individuals, the modal Tcore was
35.0 ± 0.5°C (Fig. 2-3A-B). Furthermore, even though Tcore often approached 37°C in the male,
it only exceed 37°C on one occasion, for an hour during the morning of the 8th July 2015.
Quantile 1 of the free-ranging Tcores were similar between individuals (Q1: ♂ = 34.5°C vs Q1:
♀ = 34.3°C) but the female displayed a higher propensity for T core to decrease below Q1 (♀:
16% of all Tcores vs ♂: 8% of all Tcores). The mean daily range in Tcore was 2.4°C for both
individuals and the times at which the maximum and minimum T as and Tcores (excluding the
maximum Tcore of the male) were observed were not uniformly distributed throughout a 24-h
period (Rayleigh’s test, p < 0.001; Table 2-3). Peak Tcores during the α-phase occurred
consistently at 19:00 or 06:00 which coincided with the highest and lowest scotophase T as
respectively. The lowest Tcores were consistently observed at or before 10:00, preceding the
onset of the rapid increase in Ta to the daily maximum (range: 27.9 - 35.2°C, Table 2-3) at ca.
14:30.
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The frequency distribution of Tas during the scotophase were slightly right skewed and
unimodal, with a peak in frequency at Ta = 25°C (Fig. 2-4). The frequency distribution of Tas
during the photophase were left skewed and had a flat-shaped distribution; the highest
frequencies were observed between Ta = 30.0 – 32.5°C (Fig 2-3).

Figure 2-2: The temperature profile in free-ranging western tarsiers (Cephalopachus
bancanus). A) The ambient temperatures (Ta; grey line) and core temperatures (Tcore; black
line) recorded in a female from 00:00 24th June 2015 to 00:00 27th July 2015. B) The ambient
temperatures (Ta; grey line) and core temperatures (Tcore; black line) recorded in a male from
00:00 24th June 2015 to 06:30 10th July 2015. The grey and white bars represent night and
day respectively, and the black bars at the base of each plot represent the temperature
differential between the Ta and Tcore.
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Figure 2-3: The frequency distribution of the ambient temperatures (Ta) and core temperatures
(Tcore) recorded in free-ranging western tarsiers (Cephalopachus bancanus). A) The
distribution of temperatures corresponding to the female tarsier in Figure 2-2A. B) The
distribution of temperatures corresponding to the male tarsier in Figure 2-2B.
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Table 2-3: The daily mean, maximum and minimum ambient (Ta) and tarsier core (Tcore) temperatures observed throughout the period of freeranging data collection (values in parenthesis represent the range in daily means), as well as the times at which these parameters where most
frequently observed. Photophase corresponds to the animals rest phase, whereas scotophase corresponds to their active phase. ♂ = male, ♀ =
female, max = highest temperature, min = lowest temperature, n = periods of observations and † indicates a significant (p < 0.05) Rayleigh’s test.
Photophase (ρ-phase)
Ta (n = 33)
♀ Tcore (n = 33) ♂ Tcore(n = 16)
28.6°C
34.4°C
34.7°C
(25.75-31.0°C) (32.9-35.2°C)
(33.9-35.6°C)

Ta (n = 33)
25.8°C
(23.8-27.7°C)

Maximum

32.1°C
(28.0-35.2°C)

35.8°C
(34.9-36.8°C)

35.7°C
(35.0-36.9°C)

28.2°C
(24.3-29.9°C)

35.8°C
(34.0-36.4°C)

36.1°C
(37.1-35.3°C)

Minimum

24.3°C
(22.3-27.0°C)

33.4°C
(31.5-34.4°C)

33.7°C
(31.6-35.3°C)

24.3°C
(22.2-27.1°C)

34.4°C
(30.6-35.3°C)

34.4°C
(32.2-35.8°C)

Mean

Scotophase (α-phase)
♀ Tcore (n = 33) ♂ Tcore (n = 17)
35.1°C
35.3°C
(33.5-35.7°C)
(34.1-36.4°C)

The time of the day at which maximum and minimum temperatures occurred and the relative percentage of
observations
Ta max

Ta min

♀ Tcore max

♀ Tcore min

♂ Tcore max

♂ Tcore min

Photophase
(ρ-phase)

†

13:00 (12%);
13:30 (15%);
14:00 (24%);
14:30 (18 %)

†

06:30 (15%)
07:00 (61%)

†

06:30 (76%)

†

08:30 (15%);
09:00 (21%);
09:30 (30%)

06:30 (53%);
14:30 (12%);
16:00 (18%)

†

08:30 (12%);
09:00 (24%);
09:30 (24%);
10:00 (12%);
18:00 (12%)

Scotophase
(α-phase)

†

00:30 (12%);
18:30 (82%);

†

05:30 (24%);
06:00 (45%)

†

06:00 (18%);
19:00 (42%)

†

02:00 (12%);
04:00 (12%);
04:30 (15%);
18:30 (27%);

06:00 (18%);
19:00 (59%)

†

00:00 (18%);
00:30 (12%);
01:00 (12%);
03:30 (18%);
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Figure 2-4: The frequency distribution of the scotophase and photophase ambient
temperatures recorded within the forest at Sama Jaya Nature Reserve from 00:00 24 th June
2015 to 00:00 27th July 2015. The arrow indicates the commonly predicted shift of three degree
Celsius in the modal temperature associated with global warming.
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Discussion
Our study provides no clear indication of metabolic suppression or the characteristic
concomitant decrease in body temperature associated with adaptive heterothermy in either
wild-caught animals measured in the laboratory or in free-ranging individuals (see Geiser,
2004). For the field data, having a single individual per sex limits our deductions regarding the
finer details and interpretation of the species’ free-ranging Tcore pattern. Nonetheless, we are
able to provide a few key observations and relate them to data from the laboratory.
The lowest temperatures to which tarsiers were exposed, both in the laboratory and in
the field, was approximately 20ºC, that is, about 5ºC lower than the Tlc. Typically, it is at
temperatures < Tlc that heterotherms enter daily torpor or hibernation. Instead, tarsiers
appeared to show cold sensitivity. This is because during laboratory measurements, it became
increasingly difficult for the animals to maintain Tbs > 33ºC at Tas < 30 ºC despite their
thermoregulatory attempts to increase metabolic heat production. The decreasing trend in T b
at low temperatures suggests that the animals may have been heading towards mild
pathological hypothermia at the lowest ambient temperatures. One observation in the freeranging data provides a margin of support for our argument. T core in the female decreased to
31.5°C during the afternoon on the 29th of June (Fig. 2-2A) following a cold snap and only
rebounded after Ta started to increase later during the day. However, the male did not display
the same response during the cold snap. That tarsiers may be acutely cold sensitive does not
seem farfetched considering that they evolved in a warm tropical climate and have never left
those conditions (Jablonski, 2003; Simons, 2003).
In contrast to the body temperature profile observed in free-ranging T. syrichta
individuals on Bohol Island in the Philippines (Lovegrove et al., 2014a), free-ranging C.
bancanus maintained higher Tcores during their active phase. In that study, T. syrichta
displayed an extremely unusual pattern for a nocturnal mammal (Aschoff, 1983; Refinetti and
Menaker, 1992) with consistent and considerable heat storage occurring during the
photophase. Heat storage, barring one exceptionally hot day where Tcore was elevated to Tcore
= 36.8°C (see July 13, Fig. 2-2B), did not occur routinely during the photophase in this study.
Furthermore, C. bancanus maintained a range of Tcores that bordered the boundary between
basoendothermy and “mesoendothermy” (35°C ≤ Tb ≤ 37.9°C) (sensu Lovegrove, 2012a), but
were more frequently representative of mesoendothermic values. Thus, whereas T. syrichta
appeared to be strict basoendotherms (Lovegrove et al., 2014a), C. bancanus maintained
normothermic Tcores which were closer to the average Tb of the primate clade (see Clarke et
al., 2010). The free-ranging Tcore in our study suggests that tarsiers are intermediate between
the ancestral low Tb condition and the derived higher Tb condition (Lovegrove, 2012a), which
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supports the phylogenetic position of tarsiers as the link between the older and derived
primates (Hartig et al., 2013). Notably, the data from T. syrichta were skin temperatures (Tskin)
measured as a proxy for core temperatures; a technique which is susceptible to unreliable
measures (Dausmann, 2012; Lovegrove et al., 2014a) especially, as we suspect is the case
in the Bohol study, by loose-fitting collars. For now, heat storage may not be as prominent in
tarsiers as the Bohol data suggested, but this may change within the near future.
It has been argued that the temperature increase associated with global warming will
have a mild effect on T. syrichta, in spite of their Tskin pattern, because their TNZ was above
the maximum Tas observed in their habitat (McNab and Wright, 1987; Lovegrove et al., 2014a).
The same notion does not apply here. The TNZ range of C. bancanus (Fig. 2-1A), is
approximately 5°C lower than that of T. syrichta. A conservative prediction of a 3°C increase
in Tas, relative to the modal Tas observed in our study, would result in a large proportion of the
photophase Tas shifting above the TNZ of C. bancanus (see Fig. 2-4). Offloading excess body
heat as Ta approaches Tcore is only effective through evaporative cooling (Sherwood and
Huber, 2010). The laboratory data show that heat dissipation through evaporation, in a dry
atmosphere, was only effective up to Ta = 30°C (Fig. 2-1C-D). Above that, heat storage
culminated in dangerously high Tsubs (Fig. 2-1B). Although some mammals survive at Tb
>40°C (Prothero, 2015), endotherms, in general, seemingly only survive increases in Tb of up
to 6°C relative to their normothermic Tb (Schmidt-Nielsen, 1997). Thus, given that a thermal
gradient between an animal’s core and skin is required to facilitate heat loss (Sherwood and
Huber, 2010) and that C. bancanus maintain a normothermic Tb of ca. 35°C, Tsubs approaching
38°C suggests that significant heat storage is occurring and that T core is likely higher.
Worrisomely, wild tarsiers are faced with constantly high relative humidity conditions which
retard heat dissipation. A further concern is the argument that the rate of global warming has
been greatly underestimated by the IPCC (IPCC, 2007; Rahmstorf et al., 2007; van
Oldenborgh et al., 2009), and might be much higher than the feasible adaptive response of
the species (Hughes, 2000; Root et al., 2003; Quintero and Wiens, 2013). Increases in the
severity and frequency of extreme weather events, which are known to have devastating
consequences (Boyles et al., 2011), have also been predicted (Meehl and Tebaldi, 2004;
Jentsch et al., 2007; Luber and McGeehin, 2008). The future survival of wild C. bancanus is
therefore highly questionable and supports the concerns expressed by Lovegrove et al.
(2014a).
We conclude, for the moment, that adaptive heterothermy has yet to be observed in
tarsiers. The apparent loss of adaptive heterothermy in tarsiers, as well as the lack of
irrefutable evidence for adaptive heterothermy in other haplorrhines, suggests that adaptive
heterothermy may have been lost either in the ancestor of the tarsiers or in the tarsier clade.
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We muse on our rationale below and we identify also several potential haplorrhine primates
species in which a search for adaptive heterothermy might fruitfully aid in resolving the primate
adaptive heterothermy phenotype.
Barring a few notable exceptions within the carnivores, monotremes and rodents,
adaptive heterothermy is mostly observed in mammals smaller than 1 kg.; mean weight of
approximately 340g (Geiser, 1998; Lovegrove, 2012a; Ruf and Geiser, 2015). Body size is an
important consideration because thermal inertia in large-bodied animals hampers the
reduction in Tb and thus the energetic benefits of adaptive heterothermy (Geiser, 1998; Ruf
and Geiser, 2015). Observations of adaptive heterothermy in large and small sized animals
suggests that they may represent different conditions but more work on this topic is required
(Geiser, 2001). Specifically, within primates, heterothermic species range in Mb from the 30g
Madame Berthe’s mouse lemur (Microcebus berthae; Dausmann and Warnecke, 2016) to the
350g furry-eared dwarf lemur (Cheirogaleus crossleyi; Blanco and Rahalinarivo, 2010; Blanco
et al., 2013), but the heaviest known primate heterotherm is the 400g pygmy slow loris
(Nycticebus pygmaeus; Ruf et al., 2015). No adaptive heterothermy was observed in the large
600g sportive lemur (Lepilemur ruicaudatus; Schmid and Ganzhorn, 1996). Thus, even though
body size may not be the only determining factor, it is an important consideration, so we
analysed the database of Isler et al. (2008) to identify other potential primate candidates that,
based on body mass, could be heterotherms. The database contained the body mass values
for 239 primates, 177 of which were haplorrhines. Excluding the tarsiers (Tarsiidae), there are
11 other haplorrhines that weigh 500g or less and all belong to the family Cebidae namely
Callithrix pygmaea, C. jacchus, C. penicillate, C. argentata, C. humeralifera, C. aurita,
Saguinus fuscicollis, S. niger, S. oedipus, S. nigricollis and Callimico goeldii. To the best of
our knowledge, no evidence of torpor has been observed in these primates. However,
although metabolic studies do exist for some (Boere et al., 2005; Kuehnel et al., 2012; Go et
al., 2015; Ross et al., 2015; Lelegren et al., 2016), thermoregulatory studies with the potential
to observe adaptive heterothermy have only been conducted for C. jacchus (Petry et al.,
1986), C. pygmaea (Genoud et al., 1997; Tattersall, 2012), S. oedipus (Stonerook et al., 1994)
and C. goeldii (Kälin et al., 2003; Power et al., 2003). While we cannot, at this point, discount
the possibility of torpor in all Platyrrhini, the lack of torpor by C. pygmaea, the smallest and
most eligible platyrrhine heterotherm, is congruent with our reasoning. We urge further
investigation and suggest that future studies focus on the species listed here as they are the
most likely to disprove our idea of the loss of adaptive heterothermy in non-Shrepsirrhini.
The reason(s) why adaptive heterothermy appears to have been lost in tarsiers at the
Strepsirrhini-Haplorrhini split is unclear. However, it is worth exploring the similarities and
dissimilarities between heterothermic members of the Strespirrhini and members of the
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Tarsiidae which might also explain the apparent loss of adaptive heterothermy in other
haplorrhines. We share thoughts on factors directly related to energy expenditure namely,
body size including the size of the brain, nocturnal habits, the effect of diet, reproduction and
locomotion.
As discussed earlier, based on their Mb, tarsiers should be eligible to express adaptive
heterothermy. Thus, there may be another size-related factor that accounts for the lack of
torpor use, such as brain size. Brain tissue is a metabolically expensive tissue. The increase
in brain size of the haplorrhines and the consequent increase in metabolic demands reflected
in higher BMRs (Isler and van Schaik, 2006) may have prohibited the use of adaptive
heterothermy (Lovegrove, 2017). Tarsiers are nocturnal hunters that leap from tree to tree.
The ability to successfully navigate, let alone hunt, in low light environments requires
tremendous visual acuity, depth perception and neuronal accompaniment (Collins et al.,
2005). Indeed, tarsiers display numerous specialized adaptations such as an enlarged lens,
cornea and retina, as well as a high density of rods in the retina (> 300,000 per mm2) in addition
to neuronal adjustments, most notably enlarged primary and secondary visual cortex regions
(Castenholz, 1984; Collins et al., 2005). However, these adaptations appear subject to a tradeoff. Tarsier brains, relative to other primates, do not show an increase in mass, endocranial
volume or encephalization quotient (Stephan, 1984; Grabowski et al., 2016). Instead, tarsiers
compensate through a morphological readjustment of the brain by having enlarged occipital
and temporal lobes and a diminished frontal lobe (Schwartz, 2003).
The Expensive-Tissue Hypothesis predicts that the metabolic costs associated with
large brains in primates are off-set by reductions in the equally costly splanchnic tissue (Aiello
and Wheeler, 1995). Thus, in addition to the morphological readjustment in tarsier brains, a
further trade-off may be their dietary simplification and specialization. As previously
mentioned, tarsiers are the only strict carnivorous primates, and it has been suggested that
their dietary constriction may preclude the ability to employ adaptive heterothermy
(Dausmann, 2008). However, the restricting factor may not be their diet per se, but rather the
trade-off which their diet represents. An expansion of The Expensive-Tissue Hypothesis, the
Expensive Brain Framework Hypothesis (Isler and van Schaik, 2009), proposed that the costs
associated with relatively large brains must either accompany an increase in energy turnover
or a reduction in energy expenditure; not limited to digestion. Within this framework, a portion
of the energetic costs associated with a large primate brain and visual adaptations needed for
their carnivorous nocturnal lifestyle (Crompton and Andau, 1986; 1987; Jablonski and
Crompton, 1994) may be shared by a reduction in foetal growth rate, reproductive output and
the cost of locomotion.
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Tarsiers typically produce a single offspring and have gestation periods ranging
between 157-180 days, longer than the gestation period of Microcebus spp. and Cheirogaleus
spp., but comparable to those of Galago spp. and Loris spp. (Izard et al., 1985; Roberts, 1994).
However, the Mb of tarsier neonates relative to their adult Mb as well as their neonate brain
size is significantly larger than other primates (Roberts, 1994). The large neonatal brain size
explains why, despite similar or even slower postnatal growth rates and weaning periods
relative to other primates, tarsier infants have extremely rapid behavioural development,
particularly in foraging behaviour (Roberts, 1994). As such, development factors, in
combination with dietary constraints may preclude adaptive heterothermy. Furthermore, in C.
bancanus at least, homeothermy may be related to the fact that they remain reproductively
active throughout the year (MacKinnon and MacKinnon, 1980; Wright et al., 1986). Males thus
continuously produce sperm and a greater variation in body temperature may compromise
sperm viability as spermatogenesis, sperm storage and sperm maturation processes are
optimized at 34-36°C (Lovegrove, 2014).
With regards to the cost of locomotion, irrespective of the mode of locomotion the
energetic investment is proportional to Mb (Schmidt-Nielsen, 1997; Withers et al., 2016). Of
the various modes of locomotion, saltation, while at low speed, is known to be energetically
more costly than typical walking. However, it becomes energetically more efficient as the
speed increases (Withers et al., 2016). Tarsiers do not typically hop around on the ground at
low speed, but leap fleetly around in trees. In comparison to other saltatorial primates, tarsiers
seemingly have the lowest energetic investment (Warren and Crompton, 1998). Warren and
Crompton (1998) considered the kinetic cost of leaping, Mb, distant travelled, home range size
and metabolism, and showed that even though tarsiers travelled the farthest and had the
largest home range of all their study species’, they had the lowest absolute and relative cost
of locomotion. This reduction in energetic expense presumably stems from the tarsiers’
musculo-skeletal anatomical adaptations (Jouffroy et al., 1984; Peters and Preuschoft, 1984;
Schultz, 1984; Anemone and Nachman, 2003); the most obvious of which is the eponymous
elongated tarsal bones.
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Abstract
Many tropical endotherms are already confronted by ambient temperatures (Tas) close
to their body temperature (Tb) and risk severe hyperthermia due to global warming. Tropical
fruit bats play a vital role in the ecosystem and their absence could have dire consequences
for ecosystem health. Many fruit bats have exposed roosting habits that increase their
vulnerability to heat stress. Here, we sought to investigate the thermoregulatory capacity of
wild caught lesser dog-faced fruit bats (Cynopterus brachyotis) from the Island of Borneo.
These bats are generalist frugivores that contribute in seed dispersal and plant pollination,
weigh 32g and root in foliage. Physiologically, these bats employ adaptive heterothermy and
they are also reported to have high Tbs relative to other bats, which should make them less
susceptible to hyperthermia. We determined the effect of Ta (21-36°C) on metabolism, Tb and
evaporative cooling. We also measured the Ta and relative humidity (RH) at capture sites. The
bats displayed a seemingly narrow thermoneutral zone of 30 ± 1°C, a basal metabolic rate of
5.60 ± 0.26 W.kg-1 (1.01 ± 0.05 ml O2.g-1.hr-1) and a normothermic Tb of 32.5 ± 0.3°C; all much
lower than expected. Evaporative cooling was only effective at T a ≤31°C, above which heat
storage became apparent. Bats typically entered torpor at Ta <25°C and thermoconformed
(i.e. allowed their Tb to fluctuate with Ta) at Ta >32°C. The microclimate at capture sites
remained cool (Ta = 24-25°C) and humid (RH >90%). Our study supports the argument that
tropical endotherms are susceptible to hyperthermia due to their low Tb. Further, we discuss
the potential advantage of adaptive heterothermy in coping with short-term heatwaves.
However, the future of these bats, and likely other low T b species, depends primarily on their
thermally buffered habitats and decisive conservation action is required to protect thermal
refugia.
Keywords: hyperthermia, body temperature, torpor, global warming, tropics, fruit bats
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Introduction
The tropics are thought to host the highest diversity of species on the planet (Rohde
1992, den Tex & Leonard 2013, Jablonski et al. 2013, Jansson et al. 2013), yet, we have a
limited physiological understanding of tropical species (Lovegrove 2000, Dillon et al. 2010).
There is now a sense of urgency to fill the gap in our knowledge as recent studies argue that
i) the rate of climate niche evolution required to keep up with the predicted rate of climate
change is four orders of magnitude greater than any rate observed in the past (Quintero &
Wiens 2013), ii) the rate of global warming predicted by the IPCC may have been
underestimated (Stroeve et al. 2007, van Oldenborgh et al. 2009, Natchimuthu et al. 2016),
and iii) tropical species are most vulnerable to global warming (Huey et al. 2012, Lovegrove
et al. 2014). Heat tolerance poses a rigid physiological limit to what animals may endure and
is a useful tool to gauge species adaptability to global warming (Sherwood & Huber 2010).
Many tropical and semi-tropical mammals have comparatively low and thermolabile body
temperatures (Tb <36°C; Racey & Stephenson 1996, Lovegrove & Génin 2008, Stawski &
Geiser 2012, Lovegrove et al. 2014). Consequently, they must endure relatively small
temperature differentials between their Tb and ambient temperature (Ta). The smaller thermal
gradient (i.e. low ΔT = Tb-Ta) compromises their ability to passively dissipate excess body heat
or maintain Tb within species-specific ranges because heat dissipation via conduction and
radiation diminishes as ΔT approaches zero (Schmidt-Nielsen 1997, Sherwood & Huber
2010). By contrast, their reliance upon evaporative cooling, a physiologically active form of
heat dissipation, increases as Ta increases (Tattersall et al. 2012).
Once Ta ≥ Tb evaporative cooling becomes the only means of dissipating heat from the
body (McKechnie & Wolf 2004, Cory Toussaint & McKechnie 2012, Withers et al. 2012).
Although evaporative water loss (EWL) may increase with Ta, the effectiveness of evaporative
cooling is ultimately dependent on the water vapour pressure deficit between the animal and
its surroundings (Schmidt-Nielsen 1997, Willmer et al. 2005). For any heat dissipation to occur
there needs to be at least a 1-2°C differential between the animal’s skin and the wet-bulb
temperature (Sherwood & Huber 2010). Thus, whereas mammals inhabiting higher latitudes
usually encounter large water vapour pressure deficits that favour evaporative cooling
(Walsberg 2000), the high relative humidity (RH) conditions in the tropics could potentially
retard evaporative cooling and lead to fatal levels of heat storage (Mora et al. 2017). The rate
at which animals store heat is size dependent. Due to a high surface-area-to-volume ratio the
rate of heat exchange is greater in small mammals (<1 kg). As a result, small mammals have
low thermal inertia and store heat faster (Schmidt-Nielsen 1997, Tattersall et al. 2012). Based
on the above, Lovegrove et al. (2014) argued that arboreal tropical small mammals have the
highest risk of suffering heat stress due to global warming. Arborealism is a high-risk factor as
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several arboreal mammals lead exposed lifestyles and are thus susceptible to environmental
perturbations (Bondarenco et al. 2014, Lovegrove et al. 2014).
Many tropical bats are small and roost in trees or other exposed sites (Kunz 1982,
Kunz & Lumsden 2003, Santana et al. 2011), but are perceived to be less vulnerable to heat
stress because they have the potential to migrate. Indeed, there is evidence of climate related
range shifts by bats (Welbergen et al. 2008). Be that as it may, due to their nocturnal nature,
bats are likely to endure day time conditions rather than relocate (but see Bondarenco et al.
2014). As such, the vulnerability of tree-roosting species to pathological hyperthermia should
not be disregarded (Kunz 1982, Welbergen et al. 2008); case in point, the mass die-offs that
have been observed in flying-foxes (Pteropus spp.) during heatwaves (Welbergen et al. 2008,
Sherwin et al. 2013). Due to climate change, these extreme-weather events are likely to
increase in frequency and severity, even within the tropics (Rohini et al. 2016, Russo et al.
2016). It is therefore concerning that many tropical bats have T b ≤34°C (see McNab 1969,
McNab 1989, Soriano et al. 2002) and that tree-roosting is common among fruit-bats (family:
Pteropodidae) (Kunz & Lumsden 2003, Santana et al. 2011). From an economic perspective,
the monetary value of all ecosystem services rendered by bats is estimated to be upwards of
$250 billion U.S., with several $100 million U.S. stemming from revenue linked to pollination
and seed dispersal services of tropical fruit-bats alone (Fujita & Tuttle 1991, Kunz et al. 2011,
Kasso & Balakrishnan 2013). From an ecological perspective, nectivorous and frugivorous
bats play a vital role in maintaining and restoring plant communities by facilitating plant gene
flow and aiding in seedling recruitment (Mello et al. 2011, Lewanzik & Voigt 2014, PreciadoBenítez et al. 2015, Abedi-Lartey et al. 2016). Given the significance of these bats, evaluating
their chances of survival, as well as the ecological consequences of a population collapse or
a migratory exodus should be a priority.
Bat-fruit networks are more robust than bird-fruit networks because they have a large
overlap between interacting species (Fleming et al. 2009, Mello et al. 2011). However, as
argued above, many fruit bats are hypothesised to be susceptible to hyperthermia and it is not
yet clear how they will respond to global warming or climate change at large (Sherwin et al.
2013, O'Shea et al. 2016). Generalist species are expected to be less affected by climate
change (Gilman et al. 2010, Hof et al. 2012, Gough et al. 2015, Afonso Silva et al. 2017) and
are more likely to survive and persist within their current habitats. Thus, one potential outcome
could be that generalist bats, although they are not the preferred plant companion, would serve
as a safeguard in maintaining ecosystem integrity. Here, we focus on the lesser dog-faced
fruit bat (Cynopterus brachyotis), a species that is likely to fulfil the role of a safeguard. C.
brachyotis is a foliage-roosting generalist frugivore that is widely distributed throughout Asia
(Liat 1970, Abdullah 2003). These bats are important seed dispersers that also participate in
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pollination (Liat 1970, Boon & Corlett 1989, Tan et al. 1998). Thus, within their specific batfruit network, C. brachyotis could potentially substitute for specialists at either role. Relative to
other bats, C. brachyotis has a high Tb (Tb = 36.5°C; McNab 1989) and should maintain a
favorable ΔT for longer than their lower Tb counterparts. In addition, these bats are
heterothermic (McNab 1989) and torpor would enable them to conserve energy and water,
and make them more resilient to climate change (Geiser & Turbill 2009, Geiser et al. 2011,
Geiser & Brigham 2012). Considering the potential significance of C. brachyotis as a
safeguard of the ecosystem (i.e. through their dual role in pollination and seed dispersal), we
wanted to validate the Tb and metabolic rate thermoregulatory data reported by McNab (1989).
In addition, we wanted to improve the exisiting understanding of thermoregulation of these
bats by including the corresponding rate of evaporative heat loss (EHL) to provide better
context for any changes in Tb or metabolism; which was previsouly absent. Specifically, we
wanted to assess how core Tb, resting metabolic rate (RMR) and EHL of freshly-caught wild
bats responded to changes in Tas of 21-36°C. Our aim was to use the interplay between these
physiological variables to determine the onset of heat stress in the study population. Here, we
assumed that heat stress occurred when metabolic heat production exceeded maximal
evaporative heat loss, leading to increases in core Tb. This set of criteria was used to
accommodate situations where animals tolerate moderate heat storage to avoid using body
water to cool themselves. To afford the study animals the best opportunity to offload heat,
especially at low ΔT, we conducted our experiments in a low humidity atmosphere. Based on
the earlier argument that there needs to be at least a 1-2°C differential between the animal’s
skin and the wet-bulb temperature, the fact that C. brachyotis has a normothermic Tb of
36.5°C, as well as the choice to expose bats to a low humidity atmosphere, we hypothesised
that the onset of heat stress would occur at Ta > 34°C. Furthermore, to gain insight about the
bats natural setting and provide context for the laboratory data, we also documented Ta and
RH at capture sites.

Materials and methods
Study site and animal capture
The study included 27 adult C. brachyotis (16 males, 11 non-pregnant females) with a
mean body mass (Mb ± SE) of 31.9 ± 0.9g at first capture. Bats were caught in mist nets during
sampling periods between August - October 2014 and March - August 2015 at four sites within
the Sarawak Province, Borneo, Malaysia. Sixteen bats were caught at Mount Singai, five on
the western slope (site 1, coordinates: 1°30’20” N; 110°09’22” E, Mb = 28.2 ± 0.9g) and eleven
on the eastern slope (site 2, coordinates: 1°30’17” N; 110°10’35” E, Mb = 29.7 ± 1g). Six bats
were caught at the Universiti Malaysia Sawarak (UNIMAS) campus (site 3, coordinates:
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1°30’17” N; 110°10’35” E, Mb = 34.8 ± 1.9g) and the remaining five bats were caught at Sama
Jaya Nature Reserve (site 4, coordinates: 1°30’17” N; 110°10’35” E, Mb = 36.8 ± 2.1g). Nets
were periodically rotated between sites throughout trapping and were placed across streams,
near fruiting trees and along clearings between potential roosting areas. All nets were opened
shortly before dusk at ca. 18:00 and checked at regular intervals throughout the night. We
used pre-calibrated HOBO temperature and relative humidity data loggers (Onset Computer
Corporation, USA; resolution: Ta = 0.02°C, RH = 0.05%) to record the Ta and RH between 18
February 2015 and 15 June 2015 at capture sites 2 and 3. The loggers were installed at a
height of ca. 1.5m above ground and set to record at 10min intervals.
Captured individuals were sexed, and thereafter weighed using a Pesola spring scale
(Model: 20060, micro-line metric spring scale, 60g; Resolution: 0.5g). Morphometric
measurements were also collected for use in a long-term monitoring program. To assess their
pregnancy status, females were inspected for nipple swelling or vaginal perforation, and an
abdominal palpation was conducted. Pregnant or lactating females were excluded from the
study. After inspection, a temperature-sensitive passive integrated transponder (PIT) tag
(Biomark HDX12, Boise, Idaho, USA; resolution: 0.1°C) was injected directly into each bats’
intraperitoneal cavity to facilitate Tb measurements and serve as a unique identification
marker. They were then hydrated and kept in cloth bags without access to food for six hours
prior to respirometry measurements to ensure a post-absorptive status. Upon completion of
respirometry measurements, bats were housed in a wire-mesh cage and provided with a
mixture of locally available fruits (apple, banana and/or pineapple) and water. All animals spent
a maximum of 36 hours in captivity and there were no fatalities as a consequence of the PIT
tag procedure. Furthermore, even though no analgesic drugs were used to minimize handling
time, no licking of the wound or other behaviour that would suggestion irritation was observed
afterwards.
At low Tas, we used the bats post experimental behaviour to confirm that they were in torpor
and not hypothermic. Hypothermic bats would remain lethargic for long periods due to the longer time
required to rewarmed. By contrast, bats in torpor would be able to arouse quickly, their Tb would
increase rapidly and they would return to their normal responsive behavior. No hypothermic responses
were observed.

Gas exchange measurements and experimental protocol
We used a flow-through respirometry system with an incurrent flow measurement
design (Lighton 2008) to measure the rate of oxygen consumption (V̇ O2 ), carbon dioxide
production (V̇ CO2 ) and evaporative water loss (EWL) of bats exposed to Tas between 2136°C. During respirometry measurements, bats were housed individually in sealed 1l
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respirometers constructed from glass jars. The roof of each respirometer was modified to allow
the bats to hang in a natural position. A 1 cm layer of vegetable oil was poured into the base
of each respirometer to prevent evaporation from urine and faeces affecting the readings. High
vacuum grease (Dow Corning) was applied to all joints to ensure an air-tight seal and
respirometers were tested for leaks before every measurement. The O2 concentration within
the respirometers were kept >20% by flowing dry CO2-free air past the animal at constant flow
rates between 150-400 ml.min-1. Incurrent air was dried and scrubbed of CO2 by drawing
atmospheric air through a PC-4 Condensing Dryer (Sable Systems, Las Vegas, USA) and
then columns of silica gel, indicating soda lime and indicating Drierite. Once dried, the
airstream was split and one stream was blown through the respirometer past the animal, while
the other stream was used as a reference airstream. Separate pump and flow meter units (SS4 sub-sampler, Sable Systems) were used for each airstream. We used a RM-8 Flow
Multiplexer (Sable Systems) to sequentially select between the reference stream and the
excurrent air from the respirometer, which was sub-sampled and flowed through a series of
gas analysers. A RH-300 water vapour analyser (Sable Systems) unit was used to measure
the water vapor content of the subsampled air and a field gas analysis system (Foxbox-C,
Sable Systems) measured the fractional concentrations of CO2 and O2. Water vapour and CO2
were removed from the air once they had been measured and dry CO2-free air flowed through
the O2 analyser. The digital outputs of the instruments were recorded on a personal laptop at
1-sec intervals using the Sable System’s data acquisition software, Expedata (v 1.7.22),
Baseline and lag corrections were performed in Expedata to synchronize the respective gasexchange traces before any calculations were made.
We used the equations in Withers (2001) to calculate V̇ O2, V̇ CO2 and EWL from
steady-state traces corresponding to the most level continuous 10min section of the V̇ O2 trace.
The associated Mb was calculated from a regression of the animals’ Mb at the start and end of
respirometry measurements. We calculated the respiratory exchange ratio as V̇ CO2 /V̇ O2, and
converted RMR from gas exchange measurements to a measure of energy (Watts) using the
thermal equivalence data in Table 4.2 of Withers (1992). We also converted EWL to a measure
of evaporative heat loss (Watts) using the standard conversion factor of 2.26 J. mg H2 O-1.
Thereafter, we calculated the amount of metabolic heat dissipated through evaporation as the
ratio between EHL and the metabolic heat produced (MHP) through resting metabolism
(EHL/MHP).
All measurements were conducted during the rest phase (06:00 – 18:00) and bats
were exposed to a single Ta for 4-6 hrs at Ta <34°C. Following the death of a bat at Ta = 35°C,
the duration of exposure was reduced to 3 hrs at Ta ≥34°C. We are confident that bats were
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heat stressed at Ta ≥34°C within 3 hrs because they began to pant, lick and urinate on
themselves if exposed for much longer; all of which are characteristic of animals in heat stress.
Data from the dead bat were not used in calculations. Similarly, we excluded four potentially
erroneous measurements of EWL (and thus EHL/MHP) from calculations. The T a within
respirometers were recorded using iButtons (DS1922L, Thermochron, Dallas, TX, USA;
resolution: 0.0625°C) that were stuck to the underside of the lids and side walls. A Biomark
HPR plus reader and antennae was used to read the PIT tags and record Tb at 30 sec intervals
throughout the experiment. All iButtons and PIT tags were calibrated against a mercury
thermometer, traceable to NIST standards, to the nearest 0.1°C. The CO2 and water vapour
analysers were calibrated monthly and the O2 analyser was spanned before every
measurement. The CO2 analyser was calibrated using commercially available compressed
gas and the water vapour analyser was calibrated using a bubbler flask and waterbath to
generate humid air of a known dew point temperature.
Data analyses
We adopted the statistical approach and techniques used by Levesque et al. (2014).
Briefly, we performed a piecewise regression analysis in R 3.0.2 (R Core Team 2017) using
the package ‘segmented’ (Muggeo 2008) to identify any changes in the slope (i.e. points of
inflection) along the respective thermoregulatory profiles of T a versus RMR, Tb, EWL and
EHL/MHP in non-torpid bats. Each segment of data identified through the analysis was treated
as independent and we used simple linear regression analyses to determine the relationship
between the physiological variable and Ta. We used mass-specific data to account for the
effect of Mb on metabolism when conducting regression analyses. However, we also
determined the relative importance of Ta, Mb, sex, and capture site on each physiology variable
using mixed-effect models in the R package ‘nlme’ (Pinheiro et al. 2016). To account for
repeated measurements we included individual ID as a random factor in all models. We
determined the model of best-fit by comparing Akaike Information Criterion values corrected
for small sample size [AICc and AICcWt; Burnham and Anderson (2003)] using the R package
“AICcmodavg” (Mazerolle 2015). Model assumptions were verified using qq-plots and
histograms of the residuals. All values are reported as mean ± standard error unless stated
otherwise.
All experimental protocols and permission to capture the bats were approved by the
Sarawak Forestry Department [permit number: NCCD.907.4.4(9)-223, NCCD.907.4.4(13)277]. All experimental and animal care procedures were also reported to and approved by the
University of Kwazulu-Natal Animal Ethics Committee (116/13/Animal).
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Results
RMR displayed a point of inflection at Ta = 30.2 ± 3.0°C (± 95% confidence interval;
CI) (Fig. 3-1a) and had a positive relationship Ta above the inflection (F1,35 = 26.17, p < 0.01,
r2 = 0.44; Table 3-1), but a negative relationship with Ta below the inflection (F1,7 = 16.98, p <
0.01, r2 = 0.74; Table 3-1). The model of best-fit for RMR above the inflection included Ta as
the only fixed factor (Akaike weight = 0.51; Table 3-2) whereas the model of best-fit below the
inflection included all fixed effect factors except for sex (Akaike weight = 1; Table 3-2). To
determine the thermoneutral zone (TNZ) we used an analysis of variance (ANOVA) to test if
there was a difference between the minimum non-torpid RMR observed at Ta = 29°C and
those observed at Ta = 30-32°C. The ANOVA determined that there was a difference in RMR
(F1,16 = 16.29, p < 0.01) and using a Tukey’s HSD post hoc test we found that RMR at T a =
29°C differed from those at Ta = 32°C (p = 0.03), but not those at Ta = 30-31°C (p = 0.93-0.06).
Thus, we determined TNZ to be 29−31°C and used the data therein to calculate a basal
metabolic (BMR) of 5.60 ± 0.26 W.kg-1 (1.01 ± 0.05 ml O2.g-1.hr-1). Because we did not have
data at Ta = 28°C, we attempted to resolve the lower limit of TNZ by determining the Ta at
which BMR intersected the line describing the relationship between Ta and RMR at Ta <28°C.
The intersection occurred at Ta = 29.3°C and supports our initial estimate of TNZ.
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Figure 3-1: The thermoregulatory profile of Cynopterus brachyotis. a) Effect of ambient
temperature (Ta) on resting metabolic rate. The dashed line indicates basal metabolic rate
(BMR). b) Effect of Ta on core body temperature (Tb). The diagonal line indicates where body
temperature equals ambient temperature (Tb = Ta). c) Effect of ambient temperature on the
rate of evaporative water loss (EWL). d) Effect of T a on the amount of metabolic heat
dissipated through evaporative cooling i.e. the ratio of evaporative heat loss (EHL) to
metabolic heat produced (MHP).
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Table 3-1: The relationship between ambient temperature (Ta) and mass-specific resting
metabolic rate (RMR), body temperature (Tb), the rate of evaporative water loss (EWL) and
the amount of metabolic heat dissipated through evaporative cooling (EHL/MHP) in non-torpid
Cynopterus brachyotis. ** p < 0.01.
Parameter

Ta (°C)

Measures included

Regression equation

Mass-specific RMR

< 28
≥ 30

Normothermic only
All

RMR = 28.873 – 0.808 x Ta**
RMR = 0.671 x Ta – 14.496**

Tb

23–36

Normothermic only

Tb = 0.3679 x Ta + 22.919**

EWL

23–36

Normothermic only

EWL = 0.6197 x Ta – 11.2893**

EHL/MHP

≤ 30

Normothermic only

EHL/MHP = 12.67323 x Ta – 290.493**
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Both Tb (F1,43 = 31.100, p < 0.01, r2 = 0.42; Fig. 3-1b, Table 3-1) and EWL (F1,40 =
19.13, p < 0.01, r2 = 0.32; Fig. 3-1c, Table 3-1) had a positive relationship with Ta and there
were no inflection points in either variable. The model of best-fit for Tb included Ta and capture
site as the only fixed effect factors (Akaike weight = 0.40; Table 3-2), whereas the model of
best-fit for EWL included Ta and Mb as the only fixed effect factors (Akaike weight = 0.63; Table
3-2). Due to the thermolabile nature of the bats, we determined a normothermic Tb of 32.5 ±
0.3°C from bats measured within the TNZ.
EHL/MHP displayed a single point of inflection at T a = 30.1 ± 1.8 °C (± 95% CI) and
had a positive relationship with Ta until the point of inflection (F1,15 = 10.57613, p < 0.01, r2 =
0.43; Table 3-1), but there was no relationship with Ta thereafter. The model of best-fit for
EHL/MHP included Ta as the only fixed effect factor (Akaike weight = 0.55; Table 3-2).
Ta at capture sites displayed a unimodal right skewed distribution (Fig. 3-2). The overall
range in Ta at capture site 2 was 21.4°C to 30.0°C and the modal Ta was 24.1°C. The overall
range in Ta at capture site 3 was 21.6°C to 31.2°C and the modal Ta was 24.3°C. Only ca. 1hr
25min and ca. 6hrs 22min of the 118 days of recording at capture site 2 and 3 respectively,
was spent at Ta ≥30°C. By contrast, the RH at both sites remained high throughout the
recorded period, with RH ≈ 100% observed for 90% of the time at capture site 2 and for 68%
of the time at capture site 3. The lowest RH recorded at capture site 2 was 77.8% and the
lowest RH at capture site 3 was 58.6 %.
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Figure 3-2: Ambient temperature (Ta) recorded at capture sites between 18 February 2015
and 15 June 2015. Capture site 2: eastern slope of Mount Singai; capture site 3: Universiti
Malaysia Sarawak campus. Data are presented as a percentage of the total number of
recordings.
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Table 3-2: Best-fitting linear mixed-effect models evaluating the influence of ambient
temperature (Ta), body mass (Mb), sex and capture site on resting metabolic rate (RMR),
body temperature (Tb), the rate of evaporative water loss (EWL) and the amount of
metabolic heat dissipated through evaporative cooling (EHL/MHP) in non-torpid Cynopterus
brachyotis. k = the number of parameters for the model. AICc = Akaike’s information criterion
values corrected for small sample size. Only models with Akaike weights >0.01 are
presented.
Random
factor

k

AICc

Akaike
weights

RMR (Ta >30°C)
Ta
Ta + Mb
Ta + Sex
Ta + Mb + Sex
Ta + Capture site

~1|ID
~1|ID
~1|ID
~1|ID
~1|ID

4
5
5
6
6

-138.29
-136.52
-136.41
-134.42
-129.78

0.51
0.21
0.20
0.07
0.01

RMR (Ta <28°C)
Ta + Mb + Capture site

~1|ID

8

-189.34

1

Tb
Ta + Capture site
Ta + Mb + Capture site
Ta
Ta + Sex + Capture site
Ta + Mb
Ta + Mb + Sex + Capture site
Ta + Sex
Ta + Mb + Sex

~1|ID
~1|ID
~1|ID
~1|ID
~1|ID
~1|ID
~1|ID
~1|ID

7
8
4
8
5
9
5
6

169.02
170.27
171.51
171.95
172.68
173.39
173.69
174.12

0.40
0.21
0.12
0.09
0.06
0.05
0.04
0.03

EWL
Ta + Mb
Ta + Mb + Sex
Ta + Capture site
Ta + Mb + Capture site
Ta + Mb + Sex + Capture site
Ta + Sex + Capture site

~1|ID
~1|ID
~1|ID
~1|ID
~1|ID
~1|ID

5
6
7
8
9
8

209.37
211.41
214.71
214.96
215.65
215.69

0.63
0.23
0.04
0.04
0.03
0.03

EHL/MHP (≤30°C)
Ta
Ta + Sex
Ta + Mb
Ta + Mb + Sex

~1|ID
~1|ID
~1|ID
~1|ID

4
5
5
6

167.17
168.36
170.11
173.67

0.55
0.30
0.13
0.02

Fixed factors
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Discussion
Our results did not support the hypothesis that the onset of heat stress would occur at
Ta >34 ˚C. Instead, the onset of heat stress occurred at ca. 32 ˚C. Furthermore, our T b data
contradict those of McNab (1989). We found that normothermic bats typically maintained a Tb
of 32.5 ˚C, which is ca. 3.1˚C lower than the Tb reported previously. Whereas McNab (1989)
measured rectal temperature as a proxy measure for core T b, we measured core Tb directly.
Thus, the discrepancy could be due to methodological differences. However, because Tb and
BMR are correlated (Lovegrove 2003, 2005, Clarke et al. 2010), our observation that bats
maintained a BMR that was ca. 79% of the BMR reported previously, provides corroborating
support for the low Tb reported here. Furthermore, our results support the argument that
tropical species, given their generally low Tb, are more vulnerable to global warming thanks to
their susceptibly to heat stress. Here, because of their low T b, the ability of C. brachyotis to
defend normothermia was compromised at seemingly moderate T as and heat storage
occurred at Ta ≥31˚C. As expected, the bats displayed a thermoregulatory increase in
evaporative cooling as Ta increased and could dissipate ca. 98% of their resting MHP through
evaporation at ΔT = 1˚C. However, metabolic processes are temperature sensitive (Withers
1992, Tattersall et al. 2012) and it appears that once Ta ≈ Tb, the increase in MHP due to
Arrhenius effects overcame their capacity for evaporative cooling; despite any increase in
EWL. Hence, the results of our study suggests that C. brachyotis, at least the individuals
studied here, are physiologically more susceptible to hyperthermia than expected based on
previous accounts of their Tb.
The inability of the bats to defend normothermia beyond ΔT = 1˚C, within a dry
atmosphere, is concerning. Due to the high humidity in the field, the results suggest that heat
storage is likely to develop even before Ta = 31˚C. Fortunately, capture sites remained cool
and forest Ta seldom exceeded 30˚C. C. brachyotis are primarily foliage-roosting tent-making
bats (Campbell et al. 2006) and recent work suggests that tent shelters may not be as effective
at buffering high Ta as they are at buffering low Ta (Rodríguez-Herrera et al. 2016). Tents that
are constructed in open areas are hotter and are more variable because they are exposed to
solar radiation (Rodríguez-Herrera et al. 2016). Thankfully, the cooler conditions closer to the
ground afford the bats the option to exploit roosts that are less exposed and more stable in
temperature. In addition to lowering their risk of hyperthermia, exploiting thermally stable
roosts would reduce their daily energy expenditure (Rodríguez-Herrera et al. 2016) and bolster
the benefits gained through torpor.
As mentioned earlier, torpor is a highly effect mechanism of energy and water
conservation and significantly improves the survivability of mammals (Geiser & Turbill 2009,
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Geiser & Stawski 2011, Stawski et al. 2014, Bondarenco et al. 2016). It lowers the risk of
extinction in bats because it reduces their risk of predation and increases their reproductive
success by enabling them to manipulate pregnancy and delay fetal development during
periods of unfavorable environmental conditions (Geiser & Brigham 2012, Stawski et al. 2014).
In addition, recent work suggests that torpor may also afford bats greater resiliency to heat
stress. Bondarenco et al. (2014) reported that one little broad-nosed bat (Scotorepens greyii)
and two inland freetail bats (Mormopterus species 3), both of which are heterotherms,
managed to survive the extreme Ta during a desert heat wave. The authors noted that the bats
thermoconformed at high Ta and argued that, by doing so, they could reduce their water loss
and prevent dehydration. Here, we observed that C. brachyotis had a similar ability to
thermoconform at high Ta and it is possible that they did so to prevent dehydration, but we add
that torpor likely also reduced the bats heat stress by lowering the contribution of MHP to the
overall heat budget. Evidence of torpor use at high Ta is growing and has been reported in
eastern pygmy-possums (Cercartetus nanus; Song et al. 1997), spiny mice (Acomys russatus,
Grimpo et al. 2013) and grey short-tailed opossums (Monodelphis domestica; Busse et al.
2014). Given the benefits of torpor, it seems that heterothermic species have a pre-adaptive
advantage over their homeothermic counterparts when dealing with climate change.
We acknowledge that phenotypic plasticity may have contributed to some of the
physiological differences observed between bats in our study and those of McNab (1989). In
this regard, there are attempts to determine the influence of phenotypic plasticity on species
responses to climate change (Canale & Henry 2010, Chevin et al. 2010, Boyles et al. 2011).
However, given that physiological tolerances limit adaptability (Sherwood & Huber 2010) and
our limited understanding of torpor at high Ta, we argue that C. brachyotis, at least the bats in
our study area, are physiologically susceptible to heat stress. Bats are already threatened by
climate change (Sherwin et al. 2013) and plant-animal interactions are severely threatened by
a range of anthropogenic related activities such as land use changes, species eradication and
phenological mismatches due to climate change (Garrett et al. 2006, Abrol 2012, Sherwin et
al. 2013). For example, land use changes have been extensive throughout the tropics. Within
the South East Asian region, much of the natural vegetation has been converted to industrial
plantations, particularly for use as oil palm plantations (Miettinen et al. 2016). The land use
change on the Island of Borneo has been particularly aggressive (Reynolds et al. 2011) and
there are concerns about the effect that it may have on atmospheric composition (Pyle et al.
2011, Warwick et al. 2013). It is estimated that 76% of Borneo was covered by old-growth
forests during 1973, but that 34% of this land had been cleared by 2015 (Gaveau et al. 2016).
The island is shared by three sovereign states namely Indonesia, Malaysia and Brunei, and
the majority of the deforestation occurred in Indonesian Borneo, followed by Malaysian Borneo
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and comparatively little in Brunei (Gaveau et al. 2016). In addition to reducing the available
area for animals to live in, deforestation increases habitat fragmentation; which significantly
alters the climate within forests and could make them less hospitable (Turner & Corlett 1996,
Laurance 2004, Tuff et al. 2016). Therefore, it is crucial, especially in situations where the land
is shared, to preemptively earmark suitable areas for conservation and protect thermal refugia
(Struebig et al. 2010, Morelli et al. 2016). Even though bat-fruit networks are robust, the
consequences of a population collapse or a migratory mass exodus of bats to distant most
suitable areas, could bear significant consequences on the ecosystem.
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Abstract
Support for the idea that animals use metabolic down-regulation at high temperature,
hereafter “hyperthermic torpor”, is growing. Given the influence that it could have on an
endotherm’s response to global warming, we sought to find corroborating physiological
evidence to support claims of hyperthermic torpor. We chose bats as our model because they
show plasticity in their use of torpor, many display characteristics of putative hyperthermic
torpor such as thermoneutral zones that extend far beyond their normothermic body
temperature (Tb), and there is a large dataset on thermoregulatory variables available for bats.
Contemporary models may be unable to allow a direct determination of hyperthermic torpor,
so an indirect approach was adopted. In this study, we define adaptive heterothermy as the
ability to enter torpor or hibernation, and use this definition to delineate bat species into two
groups. We term bats that can use torpor or hibernation as heterotherms, whereas bats that
have yet to be seen to enter torpor or hibernation are termed homeotherms. We would have
preferred to use thermoregulatory responses coupled with a measure of operative Tas instead
of Ta, but such data are largely unavailable. Nonetheless, we compared the lower- (Tlc) and
upper (Tuc) limits of thermoneutrality between heterothermic and homeothermic bats, as well
as their Tb and rate of evaporative water loss (EWL) at these limits. Heterotherms (24.2 ± 4.3g,
n = 18) were smaller than homeotherms (61.2 ± 16.8g, n = 11) but, once phylogeny was
considered, mass had no effect. The two groups of bats had similar Tlcs (28.9 ± 0.6°C vs 29.0
± 1.0°C) and Tucs (35.1 ± 0.9°C vs 35.0 ± 0.7°C), but heterotherms maintained lower T bs (Tb
at Tlc: 33.6 ± 0.5°C vs 36.9 ± 0.3°C; Tb at Tuc: = 36.7 ± 0.6°C vs 39.1 ± 0.4°C). Crucially,
heterotherms displayed no additional investment in evaporative cooling even though they
should have, to deal with expected heat storage at Tuc > Tb (EWL at Tuc: 2.3 ± 1.2 mg H2O.g1

hr-1 vs 7.5 ± 3.6 mg H2O.g-1hr-1; n = 5 per group). Apart from evaporative cooling, the only

other mechanism that could have retarded heat storage at Tuc, was to alter their heat balance
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by using hyperthermic torpor. Given that our results are consistent with the use of
hyperthermic torpor, at least in bats, we also discuss the potential biochemical mechanisms
that could facilitate such a metabolic reduction.
Keywords: Hyperthermia, Torpor, Thermoregulation, Bats, Global warming

Introduction
Much of our understanding surrounding the physiological effects of temperature on
endotherms has been driven by the need to understand their response to cold (Angilletta Jr et
al., 2010; Lovegrove, 2017). Consequently, our understanding of thermoregulatory responses
to high ambient temperatures (Tas), that is, at Tas where animals face hyperthermia, is
considerably more limited; especially for mammals. There is a sense of urgency to fill this gap
given the rapid rate of global warming. It has been argued that most mammals will not be able
to adapt physiologically, morphologically or behaviorally to conditions predicted for the future
(Rahmstorf et al., 2007; Quintero and Wiens, 2013). As global warming continues, many
species will experience increasing heat stress. Certainly, most extant mammals have never
encountered the extreme heat conditions that are predicted to occur within the next century.
The rate of heat exchange between the environment and an animal is dependent on
the animal’s size (Schmidt-Nielsen, 1997; Tattersall et al., 2012). Whereas mammals of
intermediate (1-10 kg) and large (>10 kg) body sizes benefit from high thermal inertia, small
mammals (<1 kg) do not (Lovegrove, 2005). Given the thermodynamic effects due to body
size and that larger mammals also have more total body water available to use for evaporative
cooling, mammals of varying body sizes are likely to exhibit different physiological responses
to global warming, which may ultimately affect their overall response (McCain and King, 2014).
Small mammals, especially those with relatively low body temperatures (Tb < 36°C, Lovegrove
et al., 2014a), seem particularly susceptible to heat stress, thus for the purposes of our study
we restrict our focus to them; but see studies by Fuller et al. (2010), Hetem et al. (2014) and
Fuller et al. (2016) for discussions on the potential responses of large mammals to global
warming.
To cope with environmental challenges, many small mammals rely on a facultative
down-regulation of metabolism known as adaptive heterothermy (torpor or hibernation), or
other behavioural mechanisms such a huddling to reduce their energy expenditure during
episodes of energetic bottlenecks (Heldmaier, 1989; Lovegrove, 2005). However, even though
we have a comprehensive understanding of the benefits of adaptive heterothermy at low Tas
(Hallam and Mzilikazi, 2011; Geiser and Brigham, 2012; Dausmann, 2014; Stawski et al.,
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2014), and have identified a growing list of species that are heterothermic (McKechnie and
Mzilikazi, 2011; Lovegrove, 2012; Ruf and Geiser, 2015), the potential use of hypometabolism
and the benefit(s) thereof are poorly understood at high T as. Does adaptive heterothermy
provide an advantage for dealing with heat?
By entering a hypometabolic state at high Ta, hereafter, referred to as “hyperthermic
torpor” to differentiate it from the typical hypometabolic state at low T a, mammals could
certainly benefit from a reduction in water loss if there was also an associated abandonment
of the defense of normothermic Tb (Bondarenco et al., 2014). Here, normothermic Tb refers to
the core temperature ± 1 SD measured in a postabsorptive individual at rest and exposed to
thermoneutral zone Tas (IUPS Thermal Commission, 2003). Case in point, by
thermoconforming a little broad-nosed bat (Scotorepens greyii; Mb = 7.2g) and two inland
freetail bats (Mormopterus species 3 (Adams et al., 1988); Mb = 7.8g) endured a 3-day long
desert heatwave wherein Ta peaked at ca. 48°C (Bondarenco et al., 2014). Should this
observation by Bondarenco et al. (2014) represent a legitimate metabolic down-regulation, it
would bolster the argument that adaptive heterothermy significantly improves survivability
(Nowack et al., 2015; Doty et al., 2016; Nowack et al., 2016) and thus reduces extinction risk
(Geiser and Turbill, 2009). It would also lend credence to the argument that adaptive
heterothermy allowed mammals to survive the environmental turmoil at the CretaceousPalaeogene boundary (Lovegrove et al., 2014b).
Given our limited understanding of hyperthermic torpor (Song et al., 1997; Grimpo et
al., 2013; Bondarenco et al., 2014; Busse et al., 2014; O'Mara et al., 2017) and the potential
role it may have regarding species response to climate change (reviewed by Nowack et al.,
2017), we conducted a meta-analysis on mammalian thermoregulatory profiles to determine
whether there was any corroborating physiological evidence to support the idea that
heterotherms down-regulate metabolism at Tas typically associated with hyperthermia, as
indicated by heat storage. Our hypothesis hinges on differences that we predict should occur
in the physiological response to hyperthermia between heterothermic and homeothermic
species. The assumption that we make is that heterothermic species already have the
metabolic machinery required for metabolic down-regulation, albeit at low Ta, and that this
would enable them to down-regulate metabolism at high Ta as well, whereas homeothermic
species do not have the metabolic machinery needed to down-regulate metabolism.
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Modeling hyperthermic torpor
Torpor, at low Ta, is typically identified when metabolic rate decreases to less than the species
basal metabolic rate (BMR) measured at thermoneutrality. Unfortunately, unlike during torpor at low

Ta, a direct determination of metabolic suppression at high T a is challenging. It requires that
the proportion of metabolic rate increase related to increased efforts at evaporative cooling,
such as an elevated heart rate and panting, is separated from passive metabolic rate
increases related to Arrhenius effects (but see O'Mara et al., 2017). Furthermore, even if this
physiological entanglement is overlooked, modeling tools such as the Arrhenius and Van’t
Hoff equations (Arrhenius, 1915; Lloyd and Taylor, 1994), and simplified derivations thereof,
such as 𝑄10 (Geiser, 1988):
𝑅

10
𝑇𝑏2 −𝑇𝑏1

𝑄10 = (𝑅2 )
1

Equation 1

where R1 and R2 represent an endotherm’s metabolic rate measured at Tb1 and Tb2
respectively, or the simplified Newtonian equation used by McNab (1980):
𝑀𝑅 = 𝐶(𝑇𝑏 − 𝑇𝑎 )

Equation 2

where MR represents an endotherm’s metabolic rate, C its thermal conductance and
Tb-Ta is the temperature differential between the endotherm and the ambient; are all unreliable
comparative measures at high Ta. This is because endotherms actively regulate Tb, or the
equations become unrealistic as Ta approaches Tb, i.e. as ∆(Tb-Ta) → 0, or further still because
thermal conductance (C) is not truly constant. However, by investigating variations in T b and
the interplay between the physiological variables that affect heat storage, it may be possible
to indirectly establish whether some degree of metabolic down-regulation at high Ta occurs.
Endotherms that attempt to defend normothermia in response to changes in T a
typically display a sinusoidal Tb pattern across a broad range of Tas (Lovegrove et al., 1991a;
Lovegrove et al., 1991b). Their slightly elevated Tb at the colder range of tolerable Tas occurs
because the rate of heat production temporally exceeds the rate of heat loss. However, further
decreases in Ta leads to a decrease in Tb as the rate of heat loss overcomes the animals’
capacity for endogenous heat production.
Modelling the physiological factors affecting body temperature
The rate at which animals store heat may be modelled by rearranging the simplified
heat balance equation of Schmidt-Nielsen (1997):
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𝑇𝑆 = 𝐻𝑀𝑅 ± 𝐻𝐶 ± 𝐻𝑅 ± 𝐻𝐸

Equation 3

where TS is heat storage, HMR is heat production from metabolic processes (always
positive), HC is the net heat exchange from the combined effects of conductive and convective
heat transfer, HR is the net heat exchange from radiation, and HE the net heat exchange from
evaporation (typically negative).
Maintaining a species-specific normothermic Tb requires a variable, but somewhat
predictable, energetic investment (HMR) to regulate Ts such that Tb is constant; conveniently
described by the Scholander-Irving (SI) model of thermoregulation (Scholander et al., 1950).
The SI model characterizes a range of Tas wherein adjustments in C are sufficient to maintain
normothermia with no additional metabolic investment (Fig. 4-1a), known as the thermoneutral
zone (TNZ). Defending normothermia at Tas above or below TNZ requires metabolic
investment. Furthermore, should an endotherm attain a minimum C at Ta ≤ Tlc, then the SI
model predicts a relationship between metabolism and Ta ≤ Tlc that is typically linear.
Extrapolating the relationship to the x-axis i.e. rearranging equation 2 and setting MR = 0, T a
= Tb: which represents the animal’s theoretical setpoint Tb. It is also noteworthy that C, in the
context of the SI model, is an analogue of the net effect of the HC, HR and HE components in
the heat balance equation (Equation 3) (Schmidt-Nielsen, 1997; Tattersall et al., 2012).
The rate of dry thermal conductance (i.e. HC and HR) increases from the lower critical
limit (Tlc) of TNZ and typically reaches its maximum rate at TNZ’s upper critical limit (T uc)
(Tattersall et al., 2012). However, the capacity to passively dissipate excess body heat by dry
thermal conductance diminishes as the thermal gradient between the animal and Ta is reduced
(Schmidt-Nielsen, 1997; Tattersall et al., 2012). Once Ta ≈ Tb, dry thermal conductance
becomes ineffective at off-loading body heat and mammals rely entirely on evaporative cooling
to retard heat storage (i.e. TS) (Fig. 4-1b) (Sherwood and Huber, 2010; Cory Toussaint and
McKechnie, 2012; Tattersall et al., 2012). Because body water is limited, mammals tend to
allow their Tb to increase slightly at relatively moderate Tas to maintain a favorable thermal
gradient against which heat can be offloaded passively, thereby allowing them to reduce their
evaporative water loss and conserve body water (Schmidt-Nielsen, 1997; Tattersall et al.,
2012). Due to Arrhenius effects, an elevated Tb should equate to an increased metabolic rate,
unless there is some form of metabolic down-regulation that off-sets the increase. It is this
interplay of variables that forms the basis of our comparison.

85

Figure 4-1: A schematic representation of the thermoregulatory response of an endotherm
while defending a normothermic body temperature (Tb); adapted from Scholander et al.
(1950), Lovegrove et al. (1991a), Tattersall et al. (2012) and Fristoe et al. (2015). a) The
metabolic response of an endotherm to varying ambient temperatures (Tas). The green and
yellow shaded sections represent the range of Tas and metabolism within the thermoneutral
zone (TNZ) due to intra-specific seasonal phenotypic plasticity in thermal conductance (the
slope of the metabolic response to Ta beyond TNZ) and basal metabolism (BMR, upper and
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lower dashed lines). The dark-blue and red shaded sections represent the range of metabolic
rates required to defend normothermia. The light-blue section illustrates the potential influence
of evaporative cooling on thermal conductance at high Tas. The drop-lines are colored coded
to indicate the corresponding Ta at the lower (Tlc) and upper (Tuc) limits of the TNZ. The grey
shaded section represents the range of metabolic rates and T as over which heterotherms
typically employ torpor or hibernation, that is, the abandonment of normothermia. b) The effect
of evaporative cooling on the Tb profile of an endotherm defending normothermia. The red line
represents the likely Tb profile in the absence of evaporative cooling, whereas the black line
represents the Tb profile associated with moderate evaporative cooling and the light-blue line
represents the Tb profile with effective evaporative cooling. The horizontal dashed lines
indicate the level of the normothermic (lower) and lethal (upper) Tbs respectively. The darkblue drop-line indicates Tlc and the drop-lines indicating Tuc are color coded to the Tb profiles.
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Modelling considerations
Based on the SI model, for any given value of C, species with higher basal metabolic
rates (BMRs) should display broader TNZs relative to those with lower BMRs (Fig. 4-1a). One
would also expect that Tuc should be higher in species with higher Tbs (Fig. 4-2), firstly because
Tb is correlated to BMR even though the relationship may not be straight-forward (Lovegrove,
2003; 2005; Clarke and Pörtner, 2010; Clarke et al., 2010), and secondly because the higher
thermal gradient would allow passive heat loss at higher Tas and delay the metabolic
investment related to active cooling and Arrhenius effects due to increased heat storage
(Schmidt-Nielsen, 1997; Tattersall et al., 2012; Fristoe et al., 2015). However, it may be
possible that mammals can extend Tuc and reduce heat storage with increases in evaporative
cooling that is not reflected by an increase in metabolism (Fig. 4-1a, b). For instance, the
inflection in EWL marking the onset of evaporative cooling occurs well before TNZ in some
species (Hosken and Withers, 1997; Marom et al., 2006) or at Tlc in others (Hosken and
Withers, 1999; Cooper and Withers, 2012), yet metabolism remains the same throughout TNZ
irrespective of whether EWL is low or moderate.
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Figure 4-2: A schematic model of the theoretical difference in the upper critical limit (T uc) of
the thermoneutral zone between endotherms that have similar capacities for thermal
conductance and evaporative cooling, but one has a low (blue line) normothermic body
temperature (Tb) and the other has a high normothermic Tb (red line). The model illustrates
that the thermal gradient which facilitates passive heat dissipation, i.e. T b - Ta becomes
unfavorable for heat loss at a relatively lower ambient temperature, resulting in an earlier onset
of heat storage with increasing Ta.
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Hyperthermic Torpor Model predictions
By reducing metabolism at Ta > Tlc, heterothermic species could lower the endogenous
component of the heat balance equation (i.e. HMR), lower their heat loading, retard heat
storage at moderate Ta or prevent dehydration at high Ta; hence delay the onset of severe
heat stress. However, a visible reduction in metabolic rate would likely be obscured due to the
opposing influence of the Arrhenius effect forcing an increase in metabolism, while metabolic
down-regulation serves to decrease metabolism. This paradox could potentially explain why
heterothermic bats such as Angolan Free-tailed bats (Mops condylurus, Tb = 35.2°C, mass =
23.2g; Maloney et al., 1999), sooty mustached bats (Pteronotus quadridens, Tb = 31.2°C,
mass = 4.8g; Rodríguez-Durán, 1995) and Antillean ghost-faced bats (Mormoops blainvilli, Tb
= 32.0°C, mass = 8.6g; Rodríguez-Durán, 1995) display extremely broad (>10°C) TNZs given
their small size, and seemingly have a Tuc > 40°C. Similar though less extreme observations
were also made for other heterothermic bats, namely Gould’s wattled bats (Chalinolobus
gouldii, Tb = 35.0°C, mass = 17.5g; Hosken and Withers, 1997), lesser long-eared bats
(Nyctophilus geoffroyi, Tb = 35.9°C, mass = 8.0g; Hosken and Withers, 1999), European freetailed bats (Tadarida teniotis, Tb = 35.1°C, mass = 32.0g; Marom et al., 2006) and Hemprich’s
long-eared bats (Otonycteris hemprichii, Tb = 35.6°C, mass = 25g; Marom et al., 2006) where
Tuc exceeded normothermic Tb by at least 4°C.
Due to the challenges of direct determination of metabolic down-regulation at high Ta,
we adopted an indirect approach and examined the interplay between Tb, evaporative water
loss (EWL) and the critical limits of TNZ as proxy measures of putative hyperthermic torpor.
We chose bats as our study model because 1) they display a remarkable ability to exploit
adaptive heterothermy in response to a diverse range of environmental stressors (Geiser and
Brigham, 2012; Stawski et al., 2014), 2) there are several studies that report thermoregulatory
profiles wherein bats display characteristics of putative hyperthermic torpor (as discussed
above), and 3) there is a large dataset on thermoregulatory variables available for comparison.
Specifically, we tested whether heterothermic and homeothermic species of bats differed with
respect to the mean temperature at which Tlc and Tuc occurred, whether they differed in terms
of the mean Tb at these limits, and if so, whether one group displayed a larger increase in T b
between Tlc and Tuc, which would indicate more heat storage. We also tested whether the two
groups of bats differed in the rate of EWL at both T lc and Tuc to provide further context of any
observed heat storage. We developed three a priori model predictions that are not necessarily
mutually exclusive of each other, but all independently support our hypothesis that
heterothermic species use hyperthermic torpor. The models also account for potential
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variations between target variables that are unrelated to metabolism. For example, the two
groups of bats could have similar thermal limits but different Tbs and thus different levels of
heat storage that are explained by differences in evaporative cooling or other metabolicindependent factors (Fig. 4-3).
After accounting for potential body mass (Mb) and phylogenetic effects, we predicted
that, if metabolic suppression did occur, then heterothermic species could display one of the
following responses:
1. A higher Tuc with similar Tbs and rate of EWL (Fig. 4-3a); where hyperthermic torpor
would be manifested as an extension of Tuc in heterotherms. In this scenario, Arrhenius effects
would mask a visible reduction of metabolism, Tb and EWL at Tas > Tlc, but because of the
reduction in HMR the escalation of metabolism and Tb, as seen at Tas > Tuc, would occur at a
relatively higher Ta in heterotherms. Thus, due the counteracting effects of hyperthermic torpor
and Arrhenius effects, the Tb – Ta gradient is sustained at higher Tas and less evaporative
cooling is required to defend normothermic Tb.
2. A lower Tb at similar Tucs and a similar rate of EWL (Fig. 4-3b); where hyperthermic
torpor would manifest as a reduced heat shortage leading to lower T bs without additional
investment in evaporative cooling i.e. both groups have equal rates of EWL. In this scenario,
the reduction in HMR would alter the heat balance, but the inflection point of metabolism would
be at similar Tas, and heterotherms would display lower Tbs not extended Tucs. At Tuc, dry
thermal conductance is maximized and apart from a reduction in HMR, evaporative cooling
would be the only other means of reducing Tb.
3. Similar Tbs at similar Tucs and a lower rate of EWL (Fig. 4-3c); where hyperthermic
torpor would manifest as a significant reduction in EWL. In this scenario, Arrhenius effects
would mask the visible reduction of both metabolism and Tb, resulting in similar metabolic rate
and Tb profiles, but the reduction in HMR would alter the heat balance such that, unlike scenario
two, heterotherms would require a significantly lower investment in evaporative cooling to
maintain similar Tbs. The benefit would be that heterotherms should be able to conserve water
at moderately hyperthermic Tas, and thus have a larger water reserve available for use at
more severe Tas.
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Figure 4-3: Theoretical models of the thermoregulatory adjustments in body temperature (Tb),
upper critical limit of thermoneutrality (Tuc) and evaporative water loss (EWL) predicted by
metabolic down-regulation in heterotherms at high ambient temperatures (Tas). The dark-blue
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line represents the Tb profile of heterotherms, the brown line represents the T b profile of
homeotherms, the black line represents a common Tb profile between homeotherms and
heterotherms a) The predicted upward shift in Tuc (black arrow) by heterotherms to a higher
Ta due to metabolic down-regulation reducing the animal’s internal heat component and
facilitating similar Tbs (indicated by the dashed line) at higher Tas without the influence of
evaporative cooling. b) The predicted shift in the Tb profile (black arrows) of heterotherms due
to metabolic down-regulation reducing the animal’s internal heat component and facilitating
lower Tbs at similar Tucs without the influence of evaporative cooling. c) The predicted lower
rate of EWL by heterotherms (dark-blue open arrow) relative to homeotherms (brown open
arrow) at similar Tbs due to metabolic down-regulation reducing the animal’s internal heat
component and thus requiring a lower rate of evaporative cooling to maintain a given T b. The
light-blue shade indicates the range of potential rates of EWL.
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Materials and methods
Dataset
We share the concerns of Wolf et al. (2017) who argued that systematic errors in
datasets negatively influence the integrity of meta-analyses and weakened their credibility.
Thus, we opted to generate a new dataset of physiological variables instead of adding to
existing datasets such as Riek and Geiser (2013) or Khaliq et al. (2014). Indeed, some of the
data compiled by both (and other) studies may not be accurate representations of the species’
thermoregulatory capacity. For example, the widely reported Tuc = 32.5°C for Gould’s longeared bat (Nyctophilus gouldi) simply represents the highest experimental temperature to
which the bats were exposed, and there are no supporting metabolic data. The original study
shows that the bats’ metabolism at the stated Tuc was no different to any other metabolic rate
measurement made within the TNZ (see Geiser and Brigham, 2000). A similar anomaly is the
Tuc = 33°C typically reported for the long-tongued nectar bat (Macroglossus minimus) which
again represents the highest experimental temperature of that study and the single metabolic
rate datum at 33°C does not differ in an obvious manner from the measurements at 32 °C
(see Bartels et al., 1998).
To generate our dataset, we first compiled a list of all relevant original sources cited in
previous datasets and then performed additional literature searches to include recent studies.
We only considered studies that presented concurrent measures of metabolic rate and Tb
measured during the animals’ rest phase. Thereafter, we refined our list of studies by
excluding all studies where n = 1 or where the species metabolic rate profile included fewer
than 10 data points in total. Of the remaining studies, where possible, we obtained raw data
directly from authors, otherwise the data were mined from the original sources. During the
data mining process, all metabolic rate, Tb and EWL profiles were digitized manually using
PlotDigitizer 2.6.8 October 27, 2015 (Huwaldt and Stenhorst, 2015). For the sake of continuity
and to minimize potential biases that could be introduced by multiple data collectors, each with
their own discretion, the same investigator (SW) digitized all of the data. Unless stated
otherwise we obtained Mb and corresponding normothermic Tb values from the same study.
When the original sources reported mean values instead of individual data points, we
generated a random number set with the same mean value and margin of error at each Ta
along the profile. When seasonal data were available, only the summer dataset was used.
When gender specific data were available, the respective male and female measurements
were combined to form a single species-specific profile for each variable of interest. When
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species data were available from multiple studies, we based selection on the number of
samples reported per Ta, as well as the range of Tas measured. To standardize the metabolic
rate data across studies, all values were converted to mass-specific oxygen consumption
(mLO2.g-1hr-1). When necessary, if no respiratory exchange ratio (RER) value was reported,
we assumed a value of 0.85 (Withers, 1992). To standardize the EWL data across studies, all
values were converted to mass-specific values (mg H2O.g-1hr-1). When necessary, we used
the standard heat of vaporization of water (2.26 J.mg H2O-1.g-1) as the conversion factor.
Calculating thermal limits
Our literature search yielded 70 candidate species and we visually inspected each
thermoregulatory profile to exclude data obtained from animals that were obviously torpid
during measurements. All statistical procedures were performed using R version 3.3.3. (R
Core Team, 2017). We recalculated thermal limits for each species by reanalyzing the
metabolic profiles using the R package “Segmented” (Muggeo, 2008) to apply a piecewise
linear regression analysis and assumed that inflection points accurately represented the limits
of TNZ. Where the piecewise analysis could not identify thermal limits, we performed a
secondary analysis in which we calculated a mean metabolic rate and 95 % confidence
intervals (CI calculated as mean ± 1,96 × standard error; Hackshaw, 2009) at each Ta. Starting
from the lowest RMR (i.e. BMR), we compared the means at each Ta, in sequence, to
determine the Ta at which metabolism deviated beyond the 95 % confidence range of BMR.
We assumed that the highest and lowest Tas whereat RMR was within the 95 % confidence
range of BMR represented the respective limits of TNZ.
Based on the approach described above, we determined both Tlc and Tuc for 29
species, of which there were Tb data for all and EWL data for ten. To determine the
corresponding Tb at each thermal limit, we conducted a linear regression analysis (piecewise
or ordinary least squares [OLS]) on the Tb profiles of those 29 species and used their
respective Tlc and Tuc values together with the regression statistics to calculate Tb (Table 4-1).
We repeated this process to determine the rate of EWL at Tlc and Tuc, but fitted an exponential
regression model to the data instead of a linear model (Baudinette et al., 2000) (Table 4-1).
Phylogenetic analysis
We used the time-calibrated species-level bat phylogeny of Shi and Rabosky (2015)
for all phylogenetic analyses. The NEXUS file was obtained from the TreeBASE repository
(www.treebase.org, reference number 17613) and the phylogeny containing 812 species of
bats was pruned to include only the species used in our study using the R package ”ape”
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(Paradis et al., 2004). We then tested the variables in our dataset for evidence of phylogenetic
signal using Blomberg et al.’s (Blomberg et al., 2003) K-statistic and P-values using the R
package “picante” (Kembel et al., 2010), where K-values less than one indicates that closely
related species resemble each other less than expected under a Brownian motion evolutionary
model. K-values greater than one were taken to indicate that closely related species resemble
each other more than expected. To visualize the phylogenetic relationship between the bats’
and their Tbs at Tlc and Tuc relative to each other, we superimposed and plotted Tb onto a
pruned phylogeny (Fig. 4-4) using the R package “phytools” (Revell, 2012).
The Mb of bats in our dataset ranged from the 4-g little forest bat (Eptesicus vulturnus;
Willis et al., 2005) to the 404.3-g Moluccan naked-backed fruit bat (Dobsonia moluccensis;
McNab and Bonaccorso, 2001) (Table 4-1). All Mb data were log10-transformed to normalize
them before analyses. We determined the influence of Mb on all physiological variables by
comparing the outputs of OLS regression analyses to the outputs of phylogenetic generalized
least squares (PGLS) regression analyses conducted in the R package “caper”. Based on the
negligible influence of Mb on physiological variables after accounting for phylogeny (see
Results section), we used a phylogenetic Analysis of Variance (phyloANOVA) to compare the
two groups of bats and test for differences in Tb, Tlc, Tuc, Tb at Tlc, Tb at Tuc, as well as the
difference in Tb between the thermal limits (ΔTb). The comparative data are presented as
means ± standard error.
Following Riek and Geiser (2013), all calculations involving Tlc were expressed as Tb–
Tlc to deal with potential variations in BMR and thermal conductance (see equation 3).
Curiously, for Tadarida brasiliensis, the normothermic Tb = 29°C reported by Soriano et al.
(2002) was less than Tlc (Table 4-1). It is illogical for endotherms to maintain a normothermic
Tb < Tlc because increases in metabolic rate below Tlc is due to the activation of heat production
pathways. Thus, it would mean that T. brasiliensis need to increase their heat production at
Tas greater their Tb. In addition, a normothermic Tb = 29°C could be considered by some to be
indicative of an animal in torpor (Barclay et al., 2001; Canale et al., 2012). As an attempt to
deal with this contention, we decided to exclude Tbs < 30°C and recalculated a normothermic
Tb = 32.2°C as the mean of all Tbs ≤ Tlc. It is also noteworthy that because Downs et al. (2012)
did not report a normothermic Tb for the Epomophorus wahlbergi in their study, we used the
normothermic Tb = 35°C reported for wild caught individuals by Minnaar et al. (2014). Unlike
before, the thermolability of the bats in Downs et al. (2012), in combination with the fact that
the authors reported mean values, prevented us from calculating a normothermic Tb from the
original data.
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Results
Phylogenetic signal and body mass
We found evidence of a phylogenetic signal, with significant K-statistic (p < 0.05) tests
observed for Mb, Tb, Tb-Tlc in the overall species data and for Tuc in homeothermic species
(Table 4-2). The K-value for Mb in the overall data was one, whereas the K-values for Tb and
Tb-Tlc were less than one. We found a K-value greater than one for Tuc in homeotherms (Table
4-2). The influence of phylogeny on the dataset was supported by OLS and PGLS regression
analyses. The OLS models showed that Mb has a significant relationship with Tb (F1, 27 = 4.53,
p = 0.043) and Tb-Tlc (F1, 27 = 4.29, p = 0.048) in the overall dataset, as well as with Tuc of
homeothermic bats (F1, 9 = 5.49, p = 0.044), but PGLS models showed that the effect of Mb
became negligible once corrected for phylogeny. Thus, even though heterothermic bats (Mb =
24.2 ± 4.3g, n = 18) were smaller than homeothermic bats (Mb = 61.2 ± 16.8g, n = 11) (Table
4-2), once phylogeny was considered, Mb had no effect.
Normothermic body temperature and thermal limits
Heterothermic species had a greater range in normothermic T b than homeothermic
species (Table 4-1, Fig. 4-4), and the mean normothermic Tb for heterothermic species (Tb =
33.9 ± 0.5°C) was significantly lower than that of homeothermic species (Tb = 36.5 ± 0.4°C; p
< 0.01, Table 4-2). By contrast, the two groups of bats had similar Tlcs (heterothermic spp. =
28.9 ± 0.6°C vs homeothermic spp. = 29.0 ± 1.0°C) and T ucs (heterothermic spp. = 35.1 ±
0.9°C vs homeothermic spp. = 35.0 ± 0.7°C).
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Figure 4-4: The phylogenetic relationship of bats used in the study and their relative body temperatures at the lower (left tree) and upper (right
tree) critical limit of thermoneutrality. The phylogenetic tree is based on the phylogeny published by Shi and Rabosky (2015). The Tb range is
plotted on a log scale and color coded from low (blue) to high (red). * indicates heterothermic species.
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Table 4-1: The body mass (Mb), normothermic body temperature (Tb), lower critical temperature (Tlc), upper critical temperature (Tuc), body
temperature at the lower critical temperature (Tb at Tlc), body temperature at the upper critical temperature (Tb at Tuc), the difference in body
temperature between the lower and upper critical temperatures (ΔT b), and the species’ thermoregulatory classification for the bat species’ used
in the study. Source indicates the original article from which the raw data where obtained.
Mb (g)

Tb (°C)

Tlc (°C)

Tuc (°C)

Tb at Tlc (°C)

Tb at Tuc (°C)

ΔTb (°C)

Heterothermy

Source

Anoura caudifer

11.5

36.5

33.5

35.0

39.0

40.1

1.1

N

1

Artibeus jamaicensis

45.2

36.4

25.3

36.0

36.3

41.6

5.3

N

1

Artibeus lituratus

70.1

37.3

23.9

35.9

37.4

40.3

2.9

N

1

Carollia perspicillata

14.9

36.4

26.4

35.5

36.8

38.9

2.1

N

1

Cynopterus brachyotis

31.9

32.3

29.0

30.2

32.4

32.6

0.2

Y

2

Diaemus youngi

36.6

31.3

24.4

27.3

29.2

31.3

2.1

Y

1

Dobsonia minor

73.7

36.5

26.7

34.5

35.4

37.8

2.4

Y

3

Dobsonia praedatrix

179.5

37.1

29.6

32.6

37.1

38.6

1.5

N

3

Eonycteris spelaea

51.6

34.0

26.9

33.4

34.1

36.5

2.4

Y

4

Epomophorus wahlbergi

115.0

35.0ᴪ

25.0

30.0

36.8

37.7

0.9

N

5

Eptesicus vulturnus

4.0

33.3

28.1

37.5

32.12

37.0

4.9

Y

6

Hipposideros galeritus

8.5

31.9

29.1

31.1

31.3

34.0

2.7

Y

4

Leptonycteris curasoae

24.0

35.3

28.0

40.0

34.4

41.2

6.8

Y

7

Macroderma gigas

107.2

35.6

30.0

35.0

36.0

37.8

1.8

N

8

Miniopterus schreibersii

10.9

37.7

32.5

37.5

37.3

39.5

2.2

N

8

Monophyllus redmani

8.8

34.0

32.0

36.0

33.3

34.7

1.4

Y

9

Species
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Natalus tumidirostris

5.3

32.2

25.5

35.1

30.2

36.5

6.3

Y

10

Noctilio albiventris

27.0

32.0

30.0

40.0

33.6

40.3

6.7

Y

1

Nycteris thebaica

11.7

38.6

26.2

33.6

37.5

39.0

1.5

Y

11

Nyctimene albiventer

30.9

35.9

28.5

33.5

36.4

36.7

0.3

Y

3

Otonycteris hemprichii

25.0

35.6

33.6

35.0

35.6

36.5

0.9

Y

12

Phyllostomus discolor

33.5

34.6

31.2

38.0

35.1

38.6

3.5

Y

1

Phyllostomus hastatus

84.2

34.7

31.3

36.0

34.8

39.1

4.3

N

1

Pteronotus quadridens

4.8

31.0

30.0

42.0

31.6

35.7

4.1

Y

9

Rhinonicteris aurantia

8.3

36.1

32.5

37.5

36.1

37.5

1.4

N

8

Sturnira erythromos

15.9

34.4

28.0

36.7

34.5

40.2

5.7

Y

13

30.8

33.4

32.5

34.8

2.3

Y

13

ж

Tadarida brasiliensis

11.0

32.2

Tadarida teniotis

32.0

35.1

32.0

35.0

35.5

37.2

1.7

Y

12

Taphozous mauritianus

26.2

38.7

29.0

34.2

38.3

38.9

0.6

N

11

Note:
ᴪ

Tb obtained from Minnaar et al. (2014)

ж

Tb recalculated from original source

1 - McNab (1969); 2 – data from Chapter 3, 3 - McNab and Bonaccorso (2001), 4 - McNab (1989), 5 - Downs et al. (2012), 6 - Willis et al.
(2005), 7 - Arends et al. (1995), 8 - Baudinette et al. (2000), 9 - Rodríguez-Durán (1995), 10 - Genoud et al. (1990), 11 - Cory Toussaint and
McKechnie (2012), 12 - Marom et al. (2006), 13 - Soriano et al. (2002)
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Body temperature and evaporative water loss at thermal limits
As with normothermic Tb, there was a greater range in Tb at both Tlc and Tuc for
heterothermic species (Table 4-1). Heterotherms maintained significantly lower Tbs at Tlc (Tb
at Tlc: heterothermic spp. = 33.6 ± 0.5°C, homothermic spp. = 36.9 ± 0.3°C, p < 0.05) (Fig. 45a) and Tuc (Tb at Tuc: heterothermic spp. = 36.7 ± 0.6°C vs homothermic spp. 39.1 ± 0.4°C)
(Fig. 4-5b). However, the two groups displayed similar increases in T b between Tlc and Tuc
(ΔTb: heterothermic spp. = 3.1 ± 0.5°C vs homeothermic spp. = 2.2 ± 0.4°C). The fact that the
mean Tb at Tlc was almost identical to the mean normothermic Tb provides validation for the
technique that we used to estimate Tb.
There was no significant difference in mean EWL at Tlc or Tuc between heterothermic
species (n = 5, EWL at Tlc = 2.0 ± 1.2 mg H2O.g-1hr-1, EWL at Tuc = 2.3 ± 1.2 mg H2O.g-1hr-1)
and homeothermic species (n = 5, EWL at Tlc = 5.9 ± 2.9 mg H2O.g-1hr-1, EWL at Tuc = 7.5 ±
3.6 mg H2O.g-1hr-1), even if data from two obvious outliers (Cynopterus brachyotis and
Rhinonicteris aurantia) were excluded (Table 4-3).
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Figure 4-5: Box-and-whisker plots of the calculated body temperatures for the heterothermic (n = 18) and homeothermic (n = 11) bats species
used in the study at a) the lower critical limit and b) the upper critical limit. The horizontal line in each box is the median value, the grey boxes
define the 25th-75th percentiles, the whiskers define 10th-90th percentiles and black circles represent values beyond those percentiles.

102

Tarsier thermoregulation within a phylogenetic context
Table 4-2: Summary statistics for Blomberg et al. 2003’s K-statistic tests for phylogenetic
signal in our dataset and the phylogenetic Analysis of Variance (phyloANOVA) tests for
comparisons of various physiological variables between heterothermic and homeothermic bat
species. Mb = body mass, Tb = normothermic body temperature, Tb − Tlc = the measure of Tlc
expressed as the difference between body temperature and lower critical temperature, Tuc =
the upper critical temperature, Tb at Tlc = the calculated body temperature at the lower critical
temperature, Tb at Tuc = the calculated body temperature at the upper critical temperature and
ΔTb = the difference in body temperature between the thermal limits. All spp. indicates that all
29 species were included, homeothermic spp. indicates that a subset of only homeothermic
species were used (n = 11), and heterothermic spp. indicates that a subset of only
heterothermic species were used (n= 18). * p < 0.05, **p ≤ 0.01, non-significant values are not
reported.
K-values
Mb

Tb

Tlc (Tb - Tlc)

Tuc

Tb at Tlc

Tb at Tuc

ΔTb

1.002**

0.861*

0.936*

-

-

-

-

Homeothermic spp.

-

-

-

1.218**

-

-

-

Heterothermic spp.

-

-

-

-

-

-

-

Species
All spp.

phyloANOVA comparisons of heterothermic spp. versus homeothermic spp.
Physiological variable

F

p

Mb

6.862

0.007

Tb

14.637

0.001

Tb at Tlc

21.039

0.001

Tb at Tuc

7.777

0.004

Tlc (Tb – Tlc)
Tuc

ΔTb
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Table 4-3: The calculated mean evaporative water loss values at the respective thermal limits
for each species where data was available.
Evaporative water loss (mg H2O.g-1hr-1)
At Tlc

At Tuc

Source

Cynopterus brachyotis

0.001

0.002

2

Noctilio albiventris

2.96

3.78

1

Nycteris thebaica

7.67

9.09

11

Otonycteris hemprichii

16.38

20.82

12

Tadarida teniotis

2.62

4.00

12

Epomophorus wahlbergi

6.53

7.06

5

Macroderma gigas

0.11

0.13

8

Miniopterus schreibersii

0.66

1.00

8

Rhinonicteris aurantia

1.32

1.49

8

Taphozous mauritianus

1.22

1.62

11

Heterothermic species

Homeothermic species

The codes for the source of the information correspond to those in Table 4-1.
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Discussion
Understanding how endotherms will respond to global warming has been a recent focal
point for research but, developing accurate predictive models is limited both by the availability
of data as well as our ability to interpret it (Wolf et al., 2017). Evaluating a species’ vulnerability
to heat stress, including the intraspecific variation due to phenotypic flexibility is crucial, as
heat tolerance provides a rigid limit in its response (Canale and Henry, 2010; Sherwood and
Huber, 2010; Boyles et al., 2011; Huey et al., 2012). Here, we tested whether heterotherms
can potentially reduce the effects of heat stress through putative hyperthermic torpor. We
developed three a priori model predictions that would each support our contention for the
ability of hyperthermic torpor.
The results do not support our first prediction (Fig 4-3a) that heterotherms would
maintain a similar Tb and rate of EWL to homeotherms at T uc, but that Tuc would be higher in
heterotherms. Likewise, the results do not support our third prediction (Fig 4-3c) that
heterotherms would maintain a similar Tb and Tuc to homeotherms, but that the rate of EWL
would be lower in heterotherms. However, the results do support our second prediction (Fig.
4-3b) that heterotherms would maintain a lower Tb at a similar Tuc to homeotherms, but not
require additional investment in evaporative cooling to do so. We also found that heterothermic
bats maintained lower normothermic Tbs than homeothermic bats. Given their low Tbs and
thus smaller thermal gradient, we expected heterotherms to have a relatively low Tuc (SchmidtNielsen, 1997; Tattersall et al., 2012). Instead, Tuc was ca. 1.2°C higher than normothermic
Tb. Consequently, because the heat balance favored heat storage in heterothermic bats, they,
by comparison to homeothermic bats, should have displayed higher Tbs at Tuc relative to their
Tbs at Tlc i.e. ΔTb, higher absolute Tbs or a higher rate of evaporative cooling to reduce heat
storage (Sherwood and Huber, 2010; Cory Toussaint and McKechnie, 2012). None of these
were observed. We therefore argue that heterothermic bats alter their heat balance through
metabolic down-regulation i.e. reducing HMR (see equation 3); which results in an extension of
the upper threshold of TNZ. We argue that the reduced heat storage in combination with
reduced heat production allowed them to thermoconform at high Ta which presumably negated
the need for additional evaporative cooling (sensu Bondarenco et al., 2014).
To support the claim that metabolic down-regulation allows heterotherms to maintain
lower Tbs and reduce evaporative water loss, we plotted Tb as a function of Ta, for both groups
of bats. To eliminate potential sample size biases, we determined a mean T b per Ta for each
species and used those values to determine the mean Tb per Ta across species (Fig. 4-6). The
interspecific mean Tb plot supports the argument that heterothermic bats maintain lower Tbs
than homeothermic bats, especially at high Tas. The plot also shows that heterothermic bats
105

Tarsier thermoregulation within a phylogenetic context
begin to thermoconform at Tas that are similar to or slightly higher than normothermic Tb. The
benefit of thermoconforming at relatively moderate Tas is that it may conserve body water for
use at more extreme Tas to maintain Tb < Ta; as is evident at Ta = 40 - 42°C. Unfortunately,
we do not have sufficient data to determine a reliable estimate of water use for either group at
the upper Ta range (Ta > 36°C) as this would have provided empirical support. Nonetheless,
the question remains, how do heterothermic bats achieve low Tbs at high Tas and, as
mentioned earlier, why do some bats not display increases in metabolism due to Arrhenius
effects at Ta ≥ Tb?
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Figure 4-6: Mean ± standard error of homeothermic and heterothermic bat body temperatures
at a range of ambient temperatures. The numbers above and below the plots represent the
sample size (n) of homeothermic species and heterothermic species per temperature
respectively. Only points with n > 2 species are reported.
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The characteristic metabolic down-regulation exhibited by heterotherms at low Ta
involves a series of complex interrelated biochemical reactions involving hormonal and
extracellular triggers that are not fully understood (van Breukelen and Martin, 2002; Storey et
al., 2010; Pan et al., 2014; Tessier et al., 2015; van Breukelen and Martin, 2015). Even so, we
do have good insight about the mechanisms of how metabolic suppression is achieved and
maintained (Biggar et al., 2015; Tessier et al., 2015; Wu et al., 2015; Zhang et al., 2015).
Metabolism is regulated, at the molecular level, by enzyme-mediated reversible
phosphorylation of post-translational proteins (Melvin and Andrews, 2009; Storey et al., 2010).
For example, a well-known biochemical mechanism used to lower metabolism during bouts of
hypothermia involves the inhibition of pyruvate dehydrogenase by pyruvate dehydrogenase
kinase, which interrupts glycolysis (Melvin and Andrews, 2009). Another pathway involves the
activation of 5’ adenosine monophosphate-activated protein kinase (AMPK) that plays a
facilitatory role in ATP synthesis and leads to a simultaneous reduction in the overall rate of
ATP consumption within the body (Melvin and Andrews, 2009; Storey et al., 2010). Thus,
because hypometabolism is achieved by an inhibition of the processes that generate ATP and
not on temperature dependent processes per se, an up-regulation of inhibitory enzymes at
high Ta may still reduce metabolism. This process would circumvent Arrhenius effects on
metabolism and explain why some bats have extremely high Tucs.
Even though there are several metabolic pathways, AMPK is the master regulator
governing energy homeostasis at the cellular level (Hardie et al., 2003; Storey et al., 2010;
Mihaylova and Shaw, 2011) and seems the most likely mechanism involved in hyperthermic
torpor. Mammalian AMPK is activated in response to stressors that affect the ratio between
AMP and ATP, which amongst others, includes heat shock (reviewed by Hardie and Hawley,
2001). It may be that the heat shock response during hyperthermia activates AMPK that then
facilitates a metabolic down-regulation. Thus, understanding the link between heat shock and
hypometabolism is an integral component to the argument for hyperthermic torpor. Heat shock
proteins are, as their name suggests, typically up-regulated in response to heat stress, but
their expression and role extends far beyond their eponym (reviewed by Feder and Hofmann,
1999). Indeed, heat shock proteins are up-regulated in heterotherms during episodes of torpor
or hibernation even though there is no heat stress (Storey and Storey, 2011; Wu et al., 2015)
and this suggests that they may be involved. However, whether heat shock proteins provide
the mechanistic link between metabolic down-regulation and high Tas, or whether their
expression is just a covariate response, needs to be determined. Currently, there is equivocal
evidence that the interaction between AMPK and heat shock proteins may be protagonistic
(for example Tsai et al., 2016) or antagonistic (for example Wang et al., 2010). Clearly, more
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research is needed to evaluate the interaction between these molecules in heterotherms
versus homeotherms.
We acknowledge that our analyses are limited by few data and, given our approach, it
seems that heterothermic species that are most effective at presumed hyperthermic torpor,
such as M. blainvilli (Rodríguez-Durán, 1995), M. condylurus (Maloney et al., 1999), P.
quadridens (Rodríguez-Durán, 1995), Sturnia lilium (McNab, 1969) and Tonatia bidens
(McNab, 1969), as well as the potential heterotherm Sauromys petrophilus (Cory Toussaint
and McKechnie, 2012), among others, were excluded. We need data from these species to
ascertain their respective Tucs and redo our analyses. It would also be worthwhile for future
studies to attempt direct determination of metabolic down-regulation and the simultaneous
measurement of the concentration of heat shock proteins in combination with other potential
marker enzymes such as AMPK or pyruvate dehydrogenase kinase. We predict that one or
more of these enzymes would be upregulated in heterotherms at high Ta, and that they would
lead to a hypometabolic response. We further suggest that such studies also focus on
marsupials as hyperthermic torpor has been claimed to occur in the grey short-tailed opossum
(Monodelphis domestica; Busse et al., 2014) and eastern pygmy-possum (Cercartetus nanus;
Song et al., 1997) or possibly rodents, due to the claim of hypothermic torpor in spiny mice
(Acomys russatus, Grimpo et al., 2013). In addition, more thermoregulatory data that include
EWL could help explain the variation in the onset of evaporative cooling and aid our
understanding of the water conservation benefits of hyperthermic torpor.
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Chapter Five – Thesis summary and future recommendations
Vulnerability of tropical mammals to heat stress due to climate change
Understanding how endotherms will respond to global warming has been a recent focal
point, but the development of accurate predictive models are limited by the availability of
quality data as well as the ability to interpret the data (Wolf et al. 2017). It has been suggested
that tropical endotherms are particularly vulnerable to heat stress due to global warming
(Lovegrove et al. 2014). Their vulnerability is a consequence of their reduced capacity to
dissipate excess body heat owed to a combination of their low metabolism, low body
temperatures (Tb), and the warm and humid environment that they inhabit (Tattersall et al.
2012, Lovegrove et al. 2014). Thus, as global warming continues, tropical endotherms will
have a diminished capacity to avoid hyperthermia and increased heat storage may lead to
lethal hyperthermia. Certainly, the thermoregulatory data presented in the current thesis
supports the concern that tropical small mammals that have low Tbs are physiological
susceptible to heat stress by the end of this century.

Chapters 2 and 3 show, respectively, that tarsiers (Cephalopachus bancanus) and
lesser dog-faced fruit bats (Cynopterus brachyotis), maintain core Tbs that are lower than
previously reported (McNab & Wright 1987, McNab 1989, Lovegrove et al. 2014). As
expected, both species started to display increased heat storage as ambient temperature (Ta)
approached Tb (Tattersall et al. 2012). Worrisomely, because of their respective low Tb, the
onset of heat storage occurred at seemingly moderate Ta in both study species. The laboratory
data show that heat dissipation, in a dry atmosphere, was only effective at T a ≤ 30°C in C.
bancanus and Ta ≤ 31°C in C. brachyotis, above which heat storage became apparent. Thus,
due to the high relative humidity conditions of the tropics, there is great concern for many
tropical endotherms because they are likely to encounter natural situations that are less
favourable for heat dissipation than those used in the laboratory experiments (Tattersall et al.
2012, Lovegrove et al. 2014).

Fortunately, many forest dwellers are likely to experience less intense increases in T a
than what is typically predicted because forest habitats are generally buffered and cooler than
the external environment (Jacobs 1988, Karlsson 2000, Tuff et al. 2016). Indeed, the Ta
recorded at the two capture sites used in Chapter 3 were fairly stable and only rarely exceeded
30°C. It is therefore likely that even though some species may be physiologically susceptible
to heat stress, they may be able to avoid high Ta by exploiting thermal refugia. Unfortunately,
land use changes are extensive throughout the tropics and particularly aggressive throughout
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Borneo (Gaveau et al. 2016). Typically, these changes in land use lead to habitat
fragmentation which creates less hospitable conditions within remaining forest patches
because it alters the microclimate within those patches (Turner & Corlett 1996, Laurance 2004,
Tuff et al. 2016). Unfortunately, a direct comparison between the Ta records presented in
Chapter 2 and Chapter 3 are not possible because they do not correspond to the same time
period. Nonetheless, the data suggest that there was a large difference between the thermal
stability at the respective sites. Whereas the more disturbed and open capture site used in
Chapter 2 frequently displayed amplitudes of ca. 8°C or more in daily temperature, the less
disturbed capture sites used in Chapter 3 remained relatively cool and the amplitude in daily
temperature was mostly < 6°C. Thus, the data provide some support for the argument that
habitat fragmentation alters the microclimate of forests and diminishes their capacity to buffer
temperature variability.

The current thesis reaffirms the value of adopting a mechanistic approach when
assessing a species response to global warming (Ricklefs & Wikelski 2002, Chevin et al. 2010,
Chown et al. 2010, Kearney et al. 2010, Sherwood & Huber 2010, Lovegrove et al. 2014). By
incorporating data about the microclimate experienced by the study species with data about
their thermoregulatory capacity, as well as including information regarding regional trends in
land use practises, the current thesis presents a more holistic understanding of the
vulnerability of the study species to global warming and their likely response. Overall, the
thesis presents the argument that conservationists must, as a matter of urgency, begin to
preemtively prioritize and protect tropical forests to maintain their integrity and value as
thermal refugia. Given the susceptibly of tropical endotherms to heat stress, failing to take
decisive conservation action could lead to population collapses that undoubtedly will have dire
consequences for the ecosystem.

The benefits of adaptive heterothermy during heat stress
Even though C. bancanus and C. brachyotis started to store heat at similar Ta (3031°C), heat storage appeared to be less pronounced in C. brachyotis because they seemingly
thermoconformed at Ta above their thermoneutral zone (TNZ), whereas C. bancanus did not.
This observation suggests that C. brachyotis may have entered torpor in response to heat i.e.
entered hyperthermic torpor. Currently, our understanding of thermoregulatory responses to
high Ta, that is, at Ta where animals face hyperthermia, is limited. There are only a handful of
studies that support the claim of hyperthermic torpor (Song et al. 1997, Grimpo et al. 2013,
Bondarenco et al. 2014, Busse et al. 2014), yet many bat species display putative
characteristics of hyperthermic torpor. For example, Angolan Free-tailed bats (Mops
condylurus, Tb = 35.2°C, mass = 23.2g; Maloney et al. 1999), sooty mustached bats
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(Pteronotus quadridens, Tb = 31.2°C, mass = 4.8g; Rodríguez-Durán 1995) and Antillean
ghost-faced bats (Mormoops blainvilli, Tb = 32.0°C, mass = 8.6g; Rodríguez-Durán 1995)
display extremely broad (>10°C) TNZs given their small size, and seemingly have a Tuc >
40°C. As such a large-scale physiological investigation of hyperthermic torpor is lacking and
we have yet to reach consensus as to whether or not heterotherms could enter torpor at high
Ta. Reaching a consensus precludes any attempts to understand the putative benefits of
hyperthermic torpor or how it could affect a species’ response to climate change (Nowack et
al. 2017). The data presented in Chapter 4 seeks to provide the corroborating physiological
evidence to support the idea that heterotherms can down-regulate metabolism at Tas typically
associated with hyperthermia.

A meta-analysis on the thermoregulatory profiles of 29 bat species showed that relative
to homeothermic bats, heterothermic bats maintain lower Tb at similar Ta but display similar
upper limits (Tuc) of TNZ and similar costs of evaporative water loss. Crucially, T uc in
heterotherms exceeds their Tb. Based on the principles of heat exchange (Arrhenius 1915,
Scholander et al. 1950, McNab 1980, Geiser 1988, Lloyd & Taylor 1994, Schmidt-Nielsen
1997, Tattersall 2012), heterotherms could not have achieved this without some form of
metabolic down-regulation. Importantly, unlike at low Ta, it may not be possible for animals to
display metabolic rates lower than basal metabolism at high Ta because of the opposing
influence of the Arrhenius effect forcing an increase in metabolism. By down-regulating
metabolism at high Ta, heterotherms can alter their heat balance by lowering the contribution
of their endogenous heat production that is associated with metabolic activity. By doing so,
heterotherms would reduce their total heat burden and slow the rate of heat storage at
moderate Ta or prevent dehydration at high Ta; hence delay the onset of severe heat stress.
The data further suggests that heterotherms tend to endure moderate heat stress to conserve
water to achieve Tb < Ta at more extreme Ta. Thus, heterotherms seem to have a significant
physiological advantage over homeotherms when dealing with heat and are thus more likely
to survive the effects of global warming.

The ability of heterotherms to use hyperthermic torpor also has significant implications
for models attempting to predict species’ responses to global warming and forecast likely
distributions. It is generally accepted that species will respond to the current anthropogenically
driven climate change with a compensatory migration poleward or towards higher altitude
(Walther et al. 2002, Root et al. 2003, Parmesan 2006). This view is based on species
distribution models (synonymous with climate-envelope models, niche models or bioclimatic
models) which rely on the principle of niche conservatism, that is, that species will retain the
ecological characteristics of their ancestor and should seek to remain within similar niches
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(Wiens & Graham 2005, Dawson et al. 2011, Diamond et al. 2012). However, given the
availability of microclimates within which species can minimize their exposure to
environmental perturbations and, in combination with the use of hyperthermic torpor by
heterotherms, many of the currently accepted predictions of species responses may deviate
from what is actually observed.

The evolution of endothermy in mammals
There is no obvious reason why adaptive heterothermy seems to have been lost in
tarsiers. Nevertheless, there was no evidence of adaptive heterothermy in the population of
C. bancanus studied here or in other studies involving Tarsius syrichta (McNab & Wright 1987,
Lovegrove et al. 2014). It is possible that the lack of adaptive heterothermy in tarsiers may be
due to the low sample sizes of relevant studies (n ≤ 4 per study), or as is the case in Galago
moholi (Nowack et al. 2010), tarsiers may potentially use torpor under extreme conditions only,
or adaptive heterothermy may truly be lost.
Brain tissue is energetically costly (Aiello & Wheeler 1995, Isler & van Schaik 2006,
2009) and the ability of tarsiers to leap between trees and successfully hunt at night requires
highly derived visual acuity, depth perception and neuronal accompaniment (Castenholz
1984, Collins et al. 2005, Isler & van Schaik 2009). Even though tarsiers appear to reduce the
costs associated with enhanced sensory perception through a morphological readjustment in
the brain (Stephan 1984, Schwartz 2003, Grabowski et al. 2016) and a reduction in costly
splanchnic tissue (Aiello & Wheeler 1995), the cost associated with their brain and nocturnal
habits could still preclude the use of torpor. Alternatively, with the exception of some, for
example monotremes (McAllan and Geiser, 2014), marsupials (Geiser et al. 2008) and bats
(Stawski et al. 2014), reproduction and adaptive heterothermy appear mutually exclusive in
mammals (Lee et al. 1990, Mzilikazi & Lovegrove 2002, Levesque & Lovegrove 2014). Indeed,
tarsiers have long gestation periods of ca. 5-6 months and, in the case of C. bancanus, breed
throughout the year (MacKinnon & MacKinnon 1980, Wright et al. 1986). Thus, as is argued
for G. moholi (Mzilikazi et al. 2006, Nowack et al. 2010), the perpetually high level of
reproductive hormones associated with their continued reproductive readiness and gestation
could preclude the use of torpor. Though, the most likely explanation for the lack of adaptive
heterothermy in tarsiers would involve some combination of factors related to their costly
brains, maintaining reproductive readiness, and their development. In comparison to the adult
size, tarsier neonates have relatively large brains and large body sizes (Izard et al. 1985,
Roberts 1994). Thus, although tarsiers benefit by having large neonatal brains due to rapid
behavioural development, the cost associated with this benefit is a slow postnatal growth rate
(Roberts 1994) and long gestation period.
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Given their phylogenetic placement as basal in the Haplorrhini (Hartig et al. 2013), the
thermoregulatory capacity of tarsiers provide crucial insight and context for the evolution of
endothermy in the rest of the haplorrhines (Lovegrove 2012, 2017). Although one cannot rule
out the potential for adaptive heterothermy within the Tarsiidae, the apparent loss of adaptive
heterothermy in C. bancanus and T. syrichta, as well as the lack of evidence for adaptive
heterothermy in other haplorrhines such as Callithrix jacchus (Petry et al. 1986), C. pygmaea
(Genoud et al. 1997), Saguinus oedipus (Stonerook et al. 1994) and Callimico goeldii (Kälin
et al. 2003, Power et al. 2003), suggests that adaptive heterothermy may have been lost either
in the ancestor of the tarsiers or in the tarsier clade. The significance of the absences of
adaptive heterothermy in haplorrhines bares implications regarding their future survivability
and the possibility of humans to travel to deep space in induced hyperthermic states.

Limitations of the current study and recommendations for future work
A potential technical limitation of the thermoregulatory work conducted in the current
thesis is that the water vapour was removed from the incurrent airstream before reaching the
study animals. Even though the intention of removing water vapour from the incurrent air was
to provide study animals with a favourable gradient for heat dissipation to minimize the risk of
fatality due to heat stress, given the high humidity of their environment, the dry air would have
been an unnatural experience for them. Thus, there is the potential that the thermoregulatory
data, especially that of the rate of evaporative water loss, may have been negatively influenced
by the dry air entering the respirometers (but see Withers & Cooper 2014). Another technical
limitation of the thesis was the low sample size and fairly short period of observation of
thermoregulatory data in free-ranging animals. The failure of several of the temperature
sensitive data-loggers that were implanted into tarsiers severely limited our ability to make
inferences of their thermoregulatory capacity and precluded a more compelling argument for
the lack of adaptive heterothermy in tarsiers. Nonetheless, the current thesis argues that
adaptive heterothermy may be lost in haplorrhines. Given the significance of the
thermoregulatory capacity of tarsiers, future studies should endeavour to augment existing
data. Alternatively, given that there are 177 species in the clade Haplorrhini, future work could
also endeavour to assess the occurrence of adaptive heterothermy in other members of the
clade. A good starting point would be to assess the occurrence of adaptive heterothermy in
the 11 anthropoid species listed in Chapter 3, or in any of the other species of tarsier.
It would also be beneficial for future studies to augment our dataset of
thermoregulatory variables for bats. An augmented dataset would allow us to further explore
the interplay between evaporative water loss and metabolism to better understand the
interspecific variations between the onset of evaporative water loss. This could potentially
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answer the question of why the onset of evaporative cooling occurs well before TNZ in some
species (Hosken & Withers 1997, Marom et al. 2006) or at Tlc in others (Hosken & Withers
1999, Cooper & Withers 2012), yet metabolism remains the same throughout TNZ irrespective
of whether EWL is low or moderate. With the benefit of an augmented dataset, future studies
could also redo the analyses presented in Chapter 4 to support the findings presented in the
current thesis. Alternatively, future studies could adopt the techniques described in Chapter 4,
and repeat the procedure using another group of animals. As mentioned in Chapter 4, such
studies could focus on marsupials as hyperthermic torpor has been claimed to occur in the
grey short-tailed opossum (Monodelphis domestica; Busse et al. 2014) and eastern pygmypossum (Cercartetus nanus; Song et al. 1997) or possibly rodents, due to the claim of
hyperthermic torpor in spiny mice (Acomys russatus, Grimpo et al. 2013). In addition, future
studies should also attempt a direct determination of metabolic down-regulation. While doing
so, it would be fruitful to simultaneously determine the concentration of heat shock proteins,
5’ adenosine monophosphate-activated protein kinase (AMPK), or pyruvate dehydrogenase
kinase, to assess their usefulness as marker enzymes of hyperthermic torpor (Hardie and
Hawley, 2001; Hardie et al., 2003; Melvin and Andrews, 2009; Storey et al., 2010; Mihaylova
and Shaw, 2011; Storey and Storey, 2011).
Lastly, any improvement in our understanding of thermoregulation and other
physiological tolerances also serves to better inform studies geared towards modelling
species response to global warming. Given the uncertainty of the rate and magnitude of global
warming, as well as confounding effects such as microhabitats and phenotypical flexibility,
future studies must adopt a mechanistic approach to determine species’ physiological
tolerances. Such an understanding provides a framework for conservation efforts because
tolerances provide a robust limit of what species can endure and thus their chances of future
survival.
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