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SUMMARY

Maintaining a proper balance betweemergy expenditure and energy acquisition in the long term is
crucial for all animal species. Especially endotherms are in constant interaction with the prevailing
environmental conditions of the habitats they live in through their high thermoregulatostsco
Changes in these conditiosn therefore challenge or even disrupt their physiological functioning.
While organisms usually have developed means to cope with regular seasonal fluctuations,
unpredictable and rapid changes such as extreme weather svensevere habitat alteration may
push them to the limits of their capacities. Physiological variation can aid endotherms to mitigate
certain environmental fluctuation but our understanding on how species function on broad
environmental scales and the exit to which they may flexibly adjust physiological traits to address
changing ecological pressures is limited.

Ly GKS &a02LS 2F (KA&a GKSaaraxr L f221SR Ayi?z
roundleaf bat Macronycteris commersoniThroughoti its wide distribution in Madagascar, it
experiences a whole range of different environmental conditions. In a first step, | examined
intraspecific physiological variation over seasonal and geographic scales. For that, | studied how two
distinct populatimsin both the dry and the wet season: one population roosts in large colonies in well
insulated caves and the second population roosts in the open vegetation, unprotected from external
environmental extremes. To trace their physiological responses, mhtatade and skin temperature
were measured directly in their natural microhabitat, i.e. cave and forest. In a secondretef@anging

individuals of each population were exposed to the respective opposite conditions and thus to novel

microclimate within an ecologically realistic scope to identil. commerso®a LR G Sy G Al

physiological flexibility when confronted with acute shtetm fluctuations.

Torpor was a central component of the specific physiological responses of both populations and we
guantfied considerable intraspecific variation. Torpor timing, frequency and duration were tailored to
the respective roosting conditions. The cave in particular offered thermoneutral conditions and access
to water, which even negated the need for leterm hypometabolism in betteconditioned
individuals during the lean dry season, when the bats did not leave the cave for months. The exposed
foliage roost, by contrast, induced extensive use of torpor, with patterns never observed before.
5dzNRA y 3 & Kiebats tofeeated Bgpedherriia and body temperature increased at the onset of
a torpor bout. Withstanding acute heat stress through torpor lowers endogenous heat production and
conserves both energy and water, which otherwise would be expended to lowsr teatberature.
Repetitive micretorpor bouts on the other hand allow for substantial energy savings combined with
an increased number of euthermic periods. Both newly discovered patterns broaden our general idea
of hypometabolism and demand for a redefioit of torporthat does not fundamentally include a

decrease in body temperaturelnterestingly, we found comparable body conditions across
2
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SUMMARY

populations, suggesting that the fine adjustment of energy expenditure through various torpor
patterns mitigated thecontrasting environmental pressures. This supports the need to study species
 ONRaa UGUKSANI oNRFR SO2t23A0If NBIfAGe G2 | @2AR
unfounded conclusions.

In the second part of the project, | focused on howe tlvo populations coped with immediate
alterations in their microclimate and found limited scope for rapid and especially sustainable
responses. Cave bats exposeddrest setting had limited capacity to maintain euthermia to the point
that two individuas became hypothermic when ambient temperature dropped below their commonly
experienced cave temperature. The forest population by contrast, had difficulties to dissipate heat in
the humid and hot cave replica. Interestingly though, the response to heat suasrisingly
homogeneous and all bats entered torpor combined with hyperthermia at the latest at temperatures
exceeding their respective thermoneutral zones. TiMscommersoncould flexibly compensate for
KSIFG GKNRIZAK K2 0G¢ 2 tbhs2akdb shdwadspat@@NiBdicadirgy dirited LJ2 LJdzt
potential to cope with conditions outside their typically occupied microclimates, presumably due to
local adaptation and/or acclimatisation.

The results of my thesis highlight the need to study particularlyespdead species on broad
environmental scales. Individual populations only provide a snapshot of the species as a whole and
thus reflect a biased and limited picture of their potential physiological capacity and thus their
ecological tolerance. Furthermaret is of major importance to consider the mechanism driving
intraspecific variation. Populations may be locally adapted and/or acclimatised, which may ultimately
hamper their flexibility when local and rapid compensatory responses are required. Comparati
a0dzZRASE | ONRPaad alLlSOASAaQ RAAGNAROdzOAZ2Y A =driver2 YO A Y A
approachego examine what species and populations currently do and potentially could do when they
are pushed out of their typically experienced environmeptint towards their flexibility as well as
limits in it. { dzOK dzy RSNRGFYRAY3I Aa @GAlGlLt G2 YIF1S F OO0dzN]

persisting in ever rapidly and drastically changing habitats and climates.



ZUSAMMENFASSUNG

Ein ausgewogenes Verhaltnis zwischen Energieaufnahmeveniorauch aufrechtzuerhalten, ist fur

alle Tierarten von grundlegender Bedeutung. Insbesondere Endotherme befinden sich durch ihren
hohen thermoregulatorischen Aufwand in standigem Austausch mit den vorherrschenden
Umweltbedingungen der von ihnen bewohnten Lebensraume. ndEéungen in diesen Bedingungen
kénnen daher ihre physiologische Funktionsfahigkeit beeintrachtigen oder sogar ganz aushebeln.
Wahrend die meisten Lebewesen Mechanismen entwickelt haben, um mit regelmé&Rigen saisonalen
Schwankungen zurechtzukommen, kénnen unvorhersehbare und schnellerubgen wie etwa
durch erhebliche Lebensraumzerstorung oder extreme Wetterereignisse sie an die Grenzen ihrer
Belastbarkeit bringen. Physiologische Variation kann Endotherme unterstitzen, bestimmte
Umweltfluktuationen abzumildern. Unser grundlegendes \é@ndhis darlber, wie Arten auf breiten
Umweltskalen funktionieren und inwieweit sie physiologische Merkmale flexibel justieren kénnen, um
veranderten dkologischen Belastungen gerecht zu werden, ist jedoch begrenzt.

Im Rahmen dieser Arbeit untersuchte icke dhnpassungsfahigkeit der tropischen Commersons
BlattnasenfledermausMacronycteris commersgnidie in ihrem grof3en Verbreitungsgebiet in
Madagaskar einer ganzen Reihe unterschiedlicher Umweltbedingungen ausgesetzt ist. In einem ersten
Schritt betrachtete dh die intraspezifische physiologische Variation Uber saisonale und geografische
Skalen hinweg. Dafur habe ich zwei verschiedene Populationen sowohl in der Fiadslkarch in der
Regenzeit erforscht: eine Population ruhte in einer grof3en Kolonie in ginigsolierten Hohle und
die Zweite in offner Vegetation, ungeschiitzt vov externedmweltextremen. Um ihre
physiologischen Reaktionen zu erfassen, wurden ihre Stoffwechselrate und die Hauttemperatur direkt
in ihrem naturlichen Mikrohabitat aufgezeichnetn einem zweiten Schritt wurden freilebende
Individuen jeder Population den jeweils gegensatzlichen Umweltbedingungen und damit in einem
Okologisch realistischen Rahmen einem ungewohnten Mikroklima ausgesetzt, um die physiologische
Flexibilitat vonM. conmersonibei akuten Umweltschwankungen zu bestimmen.

Torpor war eine zentrale Komponente der jeweiligen physiologischen Reaktionen beider
Populationen und wir konnten eine betréchtliche intraspezifische Marideststellen. Torpordauet,
frequenz und -timing waren an die jeweiligen Bedingungen der Tagesquartiere angepasst.
Insbesondere die Hohle bot stabile thermoneutrale Bedingungen und Zugang zu Wasser, was sogar
langfristigen Hypometabolismus in besd@nditionierten Individuen wahrend der kargen Treokeit
negierte, in der die Fledermause die Héhle monatelang nicht verlieRen. Das exponiertere Waldquartier
hingegen erforderte intensiven Gebrauch von Torpor, mit Mustern, die so noch nie beobachtet
wurden. Im "heiRen" Torpor tolerierten die Fledermausgpkrthermie und die Kdrpertemperatur
stieg zu Beginn einer Torporperiode sogar an. Die Uberwindung von akutem Hitzestress durch Torpor

senkt die korpereigene Warmeproduktion und spart sowohl Energie als auch Wasser, was
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normalerweise zur Absenkung der Kéremperatur bendétigt wirde. Wiederholte Mikidorpor
Phasen ermdéglichen dagegen eine erhebliche Energieeinsparung in Kombination mit einer erhdhten
Anzahl euthermischer Perioden. Beide neu entdeckten Muster erweitern unser allgemeines
Verstandnis von Toy und fordern eine Neudefinition, die nicht grundséatzlich eine Absenkung der
Kdrpertemperatur beinhaltet. Interessanterweise fanden wir bei allen Populationen eine
vergleichsweise Kdorperkondition, was darauf hindeutet, dass die feine Justierung des
Energeverbrauchs durch verschiedene Torpduster die unterschiedlichen Umweltbelastungen
abmildert. Dies unterstreicht wie wichtig es ist, Arten Uber ihre gesamte 6kologische Realitat hinweg
zu untersuchen, um eine Fehleinschétzung ihres vollen physiologifdienzials sowie unfundierte
Schlussfolgerungen zu vermeiden.

Im zweiten Teil des Projekts konzentrierte ich mich darauf, wie die einzelnen Populationen mit
unmittelbaren Veranderungen in ihrem Mikroklima zurechtkommen und fand bei beiden nur
begrenzte Kpazitat flr schnelle und vor allem nachhaltige Reaktionen. Hohlenfledermause, konnten
ihre eutherme Korpertemperatur nur begrenzt aufrechterhalten und zwei Individuen unterkihlten
sogar, als die Umgebungstemperatur unter die Ublicherweise erlebte Hohhgateatur fiel. Die
Waldpopulation hingegen hatte Schwierigkeiten, Kérperwarme bei hoher Luftfeuchtigkeit abzugeben.
Interessanterweise war jedoch die Reaktion auf Hitze erstaunlich homogen und alle Flederméause
machten spatestens bei Temperaturen, die if@eeilige thermoneutrale Zone lberstiegen, Torpor in
Kombination mit HyperthermieM. commersonkonnte also Hitze flexibel kompensieren. Allerdings
zeigten beide Populationen auch Muster, die auf eingeschrankte Kompensationsmdglichkeiten von
Bedingungen @3erhalb ihrer typischerweise besetzten Mikroklimata hinweisen, vermutlich aufgrund
lokaler Anpassung und/oder Akklimatisierung.

Die Ergebnisse meiner Arbeit unterstreichen die Notwendigkeit, insbesondere weitverbreitete Arten
auf breiten Umweltskalen zuntersuchen. Einzelne Populationen liefern nur eine Momentaufnahme
der Art als Ganzes und geben daher nur ein verzerrtes Bild ihrer potenziellen physiologischen Kapazitat
und somit ihrer 6kologischen Toleranz wider. Dartiber hinaus ist es wichtig, den Nkrobarhinter
intraspezifischer Variation zu verstehen. Populationen kdnnen lokal angepasst und/oder akklimatisiert
sein, was letztendlich ihre Flexibilitdt einschranken kann, wenn schnelle Reaktionen gefragt sind.
Vergleichende Studien quer tber Verbreigsgebiete von Arten hinweg, die Feldforschung mit eher
experimentellbasierten Ansétzen kombinieren, um zu untersuchen, was Arten und Populationen
derzeit tun und potenziell tun kénnten, wenn sie aus ihrer angestammten Umgebung herausgedrangt
werden, lasse Rickschlisse auf ihre Flexibilitat und mdgliche Grenzen zu. Ein solcher Einblick ist
entscheidend, um genaue Vorhersagen tiber die Uberlebenschancen von Arten in sich immer schneller

und drastischer verandernden Lebensrdumen und Klimazonen treffen zekonn
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GENERAL INTRODUCTION

Successful energy management is critical for all animal species. It is closely linked to their ecology
because the balance between energy expenditure (e.g. for maintenance, growth, locomotion, and
reproduction) and energy intake (feeding) is crucial forvisal (KronfeldSchor and Dayan 2013)
Within the scope of their physiological characteristics, animals constantly interact with the abiotic and
biotic conditions of the habitats they live in. Changes in these conditions can therefore be a major
challenge whether these are natural such as seasonal fluctuations or unpredictable weather events,
or anthropogenically induced such as laggmale habitat alteration or global warming and its
concomitants. For many animals though, we are lacking basic undenstanfiihow they generally
balance their energy budget in a given environment and to what extent they may flexibly adjust certain
behavioural and particularly physiological traits to address changing ecological pressures.
Environmental changesire particulaly challenging for mammals, above all when ambient
temperature {;), water availability, resource availability or the interaction of these factors are
FFFSOGSR® ¢KSe Fftf KIS I RANBOG YR AYYSRAIFIGS S
increase thermoregulatory cost§SchmidiNielsen 1997; Tattersall et al. 2012ylammals are
endotherms that regulate their body temperaturdpf within a set range through endogenous heat
production,evaporative cooling and behavio(Bartholomew 1972; Lymat82; Mitchell et al. 2018)
While this allows them to shield their inner milieu from the ambient environment and to inhabit
various habitats relatively independent of the surrounding conditiMsNab 1978)it comes with
high costs related to defending fairly stableT, (Geiser 2004; Heldmaier et al. 2004ctive
thermoregulation sets in as soon agig above (upper critical temperature) or below (lower critical
temperature) the thermal neutral zone, i.e. the temperature range where no additional energy or
water expenditure above basal levels to sustain high endothefaigcneeded (TNZcholander eal.
19500 ¢ KA & NIYy3IS K2gSOSNE A& YFENNRG YR aAy GKS NE
the surfaceareato-volume ratio increases with decreasing giEeldmaier et al. 2013; Hill et al. 2016;
Clarke 2017)Yhus lowering thermal inertimnd promoting heat flux at both ends, heat loss at law T
and heat accumulation at high.TEspecially small mammals consequently face high basal
thermoregulatory costs and constantly have to fuel their high energy demands and, in warm

environments, waterequirements.

Given the high cost associated with endotherm thermoregulation, efficient mechanisms are key to
survival and indeed, especially mammals living in seasonal or generally unreliable environments have

developeal considerable variation in traits associated with thermal maintenance. At {pmdmmals

10



(GENERAL INTRODUCTION

have to reduce heat lost to the environments and adopt a more frugal lifestyle to conserve energy
needed to counteract the increased cost of thermoregulation. Motpbimal or behavioural
adaptations such as growing denser fur or moving to a bettsulated resting site during the colder
season, for example, are pathways observed commonly Teegien etal. 2011) Some mammals
benefit from behavioural thermoregulation by trapping heat through huddling (e.g.-bémged bats,

grey mouse lemurs, Figure 0.1B, C), or basking (e.gailed lemurs, Figure 0.1Kelley et al. 2016)

If these mechanisms are not suféint, shivering thermogenesis through contraction of skeletal
muscles can increase heat production four to five fold within minutes can go on for days or even weeks
(Hohtola 2004). Shivering is induced by acute -explosure and represents a relatively weisal
pathway to produce heat(Hohtola 2004) Nonshivering thermogenesis (NST) can further aid
upholding T, whereby either skeletal muscles or brown adipose tissue (BAT) is involved. In both cases,
membrane pumps are uncoupled from their regular functamd instead, heat is producela. skeletal
muscle, the transport of Gaions is suppressed and the energy from ATP hydrolysis is converted to
heat, whereas iBBAT, ATP synthesis is bypassed by a proton leak and fat is metabolised to produce
heat in a ftile cycle(Heldmaier et al. 2013; Withers et al. 2016; Nowack et al. 20NST in BAT is
limited to mammals that possess thépecialised, highly efficient tissue, i.e. placental mammals and
possibly marsupials, although for the latter the functionabfyBAT igontroversial (Gaudry et al. 2017;

Hill et al. 2016; Withers et al. 2016apacity for muscular NST has been demonstrated in birds
(Dumonteil et al. 1995; Bicudo et al. 2001), fish (Block 1994; Jastroch et al. 2005) and mammals (de
Meis et al. 05; Anderson et al2015), but its importance for thermoregulation has only been
described recently (Bal et al. 2012, 2016).

Coping with heat is more problematic. High ¢cgn have disastrous physiological impacts on
mammals because their safety margin betwesrthermia and upper lethal temperatures is narrow
(41-44°C;SchmidtNielsen 1997; Lepock 2008imultaneously, there are few mechanisms to control
or even downregul® Ty passive mechanisms of heat loss such as radiation, convection or conduction
are effective only at ;B lower than the desired, T(Hill et al. 2016) Especially when,Exceeds 4,
evaporative cooling is the only means to dissipate heat, whereby #ienbudget ultimately dictates
the extent of heat compensatiofMitchell et al. 2018)This entails that in arid regions, where water
availability may be limited and/or unpredictable, endotherms have to trade off the risk of dehydration
from extensive evporation with the risk of potentially fatal hypertherm{&unningham et al. 2013;
Conradie et al. 2019; McKechnie and Wolf 20Ball mammals, for example, cannot necessarily
afford the high amount of water turnover that is required to maintain body tenapure below T for
longer than several hour@Maloney et al. 1999)Maintaining a stablesTat high T is therefore a

balancing act and already small increases in daytime temperature extremes, as are predicted for the
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current century, may push some spesinear or even beyond the edges of their thermal and
physiological capacities.

A second option to cope with heat is to desist from maintaining within the desired range and
to tolerate shortterm hyperthermia.By accumulating heat instead of dumping it, and thereby
tolerating a controlled increase in body temperature, the onset of evaporative cooling is postponed or
even offset, andubstantialamounts of water are conservg&chmidiNielsen et al. 1956; Lichhd
Leitner 1967; Maloney et al. 1999)hereby, a positivepdT, differential (> T) is maintained and the
aforementioned passive mechanisms radiation, convection and conduction can additionally
counteract overheatingTattersall et al. 2012; Mitcheltal. 2018; Turner 20207 he most prominent
example for adaptive hyperthermia com&em dromedary camels: when dehydrated, they regularly
cycle between 41°C at daytime and-38°C at night@amelus dromedarieSchmidtNielsen et al.
1956) Other endothems also routinelyallow hyperthermia, including llama@iek et al. 2017)
elephantsg(Weissenbdck et al. 201,2arge treeshrewflevesque et al. 2018)jngtail possumsgTurner
2020) bats Maloney et al. 1999; Bondarenco et al. 2016; Czenze et al. 2B8®everal bird species,

for which this phenomenon is often termed facultative hypertheriflileman and Williams 1999)

LY&AadSFR 2F NARAY3A 2dzi GKS KINRaAKALJA 2 ¥ spatddIdA O f
by migration or temporarily by torpor are more radical strategies to ultimately maintain homeostasis

and effective at both low and high..TA temporary shift in location can improve environmental,
energetic and/or reproductive conditiong-lemingand Eby 2003; Avgar et al. 2018t might be

impaired by life history, general mobility, species interaction or high levels of habitat fragmentation
(Fleming and Eby 2003; Urban 2Q18ljgrants also require suitable corridors, stopover sites and/or
destinations that provide considerably more favourable conditions than their regular habitat for them

to pay off(Popalisseanu and Voigt 2009; Avgar et al. 20THis is a serious problem on islands, where

suitable habitat is finite and animals may be stuck.

Abandoning a euthermic lifestyle and entering torpor (hypometabolism), by contrast, is the most
efficient physiological mechanism to save energy and wéBaiser 2004; Heldmaier et al. 2004)
Torpor is a temporary, controlled downregulati of virtually all metabolic processes wherehyisT
shifted to a new hypothalamic setpoint temperature and passively approximates ambient temperature
within this range. Bodily functions are decreased to the minimum necessary to sustain survival,
allowing animals to conserve considerable amauwftenerg (Geiser 2004; Heldmaier et al. 2004)

Torpor has long been believed to be an adaptive response of endotherms to cold stress or food

12
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limitation during seasonal periods of scarcity. However, the last two decades have shown that torpor
is also common in thopics (seeNowack et al. 202€br review) and some species, such astéed

dwarf lemur Cheirogaleus mediud-igure 0.1D) even hibernate the(Bausmann et al. 2004A
reduction of metabolic rate (MR) is accompanied by reduced water loss througpiraton,
defecation, urine formation and metabolic heat dissipation (Herreid and Sckymtiten 1966; Cooper

et al. 2005; Levin et al. 2015). This might play an even more important role for torpor use in the tropics
during extended dry periods or high(e.g.,Schmid and Speakman 2000; Bondarenco et al. Z4id})
indeed, torporhas been proposed to be an excellent response to fleategrove et al. 2014; Welman
2018) Reduced metabolic heat productiocould permit torpid animals to tolerate greater heat
storage from the environment than euthermic ones, negate the need for evaporative cooling and thus
increase heat tolerance. However, torpor aeXceeding gJhas never been observed so far. In general

it remains poorly understood how mammals perform ghdrmoregulate when facing high, [Huey

et al. 2012; Lovegrove et al. 2014; Levesque et al. 2016; Welman et al. 2017; Mitchell et al 1281.8)
options appear to be much more limited at the upper than at the lower end of the thermal spectrum,
which isalarming considering that not only is global warming topping natural environmental changes

but also increasing frequencies in heatwaves.

R RN | N o~
Figure 0.1. Different thermoregulatory mechanisms in tropical mammals. Basking in the early morning sun to
take advantage of solar radiation during the cool, dry season in A, aailegl lemur {emur cattd; trapping
heat through social thermoregulatiom B, bent-winged bats Kiniopterus mahafaliensjsand C, grey mouse
lemurs Microcebus murinys and storing faas preparation for hibernation in D, a busy eatingttited dwarf
lemur (Cheirogaleus medijsPhoto credit: Stephanie Reher.
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Even though we have a general idea how endothdaimesmoregulate, these are often only snapshots
Ayili2 aLlSOoASaQ LRGSYydArt OFLIOAGASED® 2SS | NB I 0]
function on a broader environmental scale or when environments change ove(Bioyes et al. 2011;
Bozinovic efal. 2011).Especially widely distributed species experience a diverse array of climatic
conditions and contrasting environmental pressures within their range, and these may additionally
vary seasonallyA species as a whole may consequently be facingader ecological reality than we
generally assume, andgccordingly, may have a broader adaptive scope than we generally assume.

Distant populations of the same species could seek out comparable microhabitats and display a
relativelylow potential for intraspecific variation, while others may adapt locally or be highly flexible
(Kobbe et al. 2011; Hume et al. 2020; Noakes and McKechnie 2020; van Jaarsveld et al. 2021). Since
physiological capacityltimately determines species' toleraa limits to abiotic factor¢Canale and
Henry 2010; Bozinovic et al. 201Xertain environmental changes can be compensated for by
physiological variation. Brushtail possums from arid habitats, for example, have a generally lower
energy and water turnoweand can dissipate heat more efficiently than their conspecifics from mesic
areas(Cooper et al. 201&nd more northern populations of big brown bats have lower energetic costs
at cooler ambienttemperatures during hibernation than their southern consifies (Dunbar and
Brigham 201Q)Such differences on populatidavel therefore reflect species' capacity for phenotypic
variation and/or local adaptatiorfViolle et al. 2012; Richardson et al. 205#d ultimately their
resilience to changes in their enamment, as single populations may be better equipped for coping
with disturbances/changes than others.

Intraspecific physiological variationay arise from genetic changes across generations within a
given population(Violle et al. 2012; Richardson et 2014) Consequently, variations observed on
populationevel do not necessarily entail that each individual can generally take advantage of the
entire flexibility seen in a species to respond flexibly to rapid, unpredictable vicissitudes. Phenotypic
flexibility by contrastallows fast and reversible adjustments to a changing environmérdsg
Eberhart 1989; Piersma and Drent 2003) LG A& |y 2NHIYyAaAYQa FoAftAde
phenotype of a single genotypg&VestEberhard 1989)thus extends the copensatory capacity not
only of a species but alsoiofividuals and ultimately their environmental tolerance rariGéalambor
et al. 2007; Bozinovic et al. 2011; Huey et al. 204 8pasonal shift in the TNZ towards more frequently
experienced J for example, saves energy that otherwise would be required for regulatir(égtdbbe
et al. 2014)

Physiological data restricted to only one season and/or location does not accurately represent a

species as a whol&Vhile seasonal physiological variation is better studied (¢ahbe et al. 2014;
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Bethge et al. 2017; Czenze et al. 201v@ lack information on how separate populations cope with
different environmental pressures and how flexible these responses aradividuatievel (Dunbar
andBrigham 2010; Stawski 2012; klBgerwald and Brigham 2017; Cooper et al. 2018; Gearhart et al.
2020). This can have fagaching consequences: physiological traits are often included as fixed for an
entire species in predictiveodels(Atkins and Travis 2010; Chevin et al. 2010; Chown et al. 2ai0)
conclusions based on such models are likely to be more than tenuous, which is especially critical in the
face of ongoing human disruptive interference. The results of predictivéelsare often ged as a
base to define structurally and functionally suitable habitats that might serve as refugia to ensure long
term viability of populations or for translocation programm(@oke et al. 2013; Tarszisz et al. 2014;
Rezende and Bacigaki2015; Cooper et al. 201&onsequently, it becomeéacreasingly important

to understand andonsider local adaptation within populations, intraspecific variation in physiological
traits and the possibility of withindividual acclimatisation to a chaimg environment (e.g8oyles et

al. 2011) to ultimatelyassess general adaptive scopes.

al RF3lF a0l NDa dzyAljdzS S@2ftdziA2y I NBE KAal2NEB |yR f2y
extraordinary development of distinct biomes and rich biodiversity. The island separated from
continental Africa 165 million years ago (Mya), before becorsmmpletely isolated 88 Mya when
India broke off Samonds et al. 2012prastic climatic shifts then shaped today's Madagascar, an island
with steep environmental gradients and numerous microhabitats with associated microclimates in
relatively small spacéSoodman et al. 2018 Combined with high endemism in all taxa (e.g. 87% for
terrestrial vertebrates]UCN 2021)Madagascar is one of the most diverse biomes of the globally
identified 'biodiversity hotspots”(Myers et al. 2000; Ganzhorn et al. 2001; Vene¢ al. 2009).
{AYdz GFyS2dzates NraGdSa 2F KIFIoAGlrId RSadGNHzOGA2Y N
habitat modified alread{Green and Sussman 1990; Ganzhorn et al. 20Hi$ dramatic degree of
habitat loss and fragmentation is coupled lwiextensive and often unsustainable exploitation of
wildlife for bushmeat and tradéGoodman 2006; Jenkins et al. 2014)d both are topped by global
warming(Huey et al. 2012; IPCC 201Rarticularly the highly seasonal southern and western regions
are predicted to face further warming with an increase in already ongoing droughts, heatwaves and
cyclonegGanzhorn 1995; Elmgvist et al. 2007; Hannah et al. 2008; Tadross et al.|286B8ig to a
situation in which practically all organisms resident to lelgalscar are threatened by the concomitants
of environmental alteration.

The effects of environmental changes are expected to be particularly severe in tropical and

subtropical regions, where small mammals are already closer to their upper thermal lintits an
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generallyconsidered to have a narrower adaptive scope than their temperate counterpdatszen

1967; Huey et al. 2012; IPCC 2014; Lovegrove et al. 2014R | I & OF NR& Tl dzyl = K26 S
aprel RF LJAA DS | ROyl 3Sd 5 diBcatidr it isir&g8larly kit by chfati@ and 3 S 2 3 N.
weather events like sea current fluctuations, droughts, heatwaves and cyclones, all of which may affect
GKS AaftlyRQa SO2aeail §eas(Dewak and KiblErg” 200780 addiyion, lthg & T A F €
western dry portions of the island are highly seasonal and in the south, rainfall may fail for entire years,

Fff (023SHGKSNJ ONBIF GAy 3 (Dewar &d RiEhAD200IA RatdviorauhansSey @A N2 y
2013) These highly variable eimonmental conditions may have exerted a selective pressure on the
Malagasy fauna to have a broader ecological and physiological tolerance than other tropical organisms.
Indeed, a comparatively high proportion of endothermic species in Madagascar hadyaleen

identified to usetorpor to counter unfavourable seasoff®ausmann and Warnecke 2018Yhether

GKAAa NBTFfSOGa O2yOSYyiN}(iSR NBaSFNOK STFF2Nla 2y
environment may have favoured physiological flexibilityts evolutionary past, remains unclear, yet

is potentially a valuable adaptive advantage consideringaing habitat and climatic changes.

In Madagascar, we currently recognize 46 bat species and 80% of them are endeimcistand
(Goodman 2011; Lebarbenchon et al. 201Hpwever, they are severely understudied and we are
fFO1Ay3 o61&A0 AYyF2NXYIGA2Y R20dzYSydGAy3 alfl 3l &ae o6
(Goodman 2011)From many species, we do not knamore than that they exist at all, which is
alarming not only from an eephysiological point of view. Bats generally provide important ecosystem
services such as insect pest consumption, seed dispersal and pollination, which are vital to the
preservation 6 natural ecosystems. In tropical regions, they are even considered the most important
forceensuring ecosystem integrifWWelman et al. 2017)

Bats are ideal to study intraspecific physiological variation as well as adaptive thermoregulatory
flexibility. They are smaltbodied, have large uninsulated flight membranes accelerating water as well
as heat energy exchange and often rely on temporally variable food resources that cannot be cached
(Speakman and Thomas 2003; Jonasson and Willis.28e samdime, they are metabolic super
performers at night when fuelling flapping flight, the most costly mode of locomotion per unit time
(SchmidtNielsen 1997; Winter and von Helversen 1998; Speakman and ThomasBE4&83jerefore
have to save energy efficidgt during diurnal resting and already little changes in their local
environment may disrupt their tight overall energy balance. However, compensatory measures such
as intensified thermoregulation, prolonged foraging flights, or more elaborate searchisgifable
roosts are related tancreased energetic costsyissed opportunity costs and/or potentially predation
risk through increased exposure endotherms(Clarke 2017; Cunningham et al. 2021; Glass et al.

2021) Efficient thermoregulatory responses through physiological adjustments are consequently vital
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for bats. Given that some bats are widely distributed on this particularly variable istheg,

experience a diverse array of environmental conditions withinirthange. Distinct environmental

pressures, especially through different diurnal roosting options, may have driven variation in
thermoregulatory responses between and within specibfalagasy ats are therefore ideal for

studying the significance ofaspe§a Q y I G dz2NI f SO02ft 23A0Ff | yR LIK@aAz2

tolerance limits in the context of environmental variation over seasonal and geographic scales.

I workedwith the endemic insectivorous baflacronycters commersoniHipposideridae). lis among
the widest distributed bats in Madagascar, occurring in the dry southern and western parts of the
island as well as humid rainforest and only absent in the central highlé@@dsedman 2011)
Throughout its distribtion, M. commersoniises contrasting diurnal roostis rests in large colonies in
well-insulatedcaves (as in souttvestern dry spiny forest, figure 0.2B), but also in the open vegetation
exposed to the effects of external environmental extremes (as isteva dry deciduous forest, figure
0.2A;Raharinantenaina et al. 2008; Goodman 20B0th regions are located in the driest zones of
the island and are highly seasonal. During the harsh dry seasontimightl,;, precipitation and food
availability are reduced for up to nine months. Resources are more abundant during the wet season,
but daytime temperature extremes may exceed 40°C regularly. InterestMghygmmersonis known
to build up fat deposits bythe ¢ 2 F GKS 6S0G &aSrazy FyR I LILISINA :
winter, suggesting that it stays in its roosting sites and hibern@ekotoarivelo et al. 2007Jogether
with the flexible roost selection within this seasonal environment, the behavéouar ecology seen in
this species imply a certain intraspecific variation and raise intriguing questions on potential
physiological plasticity. | therefore studied the flexibility f commersoniin its physiological
responses to cope with different roostpes and seasons. | aimed to unravel whether this potential
flexibility reflects local acclimatisation of single populations or whether different responses can be
accessed individually when the prevailing conditions change rapidly to get an insighMinto
commerso®3d | RIF LWGA @GS a02LISo

To answer this rather broad objective, | divided the project into severaltapibs, in which |
focused on:

~ RSTAYAY3 (KS aolaStaySé LKeaAz2t23A0Ft NBalLRy

populations with diffeent roosting types in the cool dry season as well as in the hot wet
season,
~¢ identifying M. commerso®d OF LJ OAGe& F2NJ AY(INF aLISOAFAO LI

distinct responses between seasons and sites,
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~ RSGSNNAYAYT (KS physiSodisadiexiliLairdysidta thermomgulhdon

when the environmental conditions rapidly change.

C

Kirindy (CNFEREF)

Morondava

Tsimanampetsotse
National Park

Figure 0.2. Locations of the two study sites in Madagascar (C) and respective roosting Hdbitsnuihersoni
A) foliage roost in deciduous dry &st without caves in Kirindy (CNFEREF); B) cave roost in dry spiny forest in
National Park Tsimanampetsotgghoto credit: Stephanie Reher.

These topics are covered in the following six Chapters:

Chapter 1: Seasonal movements of insectivorous bpécies in soutiwestern Madagascar

Published as: Reher S., Rabarison H., Schoroth M. and Dausmann K.H. 2019. Seasonal movements of

insectivorous bat species in southwestern Madagaddalagasy Naturel3: 117124,

Seasonal effects can be particularly Hairs southwestern Madagascar and alter habitat on various
levels such as ambient temperature, food availability, water availability, and even habitat structure.
These changes could render activity unfavourable for the local bat fauna, or encouragdifisah s
roosts to adjust the microclimate to the prevailing seasonal conditions. However, there is a general
paucity of information on Malagasy bats and their (migtwabitat requirements and preferences, let
alone on potential seasonal variations in theeeds. The first step of the whole Phidoject and a

prerequisite for implementing the following chapters was therefore to get an idea of the general
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availability of potential resting sitésthe environmental conditions these are offering, and the
regpective bat occurrence. In this chapter, we describe potential ecological and physiological drivers
on variation in bat species occurrence/activity, refine known species distributions, and finally,
complement information on seasonal differences in the egadal requirements of Malagasy bats.

Highlights:

~# first record ofMiniopterus griffithsandMops leucostigman Tsimanampetsotse National Park
~# temporal and spatial variation in five further bat species occurrence

~# unexpected preference of a hot cave fmrerwintering in four bat species

Chapter 2: Short and hyperthermic torpor responses in the MalagasyNdatronycteris commersoni

reveal a broader hypometabolic scope in heterotherms

Published as: Reher S., Ehlers J., Rabarison H. and Dausmann K.H. 2018. Short and hyperthermic torpor
responses in the Malagasy bat Macronycteris commersoni reveal a broader hypometabolic scope in

heterotherms.Journal of Comparative Physiologg&8: 10151027.

Heterothermy is generally a powerful response to energy bottlenecks and recent research has revealed

that many tropical and subtropical species are heterothermic, even displaying torpor with patterns

dzyt A1 S (K2aS 27 aOf I Ppade@hdiaitic k§iansS Qdyin Keadiural stuBiésR ¥ (i S
Ay@SadAaridAay3a G2NLRN) Ay ol daQ yladaNIt SYy@iaANRYYS
chapter, in Chapter 2 we tried to unravel the physiological response of the spdei@®nycteris
commersniresting and even overwintering in a hot cave with high humidity. We identified a variety

of different torpor patters, including short bouts, daily bouts, prolonged bouts and even hibernation,

all occurring at the same time within the same populaticom® of our findings suggest that the width

of hypometabolism within a species is broader than often assumed, expanding the general idea of

torpor that we have had so far.
Highlights:

~¥ extreme variability in torpor patterns within a species regardlesgassn

IFinding the caves monitored in this remote region was a crucial point of the whole PhD project and complete
team effort: we worked together with agents from the association Analasoa, the local national park service MNP,
the WWF and, most importantly, locdllagers willing to share their knowledge on cave locations. In this part of
the island, some caves are sacred places used for traditional ceremonies while others are used for bat hunting or
guano extraction, which is prohibited at least within the basdef the National Park. Consequently, | am still
very grateful for meeting us with such great trust and guiding us to suitable caves (no matter how far and
accessible).
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~# remarkably low metabolic rate during torpor despite high body temperature owing to high
temperature in the hot cave

~# rapid alternation between torpid and euthermic metabolic rate

Chapter 3: Tropical bats counter heat by combining torpor with adagthyperthermia

Published as: Reher S. and Dausmann K.H. 2021. Tropical bats counter heat by combining torpor with

adaptive hyperthermiaProceedings of the Royal Socie®388: 20202059.

High environmental temperaturesan have disastrous physiologidalpacts on tropical mammals
because their water budget dictates the extent of heat compensation. While a cave, even a hot one,
buffers tropical environmental extremes such as heatwaves, storms or regular daytime fluctuations,
bats living in regions lackifmgsulating resting sites are facifggal mismatches between environmental
conditions and their upper thermal restrictions. In Chapter 3, | present data of a populatigh of
commersoniesting among branches during the day without further protectionetestingly, the bats
entered torpor not despite but rather because of the heat, withiriEreasing at the beginning of the
torpor bout and thereby even tolerating hyperthermia. These findings challenge a fundamental
concept in thermal physiology, i.e. a drop in body temperature is clearly not a mandatory prerequisite
of hypometabolism. Hotdrpor is a novel and elegant mechanism to cope with heat and aridity,
because it also saves water besides energy and extends the tolerable (thermal) niche. However, we
also discuss the downsides and limitations of entering such a deep state of inadtithiy apper

thermal limit in the lights of global warming.

Highlights:
~# micro-torpor bouts lasting on average only 12 minutes on regular warm days
~« SEGSYRSR aK2G¢ (G2NLI2NJ oz2dzia O2dzLX SR 6AGK | RI I

Chapter 4: Disparat roost sites drive intraspecific physiological variation in a Malagasy bat

Submitted to Oecologia as: Reher S., Rabarison H., Montero B.K., Turner, J.M. and Dausmann K.H.

Disparate roost sites drive intraspecific physiological variation in a Malagasy bat.

Separate populations of widely distributed species might experience different environmental
conditions within their range and these may additionally vary within and between seasons. The
complete ecological reality of a species can therefore be broaddatal restricted to only one point

in time and/or space may not accurately represent it as a whole. To this end, in Chapter 4 we compared
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the physiological responses of the already mentiodédcommersonpopulations: one population

roosting in a wetbuffered hot cave (Chapter 2) and one roosting in trees, unprotected from the local
weather (Chapter 3). Indeed, torpor frequency, duration and timing were tailored to the respective
environmental conditions while metabolic rate during torpor and resting walslst Interestingly, the

exposed forest roost required extensive use of torpor, which even exceeded torpor use in
overwintering bats not leaving the cave for months and amounted to comparable low daytime resting
energy expenditure. The very fine adjustmeot metabolism consequently mitigated different

ambient pressures, supporting the need to study species on a broad environmental scale to avoid

dzy RSNBaGAYFGAY3 | ALISOASAQ FdzZAf yIFddzaNIt LRISYGAl

Highlights:

~r the stable and thermla neutral cave microclimate negated the need for ldegn
hypometabolism in betteconditioned individuals

~# the exposed foliage roost imposed extensive use of torpor

-~/ metabolic adjustment at fine scale compensated contrasting environmental pressures: we

found little variation in overall body condition

Chapter 5: Local acclimatisation hampers physiological compensation of rapid environmental

changes in a Malagasy bat

In preparation as: Reher S., Rabarison H., Nowack, J. and Dausmann K.H. Local acchirhatigaics

physiological compensation of rapid environmental changes in a Malagasy bat.

Differences among populations as discussed in Chapter 4 reflect a species' capacity for phenotypic
variation and/or local adaptation, and may even hint at incipient gi&m. Intraspecific variation
observed in a species as a whole does therefore not necessarily entail that all individuals can take
advantage of it when rapid responses are required. To examine the effemtut® microclimate
change on the thermal phydagy ofM. commersoniwe exposedhdividuals of each population to the
respective opposite conditions and thus to novel microclimate within an ecologically realistic scope.
2KAES 65 20aSNBSR LRGESYGAIf F2N Tt Dbthpoduldtior2 YLISY &
showed patterns suggestive of limited potential to cope with conditions outside their typically
occupied microclimates. Consequently, intraspecific variation among populations could be misleading
6KSY | aa8aaAiy3d  &L)SAd Gadalon m&Y! drike AMS local Cepldpiation: or
acclimatisation, ultimately hampering flexible compensatory responses. ldentifying the basis of
G NRIFGA2Yy Ada GKSNBFT2NBE QAGEE G2 YIT1S FOOdzNI 4GS L
rapidly chaging habitats and climates.
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Highlights:

~# cave bat$ad limited capacity to maintain euthermia to the point that two individuals became
hypothermic

~r forest bats had difficulties to dissipate heat in the humid caveupet

~r unexpected uniformresponse €SI G Ay Iff o6FGaY aK23G£¢ 2 NLR2N

Chapter 6: Heterothermy in Malagasy mammals

In press as: Dausmann K.H., Reher S. and Bethge J. Heterothermy in Malagasy Mammals. In: The new

natural history of Madagascar (ed. Goodman S.M.). Princeton, USA: PrincetorstynRmess.

Madagascar is a very diverse island, ranging from the dry and unpredictable conditions in the dry spiny
thickets of the south to the moist evergreen rainforests of the east and extreme north. The entire

island is frequently struck by weathextremes and especially the west is additionally highly seasonal,
GKAOK |f0i23SGKSNI F2N¥a | AGKELISNIFNAREFIOEfSE SygiNgp
many strategies to cope with these challenging conditions. Chapter 6 is a book chapter addressin
physiological adaptation, especially heterothermy, in tenrecs, bats and lemurs, with the whole section

on bats arising from this doctoral thesis itself or affiliated ¢pojects. It provides a nice wrap up of
physiological and ecological responsese¥eral bat species and/or populations roosting at similar
locations but coping quite differently with their respective environment. We also discuss overlaps and
marked discrepancies among the three mammalian groups and provide a perspective on whieh furt

Malagasy endotherms may take advantage of physiological adaptations.

Projects affiliated with this thesis

After the initial feasibility field trip of this study, some topics have been expanded and are now being
addressed as separate projects, which are not part of the core chapters of this thesis and are therefore
only briefly mentioned or not included at &fl the abovementionedhapters.

For example, other bat species roost in the same cave as my focal speaesnmersonie.g.
Triaenops menamenand Paratriaenops furculusThey all have to cope with the same harsh dry
season conditions with limited fooas well as water availability and the unpredictable wet season.
Nevertheless,T. menameneacan be trapped regularly in both seasofs, furculusis trapped less
frequently in the dry season an®il. commersonicompletely disappears in the dry season
(Raharinatenaina et al. 2008; Goodman 201limplying different ecological and physiological
adaptations. To better understand these intgpecific variations, we combined some ecological and
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physiological approaches. We monitored the thermal patterns of all tepies in both seasons to

track whether soméat species, particularly the ones that are less frequently trapped during the dry
season, enter torpor to overcome this period of limited food availability. In addition, to get an
impression how the thermalgiterns of the species relate to their dietary niches, we collected hair
samples for stable isotope analyses and matched these with insect remains from faeces samples to
identify their consumed prey. These dataneecompared to the results of a seasoiradect survey.
Another PhD student, Hajatiana Rabarison, is currently spearheading this part of the project, but | was
involved in study design, data collection and data analyses.

To assess the general transferability of our physiological dakd @ommersni, especially as there
are no further ecophysiological data on Malagasy bats available, we includeénamenanto our
project. Both species are widely distributed throughout Madagascar and occur in the western forest
habitat as well as the southern cave habitat, where they even share at least one cave (see above).
However,T. menamenalso roosts in a cave with strikingly different Iprofile and, interestingly,
remains active yearound in both habitats. We therefore collectadermo-physiological data of.
menamenaat differently insulated roosts (i.e. a stable hot cave, a-lsfered cave and a forest,
where they roost in tree holes) in both the dry and wet season and related those to the respective
NE2adGQa | YoASylG O2yRAGAZ2Zyad ¢KSasS RIGF R2 y2i
demands to a generally poorly studied mammal group in MadagaFbhay:. also allows us to study the
whole spectrum of potential factors influencing bat energetigsi{imidity, roost structure [cave/tree
roost]) in two species that clearly differ in physiological and ecological traits, which ultirpatehjts
conclusios on both, interand intraspecific physiological variation. Two Master students are working
on this particular part of the project, Sina Remmers and Marie Schoroth. | designed the study,
supervised these theses and was involved in data collection andadatgses.

Given the major differences in roosting conditions we observed {oudfered vs. no buffer, large
colony vs. small group or even roosting solitarily, highntl humidity vs. fluctuating environmental
conditions), we further studied the rolef ectoparasites in roost selection and energetics. Especially
the warm and humid cave offers ideal conditions for parasites to thrive and the large colony promotes
horizontal inter and intraspecific transmissiofHofstede and Fenton 2005Parasites havea
ddzoadl ydAlrt AyTFftdzsSyOS 2y (jHad 1984, Gickgi et alxoodpa £ 2 3& |
parasite loads increase grooming activity and simultaneously reduce resting bout dui@tagi et
al. 2001) affectingenergy budgets. At the same timgsuch a microclimate might be more favourable
and regular roost changes can be cofgckardt and Kerth 20Q7hus, over the course of the whole
project, we have been collecting ectoparasites of bats in cave and forest habitats to quantitatively
charaderise the ectoparasite community and its role in both, bat energetics and roost selection.

Hajatiana Rabarison and Master student Anja Biesdorf conduct thiprejdct with my support
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CHAPTER

Seasonal environmental changes can be challenging for animals because they are usually characterized
by fluctuations in temperature, considerable decreases in food resources and, in tropical and
subtropical regions, water availability. One response to less favorable conditions is migration, which is
energetically costly and potentially dangerous. This aspases the question of whether there is a
critical tipping point where environmental characteristics render residency unfavorable. There is a
paucity of information on Malagasy bat habitat requirements and few details are available on
migratory species. éfe, we aimed to elucidate drivers of seasonal differences in bat species
occurrence in the southwest of Madagascar and determine which species are potentially migratory.
This region encompasses dry spiny forest with pronounced seasonal fluctuations ienamb
temperature and rainfall, conditions that can prompt habitat shifting, among other strateDigsng
trapping phases in the wet summer and dry winter, we recorded the temporal and spatial occurrence
of seven different insectivorous bat species imsiampetsotse National Park. WhNgacronycteris
commersoni, Triaenops menamenaratriaenops furculysand Miniopterus mahafaliensisvere
present yeairound, M. griffithsi, Mormopterus jugularisandMops leucostigmavere only trapped in

the rainy seasonsuggesting site relocation. Furthermore, this study provides the first record of
Miniopterus griffithsendMops leucostigmén Tsimanampetsotse National Pafthough we have no
information on where the migrating species reside during the dry season, this study provides data for
refining known species distributions and augments information on seasonal variation in the ecological

requirements of bats.

Habitat shift, seasonality, bats, roosting sites, Madagascar
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Les changements de conditions environnementales peuvent rendre un habitat difficile & vivre pour les
FYAYLdzE® [ $& RSINIRIFGAZYaA RS f QKdirbak taturgl etad8 LINE R ¢
f QAYGSNY OQGA2y KdzYlF Ay S | dzA aS GNYRdzA &aSyi LI NJ |
f QOSY@ANRYYSYSyGod /Sa @GFINAFGA2YyAE &l Aaz2yyAsNBa N
AYLERZNIFYyGS L2dz2NJ RS y2YoNBdzE SESMG $ 0 NSBdzy'S (0 Kd 18
RAALIRYAOATAGS RS&A NBaazdNOSa FfAYSyidlANBa Si RS
Pour cela, les animaux ont développé alors des adaptations comportementales et physiologiques pour
améliorer sa survid.a migration est une approche comportementale adaptative pour faire face aux
changements des conditions ambiantes. Une réponse assez complexe qui nécessite une aptitude
LIK&&AldzS S YsYS LKeaAaz2t23AljdzS LI2dzNJ o o8 TAOA SN
appropriée. Ainsi, cette étude vise a déterminer quelles espéces sont potentiellement migratrices dans
le Sudouest de Madagascar et de savoir quelles especes ont préféré quel microhabitat sous différents
changements saisonniers favorables a la ntigreainsi que la survie de ces espéces migratrices.

Cette étude a été menée dans le Parc National de Tsimanampetsotse a Madagascar. Ce parc,
localisé dans la région du Sadest de la Grande ile englobe une forét épineuse séche comprenant
des variatons8a O2yRAGAZ2Yy & FYOoAlyidiSa LINRy2yO0SSasx Tl @2N
Entre autres, les informations sur la préférence en habitat des chamgss sont encore incomplétes
a Madagascar. Il en est de méme pour les informations sur les espétetiellement migratrices.
Lors de cette étude, les chauvsguris ont été capturées dans deux sites différents du pergrotte
RQ! yRNI y2f2@ge SiG fF INRGGS RS zAyidlyeo [ S&a RSdzE
trés différentes. . G SYLISNI G dzNE S f QKdzYARAGS NBaGSyid adl of
RQ! yRNI y2f 208 YIFA& LI NI O2y(iNB FfdzOGdzSy G adza @l yi
et la saison de pluies ont été choisies pour deux sessions de SaptR QA Y RA JA Rdza LJ2 dzNJ O

mai/juin 2016 et février 2017. Une session de capture a consisté a cing nuits de capture dans un site.

Le piége harpe a été utilisé pour capturer les chadvésdzNA a® /S YFGSNASE | SidS
IANRPOGS yRA!I2ZWRND GF yYRAA ljdzQAt | SGS LIXIOS adaNJ €S O

de Vintany. Au total, 572 individus ddacronycteris commersani246 individus deTriaenops

menamena 90 individus deParatriaenops furculys87 individus deMiniopterus mahafaliensjs2

individus deM. griffithsi, 3 individus déops leucostigmat 3 individus dévlormopterus jugulari®nt

SGS OFLIWdNBa®d ! dz YFEAYdZYS Hn AYRAGARIzZA LI NI S$aLBsC

brasetlaprisedespoRa® / Sa AYRAQGARdzZa 2y 3G S0S YI NJdzSa & dzN.

GNRPA& OKATFINBA I #SO dzyS SyONB y2y G2EAIldzSTI Lidzi &
5Fya I 3INRGAITS mdRdenaR Nircylddt Rlidi@gptErus mahafaliensisnt été
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capturés pendant les deux saisons tandis tacronycteris commersogi QF  SG S OF LIi dzNB

la saison des pluies avec un nombre important de juvéniles. Dans la grotte de Vintamgnamena

et Miniopterus mahafaliensisnt été capturés pendant les d& saisons, tandis qu&acronycteris
commersoni Miniopterus griffithsj Mops leucostigmaet Mormopterus jugularisont été capturés
pendant la saison des pluies. Cette étude a permis de recenser pour la premiekdirfmipterus

griffithsi et Mops leucostimadans le Parc National de Tsimanampetsoltdacronycteris commersoni
accumulait des réserves de graisses nécessaires pour le déplacement de longues distances. Cette
SaLlBOS I NBLR&asS Rlya fF ANRPGGIS RQ! yYRNIwpotr2 @&

lj dz

Si

FFANBE FFEOS t I alrArazy as§OKSZ OS ljdza yQl LI} a LISN

de chauvessouris reposent réguliérement dans les deux grottes pendant les deux s¥iso8QSa i f S ¢

de T. menamenat Miniopterus mahafaliasis Ces deux espéces élargissent leur site de repos a un
IANFYR y2YONB RS aINRGGSa LISYyRIEyd fF arAiazy RSa
la saison seche, probablement en raison de conditions microclimatiques chaudes et humides de la
grotte. Bien que nous ne disposions d'aucune information sur la provenance de ces especes, cette
étude fournit des données importantes pour étendre et affiner la distribution géographique des

espéces, y compris les variations saisonniéres des besoinsigoeleges chauvesouris.

RSLX I OSYSyYy (i RQKLI 0 A (doliig, pekchoiksiMagagdsdard (i S =

Changes in environmental conditions can be challenging for animals because they have the potential
to render a habitat unsuitable or more difficult to occupy (Heldmaerl. 2013; Hillet al. 2016).
Habitat modification is caused by natural weather véamia and human interference, resulting in
environments that can change on an annual, seasonal, daily or completely unpredictable basis. The
effects of season can be particularly severe as they are relatively long (several months) and
accompanied by changé@sfood availability and, particularly in tropical and subtropical regions, water
availability Janzen and Schoen&f68; Pinheircet al. 2002). However, unlike other environmental
changes such as daily fluctuations and weather extremes, seasonaligdistable and animals have
evolved different responses spanning morphological, physiological, and behavioral adaptations.

An adaptive behavioral approach for coping with spaéimporal shifts in ambient conditions is
migration. This is a complex responard requires certain cognitive, physical, and physiological
abilities, as well as knowledge (Avgdral.2014) of the existence, location, and quality of a suitable
destination. Awareness of stopover points for fueling the energetic requirements ofdistance

movement is also essential (PepmsseanwandVoigt 2009). Additionally, migration needs preparation
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such as fat storage and muscle gain (FlenaimgjEby 2003), and is costly in terms of time, invested
energy, and management of risks, which in€udcreased mortality during loAgrm movement
owing to predators, sudden food shortages or unpredictable inclement weather (Fleanih&by
2003; Newton 2007; Avgat al.2014). In markedly seasonal environments, the benefits likely exceed
these costs ad migratory species profit from travelling to more favorable microclimatic conditions,
food that is higher in quantity and/or quality, and, putatively, reduced exposure to parasites and
disease (Fryxe#ind Sinclair 1988; Flemirand Eby 2003; Avgaat al. 2014).

For bats, migration is particularly advantageous because they are -sothdld and lose
considerable body heat from their flight membranes when temperatures are low (McNab, 1969),
rendering them vulnerable to energetic imbalance in seasonallytufding environments.
Additionally, they usually live in large aggregations, which can rapidly deplete local resources (Avgar
et al. 2014), making the relocation to preferred habitat highly beneficial. The main advantage of
migration for temperate bats igrimarily related to the utilization of roosts with thermal characteristics
that benefit metabolism, whereas fluctuations in resource availability and rainfall are the main drivers
of bat migration in the tropics (Moren@Waldezet al. 2000; Flemingand Eby2003; Rodriguesind
Palmeirim 2008).

al RI 31 a0 NRa KAIKEe& aSlazylf RNE aLAye FT2NBad A
and least climatically predictable area of the island (Génin 2008; Kebht 2014). Such variable
environments ofen encourage flexible habitat shifting or nomadism (Mueberd Fagan 2008),
especially for insectivorous bats, whose prey availability decreases with nighttime temperature in the
austral winter (Janzeand Schoenet968; Pinheircet al.2002). However, iiormation on the habitat
preferences of Malagasy bats and their general distribution patterns are still incomplete (Goodman
and Ramasindrazana 2013). Because at least one bat species occurring in the spiny forest of
a2dziKgSadSNY al RI3RAXINIISIHANENBRAZNRIYSR (kS of Sy > R
Rakotoariveloet al. 2007), we aimed to determine whether there are seasonal differences in

insectivorous bat species occurrence and which species are migratory.

This study was conducted in Tsimanampetsotse National Park in the extreme southwest. The park is

located in the driest and most climatically unpredictable area of the island and receives between 300

and 600 mm of rain each year (Rasoloariniahal.2015. Precipitation, ambient temperature, and

food resource availability are influenced by season. Rainfall is mainly restricted to the hot rainy season

between November and March (austral summer), but the exact timing and amount are highly
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unpredictable. Thalry season, from May to September (austral winter), receives almost no rainfall
and is characterized by colder nights (minimum of 6°C in the dry season vs. 15°C in the rainy season;
Kobbe et al. 2014) and limited resource availability, i.e. plant materald insects. Ambient
temperature varies over the course of the year between 6°C and 45°C (lkbhb2014). The region

is located on a calcareous plateau covered in dense spiny forest, with numerous different microhabitat
types including complex undemmgund cave and stream systems.

We trapped bats at two different sites in the park; Andranolovy Cave (24.04585° S / 043.75396° E)
and Vintany Cave (24.04383° S / 043.75519° E). The caves are omy &@art but differ in
environmental characteristics. Andralovy Cave is a large, buffered underground system consisting
of several connected chambers and a water body covering approximately 25% of the cave floor.
Temperature and relative humidity (RH) are stable and high-seard with daily fluctuations less
than 1°C and 1% RH, respectively, and were never lower than 29.4°C and 94.8% RH, respectively (Figure
1.1a, b; recorded for 101 consecutive days per season using Hygrochron iButtons placed at 1.5 m
height, Maxim integrated, San Jose, USA). Vintany Canealkes adjoins a former sinkhole and is
influenced more by ambient conditions and weather extremes, with daily fluctuations of 7.3 £ 1.5°C
(daily mean mirg daily mean max: 19.827.2°C) and 24.3 £ 5.9% RH (%5/8.5%) in the dry season,
and 4.7 £ 1.0C (25.8; 30.5°C) and 20.3 + 5.1% RH (6382.2%) in the rainy season (Figuré&cl d).

Each trapping period consisted of five consecutive nights per site in May/June 2016 (dry season) and
February 2017 (rainy season). A harp tvegs placed at the entrance of Andranolovy Cave and the
main approaching corridor at Vintany Cave. To capture bats emerging from their roosts for their first
evening foraging flight, the trap was opened approximately half an hour before sunset at 18:00 (dry
season) and 19:00 (rainy season) and closed at 21:30, and checked ex&tryrih. At each site, a
maximum of 20 adult individuals of each species were randomly chosen for the measurements of body
mass and forearm length, and for sex determination. ldials were aged based on wing bone and
joint ossification (BruneRossinni & Wilkinson, 2009). To avoid pseudoreplication, these bats were
individually marked with a-8igit wing membrane tattoo using netoxic ink (HauptneHerberholz,

Solingen, Germanwyfter local anesthesia (EMLA, AstraZeneca, Wedel, Germany).

We only compared forearm length and body mass of adlukhenops menamenand Miniopterus
mahafaliensidbetween seasons and caves, owing to the small sample sizes of the other species (Table
1.1). After testing for normality using the Shapiiilk test, data were further analyzed using unpaired
samples itests or ManAwWhitney-U tests. IBM SPSS v24 was useall analyses.
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a: Andranolovy Cave, dry season
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Figure 1.1Ambient temperature (black line) and relative humidity (grey line) in two different caves, Andranolovy
(a, b) and Vintany (c, d), in Tsimanampetsotse National Park in the dry (a, c) and rainy (b, d) seasons. Data were
recorded once per hour for 101 consecutive days.
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Species composition differed temporally and spatially between the two cave systems (Table 1.1). At
Andranolovy Cave we captured four different bat species. The most frequent species was
Macronycteris comnrsoniwith 566 individuals; however, it was only trapped in the rainy season, and
92% of individuals were juvenileBaratriaenops furculusias also trapped more often in the rainy
season than the dry seasofriaenops menamerendMiniopterus mahafaliensiwere trapped in both
seasons, each with about twice as many individuals in the dry season as the rainy 3e@emops
menamenarapped in the dry season had smaller forearm lengths than those in the rainy se&son (
-3.078,P=0.002, N = 21; Table 1.1) aidmahafaliensisvere heavier in the rainy seasan<-2.188,
P=10.029, N = 20; Table 1.Paratriaenops furculugas only trapped at Andranolovy Cave.

At Vintany Cave, six species were captured. Similar to at AndrgnGlave T. menamenand M.
mahafaliensisvere trapped in both seasons whilacronycteris commersgrivliniopterus griffithsj
Mops leucostigmaand Mormopterus jugularisvere trapped exclusively in the rainy season and with
few individuals (Table 1.1; N26). In contrast to the trapping success at Andranolovy Cave, the
number of trappedl. menamenand Miniopterus mahafaliensiwas higher in the rainy season than
in the dry season and we did not find any difference in forearm lefgtménamenat.s=-0.399,P=
0.695, N = 2ay1. mahafaliensisZz=-1.845,P= 0.065, N = 15) or body ma3s (henamenatis=-0.257,

P = 0.800, N = 20y1. mahafaliensist;3 =-0.511,P = 0.618, N = 15) between seasokiniopterus
griffithsi, Mops leucostigmaandMormopterus jugularisvere only trapped at Vintany Cave.

A direct comparison of the two roosting sites revealed that only individuals Tramenamenavere
smaller at Vintany Cave than Andranolovy Cave and only in the rainy s&as@360,P= 0.018, N =
21; Table 1.1).

We found seasonal differences in bat species occurrence in Tsimanampetsotse National Park that
imply spatial relocation or torpor as strategies to cope with the extreme seasonal environment.
Additionally, this study provides the first recordMiniopterusgriffithsi and Mops leucostigman this
protected area.

Miniopterus griffithsiwas only described about a decade ago (Goodmtal. 2009) and little
information on its distribution and ecology are known (Goodman and Ramasindrazana 2013). Our
observation at Vintany Cave is the most northern record for this species, but this is in a location similar
to those of previous studies in thexieeme southeast near Ranopiso, and the southwest near Itampolo

(Goodmanet al. 2009; ~70.3 km from our record). The vegetation at these previous trapping sites
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ranged from spiny forest and coastal bushland to disturbed gallery forest and all locatiooaved

or rock shelters (Goodmagt al. 2009). Interestingly, both trapped individuals were about twice as

heavy (25.3 £ 1.1 g, N = 2) as previously captitegriffithsi(13.6 + 1.2 g, N = 6; Goodmetral.2009),

which were trapped at the end of the rai season (late February) and in May. The two individuals

trapped in May had accumulated considerable amounts of subcutaneous fat (body mass = 15.5 and

16.5 g; Goodmaiet al. 2009) but still weighed much less than the bats we trapped. Thus, the new
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morphological variation (i.e. expanding the range in body mass) and distribution.

Table 11. Total number (#) as well as body mass (BM, g) and forearm length (FA, mm)io$zample of

individuals (N) of trapped bat species at two different caves, Andranolovy and Vintany, in Tsimanampetsotse

National Park in the dry (DS) and rainy season (RS). Each trapping period consisted of five consecutive nights per

site. Only adults wer included in BM and FL measurements. For statistical details, see text. * including 92%

juvenilespnA y Of dzZRAY 3 pwm: 2dz@SyAfSaz w GKAa aLISOASa | faz2 dzaS
Andranolovy Vintany

Season| # BM [g] FA[mm] N | # BM [0] FA[mm] N

Hipposideridae
Macronycteris commersor, DS 0 0

RS | 566 475+11.7 844+47 20| 6 41.3+38 815+23 3
Rhinonycteridae

Triaenops menamena DS 1217 89+11 481+11 10|34 93+x09 488x15 10
RS 51 95+13 505+28 11|40 9.1+15 48618 10
Paratriaenops furculus DS 5 6.3+x06 44714 4|0

RS 35 6.8+11 452+16 12| 0O
Miniopteridae
Miniopterus mahafaliensiss DS 28t  47+05 375+0.8 10|17 47+04 38.1+0.8 10
RS 13 50+06 36.8+13 10|29 49+10 374106 5

Miniopterus griffithsi DS 0 0

RS 0 2 253+1.1 46.8+0.7 2
Molossidae
Mops leucostigma DS 0 0

RS 0 3 225+0.7 436+04 3
Mormopterus jugularis DS 0 0

RS 0 3 12.7+15 364+0.7 3

Mops leucostigmas widely distributed across different habitats on Madagascar but had not been
reported for Tsimanampetsotse National Park (Ramasindraaada@Goodmar2012; Ramasindrazana
et al.2012). Current distribution estimations include southwestern spiny bush, western dry deciduous
forest, and eastern humid forest (Ratrimomanaretal. 2008). Furthermore, this is the first record of
this species roosting in a cave (Goodman 20Wbymopterus jugulariss also known to have a broad
distribution throughout varying bioclimatic zones, ranging from the driest to the most humid regions
in Madagascar and up to 1750 m in altitude (Goodmtaal. 2005; Ratrimomanarivet al.2009). Along
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with Mops leucostigma Mormopterus jugularishas been found to share synanthropic day roosts
(Goodmanand Cardiff 2004; Ratrimomanarivet al. 2008). Both species are huntddr food in
Madagascar (Goodm&006; Monadjenet al.2017). Although no reliable human cammption rates
are available for either species, studies Macronycteris commersomevealed that exploitation of
thesebats is unsustainable (Goodma@06). This makes information on exact distribution ranges and
suitable habitat types of both specieaicrally for assessing the availability of possible refugia.
Interestingly, during the dry seasdvi. commersonwas never trapped, ané. furculusrarely
trapped, even though both species were found in large numbers roosting in Andranolovy Cave during
both seasons. Individuals observed in the dry season were generally less responsive than in the rainy
season, suggesting that these species entered torpor to cope with the lean dry seasondRaher
2018).Triaenops menamenand Miniopterus mahafaliensistill foraged regularly during this season.
Both species anB. furculushave a diet primary consisting of Lepidoptera, which, especially in the dry
season, is supplemented by Coleoptera and, in the casév.ofmahafaliensis Hymenoptera
(Ramasindrazanat al. 2012). Macronycteris commersortiowever prefers Coleoptera yeasund
(Ramasindrazanaet al. 2012). Thus, the habitat offers sufficient insect abundancelfamenamena
andMiniopterus mahafaliensi® allow activity in both seasons, whildacronycteris ocmmersonand
P. furculusreduced activity to cope with the leaner dry season. Nevertheless, all four species are
residents in Tsimanampetsotse National Park, indicating that the region offers them suitable
environmental conditions yeaound. Triaenops meamenaand M. mahafaliensisvere the only two
species that regularly roosted in both caves during the two seasons. Interestingly, we trapped more
individuals from each of these two species at Andranolovy Cave in the dry season than in the rainy
season, buthe opposite at Vintany Cave. Consequently, both species appeared to have broadened
their roosting preferences to a wider range of caves in the rainy season, but to prefer Andranolovy
Cave for the harsh dry season, probably owing to stable humid and wacnoclimatic conditions
(Figure 11). Because seasonal fluctuations in ambient conditions in tropical areas are often small,
negating the need for long distance movement, a local shift in microhabitat preference may be enough
to ensure survival (Popaisganuand Voigt 2009). Therefore, a slight relocation to a more constant
roosting environment probably allow§. menamenaand M. mahafaliensido remain in the park.
Indeed, our data indicate that more bats use Andranolovy Cave, with stable conditionsththan
fluctuating microclimate of Vintany Cave. These results are in particular interesting as bats are
captured by villagers in Andranolovy Cave. We found several traps from villagers in each chamber of
the cave but no signs of hunting in Vintany CavesTbur results suggest that the stable microclimatic
conditions in Andranolovy Cave were more favorable regardless of hunting pressure, probably because
the high temperature makes energetically costly active thermoregulation unnecessary @edler
2018)
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The complete absence ™. griffithsi, Mormopterus jugularisandMops leucostigmaluring the
dry season suggests a seasonal habitat shift in response to the highly fluctuating environment of
Vintany Cave. All three species were trapped in small nundosatonly late in the rainy season (late
February), indicating that they may have been passing through Tsimanampetsotse National Park. Bats
inhabiting tropical and subtropical regions that undergo seasonal pressures and bottlenecks in
resource availabilityoften migrate (Flemingand Eby 2003), although they tend to move shorter
distances than temperate migrants (Pepsseanwand Voigt2009). This habitat shifting, or regional
migration, is more likely to be found in forest dwelling than cave roosting laais$,more likely in
nectar and fruit feeding bats than indectivorous species (Bonaccots®/9; Flemingand Eby 2003;
Popalisseanand+ 2 A 30 Hnnpo® |1 26SGSNE Ay NB3IA2ya tA1S al
strongly influences ambient temperateirand precipitation, the advantage of shifting habitat also
increases for insectivorous bats, because insect activity and availability decreases sharply during the
dry season (Janzeand Schoener 1968; Pinheiret al. 2002). This likely also affected thhrée
potentially migratory species in our studlifiiopterus griffithsi Mormopterus jugularisand Mops
leucostigma, which presumably tracked their food resources rather than roosting opportunities.

We acknowledge the limitations of our presence/absence data. Nevertheless, the information
presented herein improves knowledge of habitat preferences for certain bats species under varying
seasonal and environmental pressures, and for better understartimgritical tipping point at which
habitat becomes unsuitable, making spatial shifts necessary. We found clear seasonal spatial and
temporal dynamics in bat species composition in Tsimanampetsotse National Park. While some species
remained in the regionsar-round, others clearly had a lower tolerance for seasonal environmental
pressures. Although we have no data as to where the migrating species relocated to, or the scale of
their movements, this study provides important data for correcting and refiningtuws known of the
distribution of certain taxa and improves awareness of the seasonal variation in their ecological

requirements.
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The energy bugets of animal species are closely linked to their ecology, and balancing energy
expenditure with energy acquisition is key for survival. Chadig¢s | YA Y I f & QcarBhé A NBR Y Y
challenging, particularly for bats, whicare small endotherms with large uninsulated flight
membranes. Heterothermy is a powerful response used to cope with changing environmental
conditions. Recent research has revealed that many tropical and subtropical species are heterothermic

and display tollJ2 NJ g A GK LI GGSNya dzytAaAlS GK2asS 2F aOfl aaa
regions. However, only a handful of studies investigating torpor in bats in their natural environment

exist. Therefore, we investigated whether the Malagasy Bbtcronyceris commersongnters torpor

in thedriest and least predictable region in Madagas¥dée examined the energy balance and thermal

biology ofM. commersonin the field by relating metabolic rate (MR) and skin temperatu@-)T
measurements to local emanmental characteristics in the dry and rainy seasdviacronycteris
commersonentered torpor and showed extreme variability in torpor patterns, including surprisingly

short torpor bouts, lasting on avera@® min, interrupted by MR peak3orpid MR wasemarkably

low (0.13 ml Q h** ¢*%), even when Jin exceeded that of normothermia4{ °Q. Macronycteris
commersonis thus physiologically capable of 1) entering torpor at high ambient temperaturdsand

and 2) rapidly alternating between torpid andormothermic MR, resulting in very short bouiBhis

suggests that the scope of hypometabolism amongst heterothermic animals is broader than previously

assumed and underlines the importance of further investigation into the torpor continuum.

Energy budgets, thermoregulation, torpor, seasonality, Chiroptera, Madagascar
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Tropical heterotherms promise to reshape standard theories describing thermoregulation and torpor
patterns. Traditionally, heterothermy was thought to be restritte temperate and arctic regions and
subdivided into two categories: hibernation as the classical, seasonal expression of torpor (torpor
bouts longer than 24 h in duration) and daily torpor as a shorter, more plastic response (torpor bouts
less than 24 h)Both hibernation and daily torpor were defined by a dramatic drop in metabolic rate
(MR) and body temperature {)Tin response to low ambient temperature;( {Geiser 2004; Heldmaier

et al. 2004). Hibernation is described as a series of rdaifi torpor bouts with extremely low
metabolic rate (torpid metabolic rate; TMR) interrupted by spontaneous arousals to normothermia. It
is also associated with an intense preparation period, i.e. extensive fattening and/or the establishment
of a food cache, to suppbenergetic requirements (Geiser 2004; Heldmaier et al. 2004; KroSiehdr

and Dayan 2013). In addition, circadian rhythms are not expressed while torpid (Williams et al. 2012).
Daily torpor, in contrast, is a shorter, often a seasonal hypometabolie stitth a comparatively higher
TMR. It usually follows a circadian rhythm, which allows animals to become active and obtain food
energy between torpor bouts, thus negating the need for energy stores (Geiser 2004; Heldmaier et al.
2004; KronfeleSchor and Dgan 2013).

In recent years, however, field research in tropical and arid regions revealed that these traditional
assumptions are not the rule. Many species inhabiting tropical and subtropical regions are
heterothermic, despite the generally milder climatend these species often show a striking variety
and flexibility in torpor patterns that do not fit into the classical dichotomy (e.gtaided dwarf lemurs
Cheirogaleus mediuBausmann et al. 2009; common tenrd@esrec ecaudatysovegrove et al. 20¢
greater and lesser mougailed batsRhinopoma microphylluandR. cystopd_evin et al. 2015; rufous
hummingbirds Selasphorus rufysCarpenter and Hixon 1988). Because patterns of metabolic
suppression appear intriguingly similar among these diffexgressions of heterothermy, it is a
matter of lively debate whether daily torpor and hibernation are actually distinct forms of torpor or
simply two points along a continuum (Canale et al. 2012; Boyles et al. 2013; Ruf and Geiser 2015; van
Breukelen and Mrtin 2015). The recently identified forms of torpor in tropical regions that are not
strictly related to low Tand do not necessarily include lowrfiay be the key to resolving these debates
and better understanding the physiological underpinnings opithistates. For example, the reddish
gray mouse lemuricrocebus griseorufiisvhich inhabits the driest and most unpredictable habitat of
Madagascar, copes with this harsh environment by flexibly employing a range of different torpor
responses, even at,Tand thus torpid ¥, of up to 37 °C. Individuals in a single population may use
occasional daily torpor, regular daily torpor or prolonged torp@?3(tiays), or continuous hibernation;

some lemurs even switched strategies within a season (Kobbe et al).. Zithér tropical heterotherms
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also enter torpor at relatively high,TWithout drastically reducing oI Golden spiny micécomys
russatus for example, show a pronounced decrease in metabolic rate within their thermoneutral zone
without an associated drojm T, (Grimpo et al. 2013). Sometimes torpigelen exceeds normothermic

O AKELISNIKSNYAO RFEAf @ G2NILRNEZ [20S3aINRGS Si fo
al. 2013). The Australian desert BAbrmopterus petersian tolerate extreme heaind has the largest

known skin temperature i) rangefor any mammal: dinincreased to 45.8 °C during a heat wave and
dropped to 3.3 °C in winter (Bondarenco et al. 2014).

While torpor is traditionally linked to the leanest season with lowest foodilalility, making
energy savings most profitable (Geiser 2004; Heldmaier et al. 2004), in warmer regions torpor also
appears to be a powerful response for enduring weather extremes and other -srort
environmental events like storms, heat waves, firad drought (Doucette et al. 2012, Bondarenco et
al. 2014, Nowack et al. 2015, Stawski et al. 2015). Indeed, water conservation through lowered
metabolism might play a more important role for torpor use in the tropics during extended dry periods
or high T (e.g. Schmid and Speakman 2000; Bondarenco et al. 2014) than season or food availability
(KronfeldSchor and Dayan 2013). Owing to reduced metabolic activity, and because additional water
depleting processes such as respiration, urine production and dédecare reduced or even absent
when torpid, water is more effectively retained by, for example, closing the nostrils during apnoea
(Levin et al. 2015). Another efficient watpreserving mechanism is to thermoconform at higland
become hyperthermic (Geger and Brigham 2012Heldmaier et al. 2013; Hill et al. 2016). By
accumulating heat during the hottest time of day instead of trying to dump it, water is not wasted via
evaporative cooling, which is the only option for actively regulatinglien & > T, (Heldmaier et al.

2013; Hill et al. 2016). Dromedary cam€lamelus dromedariusre a classic example: when water

stressed, they cycle between adf 41 °C during the daytime and-3% °C at night, thereby sparing

water and dissipating heat aggregatedrithg the day at night when conditions are cooler (Schmidt

Nielsen et al. 1956). Comparable strategies are used by llabh@sa( glama Riek et al. 2017),

elephants (e.gElephas maximydVeissenbdck et al. 2011), treeshrewWsijfaia tana Levesque et al.

20180 YR RS&SNI OANRA 04Tl Odzf G GABS KELISNIKSNNALI €

These different functions and broad range of varying expressions make torpor a very efficient tool,
because temporarily avoiding environmental pressures and constraints via decreased metabolism is a
major advantage that can enable survival in arid, hot angredictable environments. Madagascar is
comprised of many such demanding habitats. Irregular events such as sea current fluctuations (e.g. El
Nifilo and La Nifia), droughts and cyclones can affect the island at any given time and, coupled with
variable anddzy LINBRAOGF 6t S NIAYFIEfX ONBFGS || aKe&LISNIDI NJF
Indeed, a fairly high number of endothermic species in Madagascar have already been identified as

being heterothermic and the unpredictable environment may have fawli this occurrence by
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favoring physiological flexibility in the evolutionary past (Dausmann and Warnecke 2016).
Insectivorous bats are particularly affected by environmental fluctuations because they are small
bodied, have large uninsulated flight menaimes that readily lose water and heat energy and often
rely on temporally variable food resources that cannot easily be cached (Speakman and Thomas 2003;
W2yl aazy yR 2AffAa HAMHO® LYy al RIF3FalOlINE y?2
or responses exists, even though 46 species occur on the ifllahdrbenchon et al. 2017), including
in the most challenging habitats (Goodman 2011). Moreover, owing to the tropical and subtropical
climates of Madagascar, torpor may not necessarilydstéricted by low Jor season. Thus, this group
likely offers new insights into the physiological underpinnings of torpid states and thermoregulation,
including the relationship between metabolic rate and T

We investigated whether 2 Y'Y S NB 2-5oSad batf Matrahycteris commerson(formerly
Hipposideros commersgriroley et al. 2017) enters torpor to cope witle dry and unpredictable
environmental conditions ithe dry spiny forest of souttvestern Madagascar. We aimed to compare
their torpor patterrs to those of bats in temperate and arctic regions and to the other heterothermic
species of MadagascdecauseM. commersonbuildsup fat deposits before the dry, cooler season
FYR FLIWSEFNE (2 d&RAa&Ll LILISoodEan BoERGkofodveld & 8l. 200@xanié NI
predicted that it would stay in its cave roosting sites and hibernatgditionally, weaimed to
determine how tightly bat populations are adapted to prevailing environmental conditions and how
flexibly they can react if these conidihs change on a sherio mid-term basis SinceM. commersoni
is widely distributed across different habitats in Madagascar, including areas without caves where
individuals must rely on poorly buffered tree hollows, we hypothesized that the specieseasilg
respond to a change in roosting conditions (i.e. stable vs. fluctuating ambient conditions). We expected
the bats to enter deep and stable torpor regularly in their preferred and natural cave roost, particularly
in the lean dry season. On the otheand, we assumed they would show more variable and shallower
torpor patterns in an experimental sefp where they were exposed to daily ambient extremes without

a thermal buffer.

Ay

a3 )

The study was conducted in and near Andranolovy cave (S 24.04585° / E 043.75396°, 26 m above sea

level) in the Tsimanampetsotsa National Park in saudistern Madagascar. The area receives only
between 300 and 600 mm of rainfall each year (Rasoloarinitired. 2015) and rainfall events are
spatially and temporally unpredictable. The climate is characterized by a warmer rainy season (austral
summer) between November and March, and a cooler dry season (austral winter) with virtually no
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precipitation, coldemights and lower food availability, from May to September. The park is situated
on a calcareous plateau covered by dense spiny forest with various microhabitats potentially useful to

bats, including underground cave and stream

Macronycters commersonis the largest insectivorous bat endemic to Madagascar and has a mean
body mass of 46/61 g (female/male) and a mean forearm length of 79/86 mm (female/male). It roosts
in large colonies in caves and individually on the peripheral branchasgeftrees (Raharinantenaina

et al. 2008). The species is widespread across the island and occurs in a variety of habitat types,
including spiny, dry deciduous, littoral and gallery forests from sea level up to 1325 m (Goodman et al.
2005; Raharinantenainat al. 2008; Goodman 2011). The species is an ideal model organism for
investigating the patterns and flexibility of thermoregulation and potential torpor use of Malagasy bats
because all these habitats are subjected to drastic seasonal changgselative humidity (RH), and
resource availability. MoreoveM. commersontdeposits fat before the austral winter and is said to
GRAAFLIISFNE RdzNAYy3I GKA& GAYS 0O0D22RYFY HnanncX wlh|
remains in its roosts and hibernates or migrates.

M. commersonicoexists with the cryptic specidd. cryptovaloronaat the southern extent of
TsimanampetsotseRakotoarivelo et al. 201%00dman et al. 2016). However, the two species were
only separated recently and species determination inNeeronycteriscomplex is still being debated
(Rakotoarivelo etal. 2015;Goodman et al. 2016; Foley et al. 2017). Because the species are not
distinguishable by morphological characteristics and coexist in the same microhabitat (i.e. within the
same cave), we could not discriminate between the two species in the geftetic analysis revealed
that less than 3 % of our study individuals witecryptovolaronaMoreover, as individual responses
were highly variable, regardless of species identity (pers. obs. SR), we did not expect any physiological

differences and thuanalyzed all study individuals togetherMacronycteris commersoni

Bats were trapped using a hand net in 2016 (dry season) and a harp trap in 2017 (rainy season), owing
to differing seasonal activity pattern§he harp trap was erected in front of the main cave entrance.
Two adult bats per trapping event were transferred to individual cloth bags while juveniles and
additional adults were released immediately at the point of capture. Females did not have depende
young at the time of capture.

Captive bats were sexed, weighed and the forearm length was measured. A small patch of fur was
removed between the shoulder blades using a razor blade and shaving cream. The area was then dried

with a sterile swab and a teperature-sensitive radio transmitter (~0.9 g, Biotrack, Wareham, UK) was
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attached to the skin using a medical latex adhesive (Bstad, Canada) to recordih Transmitters
were less than 2.6 % of bat body mass and thus well below all recommended madmaldridge
and Brigham 1988). All transmitters were calibrated in a water bath- 463 C against a thermometer
traceable to the national standard. External transmitters provided aingasive but reliable index for
Tp because the din of small manmals does not differ significantly from their core (Rudet and
Thomas 1996; Dausmann 2005; Langer and Fietz 2014; but see Willis and Brigham 2003). Transmitter
signals were recorded every 5 min during each respirometry run (see below) using a remote
receiver/logger (DataSika SBRO0-D, Biotrack, Wareham, UK)sal was then calculated using
equations derived from the calibration of the transmitter$ $R0.99). Temperature (T) and RH were
recorded once per hour for 47 consecutive days in both seagsing temperature/humidity loggers
(Hygrochron iButtons, Maxim integrated, San Jose, USA); one installed at 1.5 m height within the
preferred roosting chamber of Andranolovy to record the cave temperatuggd(@nd Rkkeand one
placed at 1.5 m heighhithe shade outside the cave to record environmental temperatugefTand
RHni. Andranolovy consists of several chambers, so iButtons were also installed in the two adjoining
rooms and seven other caves in the park.

All studied bats were individuglinarked with a threaligit wing membrane tattoo using netoxic
ink (HauptnetHerberholz, Solingen, Germany) after local anesthesia (EMLA, AstraZeneca, Wedel,

Germany).

A small tissue sample was obtained from the uropatagium with a 2hiomsy punch for genetic
analyses (stored and preserved in 95 % ethanol). Biopsy punches are commonly used for bats; healing
of 3 mm punches is rapid and complete closure of the wound takes only two weeks (Faure et al. 2009;
Weaver et al. 2009). Completaianal handling lasted about 10 min and never exceeded 15 min

(including transmitter attachment and tattooing).

¢tKS oliaQ SySNHé& SELSYRAGAINBE 61 &8 RSUESNXYXWSR o8&
respirometry system ipull mode. After processing (see above), a bat was directly transferred-to a 2
plastic metabolic chamber equipped with a net for the bat to hang on to and an iButton programmed

to record & and RH at fiveninute intervals. Chambers were connected via-tigist tubing (Tygon,
SaintGobain, Courbevoie, France) to portable oxygen analyzers (OxBox; T. Ruf and T. Paumann,
University of Veterinary Medicine Vienna, Austria) with electrochemicaldelel® sensors (70X

CiTicel, Bieler + Lang, Achern, Germany) on standard 12 V car batteries. Sample air, dried and

filtered with silica gel before entering the gas analyzer, passed through the metabolic chamber at a
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constant flow of 50 I/h. Oxygen content of the sample air was measured every 10 s for 55dndiatan

was stored on a SD memory card. To control for any drift of the oxygen sensor, reference air from
outside the metabolic chamber was analyzed for 5 min every hour and used to correct animal values
with Clampfit v10.3.1.4 (Molecular Devices, Sunnyvbl8A). The oxygen sensors were calibrated
before and after each field trip in the laboratory using calibration gases generated by a gas mixing
pump (2KM300/af, 3 and 5 % Nn air, Wosthoff Messtechnik GmbH, Bochum, Germany).

Measurements started immaedtely after capture (083 1230 h in the dry season and 2090000
h in the rainy season) and lasted ford8Hc K RSLISYRAY 3 2y AYRAQDARdzZ f
state; very active and continuously normothermic individuals were released earlietognid bats
were measured for longer. Bats were provided with fresh water and food (living beetles, squashed
beetles and/or squashed cockroaches; their preferred prey according to Ramasindrazana et al. 2012)
every 24 h after the first 24 h, after sunsetthe beginning of their usual active phase. Before and
after each respirometry run, bats were weighed to calculate mean body mass (BM).

BecauseM. commersonioccurs in different habitats, including regions without caves where
individuals must rely on poorly buffered tree hollows, we tested the physiological flexibilit§. of
commersond & YSI adzNAy3 GKS ol G&aQ 2 Eeé-8pS.yhbdiBedsdoragidldi A 2y A
of the respirometry runs were conducted in Andranolovy cave in a chamber next to the bats roosting
site under the usually experienced, nestable ambient environmental conditions. The other half were
conducted in a shaded enclosure outsttie cave under naturally fluctuating conditions. However, all
measured bats were obtained from the same colony in Andranolovy cave. To avoid unnecessary
disturbance of the colony, all experiments in Andranolovy cave were performed in an adjoining cave
room. Although this chamber of the cave was not the main roosting room and was slightly colder (mean
G§SYLISNI (dzZNB RA FFSNBy QS(mdamNBmperduredditfefende raifly seagom =€ / T
1.1 °C), it was frequently visited by individi¥alcommersai.

We alternated the setip (constant vs. fluctuating environmental conditions) everyldZlays to

avoid a potential timing bias from the progressing season.

The rate of oxygen consumptiorf,) was calculated as ml,@* following Lighton (2008)tf, =

FR(FO, ¢ Ce) / [1 ¢ FOx(1-RQ)] where FRs the excurrent flow rate and®; - CsQ; is the difference

in fractional concentration of oxygen entering and leaving the respirometry chamber; assuming an
average respiratory quotient (RQ) of 0.85 (oxidation of 50 % fat and 50 % carbohydrate; Dausmann et
al. 2009). To calculate maspecific MRml G h* gk), we included mean BM, assuming a constant
rate of mass loss during measurements. MR was individually variable, particularly in the measurements
conducted under fluctuating ambient conditions. Consequently, it was not possible to deeveimb
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MR or Tkinthreshold for torporfrom frequency distributions as usually applied. Instead, we defined
torpor via the amplitude of MR fluctuations because these were smaller for torpid than normothermic
individuals (Figure 1). Data per minute weredigor this analysis. A torpor interval of at least 20 min
was chosen from each individual that entered torpor to calculate 1) mean TMR and, within the interval,
2) the distance of each measurement point from the respective mean (residuals; Bigurdtese
residuals were calculated for each individual and used as a threshold to distinguish between TMR and
normothermic MR. We then calculated the distances between each point for the whole measurement
run and a stepwise Hhinute moving average, which wefi@ally compared to the threshold residuals
to identify torpor phases (Figuzl). To classify torpor bout duration, we followed Kobbe et al. (2011):
bouts < 24 h = daily torpor; bouts between3ldays = prolonged torpor and bouts > 3 days =
hibernation.

5FdF 6SNBE O2Y0AYSR YR LINPOS&ZASR dzaAy3d / NIy w
Ow{GdzZRA2 ¢SIFY HAamMcOX AaLX&@NE 02A01KFY HamMm0OX aN.
ODNRfSYdzyR 'yYR 2A01KFY HammO |y BMBRSS 24évasiuseSfart S A &
further analysis: Daily MR rhythm was analyzed with paired Wilcoxon signed rank tests using sunset
and sunrise as limit for daytime. TMR ang.HOata were compared between seasons using unpaired
samples tests. Normal data distrilttion was checked using ShapW¥ilk tests prior to analyses.

Data are presented either as mean + standard deviation or, when N < 6, as median and range; N

represents the number of individuals, n the number of included data points.

Metabolic rate

Time

Figure 2.1Torpor waglefined based on metabolic rate (MR, grey line) fluctuations. Mean torpid MR (TMR, black
horizontal line), and the distance of each measurement point from the respective mean, were calculated within
a definite torpor interval of at least 20 min (residudiack arrows). This typical fluctuation in MR during torpor
was used as the threshold to distinguish between TMR and normothermic MR. The distances between each
measurement point and Hhninute moving MR averages (dotted arrows and line, respectively) e@rgared
to the threshold residuals (black boxes) in a stepwise approach over the course of the whole measurement to
identify torpor phases.
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In total, we recorded oxygen consumption and.©f 49 bats; 20 bats were measured in the dry season
(10 under stable cave conditions [6 females, 4 males], 10 under fluctuating environmental conditions
[3 females, 7 males]) and 29 bats in the rainy season (15 stable [9 females, 6 males], 14 flu&uating [

females, 9 males]).

Andranolovy cave was the hottest and most thermally stable cave in the aggaatTL.5 m height in

the main roosting chamber was 29.4 + 0.0 °C in the dry seasoB@8dt 0.6 °C in the rainy season
(Figure 22). The floor of the roosting chamber was completely flooded yeand ensuring a
constantly high RH of 98.36 £ 1.03 % in the dry season and 95.18 + 0.40 % in the rainy season. Bats
roosted at 46 m height at 2.1 °C £ 0.3 °C. In the chamber where MR measurements were conducted,
Teaveat 1.5 m was 26.3 £ 0.6 °C in the dry season and 30.3 £ 1.1 °C in the rainy season witfoh RH

65.1 £ 5.3 % and 74.8 + 4.3 %, respectively.
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Figure 2.2. Mean daily maximurbldck dots) and mean daily minimum (grey dots) temperature in all three
chambers of Andranolovy cave and six other caves in Tsimanampetsotsa National Park in the dry (DS) and rainy
season (RS). Data was obtained from the coldest and hottest month (Jullaandry, respectively) to highlight

the temperature range within alternative roosting spots. The bats preferred roosting room was chamber 3;
measurements were conducted in chamber 2. For Malazamanga cave only dry season data was available, for
Lavandambaave only rainy season data owing to logger failure.

Inside the cave, i.e. in the natural, preferred roosting site of this population, 70 % of all captured bats
(N = 10) entered torpor in the dry season and 33 % in the rainy season (N = 15), while the rest remained
normothermic. In the dry season, they enger torpor either in the morning after their usual active
phase (between 0700 and 0900 h; N = 3, n = 9), at night (between 2300 and 0300 h; N =3, n=5), or
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immediately after the beginning of the respirometry measurement (1130 h; N =1, n = 1). In the rain

season all bats entered torpor in the morning (between 0900 and 1100 h; N = 5, n = 6). Torpid
AYRAQDGARdzZ £ 4 aK26SR SEGNBYS TFESEAO0AfAGE Ay GKSAN
daily torpor or hibernation, but also expressed torpor bootvarying and intermediate lengths, such

as short bouts (16 minutes, range: B1 min, N = 3, n = 45) with regular MR peaks (Fig®k often

uncoupled from their daily rhythm in MR. Apart from these short torpor bouts, the alternation
between torpidand normothermic MR was extremely fast: torpor entry took 4.1 + 1.4 minutes (N = 3,

n = 45) and arousal took 12.3 = 3.3 minutes (N = 3, n = 45). Some individuals were inconsistent in their
torpor expression and remained normothermic for several days befotering torpor (Figur@.3), or

vice versa, remained normothermic during daytime after, for example, daily torpor bouts.
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Figure 2.3. Skin temperature (°C, grey line), metabolic rate (MR, 2ntQgb?, black line) and ambient
temperature (°C, dashed greline) of a maleM. commersoniover a period of five days during a cave
measurement in the dry season. Enlarged section (black dashed box) illustrates short torpor bouts interrupted
by MR peaks before this individual entered a longer torpor bout. Bladkdrdal bars below the-axis indicate

dark phases.

Neither Ewin nor TMR differed between seasonsi dry seasorr 30.5, 27.& 34.4 °C, N = 5, rainy
season = 31.8 + 0.8 °C, N +,77-0.962,p = 0.359; TMR: dry seaser0.165 + 0.090 ml@F* h*!, N =
7; rainy season = 0.280, 0.08®.470 ml @Qg** h*}, N = 5t10=-1.802,p = 0.102). In the dry season,
the highest torpid knmeasured was 35.3 °C with a TMR of 0.034 + 0.033 htf @*. The lowest &in
was 27.2 °C with a TMR of 0.034 @2% ml Q h*' g**. In the rainy season, highest recordeg,Tvas
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34.7 °C with a TMR of 0.086 * 0.061 mh®g"* while the lowest was 30.6 °C with a TMR of 0.095 *
0.031 ml Qh*t g,

Excluding the torpor phases, individuals showed distinct rhythrivR in both seasons (Figuzd);
MR was higher at night (18610600 h; 1.678 + 0.839 mhb®>* ¢!, N = 18) and loweduring the day
(0601-1800 h; 1.030 + 0.407 mb@®* g, N = 187=-3.636,p < 0.001).
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Figure 2.4. Skin temperatureskf, °C, greyine) and metabolic rate (MR, mk@** ¢!, black line) of a mal®.
commersonover a period of two days during a cave measurement in the rainy season with ambient temperature
(°C, dashed grey line). This individual did not enter torpor but showedba tigthm with elevated metabolic
rateand Taink 0 YAIKEG O00GKS o0 GaQ dzi dzl &nduring iha @ (restifglpBasSe). Black R f 2 &
horizontal bars below the-axis indicate dark phases.

Outside the cave, i.e. in the fluctuating environment, temperature and humidity changed daily and
seasonally. In the dry seasonufluctuated on average 15.7 + 2.8 °C (mean minimysa: € mean
maximum Fni) and RH 53.9 = 7.7 ¥dan minimum RE.ir ¢ mean maximum Rd.i) each day (15.2
+25°@30.9+£2.2°C; 33.9+£8.1¢987.8 £ 7.1 %). In the rainy season, temperatures were generally
elevated but daily fluctuations were comparable to those in the dry season (14.3 + 24.3&;1.6 °C
¢ 38.7 + 2.8 °C). Rk fluctuated on average 49.3 £ 7.1 % (36.4 £ 738%.7 £ 7.2 %). Compared to
the cave conditions, mean dailg-r maxima were higher in both seasons, particularly in the rainy
aS1az2y 06 ewvdrylsh rdigzaeason: 2.2 + 1.5 °C vs. 8.8 = 2.8 °C). Mean dailyriihima
were lower than those ofdve particularly in the dry season (daily temperature minima difference: dry
season = 14.2 + 2.5 °C; rainy season = 5.5 + 1.5 °C). Mean daily RH was alwaysidigliee cave
compared to outside but differences in both daily mean maximum and minimum were smaller in the
rainy season than in the dry season, implying that outside the cave it was slightly more humid in the
rainy season (daily RH maxima differershg. season = 11.5 + 6.9 %; rainy season = 10.6 + 6.7 %; daily
RH maxima difference: dry season = 64.21 + 7.9 %; rainy season = 58.0 = 7.2 %).

All individuals measured under fluctuating, and thus not their naturally accustomed
conditions, entered torpor every day and none remained normothermic, independent of season. Bats

entered daily torpor and prolonged torpor, and also showed patterns of very short torpor bouts (Figure
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2.5) that did not strictly follow the standard class#imns and should be included into definitions for

torpor. Most individuals remained normothermic during their usual active phase at night and entered
torpor during the day. However, torpor patterns varied seasonally and individually with more
prolonged tapor bouts over two days in duration occurring in the dry season and shorter daily and
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Figure 2.5. Skin temperature (°C, grey line) and metabolic rate (MR hit @2, black line) of a malé.
commersonbver a period of 13 hours during a measurement under fluctuating conditions in the rainy season,
with ambient temperature (°C, dashed grey line). This individual showed short, shallower torpor bouts (duration
5 ¢ 30 min)interrupted by MR peaks before entering a daily torpor bout of 8 h in the morning, whare T
thermoconformed with Tnir. Black horizontal bars below theaxis indicate dark phases.

Patterns of entry into torpor differed between seasons. In the skegson, one bat entered torpor
immediately after the beginning of the measurement and remained torpid until shortly before it was
released again. The other bats tried to rewarm against decreasiingtfie afternoon. While 44 %
entered torpor in the nightéarly morning asaldecreased (between 2300 and 0400 h; N =4, n = 8), 56
% did not enter torpor before morning when Started to increase (between 0900 and 1100 h; N = 6,
n = 10; Figur@.6a). However, most of the individuals (N = 7) that attempted tvdase MR andsin
against decreasing,Were not successful over several hours apg decreased constantly despite the
bats increasing MR (Figure 6a, b). In the rainy season, all bats entered torpor in the early morning when
Tastarted to rapidly inagase, usually between 0800 and 1000 h (N = 14, n = 17; Rigaleand some
bats expressed several short torpor bouts with normothermic peaks before entering longer torpor
bouts in the afternoon.

Corresponding toehvir, Tskinduring torpor differed significantly by almost 10 °C between the seasons
(dry season: 28.3 £ 6.3 °C, N = 10; rainy season: 37.2 + 2.7 °C,2N=31806,p < 0.001) and TMR in
the dry season (0.115 + 0.054 mlt®t g*t) was significantly lower tharMR in the rainy season (0.409
+ 0.264 ml @h** g*%; t.14.505=-4.052,p = 0.001). In the dry seasor.J; dropped lower than in their
natural roost in the cave, particularly at night and during the early morning hours. The highest torpid
Tskin recordedin the dry season was 38.9 °C with a TMR for this peri@dl®4 +0.020 ml Q hbt g
and the lowest %knwas 7.8 °C with a corresponding TMR of 0.084 + 0.013 Mm@, In the rainy
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season, dwir was generally elevated and bats outside the cawsenexposed to higher,Than they
faced within their natural roost. Under these conditions, bats entered hot torpor with comparably high
Tsinand TMR. The highest torpidafwas 41.5 °C with a TMR of 0.14.8.006 ml @h*! g’ The lowest
Tskinrecorded during torpor was 22.7 °C with a TMR of 0.084 + 0.010, i g
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Figure 2.6. Skin temperatures@k, °C, grey line) and metabolic rate (MR, mih® ¢*%, black line) of female (b)

and male (a, dyI. commersonover a period of one (c) to two (a, b) days during measurement in the fluctuating
environment in the dry (a, b) and rainy season (c), with ambient temperaturégTdashed grey line). We show
different heterothermic strategies including daily torpor, @ and prolonged torpor (b) to illustrate differing
torpor entries, lengths and depths that this species is physiologically capable of expressing. Individual (a) entered
daily torpor when Tstarted increasing in the morning and allowegdnfo thermocanform. Individual (b) entered
prolonged torpor at night/early morning after several hours of attempting to maintain a high and stahl&adr

both individuals (a) and (b)skh decreased despite increasing MR over a period of hours. Individual (a¢and
entered hyperthermic daily torpor with a relatively high torpid MR asghBlack horizontal bars below the x

axis indicate dark phases.
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Our study demonstrates for the first time that torpor occurs in Malagasy bats. We provide the first
ecological and physiological data frdvh commersonand show that73 % of individuals entered
torpor during our measurements. However, compared to heteeothic Malagasy lemur or tenrec
species, or even temperate bat species, torpor expression was highly flexible among individuals,
revealing hitherto unknown torpor patterns.

In addition to daily torpor, prolonged torpor and hibernation, bats entered verytgbgpor bouts
flradAay3a 2yfte | o2dzi wn YAydziSaod ¢KSe Ffaz dzaSR
TMR and &in In the cave, their natural resting site, less than 50 % of the bats entered torpor while the
rest remained normothermic. hbler fluctuating conditions, however, bats seemed to unsuccessfully
attempt to maintain a highskinfor up to several hours, while:di slowly decreasedn the dry season
in particular we observed several instances of bats with decreasingéspiteincreasing MR (Figure
6a, b). Considering the small size of the bats, with their relatively high thermal conductance and low
thermal inertia, we expected a clear drop ¥ifo from normothermia to torpid temperatures slightly
above T, similar toM. griseorufus(Kobbe et al. 2014). Because their natural resting site offers highly
stable and most likely thermoneutral conditions ye&aund, this population iprobably never exposed
to fluctuating conditions while roostind\dditionally, bats generally gerate enough heat during flight
to maintain normothermic Joutside the cave. Together, this suggests thatcommersoniarely
needs to activelyhermoregulate during the rest phase and consequently the slowly decreaging T
with increasing MR indicatebat active thermoregulation is challenging for this species.

Unexpectedly, many individuals remained normothermic or only entered relatively short torpor
bouts during the measurements made in their preferred cave roost. No bats were trapped outside the
cave during the 10 weeks of our study and rarely during other studies in the austral winter
(Razakarivony et al. 2005, Goodman 2006foky et al. 2007, Rakotoarivelo et al. 2P0Zhurchill et
al. (1997) and Brosset (1962) made similar observations icldsely related AfricaiMacronycteris
vittatus (formerly Hipposideros commersoni s.Holey et al. 2017) and Indi&h lankadicaFor several
consecutive days, these species were inactive without signs of torpor or the restless behavior typically
seen n bats preparing to leave the cave, and both authors assumed that these bats may even
overwinter by relying only on large fat deposits and not hypometabolisrivl.loommersonihalf of
the measured individuals also appeared to rely on inactive phaseswtithpronounced reduction in
MR, despite possessing the ability to enter torpor. The other half entered torpor in various durations,
depths and patterns, so torpor use in this species seems to be related to body mass or condition (Kelm
and Helversen 200Kobbe et al. 2014). Although related to bout duration and depth, and thus highly

variable in this population, energy savings from torpor can be substantial in the tropiesilEdt

57

a K



CHAPTER

dwarf lemurs Cheirogaleus medilyisfor example, hibernate for several mins and save about 70 %
of the energy compared to normothermia (Dausmann et al. 2009), and the regdistmouse lemur
(M. griseorufu} saves up to 21 % by entering daily torpor with bouts only lasting a few hours (Kobbe
SG fd HnamnO ®aét RRWDOIVANAW tedehtlp Showh Qat froNidal frugivorous bats can
reduce their daily energy expenditure by 10 % by lowering their heart rate for gilyriin per day.
The short torpor bouts measured in our study resemble a similar ¢bort strategyand likely reflect
a tradeoff between the benefits and costs of hypometabolism. Reduced responsiveness to the
SY@ANRYYSY(iZ RAYAYAAKSR AYYdzyS FdzyOlAz2y FyR YSY
2001; Humphries et al. 2003; Bouma et al. 20h@king it an unfavorable response when energy
conservation is not vital.

Our population oM. commersonchose the hottest and most humid cave in the region for roosting
and overwintering even though there were colder caves available that 1) are freguesatl by other
bat species and 2) would possibly allow higher energy savings during torpor. These colder caves,
however, are less buffered and greater fluctuationsdaidd RH occur (Figure 2). In Andranolovy,. T
(30 °C at 1.5 m height) most likelgh A GKAY GKS ol iaQ GKSN)Y2ySdziNI
energy is needed to maintain normothermig. The cave offers a consistently high RH that never
dropped below 94.8 % and a stable water source yeand. Hipposideros caffera close relativefo
M. commersoniused the warmest and most humid location available inside another cave (25.8 + 1.0
°C, 93.9 £ 6.9 % RH) and only roosted in caves that were less humid (40 % RH) when permanent
waterholes were in close proximity (Churchill et al. 1997)s $hems to be the strategy also used by
M. commersoniOur studied population was most likely never waséressed: it managed to find the
most thermally stable and humid roost available within the driest and least predictable region of
Madagascar. A stabl high RH minimizes the deficit in water vapor saturation between air and
individual, thereby limiting evaporative water loss. Consequently, the thermoneutral and humid cave
conditions enabled the bats to conserve considerable amounts of both energyated @@mpared to
individuals roosting outside in the fluctuating environment.

All bats entered torpor when exposed to fluctuating conditions, even though they were
acclimatized to their stable cave roost, indicating physiological flexibility. This elgonse suggests
that fluctuating conditions are unfavorable and demand such an emergency response to sudden
environmental change. Fluctuating environments with higpéaks and limited water availability are
generally challenging for small endothermsytmaularly bats. Their large wing membranes expedite
cutaneous water loss (Hatting 1972) and evaporative cooling results in high pulmonary water loss,
especially when jlexceeds J(Heldmaier et al. 2013). Temperate bats combat thermal constraints by
choosng buffered roosts (Speakman and Thomas 2003). They are rarely exposed to daytime extremes

approaching normothermicyland at low T they cluster to trap body heat (Roverud and Chappell
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1991). In the tropics, however, tra@osting bats appear to seleaiosts primarily to avoid overheating
(Speakman and Thomas 2003) and respond to fluctuating conditions via either local migration to
regions with higher food and water availability (Vaughan 1977; McWilliam 1982), or by hibernating
(Geiser and Stawski 2011y and Karasov 2011). Water savings during torpor can be substantial, even
at high . The Australian bathalinolobus gouldifor example, can reduce evaporative water loss by
more than 86 % by entering torpor af af up to 25 °C (Hosken and Withe@9Y) and the Angolan
free-tailed batM. condylurugeduced evaporation by up to 46 % at=T45 °C (Maloney et al. 1999).

The hyperthermic torpor we found itM. commersonin fluctuating conditions most likely saves a
considerable amount of water. While Md T, are not directly affected by varying RH, evaporative
water loss increases with decreasing RH (Bamo et al. 2013). Bats are often reported to have an
impressive capacity for tolerating high(€.g. Licht and Leitner 1967, Bronrier et al. 1998|dviey et

al. 1999, Toussaint and McKechnie 2012, Bondarenco et al. 2014) and, indeed, our bats become
hypometabolic when ¢hvir increased and their sfin sometimes even exceeded normothermigilat

noon. Lovegrove et al. (2014) described such astateash Yy RdzOSR K& LR YS{il 62f A &Y

[

RFAf@ G2NLRNEOY RdAd2NAYy3I gKAOK |yAYlFfa O2dxZ R NBR

abandoning MR regulation. We measured remarkably low bat TMR (0.13md¢}), even during a

Tenvir peak where Jin remained above 41 °C for 53 min. Similar TMRs were measured, for example, in
hibernating batsRhinopoma microphyllurand R. cystop£0.14 and 0.16 ml £n*' g, respectively)

and the reddiskgray mouse lemui)(15ml G; h**g) at T, and thus ¥, 21°Ccooler (Kobbe et al. 2014,
Levin et al. 2015). Thus, it appears tHdt commersoniis able to dowrregulate MR during
hyperthermia to a TMR comparable to those of hypothermic individuals of other species.

Our study has expanded current knowledge on tise of torpor under natural conditions. The
ecological factors driving torpor entry, duration and deptiMn commersoniand the physiological
mechanisms facilitating the fast alternation between high and low MR, remain unclear. However, we
found thatM. commersonhas a quiver of torpor responses that can be employed flexibly in response
to prevailing ambient conditions. We acknowledge that this population inhabits a single cave that may
not represent the average roosting environment\df commersoniiving elsewhere on the island. The
cave is characterized by a stable and likely thermoneutrakith a high RH and reliable water source

that would prevent this population from becoming waistressed. We suggest that these exact

conditions, and the speci®s | 0 Af A& (2 Sy &N @dkeyrdilirénedd i § S KA :

the species to successfully survive and overwinter in this extreme environment. Although the flexibility
of tropical heterotherms, particularly bats, has been hypothesized for decades, the breadth of
variation in torpor patternghat this species displays is remarkable and, to our knowledge, new for
endotherms. The classical dichotomous approach of classifying hypometabolism into daily torpor and

hibernation does not hold foM. commersonand, for this species, torpor is uncougléom low F
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and T. Thus, to better understand the underlying mechanisms enabling such a scope of hypometabolic
states, appreciate torpor as a true continuum, and identify physiological states masked by,high T

research into the intermediate torpid stas of tropical heterotherms is vital.
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Many tropical mammals are vulnerable to heat because their water budget limits the use of
evaporative cooling for heat compensation. Further increasing temperatures and aridity might
consequently exceed their thermoregulatory capacities. Here, we dedwrdbaovel modes of torpor,

a response usually associated with cold or resource bottlenecks, as efficient mechanisms to counter
heat. We conducted a field study on the Malagasy Maicronycteris commersomesting in foliage
during the hot season, unprotestl from environmental extremes. On warm days, the bats alternated
between remarkably short micrtorpor-bouts and normal resting metabolism within few minutes. On
hot days, the bats extended their torpor bouts over the hottest time of the day while toteydtody
temperatures up to 42.9°C. Adaptive hyperthermia combined with lowered metabolic heat production
from torpor allows higher heat storage from the environment, negates the need for evaporative
cooling and thus increases heat tolerance. Howeves athighrisk response as the torpid bats cannot
defend body temperature if ambient temperature increases above a critical/lethal threshold. Torpor
coupled with hyperthermia and micamrpor-bouts broaden our understanding of the basic principles
of thermd physiology and demonstrate how mammals can perform near their upper thermal limits i

an increasingly warmer world.

Heat tolerance, heterothermy, hyperthermia, thermal limits, bats, tropics
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TORPOR AND ADAPTIWPERTHERMIA

The safety margin between euthermia aedhally high body temperatures in mammals is very narrow
and even minor changes can be life threatening, particularly in the tropics. Mammals obtain their body
heat mainly from metabolic activities and usually regulate their body temperature within asger
of a few degree$l,2]. They reach their thermal limits when body temperature approached4TC
due to overheating or dehydratiof8,4]. The maximum temperatures experienced by mammals are
increasing because of extensive habitat modificafijror more frequent and more intense heatwaves
associated with global climate chanff, and these maxima can be fafdl11]. Indeed, heatwaves
have led to several recent mass mortalities of flying folerppusspp) in Australig10,12] with
ambient temperatires (E) of 42°C or higher representing a critical thresH8ld

Efficient thermoregulation is key for survival, but there are few options for dmgulating body
temperature near the upper limit. Radiation, convection and conduction are passedanisms of
heat loss only used when iB lower than the desired body temperatuf&3]. When T exceeds body
temperature, he only optionsare evaporative cooling or tolerating shaegrm hyperthermia[14]. In
warm and dry environments with unpredictabbr limited water availability, evaporation might be
constrained by the risk of dehydratioBy accumulating heat instead of dumping it and thereby
tolerating an increase in body temperature, the need for evaporative cooling can be postponed or even
avoided, and considerable amounts of water can be conseffit®él6] The classic example of this
adaptive hyperthermia comes from dromedary camélarfielus dromedaridjiswhich regularly cycle
between 41°C in daytime and 356°C at night when dehydratdd7], but other mammals also allow
hyperthermia during hot phases (llamfs], elephantg19], large treeshrew$20], ringtail possums
[11], bats[7,16,21).

The most dramatic thermoregulatory response of mammals is the controlled degulation of
virtually al metabolic processes during torpor (hypometaboli$@,23] This is widely believed to be
an adaptive response of endotherms to cold stress or food limitation during seasonal periods of
scarcity. However, the last two decades have shown that torpositsammon in the tropic24] and
could negate some effects of heg@b]. A reduction of metabolic rate (MR) is accompanied by reduced
water consumption through respiration, defecation, urine formation, and metabolic heat dissipation
[26¢28], which could prmit torpid animals to tolerate greater heat loads than euthermic ones.
Nonetheless, how mammals perform and thermoregulate at high temperatures remains poorly
understood[14,25,2%31], yet is essential to predict their responses to rising temperaturéshab
warming confronts many small mammals more regularly with fatal mismatches between

environmental conditions and their physiological limitations. To this end, we studied how a small
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tropical bat withstands heat in its natural environment and found thatel modes of torpor were a

critical part of their response.

We worked with the insectivorous bMacronycteris commersofinean body mass: females = 46.3

6.8g; males = 79.6 + 8.0q) in a tropical dry forest in western Madagascar (Kirindy Forest/ CNFEREF; S
20.06714°/E 44.65745°, 40m) during the hottest season of the year. The bats rest alone in vegetation
during the day expsed to temperature extremeand cannot necessarily expend the water required

to cool their bodies below ambient temperatures. On sunny days, maximwanireach over 41°C in

Kirindy Forest/ CNFEREF whereas relative humidity is comparatively low at 4892 @8.0; 53.6%).

We monitored the physiological responses to regular daytime heat (73% sunny days) by measuring
massspecific MR as rate of oxygen consumptiip(ml ht* g°1) and skin temperature ¢fi) in 16 adult

bats in their natural environmen®(females, 7 males; see supplements for a detailed description of
procedures). Our methods complied with the current ethical regulations and laws of Madagascar and
GSNB | LILINRPOPSR o6& G(GKS 5ANBOGSdZNI Rdz {eaiGsyd RSa !
fQ902t23AS Si RSa C2NxGax !'yalrylFyFINAG2 O6LISNYAG vy

Unexpectedly, all bats entered torpor on all days and we observed two unique, novel modes of torpor,
regardless of sex. On warm, rainy orutdyg, days (mean max ¥ 33.9 = 1.98°C), most bats (67%)
alternated between short micrtorpor bouts lasting between 3 and 53 min (mean = 12.4 £ 10.5 min;

n = 462 bouts) and resting MR (figl@&A, S1A). This pattern occurred throughout their resting phas
from sunrise at ~05:30 to sunset at ~18:30 hours before nightly activity. Interestinglytaovipoy did

not lead to notable changes iRhcompared to euthermia (figurd.1A, S1A). The pattern of recurring
micro-torpor bouts is likely a fine balanckdividuals can save ener{§2] and water[27] on the one

hand, but simultaneously are still alert and responsive to any threats given the exposed roosting
conditions.

On hotter, days (mean max=37.8 + 1.85°C), the bats used mitogpor bouts only duing the
cooler, early morning hours (figuB21B, S1B). However, whepekceeded normal body temperature,
most bats (94%) stopped switching between mitopor and resting MR and extended their torpor
bouts. This usually led to a significant increasesinblecause active regulation of body temperature
was suspended and tis Exnapproximated T This pattern is contrary to the traditional view of torpor

Fa O2ftR NBaLRyaS I yR Eh&ewiBye &did taisgessithiat tHe physioligical 2 NL
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underpinnings seem to be the same as in arctic species enteripgprtoonly the environmental

conditions lead to different patterns.

A: Micro-torpor bouts on warm days
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Figure 3.1. Two new modes of torpor in a tropical bat species. Metabolic raf@:a81R, ml i ¢°; blue) and

skin temperature (X, °C; red) of two male individuals of the biacrorycteris commersori Yy R G KS o6 (G ac

ambient temperature (4, °C; yellow). Grey shaded blocks indicate the dark phase. Panel A shows the typical

response on regular warm (rainy or cloudy) days. Under these conditions, bats alternated between regular

resting MRand microtorpor bouts (12.4 + 10.5min) over the course of their usual inactive phase (~©5880

hours). Panel B shows the response of bats on hot days. Whexc@eded euthermic body temperature, the

bats extended their torpor bouts, which lasteohtil the beginning of their active phase in the late afternoon

when B had decreased again (293.6 £ 101.2min). The arrows highlight the decline in MR and almost simultaneous

increase in &in, Which passively followed,,Tduring extended torpor up to 42°€ indicating that bats tolerated

hyperthermia while torpid (see supplementary figure S1 for two examples of female bats showing the same

patterns).

Individuals were torpid over the hottest time of the day and aroused at the beginning of their active
phase when Tand En had decreased again to 33.5 + 2.3°C and 36.0 + 1.8°C, respectively. The
extended torpor bouts lasted between 78 and 436 min (mean = 293.6 £ 101.2min; n = 27 bouts) and
Tskinpassively increased with, Tip to a maximum value of 42@? Thus, the bats applied a wietliown
response to cold conditions, i.e. entering torpor, while tolerating hyperthermia (figure 3.1B, S1B). In

contrast to adaptive hyperthermia used by e.g. camels, the bats actively depressed metabolism and
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bodily functiors to a minimum during hottest body temperatures. This allows for negligible internal
heat production and thus substantial water savings, making hot torpor an efficient option to withstand
tropical heat. When small mammals are euthermic and confronted Withear the upper critical
temperature, excess heat generated by metabolism or activity and the absorption of heat from the
environment can quickly exceed their thermoregulatory capacities. Other tropical bats enter extended
torpor, but only in the coolemorning hours and always accompanied by a reduction in body
temperature, probably to save water in anticipation of responding to afternoon [{iga34] In
contrast,M. commersonéntered hot torpor only under heat stress and maintained migouts during
cooler daytimes. This flexible response to higimight allowM. commersonto thrive in the dry tropics

in areas where buffered diurnal roosts, such as caves, are absent.
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Figure 3.2More bats enter torpor as ambient temperature rises. (A) The proportibtorpid bats at different
ambient temperaturesTp; integers indicate number of bats measured per interval). Wheincfeased, more

bats entered torpor and all bats were torpid above 36®&). The masspecific metaboli@as+§. (ml b g°') of

bats in the three different physiological states; restiibfue; squares), microrpor bouts (yellow; circles) and
extended torpor bouts (green; triangles) at each temperature interval. Error bars represent standard deviation.

Over the inactive phas we found that resting MR decreased with increasingad plateaued
between 31.9°C and 36°C (fig:2B). We could not determine the upper end of this plateau, because
all individuals entered extended torpor above 36°C, but it very likely represeatdérmal neutral

zone of this population during the hot season, i.e. the range in which heat production and loss to the
environment are balanced and no energy is needed to actively thermoregulate. In general, the warmer

it became, the more individuals esred torpor (figure3.2A). Above 36°C, thermoregulation at
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euthermia required excessive water consumption (see supplementary video 1 for a thermal imaging
video of a bat salivating its forearms extensively for evaporative cooling=a8.9°C) and we foul
bats to be torpid even at;lof 41°C (figure.2B). Clearly, torpor was more beneficial than defending

euthermia, suggesting the existence of an upper limit of tolerable euthermia.

The magnitude of metabolic depression during torpor was high and the MR for both modes of torpor
was significantly lower than resting MR, despite similar daytime temperatures (resting MR vs.
extended torpor:iti1 = 7.737 P < 0.001; resting MR vs. mictorpor: t11 = 7.434P < 0.001; table3.1,

figure 3.3A). Although MR during extended torpor bouts was significantly lower than during-micro
torpor bouts €11 =-3.427,P= 0.006; table3.1, figure3.3A), both modes of torparesulted in a similar

level of metabolic depression of 82.2 and 77.6%, respectively. This is close to the highest metabolic
reductions seen during more continuous torpor in warm environments84%[35¢38]). In contrast,
variation in correspondingsidn values of these three different physiological states was less-clgar
(maximum mean difference 1.9°C; figuB8&B). Twin during micretorpor bouts was similar to that of
euthermia {11 = 1.052,P = 0.316), but both were significantly lower thagi,lduring extended hot
torpor bouts (extended vs. mictrpor: t;; = 2.511 P= 0.029; extended torpor vs. euthermiaj =-
2.425,P=0.034table 3.1, figure3.3B). Consequently, although the reduction in metabolism during
torpor was substantial, the magnitie of the MR decline did not dictateu#, regardless of torpor

length.

Table 3.1Physiological key variables of the metabolic states. Maesific metabolic rate ad€p, (ml h+* g**) and
mean maximum skin temperature (°C) of bats (N = 12) when reatidgeuthermic, during micrtorpor and
during extended hot torpor.

Euthermia Micro-torpor Extended torpor
Mean metabolic rate 1.07+£0.41 0.24 +0.08 0.19 +0.06
[mI (o} hPl gbl]
Mean skin temperature 36.7+£1.9 36.2+2.1 38.1+2.6
[°C]

Both modesof torpor could not have been detected with the classical temperature recordings often
used in ecephysiological research because their impact on body temperature was marginal; the mean
deviation of T from euthermia was less than 2°C. Our study hastitied two hitherto unknown
modes of torpor, which suggest that the traditional concept of torpor needs to beonsidered.

Torpor was originally defined as a substantial decline in MR and body temperature, mainly in response
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to low Ta[22,23] Howevera decline in body temperature is clearly not a necessity and we have shown
that it may even increase when an animal is entering torpor. Thus, while a controlled depression in MR
has always been a central part of torpor, a ma@versaldefinition should &0 specify that body
temperature during torpor can be variable: it may approximatenTeither direction (as per the
traditional definition and as seen during hot torg@#,37,3%41] or may remain stable as seen during
micro-torpor bouts. Different envonmental conditions can result in different patterns of torpor and
study methods should recognize this. Researchers should not rely solely on traditional indicators of
torpor such as body temperature and strive to include other proxies for torpor, subbas rate or

oxygen consumption, particularly when studying endotherms in hot environments.
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Figure 3.3. Depressed metabolism does not dictate skin temperature.-dfpessfic metabolic rate asfp. (MR,

ml h! gb%; panel A; N = 12) and skin temperatuf&kn, °C; panel B; N = 12) of animals in three different
physiological states; resting metabolism (blue), mingor bouts (yellow), and extended torpor bouts (green;
centre line, median; box limits, upper and lower quartiles; whiskers, 1.5x intelitpiaginge; points, all data
included). The coefficient of variation (CV) is given in parentheses; significant differences are marked with
asterisks (P>XX n ® RO101; p*#P < 0.001).

Our study dramatically broadens our knowledge on thedamental concepts of thermal physiology
and describes newdgliscovered options for mammals to cope with heat based on data from a free
living endotherm. We found that a tropical bat coped with daytime heat by using torpor (a response
classically still assiated with cold conditions), in novel ways: mitoopor bouts at regular warm
temperatures and hot torpor coupled with body temperature above euthermia during hot afternoon

hours. This demonstrates the capacity of small mammals to survive rising artdrigreratures. Hot
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torpor allowsM. commersonio exist in habitats lacking wdbluffered diurnal roosts and in regions

that are even more arid. However, this response is not without risk: these bats could face lethal
temperatures while in a torpid statd iemperature increases too much, which would necessitate a
premature rearousal including evaporative cooling as a last resort. The inevitabltegupation of
metabolic heat production during emergency arousals could easily push the individual beyond
tolerable temperature maxima. Hot torpor is thus a higgk response that relies on ambient
temperature to not exceed certain maxima and cool again. Whether hot torpor occurs more widely in
the dry tropics remains to be determined. Our discovery of variatmithe classical pattern of torpor
should spur studies of the responses of other species living near their thermal limits in an era of global
warming and is also relevant for the potential use of induced torpor for medical purposes and possible

future space travel near human euthermic levels.
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2SS 2Nyl SR Ay I RNEB RSOARd2dzza FT2NBadX YANRYRe C?2
Recherche en Environment et Foresterie, CNFEREF, S 20.06714°/E 44.65745°) in western Madagascar.
The forest is located ~20km from the Mozambique Channel gheeirced by the western dry climate
[42]. The whole region is characterized by a hot wet season from November to March during which
~96% of the annual rain falls (~900mm) and a cold dry season that can last optal&with little
to no precipitation[42,43] Mean ambient temperature £Jin the wet season is ~30°C with maximum
temperatures reaching over 40°C occasionally. During the cool dry season, gisarsidally ~20°C
but can drop to ~3°C on single nigit&,43] The core of the forest covers alto12,500ha[43] and
has a mean canopy height of ~18m with individual tree species overtopping the canopy up to 25m. The
Kirindy River is the main water source, but flows only intermittently during the peak of the wet season.
No caves are known to be negrKirindy forest and our focal species was roosting among understory
branches.

We studied Commerson's leabsed batMacronycteris commersofiHipposideridae, mean body
mass: females = 46.3 + 6.8g; males = 79.6 + 8.0g), the biggest insectivorous lheirdamic to
Madagascaf44]. This species hibernates and generally often enters torpor in a buffered, hot cave in
southwestern Madagascdn5], but has a wide distribution across the island, including forest habitat

lacking cave systenig4].

Bats were trapped in February and March 2018 (wet season). We installed two mist nets (3m height x
6m length, mesh size 19mm; Ecotone, Sopot, Poland) blocking the main flight corridors in one part of
the forest. The nets remained open for tliest three hours after sunset and were checked every
10min. We changed the trapping sites every night to prevent trap avoidance owing to habituation. At
each trapping event, we transferred two adult bats into cloth bags for the respirometry measurements
while additional adults, juveniles, and individuals of other bat species were released immediately at
the capture sites. Neither females nor males were reproductively active during data collection as
assessed by carefully controlling the nipples and tesesgpectively.

All captive bats were processed at the point of capture within 30min. They were weighed, sexed,
and forearm length was measured. We shaved a patch of fur between their shoulder blades to attach
a temperaturesensitive radio transmitter (~9g, Biotrack, Wareham, United Kingdom) using a medical
skin glue (Manfred Sauer GmbH, Lobbach, Germany). The thermal sensor of the transmitter was placed
RANBOGfe 2y GKS alAy YR GKS OGNryavYAGGSNI AdasSt¥
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recommended maximd46]. All transmitters were calibrated in a water bath at seven different
temperatures covering a range of46°C against a precision thermeter traceable to a national
standard. Although skin temperatures(f) obtained via external transmitters might not reflect body
temperature precisely, it provides a namvasive and reliable proxy, particularly in small mammals
[47¢50].

To avoidpseudcreplication, we marked all bats with an individual, thweigit wing tattoo using
non-toxic ink (HauptneHerberholz, Solingen, Germany) after the membrane had been locally
anaesthetized (EMLA, AstraZeneca, Wedel, Germany). Animal handling wlsamugalete in 10min

and never exceeded 15min.

We measured metabolism as rate of oxygen consumptid)(of 16 adult bats (9 females, 7 males)

using an opefilow respirometry system in pull mode. Directly after preparing thestzttheir capture

site, we transferred them individually into 2L plastic metabolic chambers, which were equipped with
netting for the bat to grippnto and a logger (Hygrochron iButton, Maxim integrated, San Jose, USA) to
record ambient temperature ¢J and ambient relative humidity (RHevery 5min. These chambers

were then connected to portable gas analysers (OxBox; T. Ruf and T. Paumann, University of Veterinary
Medicine, Vienna, Austria) running on standard 12V car batteries. During the measurenmeple sa

air was drawn from the metabolic chambers at a constant flow of 50ldtied and filtered with silica
3Stx YR |y FfAljd2d GKSNB2F gl a RNIgy (KNRdAAK
flowmeter. The oxygen content of the air was measuevery 10s for 55min. For the remaining 5min

per hour, reference air from outside the metabolic chambers was analysed to control for drifts in the
oxygen sensors and used to correct the sample air values performingclzecss with Clampfit
v10.3.1.4 (Meecular Devices, Sunnyvale, USA). The oxygen sensors were calibrated in the laboratory
before and after the field trip using calibration gases generated by a gas mixing pump (0, 3, and 5% N
in the air; 2KM300/a, Wosthoff Messtechnik GmbH, Bochum, Gerranyt 2 RS G SNXY A Y S
physiological responses under natural conditions, we placed the whole setup consisting of chamber,
OxBox, pump and car battery in a shady spot within the forest (within enclosures, to protect the bats
from predators during measureamts).

To record dinduring each respirometry experiment, a remote receiver/logger (DataSika Telemetry
Receiver, Biotrack, Wareham, United Kingdom) was placed next to the setup, which recosced T
5min intervals.

We started measurements immediayeafter capture and processing, usually between 21:00 and
23:00 hours. Three bats were trapped via hand net in the morning and these measurements started
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between 09:00 and 10:00 hours. The first estimates of metabolic rate (MR) immediately following the
introduction of a bat to the metabolic chamber were used as indicators of individual stress. If this initial
MR did not decrease within the next 30 or 60min (depending on inactive and active phase,
respectively), bats were released at point of capture. Atiter first 24h, all individuals were provided

with fresh water and squeezed as well as living bedd&$, but only one individual consumed the

food. One respirometry experiment typically lasted ~45h and ended at the start of the normal active
phase betwen 17:30 and 18:30 hours to ensure animals could feed immediately after release. Before
the bats were released at their capture site, they were weighed again to estimate mean body mass

(BM) during the experiments.

We analysed masspecificmetabolic rate (ml @h*! ¢°*) per individual. Therefore, we first calculated
the rate of oxygen consumptiorf,) as ml @h** following equation 11.2 from Lightd61], whereby
an average respiratory guotient of 0.85 was included, assuming the oxidafti60% fat and 50%
carbohydrate [37]We then added mean body masdpex BM?).

Different physiological states were defined via visual inspection of MR data. We differentiated
among resting metabolic rate (RMR), torpid metabolic rate (TMR), arousatqhasd torpor entry
phases. The high,Tange prevented us using classical approaches such as MRnthrdsholds,
frequency distributions, or general percentages of RMR to determine torpor because MR was variable
with fluctuating T (figure 2B). Theffere, we calculated oneninute means of MR to reduce the noise
in the data, plotted masspecific metabolic rate against time, and visually identified the different
states. TMR was reduced by-82% compared to RMR, which lies in the normal range of méitabo
depression during shorter or daily torpor bouts at lower (@lepression of 780% compared to
BMR/RMR22,23)) and at the upper range of the reduction seen in warm environments (reduction by
25-84% of BMR/RMR35¢38]). Since the magnitude of metabolaepression was high iM.
commersoni we are confident that our approach neither missed torpor bouts nor assigned them
incorrectly.

C2NJ FAINIKSNI Fytfearas 68 2yfeée d&aSR GKS YSIy LIS
resting phase, i.e. fromsunrise to 30 min before sunset (~05:80-18:15 hours, considering date
dependent sunset/sunrise times), to ensure that data from any-resting phases (owing to
disturbance or minor activity) were excluded [52]. For TMR, we included the mean per uadligfd
the lowest 65% of previously assigned torpor phases since we had already carefully excluded arousal
and entry phases before. We differentiated between mitwgoor bouts and more extended torpor
bouts. Microtorpor bouts usually occurred in an altexting manner, in which the bats constantly
alternated between rest and torpor without noticeable arousal (eskoot) and entry phases. More
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extended torpor bouts in contrast had characteristic entry and arousal segments, and lacked the
alternating compoent. To obtain n, we converted the transmitter signals recorded during the
respirometry experiments from beats per minutes into temperature values using Semried
polynomial regressions obtained from the calibration curves @kR n ®dpp0 ® aré & the NB | &
limitations of Twn measurements. Therefore, these data were only used as estimates of body
temperature to complement already defined torpor states withnT

We compared RMR and TMR of both torpor states as well as corresporgliugllies using paired
sample ttests adjusted for unequal variances where necessary. We analysed maxigmvaldes as
these are most relevant in the context of high For the ttests, we included data from only 12 bats
for which MR values of all thregdifferent physiological states were available. We then allocated RMR
and TMR to different bins of. Bince T fluctuated over the course of the day. We roundeddthe
nearest integer and assigned individual means of RMR and TMR to the respective stepawold
pseudaoreplication. Means per individual were then plotted against eaghst€p to show the
relationship between MR and..TWe estimated the loweriit of the thermal neutral zone using
brokentstick regression, i.e. iterative fitting of linear models combined with a bootstrap restarting
approach, which makes the algorithm less sensitive to the estimated starting value, to determine
whether the observd RMR distribution could be explained by multiple linear segn@&3($4] Lastly,
we counted the number of torpid bats to euthermic bats for each respectigtep. Data are shown
as mean = standard deviation and range if appropriate, N represents timbéeof individuals, n the
number of included data points.

We processed and analysed the data and plotted the figures using R [55] and RStudio [56] with
support of standard code and the following packages: lubridate [57], plyr [58], readx| [59], segmented
[60], car [61], ggplot2 [62], ggpubr [63], cowplot [64] and sd@&k
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A: Micro-torpor bouts on warm days
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B: Extended torpor bouts on hot days
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Figure S1. Two new modes of torpor in a tropical bat species (examples of female bats). Metabolicite as
(MR, ml R ¢**; blue) and skirtemperature (Fin, °C; red) of two female individuals of the Bdacronycteris
commersoni YR GKS o0 Ga&Q | Yab°€;sflldw). GréyyshaledlbldckgNddicate the dark phase.
Panel A shows the typical response on regular warm (rainy or claladyd. Under these conditions, bats
alternated between regular resting MR and mi¢oopor bouts (12.4 + 10.5min) over the course of their usual
inactive phase (~05:3§ 18:30 hours). Panel B shows the response of bats on hot days. Whexdeded
euthermic body temperature, the bats extended their torpor bouts, which lasted until the beginning of their
active phase in the late afternoon whea fad decreased again (293.6 + 101.2min). Please note the decline in
MR and simultaneous increase ] whichpassively followeda] during extended torpor up to 42.9°C indicating
that bats tolerated hyperthermia while torpid.

https://royalsocietypublishing.org/doi/suppl/10.1098bH.2020.2059

Video S1. Costly evaporative coolinghh commersoni Thermal imaging video (FLIR T540, FLIR systems,
Wilsonville, USA) of a male bat resting under a hot roof next to a temperature logger (Hygrochron iButton, Maxim
integrated, San Jos&JSA) at 36.9°C. This individual extensively licks its forearms for evaporative cooling. For
a0t Sy LXSHasS y2GS GKFG GKS oldQa tSy3dkK Aa d9modcOY 7
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CHAPTEHR

Many species are widely distributed and individual populations can experience vastly different
environmental conditions over seasonal and geographic scales. With such a broad ecological reality,
datasets with limited spatial and temporal resolution may aoturately represent a species and could

lead to poorly informed management decisions. Because physiological flexibility can help species
tolerate environmental variation, we studied the physiological responses of two separate populations

of Macronycteriscommersoni a bat widespread across Madagascar, in contrasting seasons. The
populations roost under dissimilar conditions: either a hot, vieeiffered cave or within open foliage,
unprotected from the local weather. We found that flexible torpor patternsed in response to

prevailing ambient temperature and relative humidity, were central to keeping energy budgets
oFfFyOSR Ay 020K LRLMzZ I GA2yad 2KAES oFdaQ YSiloz
roosts, adjusting torpor frequency, dation and timing helped bats maintain body condition.
Interestingly, the exposed forest roost induced extensive use of torpor, which exceeded the torpor
frequency of overwintering bats that stayed in the cave for months and consequently minimised
daytime esting energy expenditure. Our current understanding of intraspecific physiological variation

is limited and physiological traits are often considered to be fixed. The results of our study therefore
highlight the need for examining species at broad envitental scales to avoid underestimating a
ALISOASEAQ TFdzZ t OFLIOAGE F2N gAGKallyRAY3I SyGAaANRY

disruptive human interference in natural habitats.

Torpor, tropics, physiological flexibility, adaptive/facultative hyperthermia, season
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Discrete populations of widely distributed species may inhabit areas with different climatic conditions
and therefore face contrasting environmental pressures. Prevailing conditions may also vary within
and between seasons, making the complete ecologjiaie of a species considerably broad. Among
regions, individuals may seek ousimilar microhabitats and consequently display relatively low
potential for withstanding environmental variation, while others can adapt locally or possess highly
flexible physdlogical traits(Kobbe et al. 2011; Noakes and McKechnie 2020; Hume et al. 2020; van
Jaarsveld et al. 2021pifferences on gopulation level therefore reflect a species' capacity for
phenotypic variation and/or local adaptation, and may even hint apieat speciation(Violle et al.

2012; Richardson et al. 2014ince physiological capacity ultimately determines species' tolerance
limits to abiotic factors, and their resilience to changes in their environr@anale and Henry 2010;
Bozinovic et al. 201> Of AYIF GAO @I NRAIFGAZ2Y OFy oS G2fSNYGSR
Brushtail possums from arid habitat, for example, have a lower energy and water turnover and can
dissipate heat more efficiently than conspecifics from mesic af€asperet al. 2018) Similarly, big
brown bat populations from higher latitudes have lower energetic costs at cooler ambient
temperatures (%) during torpor than their conspecifics closer to the equatiounbar and Brigham
2010) As a consequence, conclusionawdn fromphysiological data collected during only one season
and/or from a single location may unde2 NJ 2 3SNBaGAYFGiS I aLSOoOASaqQ ¥Fdz
especially critical in the face of ongoing human disruptive interference, when accuratereksand
reporting can help define suitable habitats that might serve as refugia and ensure thedong
viability of both populations and speciéiswin et al. 2010; Cooke et al. 2013; Rezende and Bacigalupe
2015; Cooper et al. 2018)

Bats are an idealrgup for studying intraspecific physiological variation over broad environmental
scales because many species are widely distributed, in some cases populating entire continents and
thus a variety of habitats and environmental conditiofibey are highly effient at minimising energy
expenditure and species from arid habitats can finely balance body Watgr, Geiser and Stawski
2011; KlugBaerwald and Brigham 2017; Gearhart et al. 2020urnal roost selection can limit
exposure to unfavourable environmtl conditions, such as weather extremes, help avoid predators
(Fenton et al. 1994; Solick and Barclay 2@0®) facilitate social interactions and reproductifitunz
1982; Willis and Brigham 2004Moreover, both bat abundance and species distributioms a
correlated with roost availabilitfHumphrey 1975)Roosting sites are therefore a critical resource for
many batsand can be an important determinant ektinction risk(Sagot and Chaverri 201%)oosts
range from welo dzF F SNBER OF 9Sa 2NJ ONB@AOSa |yR GNBS K2t S:

tents and completely exposed roosts in foligg@inz and Lumsden 2005o0me species or individuals
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rest strictly in only one type of roost, whilgh@rs change depending on seasonal and/or life history
requirements (e.g., overwintering, reproduction or rearing offsprikginz and Lumsden 2003)
Understanding both the seasonal preferences of different bat populations for a specific roost type and
the significance of roost type variation are therefore important steps for determining the full scope of
I aLSOoASaqQ SO2f238 |yR LKeaAz2zfz23ed

The endemic insectivorous 2 YY S NA 2 ¥id@ed bdt Mdcrnycteris commersonuses
contrasting types of diurnal roogiiroughout its wide distribution ilMadagasca(Goodman 2011)in
dry spiny forest in soutlwestern MadagascaiMl. commersonroosts in a large colony in a hot cave
with a highly stable microclimat82 + 0.1°C at bat height, 98 + 0.5% relative humiditer et al.
2018)throughout the year that is buffered from external weath®eher et al. 2019)n western dry
deciduous forest, on the other hand, the bats roost solitarily in the open vegetation among branches
(Reher and Dausmann 2021These tree roostprovide no insulation, leaving bats vulnerable to
predators and the effects of external environmental extremes. Both habitats are located in the western
formations in the driest zones of the island and are highly seasonal. Dhérmatsh dry season niggh
time T, precipitation and food availability are reduced for up to 9 months, whereas during the milder
wet season food resources are more abundant. Dry season dayiiextremes regularly exceed 40°C
and are coupled with low relative humidifiKappelerand Fichtel 2012; Ratovonamana et al. 2013)
OKIFtfSyaAay3d GKS olidaQ GKSNYz2NX3dzA I G2Ne aeaidSvyao

To conserve water and energy, both populations use tor(lReher et al. 2018; Reher and
Dausmann 2021 which is a controlled state of metabolic depressi@eise 2004; Heldmaier et al.
2004) Torpor is highly beneficial but the extent that torpor patterns expressed.lgommersonvary
with roost type or season and are thus modified to cope with prevailing conditions is unknown. There
is evidence that torpid metbolic rate (TMR) might not vary among bat populations resting at different
humidity levels, even though evaporative water loss d@ddgBaerwald and Brigham 2017; Gearhart
et al. 2020) However, torpor duration, frequency and general patterns, as wehlesting metabolic
rate (RMR), may differ at different resting sites and among sea&tasvski and Geiser 2011; Kobbe
et al. 2014; Bethge et al. 2017; Boyles et al. 28@@)pport the maintenance of homeostasis.

In our study, we investigate the energetosts and benefits of physiological strategies uselll by
commersonito cope with different roosting conditions, i.e. roost type and season, and quantify
intraspecific physiological variation therein. We compare torpor occurrence and timing in twatsabit
with differing roost types: a cave with neaonstant environmental conditions and an open forest with
fluctuating environmental conditions. We hypothesise that bats use torpor more often, and torpor
bouts are longer, in the protected cave roost, edpg during the lean dry season. Given that
variations in TMR in thermoconforming animals are mainly a function of ambient tempel&eiser

2004) we predict a higher TMR in the forest bats when torpor is used in response to heai Riebss

92



INTRASPECIFIC PHYSGICAL VARIATION

and Daumann 2021) but no differences in TMR between habitats at the sameNe also evaluate
the energetic costs associated with the different roosting conditions by examining body condition and

daytime resting energy expenditure (DREE).

To study the effects of roosting conditions on bat metabolism, we collected data at two sites in
Madagascar separated by 379.8 km that differ in roost availability: a cave habitat invsesithrn

spiny forest of Tsimanampetsotse National Park and a fiwadsitat in western dry forest in the Kirindy
C2NBailk/ SYyiNB bldidAzylf RS C2NXYIGA2YX RQ9(GdzRSA
(CNFEREF) (figure S1).

Tsimanampetsotse National Park encompasses a variety of different ecosystems including dry
plains around a salt lake, dry spiny forest and a calcareous plateau with underground cave and stream
systems (Reher et al. 2018; Reher et al. 2019; figure S1B,C). Although it experiences a cool dry season
(April - October) and a hot wet season (NovemlgelMarch), this region is generally very dry year
round with only sporadic, unpredictable rainfall. Within the cave system, Andranolovy Cave
(24.04585°S, 43.75396°E) is used/byommersonand several other bat species as a diurnal roost in
the wet season andbr overwintering during the dry season (Reher et al. 2019; figure S1E). It is the
hottest and most humid cave in the regiand cave conditions are highly stable yeaund (table4.1)

(Reher et al. 2018; Reher et al. 20I)e bats roost at a height 66 m, where cave temperature is
32.4+ 0.1°C and relative humidity is 98.3 £ 0.5%.

Kirindy Forest (CNFEREF) is a dry deciduous forest and is located further north (20.06714°S,
44.65745°E) (Kappeler and Fichtel 2012; figure S1A,C). The climate is also characterised by a hot wet
season, in which most of the annual rainfall occurs, andld doy season that can last up to nine
months with little to no precipitation (Kappeler and Fichtel 2012). Compared to the southern spiny
forest, Kirindy Forest is denser and has a closed canopy® b (figure S1A,C). Importantly, no caves
are known tobe nearby andM. commersonroosts solitarily in trees, exposed to highly variable
environmental conditions (Reher and Dausmann 2021; figure S1D). Ambient conditions fluctuate
greatly on a daily basis (tabfel), with highest Tand lowest relative humities (RH) occurring in the
early afternoon and lowest:&nd highest RHn the early morning. We did not trap aiv. commersoni
during the dry season, presumably because they were hibernating in tree hollows or had migrated to
caves further away. Therafe, we are only able to present data from the wet season for Kirindy Forest.
¢2 KAIKEAIKEG GKS YIFAYy aGNHzOGdzNF £ RAFFSNByOSa oS
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roost characteristics, we will henceforth refer to Tsimanampetsotse NatiohaNJ] | & G KS & Ol @S

2NJ 6Ol @S NR2aidé¢ FyR (G2 YANARYRE C2NBaid a GKS a7T2

Table 4.1. Environmental conditions (ambient temperature and relative humidity) during the wet and dry seasons
at each of the sites used bil. commersoni measured at a height of 1.5 m above the grour,
Tsimanampetsotse National Park and Kirindy Forest (CNFEREF).

Region Season Variable Mean Range D.a”.y

variation

Dr Cave temperature (°C) 29.4+0.1]| 29.3¢29.6 0.1+0.1

Tsimanampetsotse| ~© | Cave relative humidity (%) | 98.8+0.1| 96.4c1005 | 1.1:03

National Park Cave temperature (°C) 30.6+0.1] 30.3¢30.7 0.2+0.1
Wet . L

Cave relative humidity (%) | 95.2+0.1| 93.8¢96.6 1.6+0.3

Kirindy Forest Wet Forest temperature (°C) 275+1.2 | 21.2¢41.7 13.8+ 2.3

(CNFEREF) Forest relative humidity (%)| 80.1 +6.5| 29.0¢ 101.2 50.8+ 9.8

Cave bats were trapped in June/July 2016 and February/March 2017 (dry and wet seasons,
respectively; Reher et al. 2018) and forest trapping took place in February/March and July/August
2018 (wet and dry seasons, respectively; Reher and Dausmann 2021). We used different trapping
YSGK2RA& 2¢6Ay3a (2 GKS RAFFSNBYyOSa Ay KIFIoAGFG &dNx
season we handcaught adult cavelwelling bats in the early morning between 07:00 and 09:00 h
because this species is generally inactive at this time of year. During the wet season we erected a two
bank 4.2 Mharp trap (Faunatech~Austbat, Bairnsdale, AustbaliaA y FNRBYy G 2F GKS al YS
In the forest habitat, two to three mist nets (3 m height x 6 m length, 19 mm mesh; Ecotone, Sopot,
Poland) were opened each night in major flight corridors. The harp trap and mist nets remained open
for the first three hours after sunset and were checked every 10 to 20 min, depending on season. Per
trapping event, we transferred the first two adult bats into a cloth bag while additional adults and
juveniles were released immediately at the capture site. Only-nepnoductive females were studied.

All captive bats were processed at the site of capture within 30 min. They were weighed, sexed and
forearm length was measured. A patch of fur was removed from between the shoulder blades using a
razor and shaving cream to allow the attachment of a tempemsensitive radio transmitter (~0.9 g,
Pip Ag376; Biotrack, Wareham, UK) using a medical skin glue-B@stip Montreal, Canada or
Manfred Sauer GmbH, Lobbach, Germany). The thermal sensor was placed on the skin and after
attachment the transmitteritst ¥ g1 & LI NIOALFff& O2@0SNBR o0& GKS ol
2F I oFGQa o02Reé Ylaa o6YSIYy I' moey 5 ndnAklddge I YR (G F
and Brigham 1988)Prior to attachment transmitters were calibrated in a water bath fr8gd5°C

against a precision thermometer traceable to a national standard. Skin temperatuieddtained via
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external transmitters provides a ndnvasive and reliable proxy of, Tparticularly in small mammals
(Audet and Thomas 1996; Dausmann 2005gkamand Fietz 2014ut seeWillis and Brigham 2003

We marked all bats with an individual, threligit wing tattoo using nottoxic ink (Hauptner
Herberholz, Solingen, Germany) after the membrane was locally anaesthetised (EMLA, AstraZeneca,

Wedel, Germay). Animal handling lasted about 10 min and never exceeded 15 min.

We measured metabolism as the rate of oxygen consumptifh)(using an opeiflow respirometry

system in pull mode. Directly after processing, bats were transferred individual 2 L plastic
metabolic chambers, which were equipped with a net for roosting. Each chamber was connected to a
portable gas analyser (OxBox; T. Ruf and T. Paumann, University of Veterinary Medicine Vienna,
Austria) powered by a standard 12 V cattbry. During measurements, sample air was drawn from

the metabolic chambers at a constant flow of 50luking a diaphragm pump, then dried with silica

38t YR FTAfGSNBR 06ST2NB LI aaAy3d GKNRdAdAK G(KS hE. 2
was drawn through the gas analyser. The oxygen content of the air was measured every 10 s for 55
min. For the remaining 5 min per hour, reference air from outside the metabolic chambers (also dried
with silica gel and filtered) was analysed for oxygemeot to control for drift in the electrochemical

fuel-cell oxygen sensors (7QXCiTicel; City Technology, Portsmouth, UK). This was used to correct the
sample air values with Clampfit v10.3.1.4 (Molecular Devices, Sunnyvale, USA). The oxygen sensors
were calibrated in the laboratory before and after measurements using calibration gases mixed by a
gas mixing pump (0, 3, and 5% N2 mixed with fresh air; 2KM300/a, Wdsthoff Messtechnik GmbH,
Bochum, Germany).

The whole setup consisting of chamber, OxBox, pamg car battery was placed within the cave
2NJ F2NBald (2 YSIFIadaNB GKS ordaQ YSGlroz2ftAay dzyRSN
placed the measurementselzLd Ay |y | R22AyAy3I OKIFYO6SNI ySEG G2
unnecessary distimance of the whole colony. Although this chamber was slightly cooler by ~3.1°C in
the dry season and ~1.1°C in the wet season, it was frequently visited by indiMidaammersoni
Within the forest habitat, we placed the measurement-sigtin a shaded erlosure near the camp in
the centre of the forest to avoid abundant local predators such as fossas.

During each respirometry run we recorded ahd RH using a data logger placed within each
respirometry chamber (Hygrochron iButtons, Maxim integrated,J8ae, USA) andqkusing a remote
receiver/logger placed next to the setup (DataSika-8B0D; Biotrack, Wareham, United Kingdom).

All temperature data were recorded at 5 min intervals.
We started measurements immediately after capture and processisigally between 21:00 and

23:00 h in the wet season and 09:00 and 11:00 h in the dry season owing to different trapping times.
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We used the initial metabolic rate values after a bat was introduced to the metabolic chamber as
indicators of individual stredevels. If there was no clear reduction in these first values within the next

30 or 60 min (depending on inactive and active phase, respectively), bats were released at their point

of capture to avoid continuous stress. After the first 24 h, all indivilwele provided with fresh water

and food (see Reher et al. 2018). One respirometry run typically lasted ~45 h, thus included the activity
FYR NBald LKIF&AST YR SYRSR 6A0GK GKS o06S3aAyyay3a 27
h to ensure immdiate foraging opportunities. Before the bats were released at their capture site, they

were weighed and offered food and water. All applicable institutional and national guidelines for the

care and use of animals were followed.

2S tyrteaSR tf RFGF dzAAYy3 /NIY w 6w /2NB ¢StY
LI O1 1 3S& aLX &@NE 62A01KFEY HAMMUI AGRLX @NE 02A01KLY
Gft dzoNARI GSé¢ ODNRBfSYdzyR YR 2 AQWEKDLY asSamidaBmNEx I8 LI
20209, "cowplot" (Wilke 2020)Data are shown as mean * standard deviation and range if
appropriate;N represents the number of individualsthe number of included data points.

We first calculated the rate of oxygen consuropt ;) as ml @ h® “corrected to standard
temperature and pressure dry witBquation 11.2 irLighton (2008pefore dividing by average body
mass (BM) during a measurement to determimassspecific metabolic rate (MR, mfp, g* *h® . We
assumed an average respiratory quotient of 0.85 (oxidation of 50% fat and 50% carbohydrate,
Dausmann et al. 2009We determined different physiological states via visual inspection of MR
patterns following Reher and Dausmann (2021). We defined toagoa decrease in MR by at least
50% compared to resting MR (RMR), which lies within the range of the highest metabolic reductions
seen during torpor in warm environments &%;Song et al. 1997; Dausmann et al. 2009; Grimpo
et al. 2013; Kobbe et al. 28). For downstream analysis, we removed arousal and entry phases and
continued with a subset of MR data. We only used the lowest 50% of resting metabolic rate (RMR)
@t dzSa LISNJ K2dzNJ LISNJ AYRAGARdzE £ RdzNRA yB@minibgfére 6 | G a Q
sunset, to ensure that data from any active or disturbed animals were excliigkttige et al. 2017;
Reher and Dausmann 2021; Rodgers and Franklin 26@ATMR, we included the lowest 70% of data
per hour per individual. We differentiated tveeen micretorpor bouts, the mean duration of which
were as short as 17 + 8 min (range; 36 min, n=857; mTMR), and extended torpor bouts lasting 4.9
h + 58 min (range: 1.¢ 8.3 h, n=44; eTMR) after Reher and Dausmann (2021). Briefly -toipay
bouts had a similar reduction in MR to extended torpor bouts but bats alternated rapidly between
torpid and euthermic states, whereas extended bouts had characteristically slower entry and arousal

curves.Tsin during the respirometry runs was calculated ussagondorder polynomial regressions
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obtained from the calibration curves (afbiRn ®cppv YR dzaSR I a |+ HINRBE& T2 NJ

To compare body mass, forearm length, body condition (standardized mass index, SMI, fdfeiging
andGreen 2009, 201@nd TMR among the different roosting conditions we uségkts adjusted for

unequal variances if necessary or Wilcoxon sigradk tests. In all cases;jalues were adjusted with
BonferroniHolm corrections to account for multiple comgd a 2 y & ¢ LJ- ORabsantharad N& G I {
2020H).

2SS dzaSR wl &f SA 3K Qailed t8sis foaletdrnyine whethel thetipiingipiadtpor entry
and arousal differed significantly from a random distribution and to identify differennetiming
0S06SSy araiGsSa yR aSlrazya o6LI O3S aOANDdA | NEE V

circular mean * standard deviation.

To analyse MR, we allocated RMR and TMR to differgnin by rounding Jto the nearest iteger
and assigned individual means of the different metabolic states to eaaep to avoid pseudo
replication. We then explored the influence of roost site and season (asestson: cave dry season,
cave wet season, forest wet season), sex, body timmdand roost temperature on metabolic rate
dzaAy3d SAGKSNI ftAySINI YAESR Y2RSta o6[a9auv 2N 3SySN
Bates et al. 2015 We did not include RHh the models because, @nd RHwere strongly negatively
correlated but we report RHnean and range during the measurements. Onlgtéps at which we
measured at least three bats per roosting site were included. We fitted separate modelddoded
torpor MR €TMR) micratorpor MR(MTMR)and RMR, in whichite-season, 3 the interaction of site
season and ] sex and body condition were defined as fixed factors and bat ID was a random effect to
account for repeated measures. While the environmental conditions in the cave weretaomssant,
T. and RH fluctuated considerably in the forest. We therefore also modelled RMR and mTMR as a
function of the roosting site at only overlapping temperature bins328C and 3B4°C) with bat ID
as random effect. For analysing the subset d¥I&T we used-tests owing to the small sample size of
bats measured at overlapping §teps (N=3 bats per site ang) &nd nonreplicated data. We excluded
data from one bat that entered a single mudtay torpor bout (> 3 days) for the analysis of eTMR an
the subsequentnalysis of torpor bout duration (see belovlease note that we could not directly
comparethecavlR 6 St t Ay3d ol 1aQ aw 0Si¢SSy.sefigureyAB @ SOl dza
left panel).
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Data exploration and validation was achie¥etfowingZuur et al. (2010andZuur and leno (2016)
{AIYATFTAOLIYOS 41 a OFftOdAFGISR dzaAy3d {FGGSNIKglAGS
2017).

We analysed the effect of sex, body condition and-séason on micrdéorpor bout frequency, micre
G2NLIZNJ 62dzi RdzN} GA2y YR SEGSYRSR (12NLRNJ 62dzii Rdz
Brooks et al. 201)7 Micro-torpor bouts occurred multiple thes each day so an average bout frequency

per day was used in analys&¥e did not model extended torpor bout frequency because there was

rarely more than one bout per day and instead report proportions of bats torpid within the
populations.In all modelsyve included siteseason, sex and body condition as fixed factors and bat ID

as a random effect. For eTMR, we defined an additional model including the interactionséasen

and body condition, and compared both using likelihood ratio testing (Zuual.e2009). No
environmental predictor (i.e.,a] RH) was included because the si#eason term encompassed per

day differences in environmental variation.

¢t2 S@rfdzr 1S 6KSGKSNI G§KSNB ¢ S NBngRooshrg Sandtigro,Svd Ay 0
OF £ Odzf F i SR AYRAGARdzZ £ aQ RI&@GAYS NBadGAy3a SySNH&
from perminute metabolic rate values usiran oxycalorific equivalent of 20.37 kJ/L (Schmidt

Nielsen 1997)This approach tees into account different daytime torpor strategies, ergmaining

euthermic (n=5), entering only mictorpor (n=42), entering only extended torpor (6.9 h + 59 min

N=10) or entering a combination of mietorpor with a shorter extended torpor bout (4H+ 54 min;

N=35).We analysed the effect of sites and seasons on DREE using a GLMddasir, sex, body

condition and torpor strategy were included as fixed factors and bat ID as a random effect.

We measured the physiological responses of 41 indivifuailommersoni25 from the cave habitat
and 16 from the forest habitat (tablé.2). We studied cave bats during the wet and dry season but
because we did not trap any bats in the forest during the sikason, despite 261 trapping hours, we
only present their data from the wet season (tadl2). Bats from the forest population were larger
but not heavier than their conspecifics from the cave habitat (takk table S1). Interestingly, body
conditong F & AAYAfFNJ AYy 023K NR2aldAy3a O2yRAGAZ2YyAEA | YR

significantly lower body condition than all other batgdst, t»7=6.54,p<0.001table 4.2).
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Table4.2. Overview of the different populations in the dry and wet seasonstaeit key physiological and

morphological variables. The number of females and males studied are given in parentheses. Mean body mass,

forearm length and body condition; the number of bats that entered either extended or ricpmr; mean
metabolic rate diring extended torpor and micrtorpor and as a percentage reduction of resting metabolism;
mean torpor bout duration for both modes of torpor; and daytime resting energy expenditure (DREE) are shown.
We pooled sexes when calculating means of all physitdbgariables because sex was not included in the most
parsimonious models. For simplicity, MR reduction was compared over the mean of the entire measaregeT
because testing among subsetringes yielded the same trends.

Cave habitat

Forest habitat

Dry season Wet season Wet season
Female (6)] Male (4) | Female (9)] Male (6) | Female (9)|] Male (7)

Body mass (g) 452+6.8|555+12.7] 45.1+7.9(53.8+10.4 46.3+6.8| 79.6+8.0
Forearm length (mm) 79.2+18| 855+1.9| 795+1.0| 85.8+2.1| 88.0+14( 944+28
Body condition (SMI) 60.9+10.7] 54.9+9.6|59.6+12.2| 53.1+10.8] 41.0+4.9| 53.8+4.6
Bats that used extendetbrpor N=3 N=3 N=1 N=5 N=8 N=7
Bats that used micrdorpor N=5 N=3 N=8 N=6 N=9 N=7
MR during restrl hb "o 1.04 +0.19 1.09+£0.36 1.05+0.42

MR during micretorpor (ml h> "g° )
(reduction [%])

MR during extended torpomgl h> "o
(reduction [%])

0.24 + 0.075.4 + 4.3

0.10 + 0.0289.4 + 0.8

0.31 +0.07686 + 11.3

0.17 + 0.0482.4 +7.1)

0.27 +0.0773.3+ 7.3

0.20 + 0.0580.2 + 5.3

Tskinduring euthermia (°C) 36.4+1.7 36.8+15 36.6+2.0
Tskinduring micratorpor (°C) 36.1+14 359+1.2 36.1+1.9
Tskinduring extended torpor (°C) 335+29 33.0+£1.6 38.5+25
Extended torpor bout duratiofmin) 345.2+190.4 176.0 £ 83.6 3125+157.1
Micro-torpor bout duration (min) 21.1+16.9 12.8+8.9 13.3+6.8
DREE (kJ dag?) 0.10+0.04 0.18+0.08 0.11+0.05

Most bats (38 out of 41) entered torpor (n=44 extended bouts, n=857 rticpor bouts). Only three

caveroosting individuals remained normothermic over the whole measurement period (one female in

the wet season and one female aode male in the dry season). During the wet season the forest bats

made extensive use of both modes of torpor ¥®@disecextended torpor and 100¥4sedmicro-torpor),

compared to the cave population, which opted for mitoopor (94%) rather than extendeatpor

(40%) During the dry season fewer cave bats entered torp@ef useaxtended torpor and 80% used

micro-torpor). TMR was similar across sites and seasons despite the Riglifféring roosting

conditions {able 4.2 figure4.2A) and sometimes veshort micretorpor bouts. mTMR was reduced

by 72% compared to RMR, without differences between sites or seasths4.9. eTMR was reduced

by ~85%, with the greatest reduction in the cave during the dry season (89.4 + 0.8%) and lowest in the

forest durng the wet season (80.2 + 5.3%, figdtgA), whereextended torpor was most commonly

associated with highal{Reher and Dausmann 2028lthough the drop in MR during torpor was

considerable, changes inukwere less evidenttéble 4.2 figure4.1A,B) While it was not possible to
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detect micratorpor bouts through a clearsd» signal under any roosting conditions studi€lyin
approaching Joften indicated an extended torpor bout. In the cavei,@ropped by 2.9 + 2.0°C during
torpor but increased ¥ 1.9 £ 2.8°C in the foredaple 4.2 figure4.1B).
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Figure4.1. (A) Mean masspecific metabolic ratetp. (MR, ml i g*) and (B) skin temperature &, °C) of
animals at rest (euthermic), in a mictorpor bout and in an extended torpor bouBats roosting in a cave during

the dry (dark grey) and wet season (light grey) and feoeselling bats during wet seasdgreen).The centre

line represents the median, box limits indicate upper and lower quartiles, whiskers show 1.5x interquartile range
and points are all included data.

We found seasonal and sipecific timing in entry into torpor and arousal from torpor. The entry and
arousal times of both extended and miet@rpor bouts were randomly distributed in the cave during

the dry season (table S2, figude?), when the bats id not leave the cave for months. In the wet
season, extended torpor and mictorpor entry and arousal followed a clear pattern at both sites
(table S2, figurd.2), and the timing of extended torpor entry and arousal was more synchronized than
formicroi 2 NLJ2 NJ 0 A @S o2 SEGSYRSR (2 NilaReN) Thebais thaicaAv® Sa K| R
entered into and aroused from extended torpearlier than in the forest (entryx = 0.24,p < 005,

cave 09:21 + 40 min, forest 10:23 + 12 min; arousal0.1872,p < 0.05cave 14:54 + 29 min, forest
16:56 + 17 mintable S2; figurd.2). Microtorpor bouts appeared to occur around the clock in the wet
season but entry and arousal times differed from a random distribution (table S2, fidt)tdn the

cave, boh were more frequent during the day (entry: 12:58 + 5 min, arousal: 13:18 + 7 min), whereas
in the forest entries and arousals occurred predominantly in the morning (entry: 09:28 + 9 min, arousal:

09:43 + 11 min; table S2), often before extended torpoutisat high 1.
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A

Extended torpor

22

Micro-torpor

23 0 1

13 4, 1

Figure4.2. Timingof entry into (mauve), and arousal from (black), extended and mamoor bouts under three
different roosting conditions: in a cave during the dry and wet seasons (A, D and B, E, respectively) and in a forest
during the wet season (C, F). For extendagbor (A, B, C), the data shows the time of the day (circular axis) and
skin temperature (°C; radial axis distance). Dark grey shaded areas indicate scotophase and light grey areas
indicate twilight. The green line illustrates hourly mean ambient tempeagtuith hourly minima and maxima
bounding the green shaded areas. For mitopor (D, E, F), the data shows the occurrence of rdicrat entries
(mauve) and arousals (black; radial distance) over the course of the day at hourly intervals.
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We analysed the RMR of 39 individuals. The interaction oksi#son andastep and body condition
had significant effects on RMR. RMR generally decreased with increafBigviM;t=-3.30,p<0.003),

but the slope was significantly flatter in the forest (GLMWN2.64;p=0.008;figure 4.3\, left panel)
than in the cave, where the slope did not differ between seasons (GltiMM2;p=0.355figure 4.3\,

left panel). There was no significant variationa subset of RMR at similar temperature ranges (28
30°C: GLMMt=-0.50, p=0.613, N=26; 3B4°C: GLMM{=-0.45, p=0.650, N=25figure 4.3\, right
panel). Higher body condition was correlated with lower RMR (GLi¥#2,17;p=0.03Q but sex was
no significat predictor (GLMMt=0.82;p=0.413.

MTMR decreased slightly with increasindlME;t=4.52,p=0.034, N= 3&jgure 4.3, left panel).
Neither siteseason (LME; cave wet sease0.92,p=0.362; forest wet seasarr0.42,p=0.664), body
condition (LME;t=-0.97, p=0.340), nor sex significantly affected mTMR (LKk4BD;.17, p=0.870).
Accordingly, sitesseason was not a significant predictor of a subset of MTMR at only similar
temperature ranges (280°C: LMEt=0.807,p=0.43, N=23; 3B4°C: LMEt=0.97, p=0.340, N=26;
figure 4.3, right panel).

We analysed eTMR for 25 individuals. In the forest population, eTMR increased with increasing T
(LME,t=8.87;p<0.001;figure 4.3, left panel) while sex (LME;0.06;p=0.951) and body condition
had no significant ééct (LMEf=0.11;0=0.912). We found no differences in a subset of eTMR at similar
Ta (29°C: ttest, t2.45=-0.08, p=0.946, N=6; 32°C:tést, tg26=-0.12; p=0.909; N=15figure 4.3, right

panel).

Siteseason affected microrpor bout frequency: the cavdwelling bats in the wet season entered
micro-torpor bouts more frequently than their conspecifics while we found no such effect in number
of microtorpor bouts per day between cave bats in the deason and foresiiwelling bats in the wet
season (table 3figure 4.4A). Microtorpor bout frequency was influenced by sex, with females
entering micretorpor more frequently than males and there was a tendency for individuals with higher
body conditionto enter micratorpor bouts more often (table 3). For mictorpor bout duration, site
season was the single significant predictor; edweelling bats entered longer bouts in the dry season
than bats in the wet season, regardless of roost (tabliigBre 4.4B). Neither sex nor body condition
influenced micretorpor bout duration significantly.

Extended torpor bout duration was better explained when the interaction ofsgi@son and body
condition was included (CHi3.97;p=0.036). In cave conditionsxtended brpor bout duration was
negatively related to body condition but the slope of this relationship was steepest during the dry

season (table 3, figure S3). The duration of extended torpor bouts was shortest in wet season cave bats
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and similar betwen wet season forest bats and dry season cave ligisré 4.4C). We did not analyse

the frequency of extended torpor bouts because the bats usually only entered one extended bout per

day. Under all three different environmental conditions, the ratio of esagéntering extended torpor

was always higher than females (cave dry season: females 50%, males 75%; cave wet season: females

11%, males 83%; forest wet season: females 89%, males fidlf)éo4.29).
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Figure4.3. The masspecific metabolic rate (MR, mip2 ! g*!) of bats when resting (A), in mictorpor (B)

and in extended torpor (C) in a cave in the dry season (dark grey squares), the same cave in the wet season (light
grey triangles) and a tree roost in the wet season (green circles). The leftgbeawed MR as a function of ambient
temperature; error bars represent standard deviation. The arrows above the left panel indicatertdreg@ and

colours correspond with roost/season. The right panel shows MR at only overlapping ambient temperature
(centre line, median; box limits, upper and lower quartiles; whiskers, 1.5x% interquartile range; dots, data
included). Please note the diffaney-axis scale of B and C.
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Important predictors for total energy expenditure during daytime rest (DREE) wersesitmn and

the physiological strategy used by the bats, i.e. either remaining euthermic (0.2® xDday g?),
entering micretorpor bouts (0.14 + 0.06 kJ dag?), entering micretorpor bouts together with an
extended torpor bout (0.09 + 0.05 kJ day') or only entering extended torpor (0.05 + 0.03 kJtigly

I figure 4.4D). In this order, &h response saved approximately 40, 44, 64 and 79% of the energy
expended during a day remaining euthermic (fighD). Siteseason had an effect, whereby the cave
population in the wet season had a higher DREE than the othertaats @.2 table 3).
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Figured.4. Microtorpor bout frequency (A), microrpor bout duration (B) and extended torpor bout duration

(C) of individuals roosting in cave habitat in the dry season (dark grey) or wet season (light grey) and in forest
habitat in the wet seasofgreen). (D) shows daytime resting energy expenditure according to metabolic strategy
(remaining euthermic, entering micamrpor bouts, entering micrdorpor bouts together with a more extended

torpor bout, entering extended torpargraduated orange shadg In all plots, the centre line represents the
median, box limits indicate upper and lower quartiles, whiskers show 1.5x interquartile range and grey points
are all data included.

Table4.3. Estimated regression parameters, standard errors (SE), 95fdearare intervals (Cl), testatistics
and alphalevels for the besfitting generalized linear mixed effects models (GLMMs), as well as the number of
included individuals per model and the number of observations.

Estimates of GLMM for micrtorpor bout duration

Predictors Estimates SE Cl Statistic p
(Intercept) 27.32 3.44 21.34¢ 34.96 26.26 <0.001
Cave, wet season 0.52 0.08 0.38¢0.71 -4.18 <0.001
Forest, wet season 0.50 0.08 0.36¢ 0.69 -4.26 <0.001
Sex{males] 1.02 0.12 0.81¢1.29 0.16 0.875
Body condition 0.97 0.07 0.85¢ 1.10 -0.50 0.617

Number of bats: 37 | Number of observations: 76
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Estimates of GLMM for micrtorpor bout frequency

Predictors Estimates SE Cl Statistic p
(Intercept) 9.33 1.38 6.97¢ 12.48 15.04 <0.001
Cave, wet season 1.88 0.32 1.34¢ 2.63 3.68 <0.001
Forest, wet season 1.28 0.24 0.89¢1.84 1.33 0.182
Sex [males] 0.75 0.10 0.58¢ 0.96 -2.27 0.023
Body condition 1.13 0.08 0.99¢ 1.29 1.77 0.077

Number of bats: 37| Number of observations: 76
Estimates of GLMM for extended torpor bout duration

Predictors Estimates SE Cl Statistic p
(Intercept) 385.37 30.36 325.86¢ 444.87 12.69 <0.001
Cave, wet season -138.44 47.23 -231.01¢ -45.88 -2.93 0.003
Forest, wetseason -94.73 40.80 -174.70¢ -14.77 -2.32 0.020
Body condition -121.33 32.45 -184.93¢ -57.74 -3.74 <0.001
Cave, wet season * body condition 84.52 40.81 4.53¢ 164.52 2.07 0.038
Forest, wet season * body condition 97.76 46.35 1.91¢ 188.61 2.11 0.056

Number of bats: 24 | Number of observations: 48
Estimates of GLMM for daytime resting energy expenditure

Predictors Estimates SE Cl Statistic p
(Intercept) 0.22 0.04 0.14¢0.31 5.14 <0.001
Cave, wet season 0.05 0.02 0.00¢ 0.09 2.12 0.034
Forest, wet season 0.01 0.02 -0.03¢ 0.06 0.55 0.581
Sex [males] 0.01 0.02 -0.02¢ 0.04 0.73 0.468
Body condition -0.01 0.01 -0.03¢ 0.01 -1.05 0.294
Micro-torpor bouts -0.11 0.04 -0.18¢-0.03 -2.62 0.009
Micro-torpor + extended torpor -0.16 0.04 -0.24¢-0.08 -3.83 <0.001
Extended torpor bouts -0.17 0.04 -0.25¢ -0.08 -4.01 <0.001

Number of bats: 39 | Number of observations: 83

Two populations oM. commersonshowed variation in their physiological responses to environmental
conditions experienced while roosting in contrasting habitat types. For both populations, torpor was a
key response used to finely balance energy expenditure. While metabolic rate desingnd during
torpor were both similar across roosts, torpor timing, duration and frequency were flexibly adjusted
to prevailing Tand RH

Surprisingly, cavdwelling bats used relatively low rates of torpor in the leaner and cooler dry
season. Durinthis time of the year, the bats rarely leave their cave for months and food availability is
drastically reduced (Razakarivony et al. 2005; Goodman 2006; Rakotoarivelo et al. 2007; Reher et al.
2019). Hence, we hypothesised that bats roosting in the caugddvoibernate and show prolonged
torpor (i.e., torpor bouts >24 h in duration) most often. Instead, only 60% of these individuals entered
extended torpor and 80% used repetitive migoypor bouts, which was less than during the warmer,
more abundant wet sason (93%) or site (100%). Only one measured individual entered adaulti

torpor bout and it appears to be common that several strategies, i.e. hibernation {daylttorpor),
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extended torpor, micreorpor and no torpor, are used by different individealithin the same
population in this species (Reher et al. 2018; Dausmann &t ptes$. This was also observed in the
Malagasy mouse lemulicrocebus griseorufu@<obbe et al. 2011)nterestingly, the timing of both
extended and micrdorpor occurredrandomly throughout the day unlike during the wet season, when
bats left the cave at dusk. Photoperiod is often a stimulus for torpor timing but in the absence of light
Tacan also act as an important triggételdmaier et al. 1982; Kortner and Geiser 2000Andranolovy
Cave, however,.ind RHwere relatively constant. Animals living in a constant environment like this
can experience shifts in their circadian rhythm. For instance, patterns of activity become arrhythmic in
arctic mammals when they arewefronted with continuous dark or light conditiorfgan Oort et al.
2005; Appenroth et al. 2028nd circadian patterns in the timing of arousal from torpor are lost in
some hibernators (e.gKortner and Geiser 2000; Revel et al. 2007; Williams et a¥)20he loss of
circadian rhythmicity in torpor timing therefore indicates that these bats cease foraging during this
time of year, even though it is likely that not all were hibernating. We suggest that a stable
YAONR Ot AYLF (S 6A(KA g zoieKEB6°C | RéHREandiDEUS T 2021 ;yth& dridix)
i.e. the Frange at which no active thermoregulatory support is needed to maintain euthergic T
permits an overwintering strategy fuelled by large fat deposits without the need for-tkenmg
hypometabolism.

Ample food resources are available in the wet season, making longer torpor bouts unnecessary.
Longer active periods in a large colony also benefit social interagfionz and Lumsden 2003}he
cavedwelling bats we studied used fewer extendeddor bouts in the wet season (40% of individuals)
and these bouts were shorter than during the dry season or in the forest. Three out of six torpid animals
in the cave were measured when the outer fringes of a cyclone crossed the region and the colony did
not leave the cave for several days. Torpor is a powerful response for enduring extreme weather events
such as droughts, heatwaves, storms and f(f2sucette et al. 2012; Bondarenco et al. 2014; Nowack
et al. 2015; Stawski et al. 2018)can also be beeficial in the noAean seasoifHeldmaier et al. 2004,
Geiser and Brigham 2012pr example, short torpor bouts can compensate for unsuccessful foraging
(Heldmaier et al. 2004) or speed up fgribernation fattening(Giroud et al. 2012)BecauseM.
commesoniaccumulates fat at the end of the wet seag@oodman 2006; Jenkins and Racey 2008)
extended torpor may be used flexibly on an individual basis or to get through environmental
bottlenecks.

In contrast, forestroosting bats made extensive use tirpor in the wet season (94% of
individuals), which was more than the cave bats regardless of season (60% of individuals in the dry
season and 40% in the wet season). Furthermore, extended torpor bouts used by forest bats in the
wet season were as long #sose used by dry season cave bats. This was unexpected because the

foliage used for roosting did not offer protection from predators or daytime extremes of highldw
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RH. Water loss is presumably high under these conditions, as insensible watendosases as
ambient water vapour pressure decreagdditchell et al. 2018and the maximum difference in RH
between the cave and forest was 65% (cave: never below 94%dR&te: down to 29% RHEt noon).
During torpor water loss can be reduced by 0@9% compared to euthermia, because water
consuming processes such as respiration, urine production and defecation are downregulated or even
stopped(Morris et al. 1994; Webb et al. 1995; MuAGarcia et al. 2012; Levin et al. 2015; Hill et al.
2016) Indeed, the timing of longer torpor bouts M. commersonis related to times whensExceeds
euthermic T (Reher and Dausmann 2021). Above this threshold, only evaporative cooling can regulate
Ty, which is unfavourable in a dry region if water reservesus@ble to be replenished (Mitchell et al.
2018). Entering torpor at high,feduces metabolic heat and water production, allowing higher rates
of heat from the environment to be stored in the body via facultative hypertheiinievegrove et al.
2014; Welmaret al. 2017; Reher and Dausmann 20Z19mpared to the bats roosting in the cave at
near stable conditions, it appears the forest bats in our study used this strategy to mitigate heat and
water stress.

In addition to modulating torpor frequency and dumati, heterotherms can adjust the level of
metabolic reduction to reduce the costs of torpor while maximising the ben@ityles et al. 2020)
The mean reduction in eTMR from euthermia 86) and mTMR (686%) was relatively similar
among the different oosting conditions. Given thatgk during torpor ranged between 33.0°C in the
cave and 38.5°C in the forest (total range: 24%9°C ), this reduction in MR is remarkable and among
the highest reported for warm environments (@%%; Song et al. 1997; Dausmann et al. 2009; Grimpo
et al. 2A.3; Kobbe et al. 2014). The observed variability in metabolic depression reflects, the T
fluctuations at each roost. Bats were torpid at higher,aahd therefore ¥, in the forest than in the
cave. The forest and cave bats had a similar TMR at the saroeniparable to Kuhl's pipistrelle and
big brown bats that also display a TMR that varies very little between populations roosting under
different climatic conditiongKligBaerwald and Brigham 2017; Gearhart et al. 20Z0refore, the
level of metaboli depression at a given @ppears to be less plastic than torpor pattern variation in
these bats (but see Dunbar and Brigham 2010). It is worth noting, however, that we excluded one
individual that entered a mukilay torpor bout from analyses. The bodyndition of this individual
was among the poorest 20% of bats in this study and it reduced MR by 94%,@ai0& 33°C. TMR
during multiday torpor is lower than during daily torpor (Geiser 2004) and it is possible that this
individual entered a mulkdaytorpor bout to maximise energetic savings and slow the depletion of its
meagre fat reservefHumphries et al. 2003; Jonasson and Willis 2011)

Macronycteris commersoniappeared to avoid longer torpor bouts when energy or water
conservation were not vitallnstead, they entered the shortest torpor bouts of any heterotherm

studied so far. All but three caxdwelling individuals used micitorpor bouts with patterns reflecting
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prevailing environmental conditions, appearing to be the preferred mode of torlicro-torpor
bouts were less frequent but longer during the dry season than the wet season. They were especially
frequent in cave bats during the wet season and in the forest, they were used in combination with an
extended torpor bout on hot days (Rehenda Dausmann 2021). Micfiorpor bouts combine an
increased number of active phases, and thus higher vigilance, with energy and water savings. This could
enable bats in exposed roosts in foliage to react quickly to threats and be beneficial in caves for
maintaining social and territorial activities (Kunz and Lumsden 2003). However -tmipoy usually
occurred in a repetitive manner (12.0 £ 6.9 consecutive bouts), increasing not only the number of
active periods but also the number of arousal phases. Angusom torpor is potentially harmful,
especially at low i because it increases oxidative stress and can cause cellular d§Gwgy et al.
2003; Brown and Staples 2011; Nowack et al. 20i®@restingly, Australian desert bats can arouse
from torpor passively without active thermogenesis whenisinear euthermic gf(Bondarenco et al.
2013)and the energetic costs of rewarming from torpor for lee@yed bats are reduced at higher T
(Currie et al. 2014)SinceM. commersonMR during an arousal periodrely exceeded RMR, we
assume that the costs of arousing at thermoneutrality are negligible, making-toigror an effective
strategy.

Flexible torpor expression helpéd. commersontope with different roosting conditions but its
use comes with potential costs. These include reduced responsiveness to the environment, missed
opportunities for reproduction, reduced territory defen¢€hoi et al. 1998; Mzilikazi and Lovegrove
2002) diminished immune function and memory loss during hibernaiibfillesi et al. 2001; Bouma
et al. 2010; Landes et al. 202@nergy and water can also be conserved by adjusting RMR; many
mammals shift their TNZ in response to seasonal changestanr@duce @ergy expenditure during
euthermia(Lovegrove 2005)We did not find any differences between roosts or seasons in overall
RMR or RMR at overlapping. This is unsurprising within the cave roost because it offers stable
ambient conditions yearound. Howeer, the lack of difference in RMR between the cave and forest
roosts is unexpected, given the large fluctuationsdimThe forest. The forest population has a TNZ
between ~3236°C in the wet season (Reher and Dausmann 2021); while we were unablertnidete
the cave population's TNZ due to very stable conditions, we would suspect their TNZ to be close to the
O §8Qa oHc/ ® ¢KdzaT 2dzNJ YSI adaNBYSyida 6SNB LINRGI of
by the steeper slope in RMR. A more experiménta@ RNRA @Sy | LILINRI OK SEF YAYA
under controlled conditions may consequently uncover geographical and seasonal variation in RMR.

Despite marked environmental differences between seasons and sites, bat body condition was
similar among grops. Only forestlwelling females had lower body condition than other bats, but sex
was only a predictor for micrtorpor bout frequency and body condition only a predictor of extended

torpor bout duration in the models. Since little is known abBlutcommaesoniin general, we speculate
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that possibly younger, leaner females were present in the study or that reproduction is much more
costly in the forest. We conducted the wet season measurements betweesf-aticlary and the end

of March to keep seasonal lifastory differences low, but it is likely that some females were still
recuperating the costs of recent reproductive activities (in the cave, females wean their offspring in
January; pers. obs.). In the wet season, DREE in the feasst1.6 times lowethtan in the cavand

as low as in the cave in the dry season. This was largely due to the use of extended torpor as a response
to heat; flexible torpor use dictated energy expenditure and not roosting conditpersse For
example, using several repeatediamo-torpor bouts throughout the day reduced DREE by 45%
compared to remaining euthermic; several midrouts combined with extended torpor bouts reduced

DREE by 70% and entering a single, even longer extended torpor bout reduced DREE by 84%. Individual
bats could balance DREE and body condition by adjusting bout duration and frequency. This strategy,
combined with the insignificant costs of arousal from torpor at higlreguipsM. commersonwith a

versatile physiological toolbox. Its broad repertoireai the regulation of energy consumption and

water depletion in direct response to prevailing conditions at a fine scale. This enables the species to
effectively compensate for variable environmental pressures, and roost under contrasting ambient
conditions, with little to no variation in body condition.

Our findings stress that physiological traits are not fixed within a species over seasonal and
geographic scales. While there are many published studies of seasonal physiological variation (e.g.
(Brigham &al. 2000; Stawski and Geiser 2010; Czenze et al. 20&Wer examples exist investigating
how separate populations of the same species cope with different environmental pressures (e.g.,
Dunbar and Brigham 2010; Stawski 2012; Noakes et al. 2016; Gzexiz2017b; van Jaarsveld et al.

2021) In a region like Madagascar, where almost 20% of the endemic vertebrate fauna are endangered
or facing extinction (IUCN 2021), it is of utmost importance to understand the entire range of variability
within specie® SO2LKe&aA2ft23A0Ft GNIFAGad ¢KS QI NMIGAZ2Y
commersonifor example, allows it to roost under vastly different environmental conditions, which has
likely contributed to its successful colonisation of a rangeatiitat types distributed across almost all

of Madagascar. Whether the flexibility uncovered in our study is related to phenotypic flexibility and
can be expressed by individuil. commersoni or whether these are local adaptations of each
population, remans unclea(Geiser and Ferguson 2001; Dunbar and Brigham 20®etheless, our
results demonstrate that conclusions drawn from limited datasets may not accurately represent a
species as a whole. Studying more than one population and at different tifies gear is logistically

and financially challenging. However, this can illuminate intraspecific physiological, behavioural or
Y2NLK2t 23A0LE GFENRFGAZ2Y YR dzZ GAYLFGStEe 3AADBS |

O

range of environmental pisures. Such insight is vital for predicting the consequences of disturbance

events or rapid climatic changes and ensuring that conservation and species management actions do
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not fall short of their targets in regions with high environmental variability.
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Table S1Detailed teststatistics of ftests and Wilcoxon tests regarding the forearm length, body mass and body
condition during torpid states of bats roosting in a cave during the dry and wet season as well as a forest in the

wet season. Significance was adjustecbugh BonferroniHolm correction.

Figure S1Typical habitat structure and roosting habitsMf commersonin A) deciduous dry forest in Kirindy
Forest (CNFEREF) and D) a tree roost; B) dry spiny forest in Tsimanampetsotsa National Park and E) a cave roost.

Variables tested Teststatistics p-value
Forearm length females

Cave dry season vs. cave wet season Ww=21 0.529
Cave dry season vs. forest wet season W=0 < 0.001
Cave wet season vs. forest wet season W=0 <0.001
Forearm length males

Cave dry season vs. cave wet season w=11 0.914
Cave dry season vs. forest wet season W=0 0.012
Cave wet season vs. forest wet season W=0 0.004
Body mass females

Cave dry season vs. cave wet season W= 28 1
Cavedry season vs. forest wet season W=26.5 1
Cave wet season vs. forest wet season W=31 1
Body mass males

Cave dry season vs. cave wet season W=15 0.61
Cave dry season vs. forest wet season W=2 0.059
Cave wet season vs. forest wet season W=10 0.061
Body condition females

Cave dry season vs. cave wet season t=0.213 0.835
Cave dry season vs. forest wet season t=4.26 0.009
Cave wet season vs. forest wet season t=4.24 0.005
Body condition males

Cave dry season vs. cave wet season t=0.273 1
Cave dry season vs. forest wet season t=0.200 1
Cave wet season vs. forest wet season t=-0.160 1

C

Kirindy (CNFEREF)

Morondava

Toliara

Tsimanampetsots
National Park

C) shows the locations of the two study sites in Madagafdaoto credi: Stephanie Reher.
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TableS2wl 8 f SA3IKQa

dSaid

AdFGAaGAOAST AyOf dzRAY

al YLx s

describing the timing of entry into, and arousal from, extended and rrtimneor bouts in each season and roost

site. ns indicates event timirntyat did not differ from a random distribution.

Time of day | Teststatistics ¢) | p-value Sample size
Extended torpor
Cave, dry season, entry ns 0.25 0.3234 N=6,n=19
Cave, dry season, arousal ns 0.33 0.1537
Cave, wet season, entry 09:21 H00:40 h 0.80 0.006 N=6,n=7
Cave, wet season, arousal 14:54 + 00:29 h 0.89 0.001
Forest, wet season, entry | 10:23 + 0Qt2 h 0.91 < 0.001 N=14,n=22
Forest, wet season, arous{ 16:56 + 00:17 h 0.96 <0.001
Micro-torpor
Cave, dry seasoentry ns 0.05 0.2787 N=9,n=538
Cave, dry season, arousal ns 0.06 0.1403
Cave, wet season, entry | 12:58 £ 0005 h 0.34 <0.001 | N=14,n=475
Cave, wet season, arousal 13:18 + 00:0h 0.34 <0.001
Forest, wet season, entry | 09:28+ 0009h 0.20 <0.001 N =16, n = 456
Forest, wet season, arous{ 09:43 + 00:1h 0.20 <0.001
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Figure S3Estimated duration of extended torpor bouts (min) with 95% confidence interval (shaded area) as a

Body condition (SMI)

function of body conditions (given as standardised mass index) of fdvesliling bats (green) as well as cave
dwelling bats in the dry (dark grey) and wegson (light grey).
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CHAPTER

Rapid environmental changes are challenging for endothermic species because they have direct and
immediate impacts on their physiology by affecting microclimate and fundamental resource
availability. Physiological variation can compensate for certain gmabperturbations, but our basic
understanding of how species function in a given habitat and the extent of their adaptive scope is
limited. Here, we studied the effect of acute microclimate change on the thermal physiology of two
populations of the widspread Malagasy b&acronycteris commersoriBats of this species are found

roosting under contrasting conditions, i.e. in a constant hot and humid cave or below foliage
unprotected from ambient fluctuations. We exposed fr@aging individuals of each palation to the

respective opposite conditions and thus to novel microclimate within an ecologically realistic scope
while measuring metabolic rate and skin temperature. Cave bats in forest settings had a limited
capacity to maintain euthermia to the poittiat two individuals became hypothermic when ambient
temperature dropped below their commonly experienced cave temperature. Forest bats on the other
hand, had difficulties to dissipate heat in the humid cavelgetThe response to heat, however, was
surgrisingly uniform and all bats entered torpor combined with hyperthermia at temperatures
exceeding their thermoneutral zones. Thus, while we observed potential for flexible compensation of
KSFG GKNRdzZZAK aK20dé (2NLRNE 0 2.élflinhiledpotntialitdicBpg & & K 2 ¢
with conditions outside their typically occupied microclimates. Our study emphasises that intraspecific
GENRFGAZ2Y Y2y 3 LRLzZE FGA2ya O2dzdZ R 6S YAaftSkHRAY3
may arise from gestic adaptation or phenotypic plasticity, and only the latter allows flexible
compensatory responses. Disentangling these mechanisms and identifying the basis of variation is vital
G2 YI1S I00dzNY S LINBRAOGAZ2Yy A 2 Ty ahaigidghsoda® ar@dK | y OS¢

climates.

Physiological flexibilithyperthermia hypothermia torpor, tropics
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Rapid environmental alteration has an immediate impact on the ecological stability of habitats and
their inhabitants. Interferences such as extreme weather events and habitat destruction affect the
prevailing habitat structure, microclimatic conditions dmdresource availability and may thus disrupt
& LIS (pRySicélagical functioning (Schmiblielsen 1999; Seebacher and Franklin 2012; Tattersall et
al. 2012). Certain environmental variation, however, can be mitigated by physiological variation since
thepk @ 3A2f 23A0Ff &a02LIS RSGSNXYAYySa aLISOASAQ G2f SNI y
Bozinovic et al. 2011)ndeed, many endotherms living irunreliable orhighly seasonal habitater
those that are widespreadand face heterogeneous environental conditions,have developed
considerable variation in traits associated with thermal maintenance, and these may vary among and
within populations (e.g., Stawski and Geiser 2010; Glanville 2012; Noakes et al. 2016; van Jaarsveld
2021). For example, imanyspecies populations inhabiting arid habitats have lower water turnover
rates and mechanisms to retain water more efficiently than their conspecifics from more mesic
habitats (e.g.KligBaerwald and Brigham 2017; Cooper et al. 2018; Gearhart éd20). Quantifying
such intraspecifigariation can aid our understandimg the physiol@ical compensatory capacity of a
species and ultimateligs generalecological resilience.

Intraspecific physiological variationay arise from genetic changes across generations in response
to different local selection pressures and may even imply incipient speciation (Angiletta et al. 2010;
Violle et al. 2012; Richardson et al. 2014). Especially widespread species may facetimgntras
environmental conditions throughout their distribution and distinct populations may have locally
adapted (Tracy and Walsberg 2000). Thus, variation observed among populations does not necessarily
entail that each population can generally take advaetad the entire flexibility seen in a species.
Phenotypic flexibility by contrast allows fast and reversible adjustments to a changing environment,
e.g., through acclimatisation (Piersma and Drent 2068). example, irzebra finchesTaeniopygia
guttata) already shortterm previous experience withhigh T confered a more favourable
physiological responsguring subsequentheat exposure (Cooper et &020. Moreover,Djungarian
hamstes (Phodopus sungoryisonsiderablyncrease theamount ofbrown adiposeissueand thus the
capacity for norshivering thermogenesis supporting thermoregulation at lawithin weeksof cold
exposure (Heldmaier and Hoffmann 1974; Heldmaier et al. 201_)ch flexible responses are
considered key fod LIS OA S &4 On thé krigd@rindds fgenetidased traits are not necessarily
adaptive in short term{Ghalambor et al. 200Canale and Henry 2010; Boyles et al. 2011; Huey et al.
2012) Disentangling these different mechanisms and identifying the basis of variation is thenébre

6KSY F3aSaaAy3 ALSOASEQ FyR LRLAAIGA2YEQ 3021154
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but also when managing conservation action such as translocating wildlife to new habitat (Tarszisz et
al. 2014; Madliger and Love 2015; Cooper et@L8).

Heterothermic species may have a fdaptive advantage for responding flexibly and efficiently
to shortterm changeghrough their ability totemporally abandon a euthermic lifgtyle and enter
energy and water saving torpor (Geiser 2004; Heldmade al. 2004Herreid and Schmietlielsen
1966; Cooper et al. 2005; Levin et al. 2016§pdr bout duration, frequency and/or level of metabolic
depression may be finely adjusted depending on environmental pressures and individual constraints
(Stawski andseiser 20117urner et al. 2012; Lovegrove et al. 2014). Moreoverpar has proven a
powerful response for endurin@cute disturbances caused by extreme weather events such as
droughts, heatwaves, storms, fires and flood{Bgucette et al. 2012; Bondamco et al. 2014; Nowack
et al. 2015; Stawski et al. 2015; Nowack et al. 2016; Barak et al.20&9% (G N2 LJA OF t -/ 2 Y Y S N.
nosed batMacronycteris commersonfor example makes extensive use of torpor in an exposed
foliage roost, and torpor timingsawell as duratiomre related to daytime heat (Reher and Dausmann
2021). This species is among the widest distributed bat species in Madagascar (Goodman 2011). In
addition to exposed foliage, it also roostsa large colony in a wdbluffered hot cave tht is offering
a highly stablenicroclimate yearound 32°C at bat height, 98% relative humidiReher et al. 2018),
with torpor patterns, i.e. frequency, duration and timingarying depending on respective roost
condition (Reher et al. submitted). Boftopulations are vulnerable to several threatsietcave
population has already declined substantially due to ongoing unsustainable hunting and individuals
may be forced to leave theavewhen disturbance persists (Goodman 2006; Andriafidison et al. 2008).
Simultaneously, the forest populatias increasingly confronted with habitat destruction (Zinner et al.
2014) as well as global warming and its concomitantswiagming of remaining fragmentsnore
frequent heat waves and drought3 (ff et al. 2016Nematchoua et al. 2018)Thus, it is of major
concern to understand to what extent these bats can potentially benefit from flexible compensatory
mechanisms.

We aimed to examine theffects of rapid environmental change on the metabolic responses of a
forestand a cave population dfl. commersoniWS Y I YA LJdzf  § SR GKS ol 1&aQ NP:
resemble the respective contrasting/opposite conditions (cave. vs foliage) and examined their thermo
physiology to determinéi KS o | (& Q LIK & sAkhBugletikse@arfipuldied Enkribramkritak (i &
conditions were outside the range normally experienced by the particular population, they were within

the normal range faced by the species and thus within an ecologically realistic scope.
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To study intraspecific flexibility on a populatievel, we worked with the endemimsectivorous
Commerson's leafiosed batMacronycteris commersor{Hipposideridae). It is widespread across

various vegetation formations and cliti@ regimes in Madagascapor{ly absent in the central

highland3 and uses different types of diurnal roosts within its rar@eddman 201)L For example, in

dry spiny forest habitat, as ifsimanampetsotse National Park in soutbstern Madagascar, a

population ofM. commersonioosts in a humid hotcave yedt2 dzy R 6 ¢ OF @S KF oA G & T
while another population roosts in the open vegetation among branches in dry deciduous forest ~380

1Y FAdzNIHKSNI y2NIKZ AY YANAYRE C2NBaG2021pThemd® C 04 7F:
cave is well buffered and offers constant condition82fC and 98% relative humidity at bat height

(Reher et al. 2018)yhereas the bats roosting in exposed foliage without any insulation have to cope

with daily ambient fluctuations andeather extremes (Reher and Dausmann 2021). Both habitats are
aAGdzr SR Ay al RF3IIFalOlNRa RNASNI 6SaidSNYy TF2N¥YIGAZ2Y
without any rainfall for up to 9 months and reduced resource availability. In dry spiny foagsmay

also be absent for several years (Ratovonamana et al. 2048)cfuates on a daily basis between

12.6°C and 32.5°C (mean daily minimum and maximum; cave habitat) as well as 13.3 and 34.0°C (forest
habitat) in the dry season. During the wet sen, resources are more abundant and particularly right

time Tais higher, with daily fluctuations between 24.4°C and 38.5°C (cave habitat) as well as 23.6 and
36.0°C (forest habitat).

We trapped bats idune/July 2016 (dry seasomdaFebruary/March 2017 (wet season) in the cave

habitat and in February/March as well as July/August 2018 in the forest habitat (wet season and dry
aSlazys NBaLISOGAQSteuvd 5SLISYRAYT 2y KFEoAdGl G aiNd
trapping methods. In the cave habitat during the dry season, we trapped the bats with a hand net in

the early morning hours between 07:00 and 09:00 because this species is inactive during this time of

the year. In the wet season, we erected a harp trap ¢(bhvamk4.2n? harp trap; Faunatech~Austbat,

. FANYAREFESYT dAGNIEAFO AY FNRYyG 2F GKS &alryS OF @S
(3m height x 6m length, mesh size 19mm; Ecotone, Sopot, Poland) per trapping night were installed
blocking mairflight corridors in the local grid systems N5, CS5, CS6 and CS7 in both seasons. The trap

and nets remained open for the first three hours after sunset and were checked every 10 to 20min

depending on season. We transferred a maximum of two bats into sepalath bags and released
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additional adults and juveniles immediately at the capture site. None of the females were
reproductively active during data collection.

We manipulated the bats at the point of capture. Tvegre weighed to the nearest of 1g, seke
and the forearm length was measured. We removed a patch of fur between the shoulder blades using
a razor blade and attached a temperattsensitive radio transmitter (~ 0.9g; Biotrack, Wareham, UK)
with medical skin glue (OstBond, Montreal, Canada; danfred Sauer GmbH, Lobbach, Germany),
whereby the thermal sensor was placed directly on the skin. The proportion of transmitter mass to the
f26Sai o0riQa 02Re& Ylaa ¢la Hoem: O0YSIYy I' mdy p na
maxima of 510% (eg., Aldridge and Brigham 1988). All transmitters were calibrated in a water bath
at seven intervals over a temperature range gf8°C against a precision thermometer traceable to a
national standard. skin Obtained via external transmitters provide a notvasive and reliable proxy of
Ty, particularly in small mammals (Audet and Thomas 1996; Dausmann 2005; Langer and Fietz 2014;
but see Willis and Brigham 2008Ye marked all bats with an individual, thre@it wing tattoo using
non-toxic ink (HauptneHerberholz, Solingen, Germany) after locally anaesthetising the membrane
(EMLA, AstraZeneca, Wedel, Germany). Complete animal handling lasted about 10min and never

exceeded 15min.

To study the effects of rapid environmental changes on the naitalyesponses of the respective
populations, we exposed some individuals of each population to the respective contrasting roosting
conditions, i.e. cave bats had to cope with fluctuating conditions outside the cave and the forest
population with constantot and humid conditions. In the cave habitat, we ran the measurements
(N=10 dry season, N=13 wet season) in a shaded enclosure near the camp without any further buffer
to ambient extremes. In the forest habitat, two modified incubators (Exo Terra PTAALEEN, Holm,
Germany) served as climate chambers to mimic cave conditions and were calibrated to maintain
constant | = 32.1+ 0.3°C and RH- 88.9%+ 2.4%. Rklwas increased by passing the air entering the
climate chamber through a humidified sponge andalging a drawer with water on the floor of the
climate chamber. Although 88.9% does not reflect cave relative hunpigitysely (i.e. 98%), it never
dropped below 82% and was as close as we could get under field conditions. We placed the
respirometry chanber into the climate chamber and connected it to the oxygen analyser, whose pump
drew humidified air from the climate chamber through the respirometry chamber and finally the
excurrent dried air to the analyser. Since we did not trap any bats in thet fdueimg the dry season,

we only ran these measurements in the wet season (N=10). These data were then compared to the
G2NRAIAYLF ¢ LIKeaAz2f23a3A0Ff NBaLRyaSas LI NIa 2F gKA
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We used an opeifflow respirometry system in pull mode to measuhe rate of oxygen consumption
(#8.). We transferred the bats individually into 2L plastic metabolic chambers, which were equipped
with a net for the bats to hold onto, right @ preparing them at their respective capture sites. The
chambers were connected to portable gas analysers (OxBox; T. Ruf and T. Paumann, University of
Veterinary Medicine Vienna, Austria) with integratectro-chemical oxygen cells (Bieler & Lang,
Achen, Germany)The oxygen sensors were calibrated in the laboratory before and after each field
trip using room air and calibration gases generated by a gas mixing pump (0, 3, andnbeéd\with
fresh air; 2KM300/a, Wdsthoff Messtechnik GmbH, Bochum, @eyinDuring the measurements,
ambient air was pulled through the respirometry chamber at a constant flow of 50usimg a
diaphragm pumpdried with silica gel and filtered before passing through a flowmeter integrated in
the OxBoxes. An aliquot therewfis then drawn through the gas analysers. The oxygen content of the
sample air was measured every 10s for 55min; reference air from outside the metabolic chambers was
also dried with silica gel, filtered and its oxygen content was measured every 10 foerhaining
5min to control for drifts in the oxygen sensors. These data were used to correct the oxygen traces
hourly (Clampfit v10.3.1.4, Molecular Devices, Sunnyvale, USA).

The measurements started after capture and processing between 21:00 and [23i9@he wet
season and 09:00 and 11:00 hr in the dry season owing to different trapping times. One respirometry
NHzy GeLAOFfte f1FaAGSR 60S06SSYy wn YR np KNJIFYR Sy
between 17:30 and 18:30 hr to ensurenmadiate foraging possibilities. We used the first metabolic
rate values right after introducing the bats to the metabolic chambers as indicators of individual stress
levels. If there was no marked decrease in these initial values within 30 or 60min (degemdithe
inactive or active phase, respectively), the bats were released at the capture site. All individuals were
provided with fresh water and food after 24 hr (see Reher et al. 2018). Before we released them at
their capture site, they were weighedsecond time to calculate mean body mass (BM) and again
offered food and water. During each respirometry run, we recordeah@ ambient relative humidity
(RH) inside each respirometry chamber (Hygrochron iButtons, Maxim integrated, San Jose, USA), and
Tsin USING & remote receiver/logger placed next to the setup (DataSiks88@®RX, Biotrack, Wareham,

UK). All temperature data were recorded atrbnute intervals.

We processed and analysed all data using Cran R (R Core Taam 20y (G KS aGw{ G dzRA 2 ¢
Ow{GdzZRA2 ¢SI'Y HAamMcO GAGK &adzZLJLI2NIL 2F GKS LI O3S
HAHNUYE AGNBIFREfé 02A01KEFEY FYR .NEBFY HAMTOZ a&f dzo NA
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YR DNRPOGKSYRYIRNE a7xPDPEYaaAMBOEI E¢GARENE 62A01KIY
a 3 3 Likasdainbacda 2020and "cowplot” (Wilke 2020).

Of all data sets, including those collected under natural conditiBehér et al. submitted)only
the first complete day of a nesurement (from sunset to sunset) was analysed because we had picked
a shorter measurement duration when exposing cave bats to fluctuating conditions owing to the hot
and dry climate outside the caviloreover, because the forest environment is somewhater and
both warm (cloudy, rainy) and very hot days can occur in the rainy season, we only included data from
forest bats measured on hot days (N=12 bats), which better resembled the southern regular weather.
We calculated individual metabolic rate (MR, #p, h* ), using the rate of oxygen consumptiotfi)
as ml Qh* "torrected to STPD witlquation 11.2 given by Lighton (2008) specifically for thisipet
assumingan average respiratory quotient of 0.85 (oxidation of 50% fat and 50% carbohydrate,
Dausmann et al. 2009). Mean body mass (BM) was used forspasiic MR calculations (mfp, h® ™
g" ). We defined different physiological states via visual inspectiddPpatterns following Reher and
Dausmann (2021). Thereby, a drop in MR by at least 50% compared to resting MR (RMR) was
considered to constitute torpor, which lies within the range of highest metabolic reductions seen
during torpor in warm environments (284%; Song et al. 1997; Dausmann et al. 2009; Grimpo et al.
2013; Kobbe et al. 2014). We removed torpor arousal and torpor entry phases and continued with a
subset of MR data to determine RMR and torpid MR (TMR). For RMR, we only included the lowest 50%
ofNBadAy3 RIFEGlI LISNJI K2dzNJ ' yR LISNJ AYRAGARdzZL f SAGKAY
min before sunset to ensure that variations owing to disturbance or minor activity were excluded
(Bethge et al. 2017; Reher and Dausmann 2021; RodgdrSranklin 2021). For TMR, we included the
lowest 70% of data per hour and per individudhcronycteris commersoim known to enter torpor
bouts of varying lengths, including mielmrpor bouts lasting 120 min on average (Reher and
Dausmann 2021; Rehest al. submitted). However, the bats rarely entered mibauts in the
manipulated conditions and we therefore only included torpor bouts lastibdir for downstream
analysisWe allocated RMR and TMR to different bins gbyrounding Tto the nearesinteger and
assigning individual means of the different metabolic states to the respeciite dvoid pseude
replication.

To obtain skin temperature {J), we converted the recorded transmitter signals from beat per
minutes into temperature datausing secondrder polynomial regressions obtained from the
calibration curves (all3® n ® dych wad used as a proxy for body temperaturg) (fb complement

already defined torpor states through MR.
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The natural cave and artificially created cave conditions were highly constant in the wet season. We
therefore usedt-tests adjusted for unequal variances if necessary or Wilcoxon sigmédtests

6 LJ O1 I 3 S Kadshidibara ZORQH® cdmpae RMR, TMRIwin, TeirTa differential, time spent

euthermic and the fraction of the measurement duration spent torpid between fodegtlling bats

exposed to cave conditions and caswelling bats To determine whether the timing of torpor entry

differed between populations, we applied Watsontior A f SR Sada o0f A0NI NB aOAl

and Sengupta 2001). Time is given as circular mean + standard deviation.

To analyse theavebats phyiological responses in fluctuating forest conditions in the wet season, we
explored the effect I population as well as the interaction of @nd population on different
physiological variables. We fitted separate generalised linear mixed effect models (GLMMs; package
Gt YSnéx . 1FGSa SO sk bodountingioprépeated iN@asumsiwby ingfuding dat ID as
random effect. We fitted aimilar GLMM for RMR below the TNZ to compare the respective slopes
and used a Wilcoxetest to identify potential differences in RMR within the TNZ between forest bats
and cave bats exposed to forest conditions. For the forest population, the TNZ badyalieen
calculated in Reher and Dausmann (2021) and we therefore followed the same approach for the cave
population. We estimated the lower and upper limit using brolstick regression, i.e. iterative fitting

of linear models combined with a bootstrapstarting approach, making the algorithm less sensitive

to the estimated starting value, to determine whether the observed RMR distribution could be
explained by multiple linear segments (Wood 2001; Muggeo 2008). We did not fit separate models for
torpid Tskin below the TNZ despitebvious variation between populations owing to the small sample
size (Nres=2 at TXX 0 nMrartherndore RH was excluded from the analysis because it was negatively
correlated with T in the fluctuating environmental saips.We also did not include body conditions

and pooled the data of females and males, as both were no important predictors when modelling RMR
or TMR during longer torpor bouts M. commerson{Reher et al. submittedPata exploration and

model validation wee done following Zuur et al. (2009; 2010) and Zuur and leno (2016).

We did not trap any¥l. commersonin the dry season in the forest habitat. Thus, we reported the cave
ReSttAy3a olGaQ LKeaAz2t23A0Ft NBaLRryaSa sKSy SEL
descriptively and occasionally analysed single variables to all other bats, i.e. torgaiusation and

TMR, using-tests or Wilcoxon signerhnk tests.We compared energetic costs imposed by the

unfamiliar roosting conditions compared to what the respective populations usually consume in their
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natural roosting environment. Energy expendiguras calculated as Z2tour energy expendituréEE,
in kJ) from 22:0@ 18:00 based on peminute metabolic rate values usiram oxycalorific equivalent
of 20.37 kJ/L exSchmidtNielsen 199Y. All cata are shown as mean + standard deviation and range if

appropriate; N represents the number of individuals.

In total, we worked with 70 bats (tabk1). In the wetseason, we measured 12 individuals from the
forest population under their natural conditions (BM=6%.83.1g) and 10 individuals from ¢hforest
population under cave conditions (BM=63:9.2.8q); further we exposed 15 cadevelling bats to
their natural conditions (BM=49:69.79) and 13 cavdwelling bats to fluctuating forest conditions in
the wet season (BM=59#12.5¢). In the dry seson, we measured 10 cadavelling bats under natural
conditions (BM=49.% 10.4g) and 10 individuals from the cave population were exposed to forest

conditions (BM=62.4 14.4q).

Table5.1. Overview of the different populations in the dry and wet seasons exposed to either cave or forest
conditions, and their key physiological variables. Shown are the numbleatsfincluded in the analysis, the
number of individuals entering torpor, mean metabolic rate (MR) and skin temperatsk@ ¢Uiring torpor and
euthermia, the mean duration spent in each respective state, the fraction of a day spent torpid, and dejly ene
expenditure (DEE).

Cave conditions Forest condition
Dry season Wet season Dry season Wet season
Cave Cave Forest Cave Cave Forest

population population population population population population
Bats included in analysis

N=10 (6 | 4 N=15(6]9 N=10 (6 | 4 N=10 (3|7 N=13 (4|9 N=12 (6| 6
(fomales | males) (614) 619) (614) 317) 419) (616)
Bats that used torpor

) P N=6 (60%) | N=7 (47%) N=10 (100%)| N=10 (100%)| N=13 (100%) N=12 (100%)

(N, ratio [%])
MR during rest

0.86 £ 0.15 1.01 £0.29 0.95+0.17 0.91 £0.20 0.91£0.19 0.94 £0.23
(ml Qo hb e )
MR during torpor

0.19 +£0.08 0.30+0.14 0.18 £0.06 0.11 £ 0.05 0.22 £ 0.09 0.19 £ 0.05
(Ml Gy h= g )
(Tj‘gd“r'”g euthermia 354+18 | 351+12  379+07 | 27.6+19 | 352+20  354+20
Tskinduring t
(jg”) uring forpor 318+25 | 336+13  362+06 | 287%6.6 | 37.4:+27  358%26
Duration of euthermic

. . 165 + 97 320 + 143 19+ 14 437 £ 253 188 £ 112 153+ 74
periods (min)
T bout durati
(n(::f)o rbout duration 4364257 | 170+114  263+87 | 573+226 | 472:95 = 356+ 144
Fraction spent torpid
(%) 40 + 27 26 +18 72+6 44 + 27 47 £18 41 +£15
EE (k T
(k7 debg™) 0.25+0.11 0.43+£0.17 0.14 £ 0.03 0.25+0.10 0.24 £ 0.10 0.36 £ 0.11
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The forest population usually roosted in a fluctuating environment with daily variatiopbetiveen

23.6 £ 1.2°C and 36.0 = 2.2°C as well as daily variation ireR¥¢en 47.6 + 10.6% and 98.5 * 2.2%.
When exposing individuals from this population to constd8tl + 0.3°C and38.9+ 2.4% RH (i.e
artificial cave conditions), all bats entered torpor within the first hour after the measurement started.
They were torpd for more than 70% of the total measurement duratidable 5.1 and while they
aroused multiple times, they were euthermic for an average of only 19 min at a time and never
longer than a maximum of 57 mifigure 5.1A). This was in clear contrasttmpor pattern observed

in the native cave population as only 60% of cave bats entered torpor and for a much smaller fraction
of the total measurement duration (26%{=1,P<0.001). Cave bats had longer euthermic phases (320
+ 143 minW=144,P<0.001) andisually entered torpor in the late morninfigure 5.1C).Wefound no
difference in RMR between the two populatiotake 5.1 t2,=0.497 P=0.624) but TMR was lower in
the forest population than the cave populatiotaiple 5.1 W=91,P=0.010). Despittower TMR, forest
bats had higher ¢k (table 5.1 t15=5.08,P<0.001) and maintained a bigges#Ta differential when
torpid (2.3 £ 1.0°C vs. 4.2 + 0.68=5.21,P<0.001). Simultaneously, during the short euthermic
periods Tkinincreased to 3R £+ 0.7°C in the forest population, which was significantly higher than
euthermicTsinin the cave population (35.1 + 1.2%6;5=4.65,P<0 .00), as was thdsrTa differential
(3.0+1.0°C vs. 5.2 + 0.6t674.72,P<0.001)

A Cave conditions B Forest conditions
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Figure 5.1Variaion in metabolic rate agfp> (MR, ml k! gb%; grey; solid line), skin temperaturesgh, °C; black;
solid line) and ambient temperature{T°C; black; dashed line) over the course of the day. A, a fdvesiling

bat exposed to cave conditions; Gzavedwelling bat in its naturatavehabitat; B, a cavelwelling bat exposed
to forest conditions and D, farest-dwelling bat in its commonly experiencéatest habitat.
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The cave population rats at constant32 £ 0.1°C and 98 + 0.5% RH at bat heiiahér et al.
submitted). When we exposed them to fluctuating condition in the wet season, 4ffuckuating on a

daily basis betwee4.4 + 1.7°C and 38.5 + 3.1 2#€Cwell as RHluctuating between37.0 + 8.4% and

85.6 +7.0% all individuals entered torpor. One individual was torpid for almost the complete
measuring duration while the other twelve bats remained euthermic during their usual active phase
and entered torpor in themorning €igure 5.1B). Similarlyto the cave batsall individual§rom the

native forest populatiorentered torpor on hot dayd.e. dayon which T exceeded its euthermicsdn

(table 5.1 figure 5.D; Reher and Dausmann 2021). Individuals from the papealation as well from

the native forest population entered torpor at high, &lthough individuals from the cave population

did so earlier ¢ave bats entry: 09:02 + 0:40hr Verest bats entry: 10:4& 1:06hr;2 | G a2y Qa G Sai
x=0.272, P<0.01) and at lewT, than individuals from the forest population, at 32:11.8°C an®4.8

+ 1.4C, respectively {est, t19.~3.98,P<0.001). We determined a TNZ for the cave bats between 31
and 34°C, which was slightly lower and narrower than the TNZ in the foneslgtion (3236°C; Reher

and Dausmann 202figure 5.24). Within the TNZ, cave bats tended to have a lower RMR than forest
bats (0.670.09ml G h* "> Ws. 0.77+0.20ml O, h* 'g° VrespectivelyW=258,P=0.057 figure 5.24).

Below the respective TNRMR decreased with increasingg GLMM t=10.51,P<0.001), whereby the

slope was steeper in cave bats (GLMWZ.41,P=0.016; supplementary figure S1y. all bats, TMR
increased with increasing, which was especially apparent above the TNZ (GLMM,53,P<0.001);

at T, X35°C, there was a tendency for cave bats to maintain a lower TMR than forest bats (GLMM,
t=1.77,P=0.076) in addition to thejleffect (GLMM}=2.73,P=0.006,figure 5.2A). Ewn during both,

torpor and euthermia increased with incrgiag T (torpor GLMM{=37.51 P<0.001; euthermia GLMM,
t=12.74P<0.001 figure 5.8B), and the slope of this increase was steeper in the cave population (torpor
GLMM,t=-8.17,P<0.001; euthermia GLMM#=2.28,P=0.022; figure S2). Below the respectiMdZs,

there was a noticeable difference in cooling rates in torpid individuals, with cave bats losing heat more

quickly than their forest conspecificigure 5.B).
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A: Metabolic rate
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Figure5.2. The masspecific metabolic rate ([A]; MR, mip2 ! ¢g*!) and skintemperature ([B]; n, °C) as a
function of ambient temperature §J) of forestdwelling bats (green circles) as well as cdwelling bats (grey
triangles) during euthermia (open) and torpor (filled) when roosting in a forest environment in theeason.

The dashed lines in A indicate the thermoneutral zone for each population (colours correspond with population);
the dashed line in B illustrateskf=Ta. Please note that ata¥XH @ Crofestbar=B for torpid individuals. Error bars
represent stadard deviationpoints are jittered forillustrative purposes.

In the dry season, the cave population roedtat constant31.4 + 0.1°C and 98.1 + 2.8% RH at bat
height All individuals enteredorpor when we exposed cave bats to fluctuatingb&tween 16.3 +
1.9°C and 32.5 £ 2.6&68 well as RHIuctuating betweer31.5 + 8.4%nd 86.9 + 7.6%0One individual

was torpid for the entire measurement duration and did not arouse before it was returned to the cave,

while all other individuals entered torpor either at night (02:48h 22min 14.9+ 3.4°CN=4; figure
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S3A) or in the morning when,Thad A
increased (11:13 32min, 31.3 £ 1.0°C
N=5).0nly three bats were able to defend ¢
low but fairly stable &inwhen T decreased
at night (Twin 29.3% 1.0°C; ¥ 17.5+2.5°C
figure 5.34). Mean euthermic %in in cave
bats exposed to dry season feteconditions
was lower than that of all other bat¥\({=2;
P<0.001; table 5.1. In six bats, Tsn
decreased with decreasing, ffigure 5.48)
although they increased maximum MR up t
2x RMR between 280°C T(2.02+0.60ml
Oz h* g Y and up to 3x RMBelow 20°C 7
(2.94+0.15ml G, h* 'g° “figure 5.40), with
an individual maximum of 6.461 O h> 'g> ¥
i.e. >6x RMRFour of these bats entered
torpor with a typical considerable drop irc
MR and reached a steadyate TMR within
~1 hour (55 mint 17 min;figure 5.8). The
other two bats had torpor entry phases witt
slowly decreasing MR andxfover several
hours (3 hr 38 mit 49 min;figure 5.X), a

pattern resembling hypothermia and no

torpor as suggested by reversed hysteresis

of MR and in(Geiser et al. 2014; figure S3)
Nonetheless, mean MR during torpor an
potential hypothermia were comparable
(torpor 0.08+0.05ml O, h* g° “Ws. potential
hypothermia 0.07+ 0.04ml G h* Mg ). The
cave bats exposed to forest dry seasc
conditions enéered the longest torpor bouts
(W=282; P=0.039; table 5.7 with lowest
mean TMR of all bat&\(=80;P<0.001table
5.1).
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Figure 5.4. The massspecific metabolic rate ([A]; MR, mfp2 ! g*!) and skin temperature ([B];sdn, °C) as a
function ofambient temperature (&) of cavedwelling bats when defending euthermia (i.e. maximum MR; open
triangles) and when torpid (filled triangles) roosting in a forest environment in the dry season. The dashed line
in B illustrates &ir=Ta. Error barsepresent standard deviation. Please note that the MR during euthermia shown
here corresponds to the respective maximum MR.

Interestingly, roosting in unfamiliar environmental conditions did not leadincreased energy
expenditure under any of the conditions (talildl). In the wet season, botttave bats exposed to the
forest as well as forest bats exposed to cave conditionasumed less energy than their conspecifics

in their natural roost (cavéats in forest habitatW=162,P=0.002; forest bats in cave habitai=1,
P<0.001). In the dry season, the cave bats had a similar energy expenditure when roosting in the forest
environment or in the cavaN=42,P=0.842) but spent 84% of their energy betlgt night defending
euthermia, much more than they usually do in the cave during this time of the year (55%;276,
P<0.001).

We exposed individuals of two populations of Commerson'sieaéd batM. commersonliving in
contrasting habitats to the respective contrastiagvironmentalconditionsto examine the effects of
rapid environmental changes anetabolic patterns anénergy expenditureOQur data suggest limited
ability of bats tato cope with conditions otside their typically occupied microclimates.

Bats usually roosting in constant cave conditions yeand could not defend high euthermigiif
when T, decreased below their TNZ under forest conditions. While some individuals attempted to

maintain a stale, albeit low, J» most bats failed to keepsdh constant. This populationroosts
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overwinters in a hot cave offering thermal neutral conditigrearround and does not leave the cave
for the entire dry season (Rakotoarivelo et al. 2007; Raharinaitanet al. 2008; Goodman 2011;
Reher et al. 2019)Mhilein the wet seasoif, outside the cave may decrease to ~20°C, they experience
this lower T, while foraging. Flapping flight is costly and MR may increase udl®tBnes, thereby
generating substantial amounts of heat (Carpenter 1986; Speakman and Thomas 2003; Voigt and
Lewanzik 2011).,Tegulation during the active phase is furthemgwrted by digestion (MacArthur

and Campbell 1994; Beale et al. 2017), and thus, the cave individuals may rarely sag&ioT,
during resting, especially in cold conditiomsdeed,bats could either only defend a comparably low
euthermic Txnor resting Fun decreased consistently despite maximal rates of MR of more than 6 times
RMR, suggestindné bats had only limited capacity to produce sufficient amounts of heat inside the
respirometry chamber without physical activity. Small mammals usually acct@told conditions

by increasing their capacity for nativering thermogenesis (NST) in skeletal muscle or brown adipose
tissue Cannon and Nedergaard 20@&l et al. 2012, 2016Jowack et al. 2017). Given the lack of cold
exposure though, cavdwellingbats likely have only limited amounts of brown adipose tissue and only
limited capacity for muscle NSHegldmaier and Hoffmann 1974deldmaier et al. 2013)Two
individuals even showed hypothermliie responses as they had noticeable slow torpor entrigh
reversed hysteresis and almastgligible T+ Ta differentials during torpor. Additionally, although they
passively rewarmed to almost euthermigqd they did not arouse spontaneously but only upon
disturbance. These patterns resemble the desciatd hypothermia rather than controlled torpor
(Tomlinson et al. 2007; Geiser et al. 2014) and thus, reflect their limited capacity to generate sufficient
heat. Simultaneously though, MR was substantially reduced and as low as TMR, which in turn is more
indicative of torpor (Geiser et al. 2014). We therefore argue that these bats entered torpor
involuntarily with a hypothermic descent and subsequent transition into torpor. While we cannot
specify the exact mechanism, the bats evidently had difficultiefefend euthermia at lowl,, which
alsoenforced a shift in the allocation of the energy budget. In the forest, they sp&¥itof their budget

at night, compared to 55% of their daily energy exgamé during the night under cavconditions.
Interestingly,the cavedwelling bats exposed to dry season forest conditions entered longer and
deeper torpor bouts during the day than all other individuals, by which they compensated for the
increased nightime energy expenditure and maintained a similar energy egpare asunder cae
conditions. Although flexible torpor patterns in responge individual constraints, unpredictable
resource availability or extreme weather everfégsg., Munn et al. 2010; Kobbe et al. 20Bleberet

al. 2014, Nowack et al. 20L&anmitigate the energetic costs, the cave populatgiruggled defending
euthermic T, when T dropped below their TNZ, suggesting acclimatisation or local adaption to high

cave T.
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All forest bats exposed to constant cave conditions remained torpid forge I&action of the
measurement duration and the occasional euthermic periods were the shortest that we recorded
within this study. RMR during those short euthermic bouts was comparable to RMR of the native cave
individuals, although restingidhwas highe in forest bats than in cavéwelling bats and increased to
an individual, hyperthermic maximum of 39.4°C. The forest population usually experiences
considerable daily fluctuations in both dnd RH (total range: 21.2; 41.7°C, 29.@ 101.2%; Reher et
al. submitted), but highest.lalways coincides with lowest RHMany endotherms inhabiting warm
and drier environments have developed adaptations to conserve water (Heldmaier et al. 2013; Fuller
et al. 2016; Clarkeet al. 2017). For example, different bifufiozGarcia and Williams 2005;
Champagne et al. 20)12nd bat speciesMuiiozGarcia et al. 2012; Bddamo et al. 2016from arid
habitats havea modified skin lipid composition withigher proportions of waxy lipidsompared to
their conspecifics from meA O KIF oA (G 43X ¢ K Ap@iideabiidy Rrdz@hGsithe date f &4 1 A Y C
cutaneous water loss (Haugen et al. 2003). Such adaptations, howeagiinhibit cooling capacities
at high RH High RHgenerally reduces the gradient driving evaporation and thus, the amount of heat
an animal can dissipat&erson et al. 2014). Howevenating throughevaporationis possible at high
RH when the water vapour pressure e.g. on the skin surface is higherttie in the air (Schmidt
Nielsen 1997; Withers et al. 2016). Indeed, individuals may lick their forearms when heat stressed
(Reher and Dausmann 2021). Combined with the highobserved during short euthermic periods,
we suspect that the bats tried tmaintain cooling mechanisms by increasing both skin temperature
and humidity. A higherglir Ta differential additionally allows for passive pathways of heat loss through
convection, conduction and radiation (Tattersall et al. 2012; Mitchell et al. 201t8jestingly, torpid
forest-bats also had &igher Twinthan their torpid caveconspecifics despite lower rates of metabolic
heat production During torpor however, vasomotor regulation is considered less functional (Mufioz
Garcia et al. 2016), suggegirthat the high %n was not necessarily actively upregulated by
vasodilation but that the patterns reflect difficulties in efficient heat dissipatidre excessive use of
torpor in forest bats measured under hot cave conditions was thus probably doivéeat stress, a
response also observed in the same population in their natural environment but at higlRRefer
and Dausmann 2021plthough T2 F G KS AYAGF GSR Ol @S g6l a AOGKAY @
that the combination of highaiwith highRH may have overwhelmed their thermoregulatory system
(Gerson et al. 2014), indicating adaptation to more arid habitat.

Despite variation in patterns and evidence of local adaptation or acclimatisation of the respective
L2 Lddzt + GA2yas (d&Heat wdrelsdrgisinglis Romd@yghaus, dverliduring the dry season.
When we exposed the cave bats to wet season forest conditions, and thus higher daytina T
dzadzl t £t & SELISNASYOSR:I Fff AYyRAQGARdIZ ta NBa&bRyRSR ¢
the same adaptation than native forest bats (Reher and Dausmann 2021). Interestingly, bats from both
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populationsdid not use torpor in the early morning hours to benefit from lowgeihancingenergetic
savingdike other tropical bats do (Geiser et al. 2000; Bondarenco et al. 2013ntared torpor when

T. approached or exceeded their respectiviearpor at high Ireduces metabolic heat production,
allowing higher rates of heat from the environment to beorsd in the body via facultative
hyperthermia and reduces water lost during evaporative cooling whexdeeds d(Lovegrove et al.
2014; Welman et al. 2017; Mitchell et al. 2018; Reher and Dausmann 2021). Although the general
patterns were intriguinglyimilar, cave bats enteredtpor already at lower 4 indicating that they

were heat stressed at loweg than the native forest bats. We also found a trend for cave bats to have

a slightly lower RMih TNZ and a lower TMR at similara$ well as lower #armal inertia below the

TNZ and higher cooling rates during torpor, all of which reflect their acclimatisation to hot cave
conditions. A lower overall metabolic heat production may be more beneficial in hot and especially
humid conditions (Rodrigud2uran1995; Cooper and Withers 2008grson et al. 2014;0ovegrove et

al. 2014) and lower thermal inertia is consistent with results discussed previously indicating that this
population lacks traits for coping with Below their commonly experienced 32°C in tteve. Tropical

bats experiencing high, T their diurnal roosts appear to have a great capacity for coping with heat
(Cory Toussaint and McKechnie 2012; Bondarenco et al. 2013, 2014; Czenze et al. 2020; Noakes et al.
2021). Moreover, there are generafigw options to downregulate siwhen T approaches the upper
thermal limits (Heldmaier et al. 2013; Withers et al. 2016; Mitchell et al. 2018). Since the cave bats
roost in a very specific microclimate of highahd high RKHyearround, it is likely that ey have
acclimatised to their roosting conditions rather than the dry and hot climate of southwestern
Madagascar as, for example, observetfllamaqua rock ratdicaelamys namaquensigan Jaarsveld

et al. 2021)This would entail that they may not hadeveloped means to effectively retain water in

dry conditions, depleting their water budget rapidly and thus, entering torpor early may have been the
only physiological optionBondarencoet al. 2014; Reher and Dausmann 202pwever, torpor
combined wih hyperthermianever could have been observed constant32°C in thecave, which
indicates that this respective population has a broader physiological repertoire than it commonly uses
in its natural environmenand thus certainphenotypic flexibility irthe context of heat exposure.

Bats of both populations dealt with the unfamiliar environmergahditions with increased use of
torpor. Especiallynulti-hour torpor, however, is usually avoided when the populations roost in their
natural conditions unlesanergy savings are vital (Reher and Dausmann 2021; Reher et al. submitted).
Torpor is associated with certain costs (see Landes et al. for review)spadially the ecological and
behavioural consequences may applyMocommersonireducedsensory andnotor capabilitiesand
thus increased predation risk as well as missed social opportuniiesi et al. 1998Mzilikazi and
Lovegrove 2002)While the observed responses may aid overcoming rapid gkam perturbations,

they are probably not sustainableo cope with longterm environmental changesHowever,
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endotherms may adapt to novel conditions within weeks or generations depending on their scope for
phenotypic plasticitfPiersma and Drent 2008leldmaier et al. 201Noakes and McKechnie 2020

and torpor is likely beneficial to overcome these time spans aflalipor allows tadrasticallyreduce
internal heat productionf the water budget does not allow for extensive evaporative coolingoor
finely balance the energpudget if unanticipated pertubations have necessitated shortterm
increase energy expenditui&eiser 2004; Heldmaier et al. 20Bérreid and Schmietielsen 1966;
Cooper et al. 2009Reher and Dausmann 2022l of these are no options for homeotherms, which
accordingly may faceven greater challenges during rapid environmental perturbations.

In summary, our data showed that outside their commonly experienced environmental range, all
bats showed patterns that may not necessarily be sustainable in thetésng Forest bats had
difficulties to dissipate heat at high Rkb the point that they were hyperthermic during short
euthermic periods, which may have severe physiological consequences whextéeds certain
thresholdsduring tropical cyclones or extreme rainfall everigding humidity to higha{Lepock 2003;
SchmidtNielsen 1997). The cave population exposed.tbelow their TNZ could not maintain a high
and constant euthermic sfin despite expending more than 80% of their energy budget and two
individuals had intrigmg torpor entries similar to hypothermia. Hypothermia is potentially fatal
(Tomlinson et al. 2007; Geiser et al. 2014) and the high -tigiet energy consumption may become
problematic in the longerm when torpor has to be traded off with social interacts like
reproductionto avoid depleting energy reserves in the lean season. While the response to heat
NEaSYof SR GKS FT2NBad ol 1aQ NBALRYaSthanforesgfts.o F 1 a &
The narrow capacity of the cave population tgpeowith conditions unlike those specific to hot caves
is of particular concern given that hum#mduced disturbance is already evident here (Goodman
2006), and no other hot caves are currently known to exist in this r¢gleher et al. 2018Based on
our results, we argue that a wide distribution over a broamvironmental ranges and intraspecific
variation in physiological traits reflecting differences in local microhabitat sls commersonmay be
misleading when assessing adaptive scopes of spéigtinct populations may be locally adapted or
acclimatised (Violle et al. 2012; Richardson et al. 2014), ultimately hampering flexibility if rapid and
sustainable responses are required. Quantifying the extent of intraspecific variation and understanding
the mechanism behind this variation is therefore vital. Comparative studies over broad environmental
scales combininfield research with more experimentaltyriven approaches to examine what species
and populations currently do and potentially could doamhthey are pushed out of their typically
experienced environment over different time scales may point towards their flexibility as well as limits
in it. Such understanding is essentidien managing conservation actions, including translocating or
reintroRdzOAy 3 alLSOASa (2 yS¢ KIoAlGFdX IyR $gKSyYy LINBR
rapidly changing environments and climates.
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Madagascar is an island of rtifziceted climates and associated vegetation formations, ranging from
the dry, very unpredictable conditions in the dry spiny thickets of the south to the moist evergreen
rainforests of the east and extreme north. All land species have to adapt to thmgarynditions of

their habitats, as the local environmental vicissitudes govern the performance and energy use and
ultimately the abundance and distribution of the organism concerned (Buckley et al. 2018). Therefore,
they have to cope with these differirgpnditions and changes, whether these are daily, seasonal or
unpredictable (e.g., extreme weather events, fires, cyclones). The seasonal changes concomitant with
the cool dry season are especially challenging for Malagasy animals as ambient temperatioes a
rainfall is virtually absent in some regions, and food availability (leaves, fruits, flowers, insects, and
invertebrates) is markedly reduced (Donque 1972). For mammals in particular, this period is also
energetically costly, as it requires an ieased energy uptake to sustain high, endothermic body
temperature (i.e., regulation via endogenous generation of heat). To cope with demanding times,
Malagasy mammals have developed a variety of different responses, such as sunbathing in the cool
morningsemployed by certain diurnal lemurs (e.g.emur catta see Sauther and Cuozzo, p. Xx;
Propithecuspp., see Lawlor and Richards, p. xx), social thermoregulation by huddlinglé@aemur
meridionalis Eppley et al. 2017), or choice of suitable microates by smaller nocturnal species (e.g.,
Triaenops menamendreher et al. 2019). Moreover, some species shift their food choices and activity
patterns across seasons (Hemingway and Bynum 2005; Andriatsimietry et al. 2009; Farris et al. 2015).
Beyond thesanore obvious adaptations, Malagasy mammals have mastered the art of responding
flexibly to challenging conditions with exceptional physiological adaptations.

Most notably, members of at least three orders of Malagasy land mammals (Afrosoricidae,
Chiropterg Primates; Figure 1) abandon mammalian endothermy at least occasionally and become
torpid in a for endotherms hitherto unknown extent of flexibility: from almost daily use of
heterothermy, to very rare employment, from extremely short bouts of only a feimutes, to
continuous hibernation over many months. Hibernation, prolonged and daily torpor (all three included
in the term heterothermy) are physiological states of controlled interruption of normal maintenance
of body temperature (normothermia) via active depression of metabolic rate and virtually all bodily
functions and an extension of the range of tolerated body temperature (Geiser 2004; Heldmaier et al.
2004). Daily torpor is limited to short bouts of less than 24 hours, prolonged torpor bottfotas
several days, whereas hibernation consists of a series of approximagelyekklong torpor bouts,
usually totaling several months, punctuated by normothermic spontaneous arousals (i.e., phases with

active heat production; Geiser 2004; Heldmaieakt2004). The function of these enerdgmanding
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arousals remains enigmatic, but they seem to be necessary for the maintenance of vital bodily
functions in hibernators with permanently low body temperatures (Humphries et al. 2003).

Body temperature duringheterothermy often approximates ambient temperaturespecially
during deep torpor(Ruf and Geiser 2015Thissuspension of active thermoregulatiailows high
savings in energy and watdotably, for torpor use during periods of extended aridityhigh ambient
temperatures, water conservation might play the even more decisive role (e.g., Schmid and Speakman
2000; Bondarenco et al. 2013). When metabolic rate is reduced, water turnover is generally lowered
and additional watedepleting processes su@s respiration, urine production, and defecation are
down-regulated or even absent (Levin et al. 2015). Given even more advantages such.,as, e.
avoidance of predation or parasite pressungterothermy provides mammals with a very efficient
strategy tocope with demanding environmental conditioflsyman et al. 1982Heterothermy is best
known in arctic and temperate climates, but it also occurs in the tropics (McKechnie and Mzilikazi 2011,
Dausmann et al. 2012; Ruf and Geiser 2015; Nowack et al. 2020).

In the previous edition of this book, there was a contribution on what was known on the
ecophysiology of Malagasy mammals from that period (Schmid and Stephenson 2003). Over the
intervening years, different techniques have been developed to study how misnchange their
metabolism and herein we provide a review of what has been learned on certain groups occurring on
the island in the last nearly two decades. We focus on three separate orders of mammals, which

include tenrecs, insectivorous bats, and lemurs

The masters of keeping life on a low flame are some of the Malagasy tenrecs (family Tenrecidae). They
may be reminiscent of basal placental mammals (Lovegrove 2019) and have been termed
protoendotherms ¢ensuGrigg et al. 2004), because of their highly labile thermoregulation. With their
often reptilianlike patterns of body temperature, they might represent relicts of the transition from
ectothermy to homeothermic endothermy (Levesque et al. 2014). Indeenlets have some of the
lowest and most highly variable body temperatures of generally less than 35°C, as well as one of the
lowest basal metabolic rates, of any eutherian mammal (Stephenson and Racey 1995).

Tenrecs have experienced a tremendous adaptivéiateon that resulted in species that are
terrestrial, arboreal, fossorial, and even aquatic (see Goodman et al., p. xx; Jenkins et al., p. xx), with a
multitude of lifestyles and presumably many unique physiological adaptations. However, the
physiology ofonly few species of tenrecs has been studied so far, and even less in the field, where

animals show the complete spectrum of their behavioral and physiological capacity. Besides their
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already generally low metabolic rates, many tenrec species have begmorted to be highly
heterothermic and only seem to defend a stable body temperature throughout the day when they are
pregnant or lactating (Thompson and Nicoll 1986). Even more pronounced, several tenrec species are
known to hibernate to bridge the unfavable dry and cold season (Gould and Eisenberg 1966;
Levesque et al. 2014; Dausmann et al. 2020).

The spiny tenrec species (subfamily Tenrecinae) best studied in regard to physiological adaptations
are Echinops telfairiTenrec ecaudatysandSetifer setogs. Echinops telfairjFigure 1a) has one of the
lowest reported normothermic body temperatures even within the tenrecs (around 31°C) and is highly
thermally labile (Lovegrove and Génin 2008; Dausmann et al. 2020). It becomes torpid every day
regardless obeason and ambient temperature when not reproductively active. In the warm season,

E. telfairiuses daily fluctuations in ambient temperature to rewarm passively from daily torpor, which
leads to decreased energy expenditure as well as synchrony in tivéyaphases and torpor bouts
among individuals (Dausmann et al. 2020). This exogenous, mainly passive reheating from torpor bouts
is known from several tropical heterotherms (e.g., lemurs and bats, see below) and makes rewarming
comparatively energetichl inexpensive with 6a00% reduction, as compared to active, endogenous
warming (e.g., Ortmann et al. 1997; Geiser and Drury 2003; Bondarenco et al. 2013). This might explain
why daily torpor is common in sunny regions and might occur more frequentbpalkatitudes than
hitherto believed (Geiser and Drury 2008)evertheless, functional brown adipose tissue, necessary

for active endogenous heat production, has been recordef.itelfairi(Oelkrug et al. 2013). During

the hibernation peiod, which is the cool dry season, this species hibernates for several months, almost
regardless of the level and extent of fluctuations of (naturally occurring) ambient and respective body
temperature.

Interestingly, energy expenditure during the muclogkr daily torpor bouts in the warm season
can be as low as during the hibernation bouts in the cold season. Both are initiated by active metabolic
inhibition and reach levels of the most competent arctic hibernators such as arctic ground squirrels
(Spernophilus parryii Buck and Barnes 2000), despite having an approximately 10°C higher body
temperature (Dausmann et al. 2020), possibly a consequence of the already low active metabolic rate.
However, there seems to be a lower limit for hibernation at abti2ftC, below whick. telfairishows
difficulties arousing from hibernation bouts (Scholl 1974; Dausmann et al. 2020). Although
temperatures do drop below 10°C within the rangeboftelfairiduring the coldest nights of the cold
dry season, this does notour very frequently and is buffered even in hibernacula (space an animal
seeks refuge during hibernation) with low insulation capacities (tree hollows, dead trees, and under
leaf litter). More importantly, even on those coldest days ambient temperatuteusually increase
Fo2@S wnc/ Ay (GKS GSYNBOaQ KIFoAdlGl G atHesh8d & dzNR y 3
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presumably rarely problematic in natural environments (Lovegrove and Génin 2008; Dausmann et al.
2020).

Tenrec ecaudatushows the same extremplasticity in thermoregulation and metabolism &s
telfairi. During the wet warm season, the animals enter daily torpor and during the cold dry s&ason,
ecaudatusenters hibernation for up to nine months (Lovegrove et al. 2014a), at a great range of
ambient and body temperatures, but the depth of torpor may vafgnrec ecaudatusses small
underground burrows for hibernation (Nicoll and Goodman, p. xx) and possibly hibernates in groups.
Field data on hibernating. ecaudatuslemonstrated that body temgrature follows soil temperature
for the duration of the hibernation season with no evidence of arousals, which is very exceptional
among hibernators (Lovegrove et al. 2014b). Indeed, one of the maost surprising discoveries from warm
climate hibernators ighat periodic arousals, thought to be essential to proper functioning during
hibernation, are not necessarily needed. To date, the only other mammal to not exhibit these arousals
outside Madagascar are black beddssus americanysibernating at body teqperatures above 30°C
(Tagien et al., 2011). Moreover, when body temperature drops below 20°C during hibernaffon in
ecaudatusindividuals may suspend breathing for up to 45 minutes (Treat et al. 2018). This mechanism
might allow efficient gas exchange in environments that become hypoxic and hypercapnic (elevated
carbon dioxide levels), such as underground burrows. Additiorialtyight help to conserve water
under dry conditions, which is likely critical during the pronounced dry season of southern and
southwestern Madagascar. Unlike the general patterns of hibernators, the end of the hibernation
season seems to be a gradualnsition inT. ecaudatusand occurs over a couple of weeks, at least in
captivity (Treat et al. 2018). Remarkably, even when tenrecs are being active their body temperature
may range from about 12°C to 34°C, fluctuating passively throughout the day. dlietedite can be
very low inT. ecaudatugven while active, sometimes reaching torpid levels, despite higher body
temperatures. Thus, body temperature does not necessarily dictate metabolism and tenrecs seem to
be able to modify heat retention and condacice, independent of metabolism. ContraryHotelfairj
T. ecaudatugsemales show variable body temperatures during gestation without apparent effects on
embryonic development, and only experience more stable body temperatures above 20°C after
parturition (Treat et al. 2018).

As the other two spiny tenrec species discussed soSatifer setosushows a large degree of
heterothermy and enters hibernation for five to seven months during the cold dry season. Only
reproductive females have slightly highendaless variable body temperatures (Levesque and
Lovegrove 2014). There is anecdotal evidence $hatetosusemales become torpid for prolonged
periods during lactation, but this needs further investigation (Levesque et al. 2013). Resting sites in
this gecies can be below or above ground (in hollow logs or under leaf litter), thus fully or partially

exposed to environmental conditions, ai®l setosusibernating in variable ambient temperatures
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show no evidence of periodic arousals (Figure 2a; Levedople2014). Sinc8. setosusan be active

at body temperatures as low as 28°C (Eisenberg and Gould 1970), active rewarming is virtually
dispensable, as activity itself may be used for heat production. Consequentgtosusather relies
onambient tenperatureto regulatebody temperature, with little energetic costs of thermoregulation,

and thermolability is the norm (Levesque et al. 2014).

Tenrecs are surprisingly intolerant to ambient temperature extremes, considering their generally
flexible implematation of mammalian thermoregulation. As they are capable of sustaining stable
body temperature when reproductively active, this flexibility is clearly not a lack of ability for precise
thermoregulation (Thompson and Nicoll 1986). General plasticitygmibregulation reduces general
energy expenditure; however, it also limits the ambient temperature range over which an organism
can function (Treat et al. 2018). For many spiny tenrec species, temperatures at the high end of the
spectrum may be problemati&€chinops telfairifor example, lives in the hottest and driest portions of
the island but can only survive temperatures above 36°C with sufficient supply of water, as the animals
need to drink and wet their bodies (Scholl 1974), andcaudatupants and breathes irregularly above
34°C, although inhabiting the whole island (Kayser 1961; Treat et al. 2018). Torpor, on the other hand,
might counterbalance this disadvantage, broadening the temperature niche, if temperatures do not
drop consistently below@®12°C. Indeed, torpor use has been found to lower the risk of extinction in
highly variable and quickly changing environments (Geiser and Turbill 2009; Liow et al. 2009).

Tenrecs have clearly not read the classical physiology textbooks, when it comes to
thermoregulation. They seem to be essentially ectotherms, and become endothermic only when they
breed (Lovegrove 2019). With most species not even studied, there might be more surprises ahead,

possible elucidating the evolution of endothermy.

The shortest, regular torpor bouts of any mammal studied so far are shown by the Malagasy bat
Macronycteris commersoffamily Hipposideridae; Figure 1b, c). During the resting phase in warm, but
not extremely hot conditions (284°C), thg routinely shut down metabolism repeatedly for micro
torpor bouts of only several minutes, still enjoying energy and water savings, while remaining alert and
normothermic (S. Reher et al., unpublished data). However, individuals of this species also enter
hibernation over several weeks when caves are available as roosting options. Thus, within a single
population of this species, individuals span the whole spectrum of heterothermic responses
endotherms are capable of and exemplify the amazing flexibilitly vegard to thermoegulation in

Malagasy mammals.
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Figure 6.1. Different species of Malagasy mammals that undergo some seasonal change in their ecophysiology.
A) Echinops telfairibbecomes torpid every day regardless of season and ambient temperature when not
reproductively activeB) Macronycteris commersonketreat to the warmest cave within the cave system in
Tsimanapetsotse National Park as a resting site throughout the yeactigally negating the need for active
thermoregulation during the daily resting phase in the rainy season, and keeping body temperature high despite
heterothermy in the rainy and the cool dry season. Gchnycteris commersotlerates hyperthermic body
temperatures of up to 42.9°C when resting in open vegetation on hot days during the warm rainy season. Note
the temperature sensitive collar transmitteD) Microcebus griseorufuase heterothermy as a very flexible
response to current internal and exteahconditions, and daily torpor, prolonged torpor and hibernation are
shown at the same time within the same population and the same habitat. Note the at the base slightly enlarged
tail. E)Cheirogaleus med&uare obligate hibernators and all individuatger continuous hibernation over several
months during the dry season. Body temperature patterns during hibernation can be diverse, depending on the
insulation capacities of their hibernacula, from almost constant, to highly fluctuating onespfégmuryin this

caseL. edwardsimaintain one of the lowest general metabolic rates of all placental mammals and shift their
thermal neutral zone to cope with the low efficiency of their food and seasonality of their hatitatéo A, D,

E by K. Dausmann, BbZS. Reher, and F by A. Wulff.
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Macronycteris commersoAia NBf I A @St & GARSALINBIR 2y (GKS Aafly
gains massive fadeposits by the end of the wet season and is not actively foraging for several months
during the dryseason (Goodman 2006; Rakotoarivelo et al. 2007; Reher et al. 2019). Only few juveniles,
which most likely did not manage to build up a sufficiently large fat store to overcome the long dry
season without foraging breaks are occasionally found outside ¢hee. Interestingly, in
Tsimanapetsotse National Park in the extreme southwdt,commersonioverwinters in large
02t 2yASa Ay GKS K2a4Sad FyR Y2ald KdzYAR OK@S Ay
round; Figure 1b) with body temperatures sy following cave temperature (Figure 2b), although
less warm caves are available. These colder caves are frequently used by other bat species and would
possibly allow higher energy savings during torpor because of generally lower nightly temperatures
(allowing lower metabolic rates and body temperatures), as they are less buffered resulting in greater
fluctuations in temperature and relative humidity (Reher et al. 2018, 2019). Mlhgommersoni
prefers the hot cave remains unknown, however, it is feadibat stable temperatures in the thermal
neutral zone (i.e., the temperature range where no additional energy expenditure to sustain high
endothermic body temperature is needed) and high humidity reducing overall water loss are more
advantageous compared fluctuating conditions.

Even in the very predictable, constant conditions of the hottest cave in Tsimanapetsotse National
Park, different individuals df1. commersonshow very different physiological responses during the
cool dry season, when arthropddod resources are low. Whereas some enter hibernation with single
bouts lasting up to 16 days between arousals (Figure 2b), others employ daily torpor and prolonged
torpor (Figure 2c; Reher et al. 2018). Surprisingly, even the latter individuals colypkedse foraging
flights, although their metabolic rate is at an active level at night. This suggests that either the habitat
does not offer enough food to make foraging profitable; and/or the accumulated fat combined with a
favorable microclimate (highumidity and ambient temperature presumably in the thermal neutral
zone) is sufficient to get through the dry season in a form of inactivity, but not necessarily continuous
hibernation.

Triaenops menamendamily Rhinonycteridae) lives in the same regisivacommersonibut has
adapted physiologically in a very different manner to the cold dry season. Instead efelomg
hibernation, it regularly enters daily torpor and forages at night. ContrarjitocommersoniT.
menamenautilizes day roost sites witvery different degrees of ambient condition buffering (including
0KS K23G OF @S0 RdNAy3a GKS O2f R RNE aSlazy owSKSN.
temperature and humidity over the course of the day, the higher the probability ofiohails entering
torpor and accordinglylower daytime energy expenditure. This makes less buffered sites the
energetically more efficient choice for daytime rest (Remmers 2020). Nevertheless, individuals shift

their roosting preferences towards the hot @for the cold dry season (Reher et al. 2019), indicating
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that the stable, hot and humid microclimate is also beneficiallfomenamenapossibly because it
negates the need for torpor (Reher et al. 2018; Remmers 2020).

Two more bat species rest in thethmave in Tsimanampetsotse along with commersonandT.
menamena Paratriaenops furculugfamily Rhinonycteridae) anMliniopterus mahafaliensigfamily
Miniopteridae). No physiological data is available for the latter, Bufurculusrepeatedly enters
prolonged torpor bouts lasting up to seven days (Reher et al. 2019; H. Rabarison et al., unpublished
data). Prolonged torpor is an intermediate torpor response, combining the flexibility of daily torpor
with higher energy savings. Moshportantly, animals are active after or between prolonged torpor
bouts and carry on foraging, which eliminates the need for depositing fat as energy stores and allows
for sustained social interactions during active hours. Inddeanenamenand P. furculs forage in
between torpor bouts andM. mahafaliensigs frequently trapped during the dry season. All three
species primarily feed on Lepidoptera, supplemented by small Coleoptera in the dry season, whereas
M. commersonielies entirely on Coleoptera (Rassindrazana et al. 2012). This might be the reason
why M. commersonhas to resort to continuous inactivity during the dry season, a period in which
beetles are scarce, to support activity, whereas the more generalist bat species can shift feeding
regimesdepending on availability.

All four species are also resident in the same habitat in the warm rainy season, with greater
availability of food resources (Ramasindrazana et al. 2012; Reher et al. 2019). Physiological data of the
rainy season is only availabfor M. commersonand T. menamenaBoth species also enter torpor
during this period. In addition to daily torpdvl. commersonalso enters prolonged torpor on occasion
(Reher et al. 2018): while the exact triggers remain elusive, individuals maynreoranothermic or
enter torpor bouts lasting up to six days (sometimes coinciding with cyclonic rains). In both species,
torpor is used more opportunistically during the warm rainy season than during the cool dry season
and appears to be linked to envirommtal and internal factors that are assessed daily, like an
insufficient foraging flight or generally low body mass (S. Reher et al., unpublished data).

As mentioned aboveyl. commersonis widespread across the island, occupying different habitat
types. In the western dry deciduous forest (Kirindy CNFEREF), it responds very differently to
thermoregulatory challenges. Here, caves are not available and individuals roost solitary in understory
shrubs offering no protection from daytime climatic extremes dgrihe hot and wet season (Figure
1c). While being exposed to unbuffered high temperature and low humidity during the day, the bats
respond in two different ways. In the cooler morning hours and generally on cooler rainy days (~33°C
at noon), they switch &tween normometabolic resting and very short micro torpor bouts lasting
between 353 min throughout the daily resting phase. If temperatures increase above a critical
threshold (~ 37°C at noon), however, they extend their torpor bouts until the late aiberand

tolerate hyperthermic body temperatures near or exceeding normothermia up to 42.9°C without
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initiating cooling mechanisms$S(Reher et al., unpublished data). By accumulating heat instead of
GNBEAY3 (2 RdzYLJ AG3Z y2 ¢ lodlirfgNihidghas thé enly apiidh Roé actidelyl S O
regulatingbody temperature at ambient temperatures higher than normotherngiaalogous to the
GOFYSt &0 NI INSISR &t ald 98B Csdryiiently, while the key to cope with the
unpredictable environrant in the southwest appears to be the selection of a highly predictable cave
yearround, in the seasonal wed#l. commersontolerates hyperthermia in the rainy season and either
hibernates or migrates to more suitable habitats during the dry sea&akdondramanana and
Goodman 20115.Reher et al., unpublished data)

Apart from the handful of species mentioned above, little is known on the physiological adaptations
2F al RF3AFAOFINR&a ol da owlkOSe SiG Ffd Hamepdried22RY !y
to enter torpor, but to date no physiological data are available. Consequently, we are expecting more
Malagasy bat species to be heterothermic or to make use of further physiological adaptations, such as
shifts in the thermal neutral zone, intsive passive rewarming, or mechanisms that we currently do

not know of.

Maybe most surprisingly was the discovery of several maoltthg hibernation within our own order
primates, in the lemurs (Petter et al. 197PetterRousseaux et al. 1980; Dausmann et al. 2004).
However, heterothermy in lemurs seems to be restricted to one family, the Cheirogaleidae (Figure. 1d,
e, f). Throughout the island, Cheirogaleidae become torpid during the Malagasy cool dry season,
although depth and duration of torpor bouts vary considerably, depending on species, locality, habitat,
sex, and individual condition.

As far as is known, all mouse lemur spedidisiocebusspp.) enter daily torpor, usually in the cool
hours of the early marings of the dry season within their tree hollows; however, this includes not
necessarily all individuals of a population and not every day (Dausmann 2014). Occurrence of torpor
episodes can be regular, irregular or daily; various patterns are often foithth the same population
and within one season. Thus, torpor is used as a very flexible response to current internal and external
conditions. Physiological studies have verified daily torpotMogriseorufugKobbe and Dausmann
2009; Figure 1d)M. murnus (Schmid 2000)M. lehilahytsara(Karanewsky et al. 2015; captive
population),M. rufus(Randrianambinina et al. 2003J. ravelobensigRandrianambinina et al. 2003),
and M. berthae(published asM. myoxinusn Ortmann et al. 1997). Metabolic rate can decrease to
about 15% of resting metabolic raté( murinus Schmid 2000; Schmid et al. 2000) and body

temperature during daily torpor can be as low as 6.8°C, depending on ambient temperiture (

160



HETEROTHERMYNMLAGASMAMMALS

berthag Schmickt al. 2000). Maybe even more importantly in the dry deciduous forest and dry spiny

thickets, water requirements are drastically reduced during torpor (Schmid and Speakman 2000).
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Figure 6.2. Body temperature of freanging individuals from thre®lalagasy mammalian orders during the dry
season. During heterothermy, body temperature closely tracks the temperature of the resting site with its daily
rise and fall, depending on insulation capaciti@sContinuous hibernation bout of @etifer setosus a poorly
insulated hibernaculum with strongly fluctuating body temperatuB). Continuous hibernation bout of a
Macronycteris commersotiin a cave with very stable resting site temperature, resulting in very stable body
temperature. O Body temperatureof a M. commersoniin the same cave with very stable resting site
temperature and at the same time, but employing daily torg@rBody temperature of &8icrocebus griseorufys
showing diverse patterns of heterothermy. For the first three days, this shaivientered daily torpor, still being
active at night, followed by two days prolonged torpor, and followed again by a hibernation bout with fluctuating
body temperatureE) Continuous hibernation bout of@heirogaleus medidsbernating in a welinsulaed tree
hollow, with almost constant body temperature; notice the two spontaneous, active arouadontinuous
hibernation bout of &C. mediusibernating in a more poorly insulated tree hollow, with strongly fluctuating body
temperature; notice the twaspontaneous, active arousals.

Black solid line: body temperature; black dotted line: temperature from the resting site; gray dashed line:
ambient temperature. A, E, and F redrawn from Nowack et al. (2020); B and C from S. Reher et al. (unpublished
data);and D: redrawn from Kobbe et al. (2011).
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Additionally, some species utilize prolonged torpor or modtrsy hibernation, such ad. griseorufus
(Figure 1d, 2d; Kobbe and Dausmann 2009; Kobbe et al. 201 M.amdrinus(Schmid and Kappeler
1998; Schmid 2am). The frequency and duration of torpor bouts increases with increasing body
condition inM. griseorufugKobbe et al. 2011), and entry into hibernation is determined by age and
body mass, with older and (the heavier) females being more likely to gbilmonation inM. murinus
(Schmid and Kappeler 1998; Faherty et al. 2017). Whereas prolonged torpor is more an extension of
daily torpor, but with increased energy savings, being employed flexibly depending on current internal
and external conditions, hilseation requires preparation and can only be employed by individuals
with sufficient body condition and fat reservédicrocebus berthagthe smallest species of this genus
(~30 g), solely uses daily torpor, as its body mass, which changes little throughout the year, does not
support the accumulation of sufficient fat reserves to fuel morthey hibernation and body mass
(Schmid et al. 2W0). Just like the tenrecs and bats, these lemurs use the daily rise in ambient
temperature to warm up passively at the end of daily torpor or hibernation bouts, before endogenous
heat production kicks in, to reduce the costs of these arousals. Indesdythistep arousal has first
been described iM. murinus(Ortmann et al. 1997).

The environmental cues that trigger torpor useMitrocebusspp. are not fully understood. Studies
on a captive population oM. murinusidentified light and food availabiji as potentialzeitgeber
triggering heterothermy (Perret and Aujard 2001). For example, when exposed to food restkiction
murinusentered torpor earlier and increased the depth and length of torpor even during gestation and
lactation (Giroud et al. 2008 anale et al. 2011, 2012). However, the decrease in body mass in food
restricted and lactating females resulted in a delayed growth in the offspring (Canale et al. 2012).

Additionally, as has been shownhh griseorufus mouse lemurs may shift their thmal neutral
zone to cooler temperatures during the cold dry season, to physiologically adjust to changing
environmental conditions when staying normothermic (Kobbe et al. 2014). Armed with this suite of
flexible responses, mouse lemurs are able to respeeny individualized to changing and challenging
climatic situations, availability of food and water, and body condition.

While Microcebusssp. utilize all or a combination of the different heterothermic strategies, the
most extreme extent of heterothermyithin the lemurs are shown by the dwarf lemu@hgirogaleus
ssp.). All species of this genus are obligate hibernators, and all individuals enter continuous hibernation
over several months during the dry season (Petter et al. 1977, Dausmann et al.B2@0do and
Rahalinarivo 2010). The length of the hibernation season is variable in the different regions, longer in
the dry forests (8 months) than in the moist evergreen forests§3nonths), and influenced by
rainfall and forest productivity (Lahann@Dausmann 2011). To fuel life during the hibernation period,
C. medius(Figure 1e) almost doubles its body mass by storing morsaturated oleic acids

(synthesized from dietary carbohydrates, e.g., sugary fruits) mainly in their tails, prior to hilbernati
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(Fietz et al. 2003; Fietz and Dausmann 2006). Interestingly, the complex physiological underpinnings
of hibernation inC. mediuseem to be activated not by a unique set of genes, but by differential
expression of genes that are present in all mammats @are involved in metabolic pathways, feeding
behavior, and circadian rhythms (Faherty et al. 20@8eirogaleus mediwend C. majorhibernate in
tree hollows of various insulation capacities, depending on height and thickness of the trees, and are
thus exposed to differing climatic conditions (Dausmann et al. 2004). In con€astossleyand C.
sibreeiin the Central Highland, as well as in lower elevation moist evergreen forest sites, hibernate
buried underground in cool, but quite stable surrourngn(Petter et al. 1977; Blanco et al. 2013). As
body temperature usually approximates ambient temperature during hibernation, the different
aLISOASEaQ FTESEAOATAGASE Ay OK2AO0S 2F KAOSNYI Odz |
lemurs hibernating in well insulated tree hollows and underground show fairly constant body
temperatures between about 10°C and 20°C, depending on the environmental temperature of the
habitat, with regular, active arousals about once a week (Figure 2e; DausmdnBlanco 2016).
However, individuals hibernating in more poorly insulated tree hollows, as studi€zl imedius
experience (and tolerate) daily fluctuations of body temperature during hibernation of up to more
than 25°C (Figure 2f): Body temperature daop below 10°C in the cool early mornings, Buimedius
also continues to hibernate with body temperatures above 30°C, when being passively warmed during
the day. Most notably, if these fluctuating body temperatures are passively increased above 30°C at
least occasionally, expensive arousals with endogenous heating are abandonét] sdfairiand the
AYRAGARdZ fa NBYFIAY aSOG20KSNYAO¢ |yR G2NLIAR F2NJ
dwarf lemurs do not hibernate continuously despite lofit precisely because of daily recurrent high
ambient temperatures. These largely passive patterns also entail that huddling during hibernation does
not provide energetic benefits an@. mediusndeed mostly hibernate solitarily, although spending
most oftheir daily resting phases in family groups during the rainy season (Dausmann and Glos 2015).
Interestingly, despite these differences in physiologmatli operandithe different patterns yield the
same level of energy savings of about 70% compareesting metabolic rate, which probably explains
the apparent lack of preference @. mediudor a specific choice of hibernaculum (Dausmann et al.
2009).

No physiological studies are available for the gendieza and Allocebus also members of the
family Cheirogaleidae, but the species of these genera are assumed to respond in a similar way as
Microcebusspp.. For exampléJlirza coquerelhas been found curled up and cold to the touch in traps
during the dry season, clearly in a torpid state (Dausmand 2@hdAllocebugrichotisare less active
in captivity during the dry season and a body temperature of 26.2°C has been measAreddhotis
at an ambient temperature of 11°C (Meier and Albignac 1991; Rakotoarison et al. 1997). The notable

exception vithin the Cheirogaleidae is the gen&haner which seems to remain normothermic
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throughout the year. HoweveRhanerare most distantly related to the other Cheirogaleidae species
and rely on a very specialized diet (tree exudates), which is availaldpdandent of season (Schilke
2003; see Blanco, p. xx).

Apart from heterothermy, another physiological way to save energy and water and thus to cope
with hot and arid habitats, or habitats with (seasonally) sparse food availability, is maintaining a
generaly low metabolic rate. Many mammals living in hot and arid habitats haved®@2®lower basal
metabolic rate than would be expected from their body size (Lovegrove 2003). A low basal metabolic
rate reduces energy requirements and the production of own meligbheat, that in turn allows a
higher rate of heat accumulation before expensive, watensuming active cooling is necessary
(Swanson et al. 2017). Moreover, species can adapt to seasonal changes by shifting their thermal
neutral zone (e.gM. griseordus, see above).

Members of the family Lepilemuridae do bothepilemur leucopughe study population is now
considered to bé.. petter) living in the dry spiny thickets of southern Madagascar, not only has a very
low general metabolic rate (about 50% what would be expected from size, similar to tenrecs), but
also shifts its thermal neutral zone seasonally (Bethge et al. 2017). Maybe cintoigvely, and
contrary toM. griseorufusthe thermal neutral zone is shifted upwards to higher temperatumete
cooler dry seasonThis species mainly feeds on leaves containing high concentration of potentially
toxic plant secondary metabolites. One interpretation of this shifted thermal neutral zone is that plant
secondary metabolites can be processed mefficiently at ambient temperatures just below the
thermal neutral zone (Dearing 2013), enabling sufficient uptake of energy for the high
thermoregulatory costs during the cool dry season. Alternatively, the hot daytime temperatures might
be more criticafor L. petteriduring the scarce dry season, especially increased evaporative water loss,
and the upward shift of the thermal neutral zone might thus counterbalance decreased energy and
water content of their food (Bethge et al. 201 Zpilemur ruficaudas (Schmid and Ganzhorn 1996;

K. Dausmann et al., unpublished data)edwards{J. Bethge et al., unpublished data; Figure 1f), and

L. leucopuin Tsimanapetsotse (Magdziak 2017) also have exceptionally low metabolic rates, and this
is likely the caseof all Lepilemurspecies. Whethekepilemuralso becomes heterothermic remains
unsolved (partly due to the difficulties of distinguishing between the already extremely low resting and
torpid metabolic rates), but it does not seem to be a regular, essaetplonse. Relatively low resting
metabolic rates seem to be a general characteristic of lemur physiology, as it has been found in most
lemur species studied to date, diurnal and nocturnal ones (&lgmurinus Perret 1998 Eulemur

fulvus Daniels 1984, Simmen et al. 20L@mur catta Simmen et al. 2010, arRfropithecus verreauxi
Richard and Nicoll 1987).
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Heterothermy is not known from the other Malagasy mammalian orders. However, given the small
number of species that have be@hysiologically studied, and even less in the field, it is conceivable

that heterothermy will be detected in further species. For example, the falanGupléres goudotii

family Eupleridae), a highly specialized carnivoran Reera et al., p. xxfeeding on soft bodied
invertebrates such as earthworms, apparently can store more than 20% of its body weight as fat in its
GFrAf YR A& alAR (G2 32 G2 atSSL¥ F2NJ Gg2 G2 GKI
Scientific evidence is stilldeing, but this might suggest th&uplereshibernate to get through the

period when earthworms are scarce.

The cornucopia of physiological responses found in Malagasy terrestrial mammals enables them to
respond individually and flexibly to the often clfing environments of Madagascar and changes
within them (Dewar and Richard 2007). Heterothermy seems to be an important component in the
physiological tool kit to survive unfavorable times in numerous orders and species of mammals on the
island. Moreover the range of basic physiological approaches within the Malagasy mammals is
amazing: from bats, being metabolic super performers while active, but appearing to jump at every
possibility to enter, sometimes even extremely short, torpor bouts to tempordgltyrease their high
metabolic demands and even tolerating hyperthermia close to lethal levels; to spiny tenrecs, which
take the completely opposite path and keep metabolism low most of the time, except when
reproductive activities prohibit this, resembdjiprotoendotherms in their thermoregulatory patterns.
Whether the comparatively high proportion of heterothermic species within Malagasy mammals
NEFf SOGa O2yOSYiNI(iSR aO0OASYUATAO STFT2NIa 2y GKAA
geologcal history and challenging environment has led to selective pressures favoring this
physiological response, remains a question of debate.

In contrast to arctic or temperate regions, where low temperatures and low seasonal availability of
food promote heerothermy, the ultimate triggers of tropical heterothermy might be less
straightforward, and more multifaceted. For example, studies in other tropical areas showed that
besides the vital need of water conservation, extreme weather events, as well asrenemtal
disasters, can elicit heterothermic responses in small mammals (cyclones, droughts, storms, floods;
reviewed in Nowack et al. 2020). As climatic extremes in general and temperatures in particular are
predicted to continue to increase with globalnshte change, with Madagascar being no exception
(Hannah et al. 2008), this could push Malagasy animals near the edge. Malagasy mammals are
vulnerable to extremes on either side of the climatic continuum. For exargglanops telfainmight
succumb whendmperatures stay continuously below the temperature threshold that enables them

to return to normothermia after torpor bouts during cold spelldacronycteris commersonon the
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other hand, might perish during heat waves, when their body temperature vem@bove the lethal
level during passive hyperthermic torpor episodes aegilemur petterimight suffer from generally
elevated temperature levels, because of increased toxicity of their food plants. Nevertheless,
heterothermy, especially flexible shortéorpor bouts, might be a useful tool to overcome more dire

and unpredictable environmental pressures for many Malagasy mammals.

Andriatsimietry, R., Goodman, S. M., Razafimahatratra, E., Jeglinski, J. W. E., Marquard, M., and
Ganzhorn, J. U. 2009. Seasonal variation in the digbaiifdictis grandidieriWozencraft, 1986
(Carnivora: Eupleridae) in a salid zone of extreme souttvestern MadagascarJournal of
Zoology279: 4106415.

Bethge, J., Wist, B., Stalenberg, E., and Dausmann, K. H. 2017. Seasonal adaptations in energy
budgeting in the primaté.epilemur leucopugournal of Comparative Physiology & : 827834.

Blanco, M. B., and Rahalinarivo, V. 2(Hifst direct evidence of hibernation in an eastern dwarf lemur
species Cheirogaleus crossléyfrom the highaltitude forest of Tsinjoarivo, centr@astern
MadagascarNaturwissenschafte@7: 945950.

Blanco, MB., Dausmann, K. H., Ranaivoarisoa, J. F., and Yoder, A. DJaddi@round hibernation
in a primate.Scientific Report3: 1-4.

Bondarenco, A., Kortner, G., and Geiser, F. 2013. Some like it cold: Summer torpor by freetail bats in
the Australian arid zge. Journal of Comparative Physiologg&3: 11131122.

Buck, C. L., and Barnes, B. M. 2000. Effects of ambient temperature on metabolic rate, respiratory
quotient, and torpor in an arctic hibernatoAmerican Journal of Physiology9: 255262.

Buckley, LB., Khaliqg, I., Swanson, D. L., and Hof, C. 2018. Does metabolism constrain bird and mammal
ranges and predict shifts in response to climate charigeidogy and Evolutidh 1237512385.

Canale, C. I., Perret, M., Henry, P.Y. 2012. Torpor use durirgjigresind lactation in a primate.
Naturwissenschaftef9: 159163.

Canale, C. I., Perret, M., Théry, M., Henry, P.Y. Blkiological flexibility and acclimation to food
shortage in a heterothermic primatdournal of Experimental Biolog$4: 551560.

Daniels, H. L. 1984. Oxygen consumptiobemur fulvusDeviation from the ideal modelournal of
Mammalogy65: 584592.

Dausmann, K. H. 2014. Flexible patterns in energy savings: Heterothermy in pridoatesl of
Zoology292: 101111.

Dausmann, K. Hand Blanco, M. B. 2016. Possible causes and consequences of different hibernation
patterns inCheirogaleuspecies Mitovy fatsy sahalalnDwarf and mouse lemurs of Madagascar:
biology, behavior and conservation biogeography of the Cheirogaleel#®e S. Lehmann, U.
Radespiel, and E. Zimmermann, pp.-339. Cambridge: Cambridge University Press.

Dausmann, K. H., and Glos, J. 2046. energetic benefits from sociality in tropical hibernation.
Functional Ecolog®9: 498505.

Dausmann, K. H., Glos, Jan@horn, J. U., and Heldmaier, G. 2004. Hibernation in a tropical primate.
Nature429: 825826.

166



HETEROTHERMYNMLAGASMAMMALS

Dausmann, K. H., Glos, J., Ganzhorn, J. U., and Heldmaier, GliBé@ation in the tropics: Lessons
from a primate Journal of Comparative Physiology #5:147-155.

Dausmann, K. H., Glos, J., and Heldmaier, G. 2009. Energetics of tropical hibeduatioal of
Comparative PhysiologylB9: 345357.

Dausmann, K. H., Levesque, D. L., Wein, J., and Nowack, J. 2020. Ambient temperature cycles affect
daily torpor and hibernation patterns in Malagasy tenreEsontiers in Physiologhl: 522.

Dausmann, K. H., Nowack, J., Kobbe, S., and Mzilikazi, N. 2012. Afrotropical heterothermy: A
continuum of possibilities. Ihiving in a seasonal worléds. T. Ruf, C. Bieb&¥. Arnold, and E.

Millesi, pp. 1327. Berlin, Heidelberg, New York: Springer.

Dearing, M. D. 2013. Temperatudependent toxicity in mammals with implications for herbivores: A
review.Journal of Comparative Physiologg&3: 4350.

Dewar, R. E., and Richard, A. F. 2007. Evolution in the hypervariable environment of Madgascar.
Proceedings of the National Academy of Sciences of the United States of AtQédrit872313727.

Donque, P. 1972. The climatology of MadgascaBidgeographyand ecology of Madagascaeds. R.
Battistini, and G. Richatdindard, pp. 87144.Berlin, Heidelberg, New York: Springer.

Eisenberg, J. F., and Gould, E. 19#e tenrecs: A study in mammalian behavior and evolution.
Smithsonian Contributions to Zoolagy: 1-137.

Eppley, T. M., Watzek, J., Dausmann, K. H., Ganzhorn, J. U., and Donati, G. 2017. Huddling is more
important than rest site selection for thermoregulation in southern bamboo lemargmal
Behaviourl27: 153161.

Faherty, S., Campbell, C. Rilpig, S., and Yoder, A. D. 2017. The effect of body mass and diet
composition on torpor patterns in a Malagasy primate (Microcebus murindsjrnal of
Comparative PhysiologylB7: 677688.

Faherty, S., Villanuev@anas, J. L., Klopfer, P. H., Alba, Makid Yoder, A. D. 2016. Gene expression
profiling in the hibernating primateCheirogaleus mediu&enome Biology and Evoluti8n2413
2426.

Farris, Z. J., Gerber, B. D., Karpanty, S., Murphy, A., Andrianjakarivelo, V., Ratelolahy, F., and Kelly, M.
JHAMP® 2KSY OFNYA@2NBaE NRFYY ¢SYLRNIf LI GGSNya
exotic carnivoreslournal of Zoolog®96: 4557.

Fietz, J., and Dausmann, K. H. 2006. Big is beautiful: Fat storage and hibernation as a strategy to cope
with marked gasonality in the fatailed dwarf lemurs Cheirogaleus medijsinLemurs: Ecology
and adaptation eds. L. Gould and M. L. Sauther, ppl@1.Berlin, Heidelberg, New York: Springer.

Fietz, J., Tataruch, F., Dausmann, K. H., Ganzhorn, J. W\20@3adipose tissue composition in the
free-ranging fattailed dwarf lemur Cheirogaleus mediu®rimates), a tropical hibernatodournal
of Comparative PhysiologylB3: +10.

Geiser, F. 2004. Metabolic rate and body temperature reduction during hibernatibwlaity torpor.

Annual Review of Physiolo§§: 239274.

Geiser, F., and Drury, R. L. 2003. Radiant heat affects thermoregulation and energy expenditure during
rewarming from torpor.Journal of Comparative Physiolog$ B: 5560.

Geiser, F., and Turbill, C. 2009. Hibernation and daily torpor minimize mammalian extinctions.
Naturwissenschaftef6: 12351240.

Giroud, S., Blanc, S., Aujard, F., Bertrand, F., Gilbert, C., and Perret, MCIR2@08c food shortage
and seasonal modulaths of daily torpor and locomotor activity in the grey mouse lemur
(Microcebus murinysAmerican Journal of Regulatory and Integrative Comparative Physik8dgy
R19584R1967.

Goodman, S. M. 2006. Hunting of microchiroptera in seuéistern Madagascaf©ryx40: 225228.
167



CHAPTER

Goodman, S. M. 2011.es chauvesouris de Madagascar: guide de leur distribution, biologie et
identification.Antananarivo: Association Vahatra.

Gould, E., and Eisenberg, J. F. 1966. Notes on the biology of the Tenrecidae. Jddemaimaiogy
47: 660686.

Grigg, G. C., Beard, L. A., and Augee, M. L. 2004. The evolution of endothermy and its diversity in
mammals and bird€2hysiological and Biochemical Zool@gy 982997.

Hannah, L., Dave, R., Lowry, P. P., Andelman, S., Andrianarisatdvilamaro, L., Cameron, A.,
Hijmans, R., Kremen, C., MacKinnon, J., Randrianasolo, H. H., Andriambololonera, S.,
Razafimpahanana, A., Randriamahazo, H., Randrianarisoa, J., Razafinjatovo, P., Raxworthy, C.,
Schatz, G. E., Tadross, M., and Wilmé, L8.2Qlimate change adaptation for conservation in
MadagascarBiology Letterg: 590594.

Heldmaier, G., Ortmann, S., and Elvert, R. 2004. Natural hypometabolism during hibernation and daily
torpor in mammalsRespiratory Physiology & Neurobioldgil: 317329.

Hemingway, C. A., and Bynum, N. 2005. The influence of seasonality on primate diet and ranging. In
Seasonality in primates: Studies of living and extinct human andhmman primateseds. D. K.
Brockman and C. P. van Schaik, ppl®%. CambridgeCambridge University Press.

Humphries, M. M., Kramer, D. L., and Thomas, D. W. 2003. The role of energy availability in mammalian
hibernation: An experimental test in fre@nging eastern chipmunkghysiological and Biochemical
Zoology76: 180186.

Karanewsky, C. J., Bauert, M. R., and Wright, P. C. 2015. Effects of sex and age on heterothermy in
D22 RYl yQa YMidotebuslellahgidjaloternational Journal of Primatolo@6: 987
998.

Kayser, C. 196The physiology of natural hibernatioxford: Pergamon Press.

Kobbe, S., and Dausmann, K. H. 2009. Hibernation in Malagasy mouse lemurs as a strategy to counter
environmental challengeéNaturwissenschaftef6: 12211227.

Kobbe, S., Ganzhorn, J. U., and Dausmann, K. H.E2@idme individuafexibility of heterothermy in
free-ranging Malagasy mouse lemubdi¢rocebus griseorufisJournal of Comparative Physiology
B181: 165173.

Kobbe, S., Ganzhorn, J. U., and Dausmann, K. H. 2014. Torpor is not the only option: Seasonal variations
of the thermoneutral zone in a small primatéournal of Comparative Physiology®t: 789797.

Lahann, P., Dausmann, K. H. 2011. Live fast, die young: Flexibility of life history traits iridiedfat
dwarf lemur Cheirogaleus mediidBehavioral Ecology and Goabiology65: 381390.

Levesque, D. L., and Lovegrove, B. G. 2014. Increased homeothermy during reproduction in a basal
placental mammabllournal of Experimental Biolog$7: 15351542.

Levesque, D. L., Lovasoa, O. M. A., Rakotoharimalala, S. N., agbteyvB. G. 2013. High mortality
and annual fecundity in a freenging basal placental mamméaetifer setosugTenrecidae:
Afrosoricida)Journal of Zoolog91: 205212.

Levesque, D. L., Lobban, K. D., and Lovegrove, B. G. 2014. Effects of reprethtagvand high
ambient temperatures on the body temperature of a freenging basoendothermJournal of
Comparative PhysiologylB4: 10411053.

Levin, E., Plotnik, B., Amichai, E., Braulke, L. J., Landau, S.ow,0rm and Kronfeldchor, N. 2015.
Sibtropical mousedailed bats use geothermally heated caves for winter hibernatRnoceedings
of the Royal Society2B2: 20142781.

Liow, L. H., Fortelius, M., Lintulaakso, K., Mannila, H., and Stenseth, N. C. 2009. Lower extinction risk in
sleepor-hide mammalsAmerican Naturalisl73: 264272.

168



HETEROTHERMYNMLAGASMAMMALS

Lovegrove, B. G. 2003. The influence of climate on the basal metabolic rate of small lrafeiaw
fast metabolic continuumJournal of Comparative Physiology £3: 87112.

Lovegrove, B. G. 201Bires of life- Endothermy in birds and mammalNew Haven, London: Yale
University Press.

Lovegrove, B. G., and Génin, F. 2008. Torpor and hifi@nria a basal placental mammal, the Lesser
Hedgehog TenreEchinops telfair Journal of Comparative Physiolog$#: 691698.

Lovegrove, B. G., Lobban, K. D., and Levesque, D. L. 2014a. Mammal survival at the Gretaceous
Palaeogene boundary: metabolicorneostasis in prolonged tropical hibernation in tenrecs.
Proceedings of the Royal Socie®@: 20141304.

Lovegrove, B. G., Canale, C. I, Levesque, D. L., Fluch, G., Reh@kbWdA = a ®X | yR wdzF =
tropical small mammals physiologically vulalele to Arrhenius effects and climate change?
Physiological and Biochemical Zool8gy 3045.

Lyman, C. P., Willis, J. S., Malan, A., and Wang, L. C. Hdit@8&ation and torpor in mammals and
birds New York: Academic Press.

Magdziak, R. 2017. Energydgets at the edge: Thermoregulatory adaptationtépilemur leucopus
MSc, thesis, Hamburg University, Hamburg.

McKechnie, A. E., and Mzilikazi, N. 2011. Heterothermy in Afrotropical mammals and birds: A review.
Integrative and Comparative Biolo§¥: 349-363.

Meier, B., and Albignac, R. 1991. Rediscoveijlotebus trichotiéPrimates) in northeast Madagascar.

Folia Primatologic&6: 5763.

Nowack, J., Levesque, D. L., Reher, S., and Dausmann, K. H. 2020. Variable climates lead to varying
phenotypes:W2 SANRQ YI YYLF ALYy (2 NIHadc | spetlesFfofiaraa dy a T NZ
Ecology and Evolutidst 60.

Oelkrug, R., Goetze, N., Exner, C., Lee, Y., Ganjam, G. K., Kutschke, M., Miiller, S., Stéhr, S., Tschop, M.
H., Crichton, P. G., Heldmaier, G., rém$t, M., and Meyer, C. W. 2013. Brown fat in a
protoendothermic mammal fuels eutherian evolutiddature Communication: 1-8.

Ortmann, S., Heldmaier, G., Schmid, J., and Ganzhorn, J. USp6afaneous daily torpor in Malagasy
mouse lemursNaturwissenschafteB84: 2832.

Perret, M. 1998. Energetic advantage of nsisaring in a solitary primate, the lesser mouse lemur
(Microcebus muringsJournal of Mammalogy9: 10931102.

Perret, M., Aujard, F. 2001. Daily hypothermia and torpor in a tropical primate: Synchronization by 24
h lightdark cycleAmerican Journal of Physiolog§1: 19251933.

Petter, J. J., Albignac, R., and Rumpler Y. I@d@mhmiféres Lémuriens (Primates Pragns).Faune
de Madagasca#4.Paris: ORSTORINRS.

Petter-Rousseaux, A. 1980. Seasonal activity rhythms, reproduction, and body weight variations in five
sympatric nocturnal prosimians, in simulated light and climatic conditiondotiturnal Malagasy
primates: Ecology, physiology and behayexs. P. Charldsominique, H. M. Cooper, A. Hladik, C.

M. Hladik, E. Pages, G. F. Parientd, Petter, and A. Schilling, pp. 1852. New York: Academic
Press.

Racey, P. A., Goodman, S. M., and Jenkins, R281@.The ecology and conservation of Malagasy
bats. Inilslands bats: Evolution, ecology, and conservatas. T. H. Fleming and P. A. Racey, pp.
369-404. Chicago: The University of Chicago Press.

Rakotoarison, N., Zimmermann, H., and Zimmermann, E. Fd8T discovery of the haigared dwarf
lemur (Allocebus trichotisin a highland rain forest of eastern Madagasé€alia Primatologica 68:

86-94.

169



CHAPTER

Rakotondramanana, C. F., and Goodman, S. M. 2@ldntaire de chauvesouis dans la concession
forestiére de Kirindy CNFEREF, Morondava, Madagddakagasy Naturé: 109120.

Rakotoarivelo, A. A., Ranaivoson, N., Ramilijaona, O. R., Kofoky, A. F., Racey, P. A., and Jenkins, R. K. B.
2007. Seasonal food habits of five symgatforest microchiropterans in western Madagascar.
Journal of Mammalog$8: 959966.

Ramasindrazana, B., Rajemison, B., and Goodman, S. MB®&®2ologie des chauvesouris du Parc
National de Tsimanampetsotsa. 2. Variation interspécifique et saisandie¢ régime alimentaire.
Malagasy Natureés: 117124,

Randrianambinina, B., Rakotondravony, D., Radespiel, U., and Zimmermann, Ee28068al changes
in general activity, body mass and reproduction of two small nocturnal primates: A comparison of
the gdden brown mouse lemurMicrocebus ravelobengisn northwestern Madagascar and the
brown mouse lemurNlicrocebus rufusin eastern MadagascdPrimates44: 321331.

Reher, S., Ehlers, J., Rabarison, H., and Dausmann, K. H. 2018. Short and hypertherméspanses
in the Malagasy batMacronycteris commersonieveal a broader hypometabolic scope in
heterotherms.Journal of Comparative Physiologg&8: 10151027.

Reher, S., Rabarison, H., Schoroth, M., and Dausmann, K. H. 2019. Seasonal movements of
insectivorous bat species in southwestern Madagaskklagasy Naturel3: 117124,

Remmers, S. 2020. Ready for climate change? The importance of adaptive thermoregulatory flexibility
for the Malagasy bat specidsiaenops menamenMSc, thesis, Hambutgniversity, Hamburg.

Richard, A. F., and Nicoll, M. E. 1987. Female social dominance and basal metabolism in a Malagasy
primate, Propithecus verreauxAmerican Journal of Primatolody: 309314.

Ruf, T., and Geiser, F. 2015. Daily torpor and hibernatibirds and mammal®iological Review&0:
891-926.

Schmid, J. 2000. Daily torpor in the gray mouse lefdiicrocebus muringsn Madagascar: Energetic
consequences and biological significar@ecologial23: 175183.

Schmid, J., and Ganzhorn, J. U. 19ésting metabolic rates afepilemur ruficaudatusAmerican
Journal of Primatolog$8: 169174.

Schmid, J., and Kappeler, P. M. 1998. Fluctuating sexual dimorphism and differential hibernation by
sex in a primate, the gray mouse lemiMti¢rocebus murinysBehavioral Ecology and Sociobiology
43: 125132.

Schmid, J., and Speakman, J. R. 2000. Daily energy expenditure of the grey mousililenocel{us
murinug: A small primate that uses torpafournal of Comparative Physiology®: 633641.

Schmid, Jand Stephenson, P. J. 2003. Physiological adaptations of Malagasy mammals: lemurs and
tenrecs compared. Iithe natural history of Madagascagds. S. Goodman, and J. P. Benstead, pp.
11981203. Chicago: The University of Chicago Press.

Schmid, J., Ruf,,Bnd Heldmaier, G. 2000. Metabolism and temperature regulation during daily torpor
in the smallest primate, the pygmy mouse lemMli¢grocebus myoxingsn Madagascadournal of
Comparative PhysiologylB0: 5968.

SchmidtNielsen, K., SchmidNielsen, B.Jarnum, S. A., and Houpt, T. R. 1956. Body temperature of the
camel and its relation to water economfmerican Journal of Physiolog§8: 103112.

{OK2ff>X tod mMdpTtnd® ¢SYLISNI G§dzZNBE NBEhinogs iekak(Martin,y & Y| f
1838).Journal of Comparative Physioldfy, 175195.

Schilke, O. 2003. To breed or not to breddod competition and other factors involved in female
breeding decisions in the pdiving nocturnal forkmarked lemur Phaner furcifex. Behavioural
Ecology and&iobiology55: 1121.

170


https://www.researchgate.net/profile/Claude_Rakotondramanana/publication/263982223_Inventaire_de_chauves-souris_dans_la_concession_forestiere_de_Kirindy_CNFEREF_Morondava_Madagascar/links/0c96053c7c2b4ba9cf000000.pdf
https://www.researchgate.net/profile/Claude_Rakotondramanana/publication/263982223_Inventaire_de_chauves-souris_dans_la_concession_forestiere_de_Kirindy_CNFEREF_Morondava_Madagascar/links/0c96053c7c2b4ba9cf000000.pdf

HETEROTHERMYNMLAGASMAMMALS

Simmen, B., Bayart, F., Rasamimanana, H., Zahariev, A., Blanc, S., and Pasquet, P. 2010. Total energy
expenditure and body composition in two frdiging sympatric lemurs. PLoS One 5: €9860.

Stephenson, P. J., and Racey, P. A. 1R88ting metabolic rate and reproduction in the Insectivora.
Comparative Biochemistry and Physiologyl8&: 215223.

Swanson, D. L., McKechnie, A. E., and Vezina, F. 2017. How low can you go? An adaptive energetic
framework for interpreting basal metabolic rate variation in endotherdwurnal of Comparative
Physiology B87: 10391056.

Thompson, S. D., and Nicoll, M1E86. Basal metabolic rate and energetics of reproduction in therian
mammalsNature321: 696693.

Taien, @., Blake, J., Edgar, D. M., Grahn, D. A., Heller, H. C., and Barnes, B. M. 2011. Independence of
metabolic suppression from body temperature. Scer831: 906909 Treat, M. D., Scholer, L.,

Barrett, B., Khachatryan, A., McKenna, A. J., Reyes, T., Rezazadeh, A., Ronkon, C. F., Samora, D.,
Santamaria, J. F., Rubio, C. S., Sutherland, E., Richardson, J., Lighton, J. R. B., and van Breukelen, F.
2018. Extreme physiolagal plasticity in a hibernating basoendothermic mamma&égnrec
ecaudatusJournal of Experimental Biologg21: 19.

Treat, M. D., Scholer, L., Barrett, B., Khachatryan, A., McKenna, A. J., Reyes, T., Rezazadeh, A., Ronkon,
C. F., Samora, D., Santamari&.,)Silva Rubio, C., Sutherland, E., Richardson, J., Lighton, J. R. B.,
van Breukelen, F. 2018. Extreme physiological plasticity in a hibernating basoendothermic mammal,
Tenrec ecaudatusournal of Experimental Biolog21: jeb185900.

171



CHAPTER

I hereby confirm that Stephanie Reher collected and analysed the data regarding bats, prepared
figure 6.2, took lead in writing the section on bats and contributed to the introductory and
summarising part of this chapter. Janina Bethge took leadtiting the section on lemurs, prepared
figure 6.1 and contributed to the introductory and summarising part of this chapter. Kathrin H.
Dausmann conceived and structured the chapter, took lead in writing the section on tenrecs, the
introduction as well athe summary, and revised the chapter. All authors approved the final version

of it.

Prof. Dr. Kathrin Dausmann

172



Generaldiscussion
&

Conclusions



GENERAL DISCUSSION

Environmental changesan be either natural or humaimduced, but they all challenge an endotherm

to maintain a balanced energy budget in the long term. Especially variations in ambient temperature
(T) and resource availability affect thermoregulation and thus physiologiaaitiftning. While
endotherms usually have developed means to cope with regular fluctuations such as seasonality,
unpredictable rapid changes such as extreme weather events or global warming superimposed on
natural environmental variation may push them teetlimits of their capacities. Species equipped with

a wellassorted physiological repertoire may compensate for certain fluctuations, while others may
struggle and perish. Particularly widespread species inhabiting various microclimates may possess
specift traits in their repertoire that might allow them to cope with some alterations. In the scope of
this thesis, | have examined how two different populations M&cronycteris commersania
widespread bat species in Madagascar, cope with changes in theioement. | specifically looked

into intraspecific physiological variation over seasonal and geographic scales as weéll as
commerso®a LR GSyGAl ¢ F2N) LIKeaAz2ft23A0L f FTheBEAOAL Al
fluctuations. | also studied local movemts and seasonal activity in-oecurring bat species in the
southern population, where several bat species share the same roosting site, to explore general

patterns and possibilities for adaptation and to allow more general conclusions to be drawn.

There are principally two ways to cope with environmental change: one can either avoid new
circumstances through migration or ride them out through compensatory mechanisms. In
al RI 31 & Oth-mSta we &duntt evidence that both strategies are applied by different
insectivorous bat species (Chapter 1). It is one of the driest regions in Madagascar, and the harsh dry
season reduces,Tprecipitation and food availability even further. Rainfaliyrfail for entire years
(Ratovonamana et al. 2013) and low niginte temperatures occur for several months (from May to
September; Kobbe et al. 2014), both of which reduce insect activity and availability sharply in the
austral winter(Janzen and Schoen#968; Pinheiro et al. 2002n Chapter 1, we describe that three

bat species appear to avoid spending this time of the year in the south and migrate seasonally
(Miniopterus griffithsi Mormopterus jugularignd Mops leucostigmpa Migration is possiblerdy to a

limited extend for most Malagasy terrestrial mammals since almost all habitats are highly degraded
and lack proper corridors, but it certainly is an option for bats. Their ability to fly enables them to cover
great distances regardless of terrdatrstructure. As long as suitable stopover sites are available, bats
can potentially move to areas with more favourable conditions (Fleming and Eby 2003), or track their
food resources (Pophisseanu and Voigt 2009; McCracken et al. 2012). The three adglamit bat
speciesPteropus rufus, Eidolon dupreanuamd Rousettus madagascariensifor example, are

reported to move among roosts regularly, presumably to track their locally changing food supply
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(Jenkins et al. 2007; Racey et al. 2010; Goodman 2bid¢neral however, extensive migrations are
less common in the tropics (Fleming and Eby 2003; Régseanu and Voigt 2009).

Two other bats species applied a different approach to cope with the demanding southern climate.
Triaenops menamenand Miniopterus mahafaliensisare resident yearound and roost in several
caves during the wet season. These caves are cooler and more fluctuating in their ambient conditions
than the cave to which they relocate in the lean dry season: a stable hot and humid caven@ody;
Chapter 1). In addition, both supplement their diet in the dry season by eating Coleoptera and, in the
case ofM. mahafaliensisHymenoptera, whilst in the wet season it primary consists of Lepidoptera
(Ramasindrazana et al. 2012). While sympatpecies may partition available prey, for example, by
hunting at different times of the night (Emrich et al. 2014) or by exploiting alternative niches and
trophic levels through specific echolocation call design or wing shape (Norberg and Rayner 1987,
Sdinitzler and Kalko 2001), a seasonal change in diet is often resduves and common in
insectivorous bats. MexicaRteronotus davyand P. personatusfor example, are more selective in
their diet during the wet season too, but consume a wider var@tyhe remaining prey with more
overlap in the dry season (Salifldamos et al. 2015). This might also be the cas€.forenamenand
M. mahafaliensisThrough becoming more generalist in their dietary tendencies and a local shift in
microclimate they adjust to the ambient conditions, allowing yearnd residency and activity within
the most demanding region of Madagascar. This suggestsuiian a ramge of suitable roosting sites
and some prey remain availablecological flexibility mitigates a certain degree of habitat variation

and negates the need for more drastic and costly responses, such as migration.

Not dl species developed the prerequisites for making either migration, local habitat shifts or a more
generalist diet niche beneficiallacronycteris commersonior example, roosts within the same hot

and humid cave ab. menamengP. furculuandM. mahafalensis but is a specialised beetle predator

and does not broaden its prey preference seasonally (Goodman 2011; Ramasindrazana et al. 2012).
Instead, this species gains massive amounts of fat deposits by the end of the wet season, ceases
foraging flights dér several months during the dry season (Goodman 2006; Rakotoarivelo et al. 2007;
Chapter 1) and makes extensive use of metabolic ersaging measures (Chapter 2). Surprisingly
though, individuals of this population did not necessarily rely on-teng hibernation as one would
expect, but displayed various kinds of torpor responses side by side at the exact same time (Chapter
2). Metabolic measurements only reflect what an individual displayed under the given conditions
within the respirometry chamber ahare thus limited to a certain time period. We therefore
corroborated our results with data from temperatusensitive radietransmitters of freeranging

individuals recorded with a remote receiver/logger system placed within the cave (figure 7.1). We
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acknowledge that skin temperature {J) measurements are only a proxy for core body temperature
(Ty) and potentially mask metabolic downregulation, especially at such high cave temperature (Chapter
3); yet the patterns measured imply that the bats appliéfedent thermoregulatory responses. Some
individuals entered several short torpor bouts per day (figure 7.1A), whilst others entereddaylti
torpor (figure 7.1B) or hibernation with single bouts lasting up to 17 days between arousals (figure

7.1C). Thusgndividuals were spanning an impressive range of heterothermic responses within a single

population of this species.
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commersoni usingdifferent thermoregulatory responses in the same cave with very stable roosting conditions
(orange dotted line, cave temperature; green dashed line, temperature outside the cave) and at the exact same
time in the late dry season (September 2018). A, aividdal entering short torpor bouts repeatedly (observed

in 3 bats); B, an individual entering several md#y torpor bouts (observed in 5 bats); C, an individual entering

a continuous hibernation bout (observed in 6 bats;ds¥14). Please note that @t bat height is ~32C. Adapted

and extended from Chapter 6.

Extended torpor lasting multiple hours was not always the preferred option and some individuals were
even euthermic for entire days (Chapter 2). Indeed, the prospective costs of torpor bauthear
subject of lively debate and there is evidence for several negative impacts arising from torpor, such as

diminished immune function and memory loss during hibernafitillesi et al. 2001; Bouma et al.
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2010; but see Clemens et al. 200BRarticularlythe intensive warming during arousals is potentially
harmful since it increases oxidative stress and can cause cellular damage (Carey et al. 2003; Brown and
Staples 2011; Nowack et al. 2019). Reduced responsiveness to the environment, as well as missed
sacial opportunities like reproduction or reduced territory defence (Choi et al. 1998; Mzilikazi and
Lovegrove 2002), are also some of the negative aspects (reviewsuahiphries et al. 2003b; Landes

et al. 2020)Consequently, not all heterotherms categafly make use of torpoflLandryCuerrier et

al. 2008; Levy et al. 201The African primat&alago moholifor example, enters torpor solely as last
resort during acute energy emergencies (Nowack et al. 2013) anetdrggng chipmunksT@amias

striatus) decrease their time spent torpid in the presence of surplus food (Humphries et al. 2003a). In
line with this, edible dormice with a higher body condition arouse more often during hibernation,
remain euthermic for longer between hibernation bouts and entengyally shallower torpor bouts

than leaner individuals (Bieber et al. 2014). Our study therefore suggestsitt@mmersonfits into

this category As previously stated, the proportion of lotgym hibernation was relatively low and

more than half of tle individuals studied in the dry season rather used shorter torpor bouts or
remained euthermic (Chapter 2). Moreover, individuals with a higher body condition entered shorter
and shallower bouts (Chapter 4). This indicates that alstMfazommersonithe negative impacts of
longterm metabolic downregulation may outweigh the benefits of substantial energy savings in
better-conditioned individuals.

Although numerous bats were regularly euthermic, they did not leave the cave for the entire
duration of the dy season (Goodman 2006; Rakotoarivelo et al. 2007; Chapter 1). Given the low food
availability in the austral winter in general and the even more limited options for a food specialist,
staying inside a safe roost may be beneficial also in regard of liewgasure to predators (Lima 1998;
Bieber et al. 2014). The particular conditions within the cave allowommersonio roost within its
thermal neutral zone (TNZ; Chapter 3; Chapter 5) and accordingly, at minimal energetic costs when the
bats are activegclearly even negating the need to enter letegym hibernation bouts in better
conditioned individuals. The individuals we observed also lost their circadian rhythm in torpor timing
(Chapter 4), a phenomenon typical for hibernators but also common in dsimgeriencing very
constant environments such as seasonal continuous dark or light conditions in arctic regions (Williams
et al. 2012; Appenroth et al. 2021)1. commersoniconsequently makes use of a rather unusual
overwintering strategy and relies oarbe fat depots as well as pronounced inactivity rather thandong
term hypometabolism. Comparable observations were made in closely related species. Individuals of
AfricanMacronycteris vittatugformerly Hipposideros commersosiil.; Foley et al. 2017) and Indidn
lankadivadid not leave their cave roost for several days during the lean season. They were warm to
the touch and responsive, but without any signs of the restless behaviour typically seen in bats

preparing to leavehe cave (Brosset 1962; Churchill et al. 1997; Cotterill and Fergusson 1999). Most

177



GENERAL DISCUSSION

importantly, both species also selected relatively warm and humid caves, a common feature that
aSSya G2 o0S 1Se F2NJdKAAa Ge&LIS 2 beinereSitgkododkirgodS NB A Y

further.

Andranolovy Cave is not only the hottest, but also most humid and in both respects most stable cave

in the region that we know of. We monitored seven accessible cavesconsly between 2016 and

2019, and this was the largest and bésiffered one, with a yearound stable 32°C and >98% relative

humidity at bat height in the chamber where the bats were roosting (Chapter 4). A small fraction of

caves documented globally htt®e necessary geomorphology to permit such a specific microclimate

FYR ''YRNIy2f20e /| @SQa RAAGAYOG LIKeaAOlf TSI GdzNE
flow, multiple chambers offering a temperature gradient to the final chamber awértain size for

housing 1,000 100,000 bat¢De la Cruz 1992; Rodrigdemran 2010)Most importantly, the high bat
RSyairide O2yiGNRO6dziSa G2 GKS OKINIOGSNRAGAO YAONR
bodies and from decomposing guano (BeCruz 1992; Peck et al.). Hot caves are therefore different

from warmer caves heated by geothermal effects (Bell et al. 1986) and represent a form of ecosystem
engineering, in which the exceedingly stable microclimate and abundant guano also provisiead ha

for other organisms (mainly arthropods, gastropods and microbestings et al. 2007; Sakoui et al.

2020).

Overwintering in such a hot cave is intuitively a paradox and, to the best of our knowledge, it has
never been described that bats would even hibernate in one. On the contrary, the benign conditions
within hot caves were associated to lower basal metaba@lte reducing metabolic heat production
and lower energy expenditure for thermoregulation, reducing the need for to(RadriguezDuran
1995) In our study however, about 43% of the bats from the l#rgn Tein Monitoring entered
hibernation bouts. Esprally in torpid animals, metabolic rate (MR) is a function afWing to Qo
effects and energetic savings are therefore higher in cooler environments (Heldmaier and Ruf 1992).
Thus, one would expect the bats to select a relatively cool roost to decmasall overwintering
costs, and cooler caves are available in the region (Chapter 2). Most examples from classical
hibernation, however, arise from temperate regions and accordingly our assumptions may be biased.
The scientific effort on tropical heteroérmy is increasing and the existing studies indicate that torpor
at higher temperatures (1) may be more common than often assumed and (2) hold certain advantages
we may not be aware of (Nowack et al. 2020). One of the most unexpected findings from Itropica
hibernators, for example, was that periodic arousals typical of and even thought to be essential for
hibernation are suspended when, Tfegularly reaches a specific threshqldausmann et al. 2004;

Lovegrove et al. 2014b)The Malagasy lemu€Cheirogaleusnedius abandons arousing when, T
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passively rises above 30°C occasionally just like the common tefeee¢ ecaudatysdoes whilst
hibernating in an underground burrow wherg, Temained above 25°CDausmann et al. 2004;
Lovegrove et al. 2014byWhether M. commersonialso suspends arousals is purely speculative: the
longest bout we measured in the additional radiansmitter study (17 days) was only interrupted by

us entering the cave to retrieve the equipment, so there would have been potential for |bogés.

Omitting arousals reduces oxidative stress and the associated risk of cellular damages as well as saves
energy (see above). This could contribute to trade off the higher energetic costs incurred by a generally
higher torpid MR (TMR) and ultimatelpake torpor, even hibernation, within a hot cave very
beneficial.

Andranolovy Cave is also the most humid cave in the region (Chapter 4). The chamber in which
most of the bats roost is completely flooded by an underground stream system (Chapter 1).t€he wa
body within the cave provides the bats with the opportunity to drink during stressful times and the
high relative humidity minimises the deficit in water vapour saturation between air and individual,
thereby limiting evaporative water loss (Mitchell &t 2018). This may be vital in an arid region and
particularly for bats, which have difficulties maintaining their water balance in general. Their large,
hairless wing membranes expedite cutaneous evaporative water loss (Hattingh 1972), especially when
they are restindHosken and Withers 1997, 1999; Muf@arcia et al. 2012Bats also have relatively
larger lungs than terrestrial mammals or birds of comparable size (Maina 2000), increasing respiratory
evaporative water loss. Even in torpor, whegspiration is significantly reduced and suspended at
times (e.g. Thomas et al. 1990; Hays et al. 1991), water depletion continues and metabolically
produced water does not compensate for water lost by evaporation during long bouts (Thomas and
Cloutier 199 0 ® ¢ KS RdzN>I GA2y 2F ol GaQ G2N1LIRNI 62dzia A&
ambient water vapour pressure: torpor bouts shorten (Thomas and Geiser 1997) and arousal
frequency increases as humidity decreases {Bamo et al. 2013), which ultimdtiemay deplete
energy stores too early and affect overwintering survival (Geiser and Broome 1993; Ehlman et al.
2013). The high relative humidity is therefore an additional aspect rendering this cave so valuable as
an overwintering site out of the theoreatally many caves available.

Hot caves offer exceptional conditions to the resident fauna. However, they are also rare and fragile
ecosystems (Ladle et al. 2012). For example, a certain number of individual bats is essential to maintain
the hot and humid naroclimate. Population declines of resident bats below the critical threshold could
therefore threaten the whole cave fauna, whereby the cause for the colony reduction can be manifold
(e.g. hunting, loss of foraging opportunities; Ladle et al. 2012). ®renivg contribution of guano
decay could also be reduced by intensive and unsustainable extraction by humans (De La Cruz 1992).
Furthermore, even if a sufficient number of bats is present, natural or huimdurced erosion may

alter the geomorphologic chacteristics of the cave, which in turn could rapidly and irreversibly
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Caribbean, for example, indicate that in 80% of the caves once hosting hot cave ciiesnuihe
ventilation today is too high to allow heat accumulation (Tejedor et al. 2004). Finally, the particular bat
species roosting in hot caves may be highly specialised and rely on their Thesavailability of
geothermallyheated roosts in winterfor example, allows expanding a subtropical distribution range
into more temperate regions populations of California leafosed batMacrotus californicugBell et

al. 1986) and irpopulationsof two species of moustiled bats Rhinopoma cystopskhnopoma
microphyllum; Levin et al. 2008, 2015). Albeit heated by a different mechanism, these examples
illustrate the potential dependency of hot cave inhabitants on their roosts. Consequently, although the
hot cave fauna benefits from the special micro@tm(e.g., thermoregulatory advantages, see above),

it faces high risks of extirpation and extinction owing to its sensitivity to even small perturbations in

the cave system (e.g., Morgan 2001).

Most of the previously mentioned aspects on thermoregulatory responses derive from a single
population ofM. commersonand a single season, the dry season. However, the hot and wet season

Ay al RF3FaolOlFNRE RNASNI g6SaidSNy F2NX¥FGA2y |faz2 L%
plentiful and energy conservation is a lesser issue than in the lean season, ddytemgemes

regularly exceed 40°C and are coupled with lower relative humiéigppeler and Fichtel 2012;
Ratovonamanaetal. 2018) ¢ KA OK Yl & 2@SNBKStY GKS oFdaQ G§KSNY;
Taexceeds d, the water budget and access to water dietghe extent of evaporative cooling for heat
compensationWithers et al. 2016; Mitchell et al. 2018 major constraint in dry areas where most
organisms are living near their physiological linflisiey et al. 2012; Lovegrove et al. 201dajpre

already suffering from acute water stresthe cavedwelling population oM. commersonavoids the

pressures imposed by daytime heat by remaining in the buffered hot cave with its water reserveir year

round (Chapter 1). However, not all tropical endotherm spear populations can seek shelter,

making efficient physiological mechanisms to endure thermal extremeq Wit et al. 2009; Fuller et

al. 2021)In Chapter 3, we focused on a populatiorvbfcommersonioosting solitary in open foliage

to examine hav it copes with being unprotected from daily fluctuating environmental conditions.
Unexpectedly, the bats entered torpor despite the exposed roosting conditions and thus, limited
protection from predators (Chapter 3). We generally observed two differeategies: hot torpor and

micro-bouts.
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Hot torpor ¢ fate or fortune?

On hotdays (meanmaxlf oT®dy p mMPypc/ 0TI Y2al AYRAODARIZ t & 0Oc
torpor bout when T exceeded euthermic,{Chapter 3). Interestingly, this led to a noticeable increase

in Tskinat the onset of the torpor bout because active regulation pivldls suspended. Over the course

of the hot afternoon, din passively increased with, Tp to a maximum value of 42.9°@dathus,
hyperthermia. The bats consequently combined both a ¥metwn response to cold conditions, i.e.

entering torpor, with a welknown response to hot conditions, i.e. tolerating hyperthermia (Chapter

3). Unlike other bat species, which take advaetad the cooler morning hours to enter torpor and

probably save water in anticipation of responding to afternoon heat (Geiser et al. 2000; Bondarenco

et al. 2016), iM. commersoninore individuals entered torpor the warmer it became and above 36°C,
albaia 6SNB G2NLIAR® occ/ ¢gla lo2dzi GKAE aLISOASaQ
thermoregulation required excessive water use as observed in a bat roosting in the camp, which licked

its forearms extensively to enhance evaporative cooling at=136.9°C (figure 7.2). The bats
consequently reduced metabolism and bodily functions to a minimum during hottestldwing for

negligible internal heat production, increased external heat storage and thus substantial water savings.

¢ KAA YIS &anefideitfespirdetd Jdthstand heat.
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Figure 7.2. Thermal images (FLIR T540, FLIR systems, Wilsonville, USA) of a male bat restin under a hot roof next

to a temperature logger (Hygrochron iButton, Maxim integrated, San Jose, USA) that recorde@&Bti8ine.

The individual extensively licked its forearms for evaporative cooling (while [A] and after [B] salivating). For scale,

LX SrasS y2aGS (dKIFIG GKS olFldQa tSy3aidkK Aa dmodc OY FNRBY KS

Our data resemble a pattern described in two speciest@famertails: these hummingbirds were not

reported to enter torpor, but above their TNZ, MR dropped apdgimultaneously increased (figure

7.3; Schuchmann and SchmMarloh 1979).WS | Ol y2 ¢t SR3IS GKI G ¢S R2 y2i
level during this particular studgnd, asT, was obtained assfi,, increasing heat dissipation enhanced

by peripheral vasodilatation (Heldmaier et al. 2013; Hill et al. 2016) may have obscured the extent of
Tyincrease. However, the difference to euthermigvis substantial and even when endotherms allow

hyperthermic episodes, the signal in MR is usuallynsaawith an increase in resting MR (RMR; e.g.,
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Cory Toussaint and McKechnie 2012; Turner 2020; Czenze et al. 2020; Noakes et al. 2021) related to
the Qureffect (Withers et al. 2016). Interestingly, in South African endotherms some species deviate
from the expected impact of this effect. In two species of desert rodents and three species of
passerines, there was either no increase in RMR or the increase was smaller than expected although
Tp as well as evaporative water loss increagéthitfield et al. 2015Noakes et al. 2016; van Jaarsveld

et al. 2021).The patterns suggest that some kind of active metabolic depression at higlasT
implemented (Welman 2018), especially because passerines do not use more energy saving gular
fluttering as mechanism for eparative heat dissipatiorfBartholomew et al. 1968; Dawson 1982;

hQ/ 2yy2N) Sli2 o-SE@IS NEn vatAoy OS G KS  a i NS YS Nintrdadedh Q a w
(figure 7.3), we suspect that they may have used a similar mechanism as the bats did
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Figure 7.3. Oxygen consumptiore{(@l g* h'’; A and B) and body temperature,(TC; C and D) as a function of
ambient temperature (3 °C) in two hummingbird specieBrochilus polytmusnd T. scitulus Figure adapted
from Schuchmann and Schmiliftarloh (1979). Photo crediT. polytmus ©cotinga, T. scitulus ©Paul Bowyer,
observations 50787635 and 32581283, respectively finttiws://www.inaturalist.org/, under license (CC) BYC
(https://creativecommons.org/licenses/byic/4.0/).

Hot torpor has been discussed as potential rasgto heat, but its actual existence has not been
demonstrated earlier (Lovegrove et al. 2014a; Welman 2018). Welman (2018) argued that even if

hyperthermic torpor existed, it would be hard to detect a visible reduction in MR owing to the
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Arrhenius effectopposing the trend, i.e. forcing an increase in metabolism. We found TMR to be
reduced by about 82% compared to RMR and this reduction in MR is among the highest reported for
warm environments (2884%;Song et al. 1997; Dausmann et al. 2009; Grimpo &X(dl3; Kobbe et

al. 2014) Nevertheless, we acknowledge that the variation in TMR at the highs®taf substantial,
suggesting that in some individuals, and potentially in other species, the transitions between TMR and
RMR may be blurred and harderdetect.

Clearly, whether hot torpor occurs more widely in the dry tropics remains to be determined.
Nonetheless, our results highlight that there may exist more physiological options that we currently
do not know of and the impressive capacity of small maais to survive rising.TIn case oM.
commersonithermal tolerance is expanded during hot torpor episodes, allowing occupation of arid
habitats lacking webuffered diurnal roosts (Chapter 3). It is however, a risky responsgntfréases
too muchwhile the bats are torpid, they could face lethal temperatures. Mamnesh their thermal
limits whenT, approaches 4444°C due to overheating or dehydrati@®chmidtNielsen 1997; Lepock
2003) wherebythe ultimate limits to life appear to be of biochéeal issue, jeopardising the stability,
structure and function of macromolecules (Tattersall et al. 2012; Clarke 2017). Thus, a céfiain T
threshold would necessitate a premature-aeousal including evaporative cooling as a last resort. The
associatednd inevitable upregulation of metabolic heat production during emergency arousals could
easily push individuals beyond tolerable temperature maxima and/or necessitate immediate
evaporative cooling to decreasg b euthermia. Hot torpor consequently refieon T, not exceeding
these maxima and reliable cooling. Itisakigh a1 NBaLl2yaS | yR AYRSSR: 2y
rainy) but not necessarily hot days, we observed another variation of torpor that permitted bats to

remain alert: micretorpor bouts.

Macronycteris commersomintered hot torpor only under heat stress and maintained micoats

RdzZNAYy 3 022t SNJ Y2NYAY I K2 dzNE .2 3819 & NEBT)zTHedddare thd N R
shortest regular torpor boutsf any heterotherm studiedo far, lasting between only and 53 min

(mean = 120 min depending on roost and seas@hapter 3; Chapter 4). Interestingly, mid¢ospor

did not lead to notablechanges in ¢kn compared to euthermia but the reduction seen in MR was
considerable (~78% reduction compared to RMR, 55% savings in DREE compared to remaining
euthermic; Chapter 3; Chapter 4)his very short version of torpor therefore combines energyress
6hQal NI} Swith anfindreased numbenof euthermic phases and thus higher vigilance, which
could be vital when roosting in exposed foliage to react quickly to imminent thr€iapger 3 and
beneficial in caves to maintain social and temidl activitiedKunz and Lumsden 2003ymost all bats

from both the cave and forest population used them and they appeared to be the preferred torpor

modewhen energy or water conservation were not vit@h@pter 3; Chapter)4
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Micro-torpor bouts usudly occurred in a repetitive manner. This observed pattern also increased the
number of respective arousals, which, as mentioned previously, are an expensive part of torpor
(Thomas et al. 1990; Humphries et al. 2008specially at lowaJheart rate andnetabolism must be

driven to maximum rates to elevate, {Lyman 1982). This massive increase exposes the animals to
oxidative stress, because the boost in reactive oxygen species can overwhelm the animal's antioxidant
defences and ultimately cause severdlglar damage (Carey et al. 2003; Brown and Staples 2011,
Nowack et al. 2019). An arousal at higher temperature could therefore not only reduce energy
expenditure but also lower the overall stress on the cardiovascular system and cell damage (Currie et
al. 2015). Interestingly, Australian desert bats can arouse from torpor without any obvious metabolic
support when Tis near euthermic gl{Bondarenco et al. 2013) and the metabolisnMincommersoni

rarely exceeded RMR when arousing from a mimoat (Chaper 4). We therefore assume that the
associated costs may be negligible in thermal neutral conditions, making torpor atJagld micro

bouts in particular an extremely efficient option.

Heterothermy at moderate Jcan be commor{Song et al. 1997; Grim@®d I £t ® wamoT hQa
Teague et al. 2017b; Treat et al. 2018; Nowack et al. ;20B@pter 6) but a drop in, s still a central
FALISOG 2F Y2ald G2NLER2NI RSTAYAGA2yad G¢NIRAGAZ2YI§
MR and T (Geiser 200; Heldmaier et al. 2004). Since the work on Malagasy lemurs, we knowythat T
during torpor may also vary passively by as much as 25°C depending on the insulation of the resting
site (Dausmann et al. 2004, 2009; Kobbe et al. 20llbnetheless, dinitially declined upon torpor
entry and rarely exceeded 30°C during torpor (Dausmann et al. 2004; Dausmann et al. 2009; Kobbe et
al. 2011). In our study, however, we found that the newly discovered modes of torpor deviate from
previously described,patterns. During micrdorpor bouts, there was no clear or only little deviation
in T, comparable to torpor within the TNZ @astern pygmypossums Cercartetus nanyssong et al.

1997 and golden spiny mic&¢omys russatyssrimpo et al. 2013Puring hottorpor by contrast, §

even increased at the onset of the torpor bout to more than 40°C (Chapter 3), expanding the
understanding of torpor that we have had so far and demanding to reconsider the original definition
(Canale et al. 2012). Using a declin@iito define torpor is clearly not a necessity but presumably an
artefact of our understanding biased by torpor patterns observed in temperate regions. A universal
definition of torpor should therefore include that MR is drastically reduced while theetTpoint,
defining the onset of active thermoregulation, may be shifted dramatically towards both low and high
To, Whether this ultimately entails a decrease, no change or even an increasg Different
environmental conditions can result in differenttpans of torpor and we need to acknowledge this
with appropriate methods, particularly when studying endotherms in hot environments. For example,
with the classical temperature recordings often used in ecophysiological research;tarjmoo could

not haw been detected and hot torpor could have been identified as adaptive/facultative
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hyperthermia. Recent technological advances in developing miniature biologgers, however, allow
continuous recording of physiological and behavioural data fromfaeging ammals (e.g.Wilson et

al. 2012; Currie et al. 2014; Chmura et al. 2018; Menzies et al. 2080%idering that almost all

individuals have used micitorpor and that torpor in general has played a central role to cope with

heat inM. commersoniwe shouldinclude further proxies for ithat are independent of potential

masking by hightE a4 dzOK & KSIFNI NI GS 2N 2Ee3Sy O2yadzy LA
FYRK2NJ AYRAGARIZ faQ LKe&aAz2ft23A0Ft a02LSo

We have worked with a species that is widely distributed and masters most habitats of Madagascar,
from the southern dry spiny thickets, to western dry deciduous forest and reattiern humid
rainforest(Goodman 2011)The populations seek out different microhabitats and roost in buffered
caves as well as unprotected from environmental extremes in open fo{Rgkarinantenaina et al.

2008; Goodman 20t Xhapter 1; Chapter 3). Prevailing conditions may also vary vaititirbetween
seasons, making the complete ecological reality of this species considerably broad. Data limited to a
single population and/or season consequently do not represent the species as a whole. In Chapter 4,
we therefore looked in detail to which &ent torpor patterns expressed byl. commersonvary over
seasonal and geographic scales and are thus modified to cope with respective environmental
conditions to get a better understanding of its physiological scope.

Seasonal variation in physiologicaliahles is often observed in endothernma.M. commersoni
though, we did not find any variation in RMR when comparing the cave population seasonally (Chapter
4). Such adjustments were also not expected given the minor variation in cave temperature and RH
over the course of the year (variation: 1°C, 3%). However, the bats entered torpor more frequently and
both multi-hour torpor as well as micemrpor bouts were longer and deeper in the dry season than
in the wet season (Chapter 4). This is a pattern comynseen: for example, eastern pygmgssum
Cercartetus nanuand common tenredenrec ecaudatusicrease torpor bout duration during the
more challenging time of the year (Turner et al. 2012; Lovegrove et al. 2014b). During the wet season,
resources are phtiful and energy conservation less pressing. Cave bats entered tegsoirequently
and rather flexibly to withstand the effects of a cyclone or to compensate for individual constraints
(Chapter 4). Torpor as response to endure the effects of extraraate is well knowiiDoucette et al.

2012; Bondarenco et al. 2014; Nowack et al. 2015; Stawski et al. 2015; Barak et aSR016j torpor
bouts can also speed up fattening before hibernatf@iroud et al. 20123s well as fattening before
and duringmigration (Hiebert 1993; Wojciechowski and Pinshow 2009; McGuire et al. 20x14)
mitigate unsuccessful foraginideldmaier et al. 20043nd thus benefit leaner individuals as seen in

Malagasy mouse lemuwicrocebus griseorufu@Kobbe et al. 2011)Unfortunately, we could not
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compare the forestdwelling populations seasonally because we never traggedommersonin the

F2NBad KFEoAdldG Ay GKS RNE &aSlazyo . FasSR 2y 2dzNJ z
(Chapter 5), we assume that they migrate to a cave and hibernate. Flexible habitat shifts between 300
700km are regularly observed in the closely related African Hipposideridae, whereby the individuals
usually have a higher body mass after migrationstand, presumably increase either foraging success

or roost quality during their trip§vVaughan 197 ™cWilliam 1982 irCotterill and Fergusson 1999)

Geographic physiological variation is less well understood (@ugbhar and Brigham 2010; Stawski
2012; Nakes et al. 2016; KleBaerwald and Brigham 2017; Cooper et al. 2018; Gearhart et al..2020)
Compared to the cave in the wet season (see abohe)ekposed foliage roosts in the forest induced
extensive use of torpor related to heat stress (Chapter 3pie the high predator abundance e.g.
fossas Cryptoprocta feroxtrying to attack bats during our measurements (personal observation). We
even found forest bats to have the highest torpor frequency and to enter torpor bouts lasting as long
as in overwingring bats. Interestingly, both RMR and TEliRthe same Twere on a similar level
despite the dissimilar roosting conditionShapter 4. For TMR, our results are comparable to Kuhl's
pipistrelle and big brown bats that display a TMR that varies vely litween populations roosting
under different climatic conditiongKligBaerwald and Brigham 2017; Gearhart et al. 2024; see
Dunbar and Brigham 2010). For RMR, we would have expected some vatiahi@maqgua rock rats
(Micaelamys namaquengisfor example, the population inhabiting a thermally more challenging
shelter has a lower RMRan Jaarsveld et al. 2024nd many mammals inhabiting hot and arid habitats
have a 2840% lower basal MR than would be expected from their body(kizeéegrove 2003ill et
al. 2016 Chapter 6). A low basal MR reduces energy requirements and the production of metabolic
heat, which in turn allows a higher rate of heat accumulation before cooling is necéSsayson et
al. 2017) We compared the bats' responses undkeir natural conditions, and thus fluctuating
conditions in the forest with very stable cave conditions that did not allow us to determine VBIZ.
the course of the study, however, we also manipulated the roosting environment commonly
experienced bytte bats (Chapter 5), and we found that the cave bats had a slightly narrower and lower
TNZ (3134°C) than the forest bats (&56°C). Interestingly, we also found a tendency for the cave
population to have a slightly lower RMR within the TNZ despite lowand similar ¥ (Chapter 5),
which may be related to the difference in RH between cave and foresQgeper and Withers 2008;
Lovegrove et al. 2014a)

The benefits of torpor appeared to outweigh its costs and our results suggest that the intraspecific
variation in overall torpor patterns may be more plastic than the level of metabolic reduction at a given
Ta (but see Dunbar and Brigham 2010 and Chaptetrgrestingly, despite marked environmental
differences between seasons and sites, flexible torsa, and not roosting conditioner se dictated

energy expenditure (Chapter 4). Individual bats could balance DREE and body condition by adjusting

186



GENERAL DISCUSSION

bout duration and frequency, allowing flexible energetic savings between 45 and 84% compared to
remaining euthermic (Chapter 4). The broad physiological repertoire observed.imommersoni
allows the regulation of energy consumption and water depletion in direct response to prevailing
conditions at a fine scale and enables the species to effectively comperieatcontrasting
environmental pressures. Physiological traits are apparently not fixed within a species over seasonal
and geographic scales and conclusions drawn from limited datasets may- undeverestimate a
ALISOASAQ TFdZ £y I (egzhttutate Ddighdlisockitical forip&dicting the éffec@ of
ongoing disturbance events or rapid climatic changes on wildlife, and when defining suitable habitats
that might serve as refugia and ensure the ldagn viability of both populations and spies (Irwin

et al. 2010; Cooke et al. 2013; Rezende and Bacigalupe 2015; Cooper et al. 2018)

Differences on a population level as discussed in Chapter 4 reflect a species' capacity for phenotypic
variation and/or local adaptation, and may even hint at incipient speciaf\iolle et al. 2012;
Richardson et al. 2014however, we do not know to whaxtent single individuals can flexibly take
advantage of this intraspecific variation to mitigate rapid environmental disturbances and buffer local
extirpation, or whether these are local adaptations of the respective populatibdhscommersonis
disturbed in caves due to extensive hunti{@oodman 2006; Jenkins et al. 20&fh)l guano extraction
(Reher, unpublished dafa Simultaneously, the forest population is increasingly confronted with
habitat destruction(Zinner et al. 2014)associated warming dhe remaining fragment§Tuff et al.
2016)as well as generally rising daytime and nigiite temperature maxima through global warming
and its concomitants, i.e. more frequent heaaves and drought@Nematchoua et al. 2018) forced
shift in microhabitais consequently a likely future scenario for either population. Understanding their
OF LI OAGASE F2NJ FlLrad FyR FftSEA0ES NBalLkRyaSa Aa
LJ2 Lddzf | G A2y aQ LISt NasiudwiceSects of rajil &nGrorimangabchanges on the
metabolic responses iM. commersoni we pushed the populations out of their commonly
experienced environment by exposing them to the respective contrasting roosting condfibapter
5). Although these manipulated envinoental conditions were within the ecological range faced by
the species as a whole throughout its distribution, and despite considerable intraspecific variation,
most bats appeared to struggle with the unfamiliar conditions.

The forest bats usually experice daily fluctuations in bothy@&nd RH, and the combination of high
Tawith high REAmay have hampered their thermoregulatory capacities (Gerson et al. 20%égrove
et al. 2014Chapter 5). Many endotherms inhabiting drier environments have adaptations to conserve
water (Heldmaier et al. 2013; Clarke 201Bj)rds(MufiozGarcia and Williams 2005; Champagne et al.
2012)and bats(MufiozGarcia et al. 2012; Baamo et al. 2016yom arid habitat, for example, have
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a modified lipid composition in their skin, which reduces the permeability ottetum corneunand
thus the rate of cutaneous evaporative water loss (Haugen et al. 2003). This could be true for the forest
population of M. commersoni Interestingly, we know that some individuals salivate their forearms
when T approaches the upper critical limit of the TNZ (Chapter 3). Combined with the hyperthermic
Tskin Which we have observed during the short euthermic periods when expiosthe cave conditions
(Chapter 5), our data indicate that the bats tried to keep up cooling mechanisms. Even at high RH
cooling via evaporation is possible: it requires an efficient system to keep the water vapour pressure
on the skin surface highdhan that in the air, which can be accomplished by a combination of higher
Tskin through vasodilatation and higher skin humidiggchmidiNielsen 1997; Withers et al. 2016).
While a high &inalso allows for passive regulation though convection and ratiahyperthermia may
have serious physiological consequences in the-teng. Unexpectedly, the highsd:Ta differential
persisted during torpor, when vasomotor regulation as active mechanism is considered to be less
functional(MufozGarcia et al2016) and despite lower metabolic heat production than in cave bats
(Chapter 5)The hot cave conditions likely inhibited heat loss in forest bats and, just like in their natural
surroundings, the bats entered torpor episodes to cope with heat stresgp{€ha). We therefore
propose that theforest individuals are acclimatised or adapted to conditions that are more arid.
CaveM. commersonhad difficulties maintaining euthermia when confronted with Below or
above their commonly experienced 32°C (Gbap). This population overwinters in the hot cave for
the entire dry seaso(Rakotoarivelo et al. 2007; Raharinantenaina et al. 2008; Goodman Cohapter
1,2) and while Imay decrease to ~20°C in the wet season, they only experience this, lbuvifig
foraging. Costly flapping flight generates substantial amounts of (@spenter 1986; Speakman and
Thomas 2003; Voigt and Lewanzik 2C4rid T regulation during the active phase is further substituted
by digestion(MacArthur and Campbell 1994; Beale @t 2018) It is therefore likely that these
individuals rarely need to actively upregulateahd maintain it at a constant level at low. Thdeed,
with decreasing 4 T, decreased steadily although maximum MR increased (Chapter 5), suggesting that
inside the respirometry chamber without physical activity, the bats had only limited capacity to
generate heat sufficiently such as through relrivering thermogenesis and thue,cope with low T.
The cave population appeared to be narrowly acclimatised to its buffered cave microclimate (Chapter
5). A similar observation has been madedifferent populations of hairfooted gerbils Gerbillurus
paebg and Namaqua rock ratd{caelamys namaqguengisin which the direction of intraspecific
variation is consistent with their commonly experienced microclimatic conditions and not the climate
on larger scale (van Jaarsveld et al. 2021). While the hot cave certainly holds many gelvaih&so
imposes risks (see above; Chapter 2): the stable environmental conditions are rarely found outside the
cave (Ladle et al. 2012), rendering its specialised fauna highly susceptible to minor deviations in

roosting conditions.
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When confronted wih higher T than commonly experienced, however, the observed responses were
surprisingly homogeneous; all cave bats entered hot torpor just like the forest bats when heat stressed,
although the torpor patterns varied with respect to entry timing angthreshold. Tropical bats
experiencing highaln their diurnal roosts appear to have a greater capacity for coping with(Qzaty
Toussaint and McKechnie 2012; Bondarenco et al. 2013, 2014; Czenze et al.F2o@@rmore,
Cooper et al. (2020) found that prior experience with highmefiuced metabolic heat productioim
zebra finchesTaeniopygia guttataduring heat exposure, suggesting that even previous stesnh
exposure to certain environmental conditions may confenare favourable physiological response
subsequentlyHowever, the southern population roosts in a highly insulated roost-y@and and we
never could have recorded hot torpor in their natural environment (Chapter 2, 4). We therefore
assume that despiteetatively homogeneous environmental conditions, the cave population has a
broader physiological repertoire than it typically usesposure of individuals to conditions outside
their natural prevailing environment may therefore provide insight into theiteptial for flexible
physiological responses. Fgolden spiny miceAcomys russatys for example, it was discovered
somewhat coincidentally that they can enter mudfty torpor more than seven times longer than
previously reported for this species dugima flooding eventBarak et al. 2019)

We found evidence thabtal adaptation or acclimatisation may hamper flexible responses when
the environment changes rapidly. Even though the bats found means to cope with the new situations,
they all showed pattersithat are not necessarily sustainable in the loagn (Chapter 5). While some
endotherm species acclimatise to novel microclimate within wegéleddmaier and Hoffmann 1974;
Noakes and McKechnie 2020cessary time spans may not always be given. Testfpopulation
already tolerates hyperthermicsdn close to mammalian lethal limiggSchmidiNielsen 1997; Lepock
2003 Chapter 3) and the cave population already declined substantially due to anthropogenic
disturbance at their roosfGoodman 20063nd ha no alternative hot cave nearby. Since physiological
responses may be manifold and hard to predict (e.g. uniform hot torpor), we need to work on broad
environmental scales and ideally combine field research with more experimedtalgn approaches
to understand what species and populations currently do and potentially could do when they are

pushed out of their commonly experienced environment.

Understanding how endotherms function in their current environment and to what extent they can
cope with changes in it, is a pressing concern in contemporary biological research. Ongoing disruptive
human interference innatural habitats issuperimposed byglobal warming, which in turn is
accompanied by an increase in the frequency of irregular weather events (IPCCRYs#logical

flexibility can help species tolerate certamvironmentalfluctuations, butphysiological traits are
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often considered to b fixed. Consequently, the results of my thesis highlight the need for examining
species in a broader ecological sphere to obtain a clearer picture of their tolerance range, potential
limits and ultimately a more accurate insight into their chances of @ndu

We described two new torpor patterns, both related to coping with warm or even hot ambient
conditions: micretorpor and hot torpor. ® cope with acute heat streghrough torpor and thereby
conserving energy and water usually needed to downregulatendy be a huge advantage for
heterotherms over homeotherms that do not have the option to reduce internal heat production as
effectively. Both newly discovered patterns broaden our general idea of hypometabolism, demand for
a redefinition of torporthat does not fundamentally include a decrease iraiid indicate that we are
FIENI FNRY AN ALAY3I GKS | O dzl fSonme NfsdieRmiak hageTlev&ldpedS N2 i K
proper compensatory mechanisms that we are simply not aware of. Since these ehistarst cannot
necessarily be provoked or even predicted, physiological data in the context of environmental
guestions should be collected in a framework that is as natural as possible and thus, ecologically
relevant.

We quantified an impressivatraspecific physiological variation in a single species, probably
allowingM. commersonto inhabit a range of different habitat and climate zones. However, when
pushing the single populations out of their native environmental conditions, we observéddim
capacity to cope with rapidly changing microclimate in both populations, suggesting local adaptation
and/or acclimatisation This is alarming considering that disturbance in natural habitats is high in
Madagascar and that forced habitat shifts are rat-fetched for either populationBased on our
results, we argue that a wide distribution over a broad range of microhabitatscinthtes may not
represent the adaptive scopes of species. Discrete populations may be locally adapted or acclimatised,
ultimately hampering flexibility if rapid responses to environmental change are required.

When we are analysing how organisms function within their respective environments, we need to
consider that we are often only looking at snapshots taken from their@etiological reality and thus
only small samples of their (physiological) capacity. Comparative studies across seasonal and
geographic scales, including extreme and less demanding habitats, can therefore provide indications
on species' intraspecific vatian and their potential tolerance range to environmental challenges.
Understanding to what extent this variationdsiven bylocal adaptation, developmental plasticity or
phenotypic flexibility is then essential faccuratelydeterminingextirpationrisk of populations, for
managing conservation actions such as species translocation or reintroduction, and for predicting
gAf REATSQa OKIyOSa FT2NJ LISNEAAGAY3I Ay TFdzidzNB Sy gda
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