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Synopsis  Torpor was traditionally seen as a winter survival mechanism employed by animals living in cold and highly seasonal
habitats. Although we now know that torpor is also used by tropical and subtropical species, and in response to a variety of
triggers, torpor is still largely viewed as a highly controlled, seasonal mechanism shown by Northern hemisphere species. To
scrutinize this view, we report data from a macroanalysis in which we characterized the type and seasonality of torpor use
from mammal species currently known to use torpor. Our findings suggest that predictable, seasonal torpor patterns reported

for Northern temperate and polar species are highly derived forms of torpor expression, whereas the more opportunistic and

variable forms of torpor that we see in tropical and subtropical species are likely closer to the patterns expressed by ancestral
mammals. Our data emphasize that the torpor patterns observed in the tropics and subtropics should be considered the norm

and not the exception.

Introduction

Whole-body endothermy, the thermoregulatory ability
of maintaining a high and stable body temperature, has
been one of the key steps in the evolution of mammals
and birds (Crompton et al. 1978; Bennett and Ruben
1979), as it allows animals to maintain a body tem-
perature above ambient temperature, to be indepen-
dent of ambient conditions, and to live and be active in
cold habitats. Despite these advantages, the endother-
mic lifestyle does, however, come with much higher en-
ergetic costs than ectothermy. These can be somewhat
reduced by energy savings through circadian changes
in body temperatures with higher values during activity
and lower values during resting (Aschoft 1963; Tattersall
2012; Levesque et al. 2023). Daily variation in body tem-
perature can be pronounced in endotherms, especially
when individuals are subject to high daily variations in
ambient temperature and food availability (e.g., up to
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6°C in numbats; Cooper and Withers 2004). However,
by far the most effective energy-saving strategy available
to mammals and birds is the lowering of metabolic rate
via the use of torpor (Geiser 2004).

Torpor is generally viewed as a highly controlled
mechanism of seasonal metabolic depression (Lyman
et al. 1982), usually accompanied by a drop in body
temperature (but see Grimpo et al. 2013 or Reher and
Dausmann 2021). The literature usually differentiates
between daily heterotherms and hibernators. Daily het-
erotherms are defined by expressing daily bouts of tor-
por with a regular but moderate reduction in energy ex-
penditure and body temperature. Such bouts of daily
torpor are often restricted to the rest phase, and ani-
mals may still maintain normal foraging activity dur-
ing the active period (Ruf and Geiser 2015). Hiberna-
tion, on the other hand, is characterized by extended
periods of inactivity during which energy expenditure is
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reduced to a fraction of that during normothermic rest
and body temperature is often close to ambient temper-
ature (Geiser 2021). During hibernation, animals un-
dergo torpor bouts of a few days to weeks, generally
interrupted by short, regular arousal periods (French
1985; Ruf et al. 2021). Typical examples of classical sea-
sonal Northern hemisphere torpor use are shown by the
Djungarian hamster (Phodopus sungorus), which uses
bouts of daily torpor, and hibernating Arctic ground
squirrel (Urocitellus parryii) with body temperatures be-
low 0°C (Barnes 1989). In both species, torpor is used
on a regular basis during winter, is absent during the
summer, and is usually accompanied by morphologi-
cal changes, such as a photoperiod-induced winter phe-
notype in Djungarian hamsters (Hoffmann 1973) or
pronounced seasonal fattening in Arctic ground squir-
rels (Sheriff et al. 2013). Examples like those described
above have initially led to the general idea that the abil-
ity to use torpor may have evolved as a winter-survival
mechanism in response to cold habitats (Twente and
Twente 1964). However, torpor is not only employed by
animals living in cold and highly seasonal habitats, but
also by species living in warm and/or arid climates out-
side of the Holarctic region (e.g., reviewed in Geiser and
Kértner 2010; McKechnie and Mzilikazi 2011; Boyles et
al. 2013; Nowack et al. 2020). Interestingly, torpor pat-
terns in non-Holarctic species are often more variable
than those commonly observed in Northern temper-
ate zones, and torpor expression can range from shal-
low torpor (Shankar et al. 2022; Nowack et al. 2023)
or very short micro-torpor bouts (Reher et al. 2018) to
extensive torpor bouts of a few months without regu-
lar arousal phases (Dausmann et al. 2004; Dausmann
et al. 2020; Lovegrove et al. 2014). Furthermore, tor-
por expression is often more flexible than previously
assumed, and individuals of one species or population
may differ in their use of torpor and either employ
extended periods of inactivity with a series of multi-
day or weeklong torpor bouts (hibernation), multiday
bouts of torpor lasting a few days (prolonged torpor), or
short bouts of torpor, similar in duration to the bouts
of daily torpor described for daily heterotherms (re-
viewed in Nowack et al. 2020; also see Glossary for defi-
nitions). Australian Eastern pygmy possums (Cercarte-
tus nanus), for example, commonly undergo hiberna-
tion during winter, but individuals vary in their torpor
pattern, and some individuals may only use short or
prolonged bouts of torpor and do not undergo hiberna-
tion (Turner et al. 2012). Furthermore, male possums
may also use opportunistic short bouts of torpor dur-
ing the summer, possibly in response to a negative en-
ergy balance due to prioritizing searching for females
over food acquisition (Turner et al. 2012). Importantly,
such opportunistic use of torpor enables non-Holarctic
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animals to respond to acute emergencies and has been
described to be triggered in response to fast-scale nat-
ural disasters, such as droughts, fires, storms, or floods
(reviewed in Nowack et al. 2017) and less predictable
climates in subtropical and tropical areas also coincide
with more variable durations of torpor bouts (reviewed
in Geiser 2020; Nowack et al. 2020).

The widespread occurrence of torpor in all three
mammalian subclasses (monotremes, marsupials, and
placentals) suggests that it is an evolutionarily old trait
and that endothermy evolved via a heterothermic an-
cestor that likely showed high variability in body tem-
peratures including some form of torpor use (Grigg
et al. 2004; Lovegrove 2012; Ruf and Geiser 2015)—a
view that is now widely accepted among scientists. As
early mammals evolved under conditions more similar
to species in the tropics, this has led to the idea that flex-
ible use of torpor may be the ancestral form that would
have been used by early mammals at the transition to
the whole-body endothermy found in extant mammals
and birds (Grigg et al. 2004; Lovegrove 2012). As global
temperatures cooled during the Cenozoic, more con-
strained, predictable forms of torpor would have been
made possible (Lovegrove 2012; Lovegrove 2017). If this
is the case, one would therefore expect opportunistic
torpor use to be widespread and not restricted to species
in non-Holarctic regions, and seasonal, programed tor-
por to be restricted to temperate and polar climates.

To evaluate biogeographical and phylogenetic pat-
terns of torpor use in mammals, we collated datasets
on mammals known to use torpor. We noted the types
of torpor used, the season(s) in which torpor has been
recorded, as well as if the animals needed significant, i.e.
weeks or months), of preparation time before entering
hibernation. We hypothesized that non-seasonal and
flexible use of torpor is the ancestral condition in mam-
mals and would therefore be found across multiple taxa
and worldwide, and further predicted that strictly sea-
sonal torpor expression that requires preparation would
be restricted to cold and/or highly seasonal environ-
ments and only a few taxa.

Methods

We based our dataset on comprehensive review arti-
cles (Ruf and Geiser 2015; Levesque et al. 2016; Nowack
et al. 2020) and ran a systematic literature search to
update these with the records of new (or previously
missed) discoveries to compile a list of mammal species
known to use torpor to date (see Supplementary Table
S1). To obtain a standardizable proxy for a species’ geo-
graphical range, we added mid-range distribution (lat-
itude and longitude) for each species based on entries
in the mammal life history database PAnTHERIA (Jones
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Rare and opportunistic torpor

Glossary

Term Definition used in this paper

Daily heterotherm
Daily torpor

Flexible torpor use

Animals that only display bouts of daily torpor lasting less than 24 hours (in contrast to hibernators).
Short bouts of torpor of less than 24 hours; employed by daily heterotherms.

Flexibility in torpor pattern with individuals being able to switch between torpor types or individuals of a

population adapting different torpor types, even in response to the same environmental conditions.

Heterothermy
Hibernator Animals that undergo hibernation.

Hibernation

Fluctuations in body temperature and metabolic rate seen in endothermic animals.

Sequence of multiday torpor bouts interrupted by periodic arousal and short normothermic periods of

several hours; restricted to the hibernation season (several weeks to months) and without extended activity

and foraging.
Opportunistic torpor

Prolonged torpor

Spontaneous and flexible torpor use that can occur at any time of the year in a flexible manner.

Multiday torpor bout after which animals are normothermic and active for days before potentially

undergoing additional bouts of short or prolonged torpor; Occurs independent of hibernation.

Seasonal torpor

Short torpor

Torpor use is restricted to a single season, usually the cold or the dry season.

Short bouts of less than 24 hours employed by animals that can also undergo longer multiday torpor bouts

(prolonged torpor or hibernation); bouts are occurring at any time of the year and independent of the

hibernation season

et al. 2009). Data on the distribution for 10 species
missing from PanTHERIA were obtained from the In-
ternational Union for Conservation of Nature (IUCN)
Red List and were downloaded as shapefiles (IUCN
2022), from which the centroid was calculated using the
“st_centroid” function in the R package “sf” (Pebesma
2018).

We used the mid-range latitudes to classify each
species as belonging to one of four climate zones (trop-
ical: 0-23.5°N/S, subtropical: 23.5-40°N/S, temperate:
40-60°N/S, or polar: 60-90°N/S). We lacked mid-range
coordinates for the following two species: Mus muscu-
lus (a commensal species with a worldwide distribu-
tion) and one unnamed species Gerbillus species 1. How-
ever, to include these species in the analysis, we classi-
fied them as subtropical: Mus musculus based on their
evolutionary origin (Boursot et al. 1996) and Gerbillus
species 1 based on the locations of the study describing
torpor use for the species (Gyhrs et al. 2022).

We then synthesized the following information for
each species in our dataset via an extensive litera-
ture search (Supplementary Table S1): maximum tor-
por bout duration, seasonality, and torpor predictabil-
ity. Torpor bout duration was classified as either daily
torpor (longest duration <24 h), prolonged torpor (mul-
tiday bouts interspersed by extended activity), hiberna-
tion (sequence of multiday bouts), or data deficient, if
no conclusive information about torpor bout duration
was available. Seasonality of torpor use was classified
as seasonal if torpor use was restricted to one season
such as the cold or dry period, non-seasonal if it was
seen in different seasons, or data deficient if this infor-
mation was missing or a species was only investigated
in one season or under constant laboratory conditions.

Torpor predictability was defined as predictable when all
individuals used torpor in the same way, unpredictable
when they differ in their likelihood to enter torpor or
the pattern of torpor they are using, or data deficient if
this information was missing. We also noted whether a
hibernating species was known to prepare for hiberna-
tion (food hoarding or fattening; yes/no) and whether
a species that hibernates may be flexible in their use of
torpor and use short torpor bouts independent of hi-
bernation. Missing information was again listed as data
deficient.

To estimate the ancestral character state for var-
ious parameters (seasonality, predictability, and tor-
por bout duration), we used the “ace” function in
the R package “ape” (Paradis and Schliep 2019) with
a phylogeny trimmed from the Upham et al. (2019)
mammal supertree. For discrete characteristics, such
as the ones used in this study, the function provides a
maximum-likelihood estimation of the state at each
node following Pagel (1994).

Results
Global distribution and type of torpor use

The full dataset spans 275 species and includes one
species of monotreme, 57 species of marsupials, and 217
placental species (Supplementary Table S1). Species that
use torpor were found in all four climatic zones, with the
vast majority in subtropical and tropical areas (n = 213
vs. n = 62 for polar and temperate). Daily heterotherms,
employing torpor bouts of <24h as the longest bouts,
made up 42% (117/275) of the species in our dataset.
Prolonged torpor was the maximum duration of torpor
bouts for 8% (21/275) of the species, and 40% (109/275)
were found to undergo hibernation. For 10% (28/275)
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of the species, the actual pattern of torpor use remains
unclear (see Supplementary Table S1). Hibernation was
found in many species in polar and temperate habitats
but was much less common in subtropical and tropi-
cal species (Fig. 1). Daily torpor, on the other hand, was
more common in warmer climate zones and absent in
the polar regions (Fig. 1).

All torpor types, including prolonged torpor, were
found across the mammal phylogeny. Use of a single tor-
por type only was found in three clades: The dasyurid
marsupials (Order: Dasyuromorpha) and shrews (Fam-
ily Soricidae) have so far been found to only use daily
torpor, whereas the sciurid subfamily Marmotini (chip-
munks and ground squirrels) all use hibernation. The
presence of prolonged torpor and hibernation in other
marsupial sister clades (including other Australian mar-
supials) increased the likelihood of other torpor types at
the ancestral marsupial node (Fig. 1E). Ancestral char-
acter estimation indicated an almost equal likelihood of
any of the three torpor types being the ancestral condi-
tion (scaled likelihoods at the root of 0.35 for daily tor-
por, 0.33 for hibernation, and 0.32 for prolonged torpor,
Fig. 1E).

Seasonality of torpor use

We could not find information on the seasonality of tor-
por use for 59% (161/275) of the species. In the 41%
(114/275) of species for which information about the
seasonality of torpor use was available, strict seasonality
was relatively rare (39%; 44/114). Torpor use was found
to be used in several seasons, i.e. non-seasonal in 61%
(70/114) of species that were investigated in several sea-
sons.

Only ~10% (22/213) of subtropical and tropical
species are known for their strictly seasonal torpor use,
in contrast to 36% (22/62) in polar and temperate zones
regions (Fig. 2). Non-seasonal use of torpor was found
in 22% of species using daily torpor (26/117), 28%
of species using hibernation (30/109), and in 48% of
species showing prolonged torpor (10/21) and was not
restricted to subtropical and tropical habitats (Fig. 2).
Only 6% (7/109) of hibernators—all species from sub-
tropical and tropical regions—do not show seasonal fat-
tening or food hoarding (Supplementary Table S1).

About 38% (41/109) of species that are known to un-
dergo hibernation were found to also use opportunistic
short bouts of torpor or prolonged torpor without prior
preparation in response to acute negative energy bal-
ance throughout the year. This use of short bouts of tor-
por by hibernators was found in higher frequency (43%;
26/61) in species in tropical or subtropical habitats (Fig.
2) but was also described in 33% (15/46) of temper-
ate zones species (Supplementary Table S1). Short or
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prolonged torpor bouts in hibernators have not been
observed in species from polar regions (0/2; Fig. 2).
Seasonality was more concentrated in certain clades
than others and was the most common condition in
the Carnivora (5/5 species), the Sciuridae (i.e., marmots
and squirrels) (16/20), and the Primates (7/8), while
rare in other non-sciurid rodents, bats, marsupials, and
Afrotherians (i.e., tenrecs, golden moles, and elephant
shrews) (Fig. 2). Both seasonality and non-seasonality
were found to be equally likely to be the ancestral tor-
por condition (0.499 vs. 0.501, respectively, Fig. 2).

Predictability of torpor use

We found that 41% (111/275) of all species display some
degree of flexibility in torpor use, while predictable tor-
por use (i.e., all individuals of one species use torpor
always in the same way) was only recorded for 8%
(23/275) of all species [data deficient: 51% (141/275)].
Flexible torpor use was highest in tropical and sub-
tropical species (44%; 93/213), and although it was also
found in species in temperate and polar regions (29%;
18/62), many Northern hemisphere species have highly
predictable torpor use where all individuals of a pop-
ulation use torpor in the same way (24% (15/62) vs.
4% (8/213) in tropical and subtropical areas; Supple-
mentary Fig. S1). Phylogenetic patterns in predictability
mirror those found in seasonality with the majority of
predictable species consisting of the Carnivora, the Pri-
mates, and the Sciuridae (i.e., marmots and squirrels).
There was also a much higher likelihood that the an-
cestral condition was flexible, that is, non-predictable
(0.70), than predictable (0.30, Supplementary Fig. S1).

Discussion

Our comprehensive review of mammalian torpor use
shows that opportunistic, non-seasonal torpor is more
common in tropical and subtropical than in polar
and temperate zone mammals, but it is not limited to
these climatic zones and can also be found in species
living in seasonal Northern hemisphere habitats with
cold winters. Thus, the biogeographic distribution
data support our hypothesis that non-seasonal and
flexible use of torpor is likely the ancestral condition in
mammals and that predictable seasonal torpor use is
the derived form. However, the ancestral state recon-
struction analyses were more ambiguous. Although we
found a 70% likelihood for non-predictable, flexible
torpor use to be the ancestral condition, there was an
equal likelihood for seasonal and non-seasonal torpor.
Similarly, the ancestral state analysis revealed an almost
equal likelihood of any of the three torpor types being
the ancestral condition. Furthermore, our prediction
that seasonal torpor expression requiring extensive

€20z Ainp || uo1senb Aq 877661 2//90PED1/ADY/SE0L 0 L/10P/3]011e-80UBAPE/GDl/WOD dNO DlWapEIE//:SA)Y WOl papeojumoq



Rare and opportunistic torpor 5

(A) Daily Torpor (8) Prolonged Torpor
4 o
50 ﬁg ° s / 50 .
@ o o o [] - g
E o ° E ¢
% 0 og fg o o o% .§ 0 o.o
3 2 9439@ ﬁ =t . * *e
& y w T .
501 50
-100 0 100 200 -100 0 100 200
Longitude Longitude
(© Hibernation (D)1 g0 |
2 .
501 *
€ W o
@ - >
3 . ly . E
£ 0 . 3 0.501
~ o] g
' ¥, i
.
501 0.25 1
-100 0 100 200 0007 = . ; ;
Longitude polar  temperate subtropical tropical

emprichil
omnycreer:j :1 i) g,m"anz,; domestica
Cory"“m‘ﬁ‘“ inanys ’"’%f:farsus
parbastella rsi"?a]m'
ng
Toides

O
e
éﬁpm
W
?s\—'B
o
007
o0
o
e
o
EL
;::

SRR R Y,
Eo3g %
TRALETELRGS %
3858 rere
=3 2%n B
R
Fig. | Global distribution of torpor patterns, based on the maximum duration of bouts. (A) Daily torpor (n = 117); (B) Prolonged torpor

(n = 21);and (C) Hibernation (n = 109). (D) Frequency distribution of torpor patterns (maximum duration) in relation to the four climate
zones (tropical: 0-23.5°N/S, subtropical: 23.5-40°N/S, temperate: 40—60°N/S, or polar: 60-90°N/S). Black: data deficient (n = 28); dark blue:
hibernation; middle blue: prolonged torpor;and light blue: daily torpor. Sample sizes for the four climate zones are: polar (n = 2), temperate
(n = 60), subtropical (n = 118),and tropical (n = 95). (E) The phylogenetic relationships of species with known torpor use type. The tip
labels represent the longest torpor type observed in the species, using the same color scheme as in (D). Pie charts at the nodes were
estimated using ancestral state estimation, and the proportion of each color represents the likelihood that the shared ancestor used that
particular torpor type.

€20z Ainp || uo1senb Aq 877661 2//90PED1/ADY/SE0L 0 L/10P/3]011e-80UBAPE/GDl/WOD dNO DlWapEIE//:SA)Y WOl papeojumoq



6 J. Nowack et al.

(A) (B) oo
e
e
60 A
o
o"' .: 0.75
R
- 3
[} 4
L 23 3 . 2
2 3 0.50 1
® . F
4 0 o
* e
' Ll
234 o [ o? 0.251
L ° ,
o
60 0.001
-100 0 100 200 polar temperate subtropical tropical
Longitude
® non-seasonal @ seasonal
i P
2.8 2 §é7
“ I 5 @
) .~ 2838, 8,854
Q5 % 5% 3 SEEfFF LSS ¢
o T 3 3 s = = Sac g8 £ FF S .
2 2 2 2TR2EFETe 0o _g g & §¥ 7§ &
2223353868233 58,8888, ¢ &
2 %% 5533323288258 858FSFfES
22 % " S g3 382§ 8 g TSs&8 e g F & &
o A% % 5%8231355055SIFFFSEL S
e % = v g T 3T . i I
% % B B LY Rodentia TOFF S &S ¢
1z G G % @ ® <= ¥ 8 & & S
S, B, B, 2 A Q ST o F
q’@. s % % " & o R >
%, o
o) Q@s
& X WS
6, i
P se‘—‘@
“u, '&ew A "
o) 0071’.1‘ B‘.'Ge m‘""
Yo, %y, ws s ef® "
iy, Y e soV ot
Oce, Y0, oy s
b, ey S U
U.i‘/ef;’? 2 4 \;SGU aniﬂu.a
Mc"bc s i Sar, i 0 s nitus
heroge s 5 per 4 el 2
Mc’bceb b, i pero™ poylii
S s oryy perc satus
Cheirogayey, s Acomys rUs ;
S crossigy,; s namaquensis
Cheirogaleus medjys Aethomy

Mus musculus

O IQTachygrossus aculeatus
Dromiciops gliroides

Cheirogaleus sibreei
Galago moholi
Nyctophilus Qau'df

Myrme, i
"usggoﬁww o cob"“stSCfafus
Nyctophi .o pifaX Minthopsis Crasey,
wyotophits = Sttty SCaldaty
S Ry S May
cnal‘mo'cbu octuld So;rn,-,,o i Croy,
yclawsn <ous 4’714'4 " Mg
. oz,
Ep‘es'c'us “auus ocy, 0tg
S e, S
> -str@“us o ! - g, R gy
et o\eilf'“ L & O X - g, s
O\D“" el 00 s e ’%‘y,bs
CAIRC AN Cog, 0
(‘;\(\" o e g,
o \~M q’s
oo B o_,%} ¢>D"b'
o
— %
<
=3
.qﬂ - AN %
"'\“E: 5 ST aa Tz
§$§8§f8emots
82 EL8 3833
s S35 €3]
Zp SE2FSE 3
5 3 8 5’ s v @ &
D g e S T @
§53388% 2
S 0
© 783 3
£ 2 4
[} “ 5
o
2
=
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preparation would be restricted to cold, highly seasonal
environments and only a few taxa was not supported.

These ambiguous results may be largely due to sam-
pling bias, as much work has focused on studying torpor
in species living in harsh and seasonal environments
and seldom includes milder habitats. Geographical and
phylogenetic biases in physiological datasets are unfor-
tunately common and can severely limit both our ability
to understand current patterns as well as to predict fu-
ture outcomes (White et al. 2021). For example, strictly
seasonal torpor and hibernation that requires prepara-
tion was mostly found in temperate and polar habitats
(and there mostly concentrated in the Marmotini) but
was also observed in about 10% of subtropical and trop-
ical species. However, these were mainly clustered in
one family of Malagasy lemurs, the Cheirogalidae (re-
viewed in Dausmann and Warnecke 2016; Nowack et
al. 2020), which are known to use hibernation, live in
the highly seasonal dry forest or montane regions of
Madagascar. Comparable data are lacking from closely
related species in less seasonal environments such as
the eastern rainforests of Madagascar. We also found
that for many species, information was missing about
the possible occurrence of torpor outside of the dry
and/or cold season. Thus, non-seasonal use of torpor
may be more widespread than captured in our current
dataset.

In contrast to our hypothesis, strictly seasonal tor-
por and hibernation that required preparation was not
found to be restricted to highly seasonal temperate and
polar zone habitats but also found in subtropical and
tropical species. Despite strictly seasonal use by some
species, torpor use can often still be relatively flexible, as
torpor use may differ between individuals within a sin-
gle population (reviewed in McKechnie and Mzilikazi
2011; Nowack et al. 2020). In the Malagasy mouse
lemurs Microcebus griseorufus and M. murinus, for ex-
ample, all individuals enter torpor during winter, but
the extent varies depending on body condition, and in-
dividuals of one population can use short torpor, pro-
longed torpor, or hibernation in response to the same
environmental conditions (Kobbe et al. 2011; Vuarin
et al. 2013). Unpredictable use of torpor has also been
found in Northern hemisphere species. In many species,
such as the little brown bat Myotis lucifugus, the extent
of torpor use varies in relation to the individual’s repro-
ductive status, with pregnant individuals typically using
shorter and shallower torpor bouts (Dzal and Brigham
2013), and torpor use in Mongolian hamsters Meriones
unguiculatus in the laboratory was only found in fe-
males, but not in males (Watanabe et al. 2016). In con-
trast to subtropical species, a high percentage of North-
ern hemisphere species does, however, use torpor in a
highly predictable manner, and all individuals of a pop-

ulation use torpor on the same days and in the same
way. Our ancestral state analysis on the predictability
of torpor use suggests that predictable torpor use may
be a derived condition in response to highly seasonal
habitats.

It is important to note that there may be a discrep-
ancy between the species’ capacity to use non-seasonal
torpor and their actual implementation of it, as the lat-
ter will reflect environmental conditions and not physi-
ological capabilities (Landry-Cuerrier et al. 2008). Lab-
oratory experiments have, for example, shown that even
species known for their highly seasonal torpor use, such
as thirteen-lined ground squirrels Ictidomys tridecem-
lineatus, can, if kept under artificial warm room con-
ditions, change their torpor pattern from hibernation
to regular short torpor bouts employed during win-
ter, spring, and even summer (MacCannell and Staples
2021). Furthermore, although hibernation typically re-
quires extensive preparation, the examples of the few
exclusively subtropical and tropical species that do not
show seasonal fattening or food hoarding suggest that
under certain environmental conditions, a more flex-
ible, non-seasonal use of hibernation may be possi-
ble. Nevertheless, our macroanalysis shows that op-
portunistic non-seasonal torpor use was found glob-
ally, and species known for their use of seasonal hi-
bernation in winter can undergo shorter opportunis-
tic bouts in summer, such as the European common
garden dormice Muscardinus avellanarius (Pretzlaff et
al. 2014), edible dormice Glis glis (Wilz and Heldmaier
2000; Hoelzl et al. 2015), hispid pocket mice Chaetodi-
pus (Perognatus) hispidus (Wang and Hudson 1970),
and a number of bat species (Fjelldal et al. 2022).
For example, although brown long-eared bats Pleco-
tus auritus use classical hibernation with long peri-
ods of torpor throughout winter, they also display
variable patterns of torpor throughout the rest of the
year, including short and prolonged torpor (Fjelldal et
al. 2022). Further, although listed as temperate zone
species here due to their mid-range distribution, the
study on long-eared bats was undertaken in the north-
ernmost part of the species’ range in the subarctic
polar region, revealing that even in highly seasonal
habitats, opportunistic torpor use throughout the year
is widespread. Most hibernators were found to un-
dergo significant phenotypic changes necessary to al-
low survival during long, cold, dry, and unproductive
periods.

Considerations about the evolution of
endothermy

Importantly, our data provide further empirical support
that flexible and opportunistic torpor use may be the
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ancestral form that would have been used by early mam-
mals during the transition to whole-body endothermy
(Grigg et al. 2004; Lovegrove 2012). Early mammals
were likely small, nocturnal, and insectivorous, with
low thermogenic capacity and high rates of heat loss
(Crompton et al. 1978; O’'Leary et al. 2013). Although
the climatic conditions at this time would have been
warmer than today, animals would still have to deal with
conditions similar to today’s tropical and subtropical
habitats, which can also see periods of low nighttime
temperatures and varying food availability (Geiser et al.
2017). Our current understanding of the evolution of
endothermy is that early mammals and birds evolved
endothermy via a stepwise increase in metabolic rate
that would have at least allowed individuals to decou-
ple daytime activity from environmental conditions un-
tilinsulation capacities increased (Crompton et al. 1978;
Ruben 1995; Geiser et al. 2017), and it has been sug-
gested that the process was facilitated by the use of
opportunistic torpor during colder days (Geiser et al.
2017). More derived forms of torpor, including the
highly seasonal and prolonged forms, would have then
evolved during the periods of global cooling follow-
ing the Eocene Climatic Optimum (~40 Mya) concur-
rent with the extensive mammalian radiations follow-
ing the K-Pg mass extinction event (Lovegrove 2012;
Lovegrove 2017).

Interestingly, no single torpor use type came out as
most likely to be the ancestral state with daily torpor
having only a slightly higher likelihood than both pro-
longed torpor and hibernation. Earlier attempts to iden-
tify the ancestral torpor type included investigations of
torpor use in clades that split from the rest of the mam-
mal phylogeny at an earlier date, such as the Patago-
nian opossum (Lestodelphys halli, Order: Didelphimor-
phia), which was found to employ both short and deep
prolonged bouts of torpor (Geiser and Martin 2013).
This may suggest that such flexible use may be the tor-
por expression from which the more derived and sea-
sonal forms of daily torpor and hibernation originated
in marsupials. A similarly flexible torpor use with short
and prolonged bouts of torpor and high seasonality has
also been found in the monito del monte (Dromiciops
gliroides, Order: Microbiotheria), a clade that sits be-
tween the South American and Australasian marsupi-
als (Mejias et al. 2022). However, it needs to be noted
that both species show tail fattening, which is likely a
derived adaptation to seasonal habitats. In total, at least
38% of hibernators were found to be able to use short
and/or prolonged torpor bouts. This percentage is, how-
ever, likely an underestimation, due to the high number
of species for which data are lacking or which were only
observed during one season, and the number of species
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employing multiple torpor use types is likely to increase
with further study.

Interestingly, even species such as Djungarian ham-
sters that enter regular daily bouts of spontaneous tor-
por in winter after undergoing photoperiod-induced
morphological changes can undergo opportunistic tor-
por in response to fasting throughout the year (Diedrich
and Steinlechner 2012; Przybylska-Piech and Jefimow
2022). Such induced torpor bouts have been found to
be shorter and less deep than seasonal torpor in win-
ter (Diedrich and Steinlechner 2012) and are thus seen
as a form of emergency response due to depleted en-
ergy reserves. In recent years, more and more inci-
dents of torpor use as a form of emergency shutdown
have been reported, and in many of these species, tor-
por is only used by a few individuals of the popula-
tion (Jones and Geiser 1992; Christian and Geiser 2007;
Barker et al. 2012; Nowack et al. 2013; Nowack et al.
2015; Dausmann et al. 2022; Nowack and Turbill 2022).
Some of these species also show surprisingly low re-
warming rates and relatively shallow decreases in body
temperature (Barker et al. 2012; Nowack et al. 2013;
Nowack and Turbill 2022), which does not support the
view of torpor as a highly controlled mechanism where
body temperature is reduced considerably and entry
and rewarming from torpor are fast. The low rewarming
rates have been attributed to depleted energy reserves
(Nowack et al. 2013; Nowack and Turbill 2022). These
less controlled torpor bouts in response to acute ener-
getic bottlenecks may be very similar to torpor patterns
in early mammaliaforms with individuals likely having
relied on basking to rewarm from torpor as their ther-
mogenic capacities would have been low (Geiser et al.
2017). Similar patterns are observed during the devel-
opment of endothermy in juvenile mammals. At first,
they are unable to maintain a high body temperature
during nightly cold exposure, but then gradually in-
crease thermal capacity, which enables them to main-
tain homeothermy for the first half of the night be-
fore they allow their body temperature to drop, but ini-
tially can only rewarm with the help of an external heat
source (Hill 1976; Wacker et al. 2017). Basking to re-
warm from torpor is also commonly found in extant
adult mammals (e.g., Geiser et al. 2002; Mzilikazi et
al. 2002; Geiser and Pavey 2007; Warnecke et al. 2008;
Warnecke and Geiser 2010; Geiser et al. 2016; Wacker
et al. 2017), and animals are able to crawl into the
sun with body temperatures as low as 14.6°C degrees
(Warnecke et al. 2008).

Conclusion

Despite the increasing number of species found to
use torpor in regions outside of the cold, seasonal

€20z Ainp || uo1senb Aq 877661 2//90PED1/ADY/SE0L 0 L/10P/3]011e-80UBAPE/GDl/WOD dNO DlWapEIE//:SA)Y WOl papeojumoq



Rare and opportunistic torpor

temperate, and polar zones and the acknowledgement
that torpor use is not primarily employed for winter sur-
vival, the classical Holarctic torpor pattern is still widely
seen as a mammalian norm. This is perhaps partly due
to a lack of consensus in the definitions of different pat-
terns of torpor use, suggesting the need for more uni-
versally applied definitions of torpor such as those pre-
sented in our glossary. Our dataset revealed that there
are a large number of species known to use torpor but
are lacking details on many aspects of torpor use, in-
cluding seasonality, predictability, and flexibility. Fur-
thermore, our analyses were restricted to species that
have been found to use torpor, which is in turn biased
by geographical location, level of seasonality, and tax-
onomy. The vast majority of studies have examined tor-
por in species suspected to use it. Based on our find-
ings as well as a recent synthesis of the literature, it is
more likely that homeothermy is the exception and het-
erothermy (including torpor use) is the norm, at least
in small mammals. We predict that as more data are
obtained from free-ranging species, we are likely to see
more instances of opportunistic torpor as well as poten-
tially more types of torpor. In addition to highlighting
the need to undertake more research on the seasonality
and flexibility of torpor use, our data emphasize that the
torpor patterns observed in the tropics and subtropics
can no longer be considered exceptions to the hiberna-
tion rules derived from the Holarctic. Our findings fur-
ther suggest that the non-seasonal, opportunistic, and
flexible use of torpor is likely the ancestral state and that
the seasonal, inflexible use of torpor is a derived form of
heterothermy.
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