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Synopsis To rpo r is an in credi b l y efficient ener gy-savin g strategy th at m any en doth ermic birds and mammals use to save 
energy b y lo wer ing t h eir m etabolic rates, h ea rt rates, a nd t ypic a l ly b o dy temp eratures. Over the last few decades, the study of 
daily to rpo r—in which to rpo r i s u sed for < 24 h per bout—h a s advanced rapidly. The papers in this is s ue cover the e colog ica l 
and evol u tio nary drivers o f to rpo r, a s well a s so me o f th e m ech ani sm s g ov ernin g to rpo r use. We ident ifie d bro ad f ocus a reas 
that ne e d spe cia l a tten tion: cle arly defining t he var ious paramet er s tha t indica t e t o rpo r use and identifyin g the g en etic an d 

neurolog ica l me ch ani sms regu lat ing to rpo r. Recent studies o n daily to rpo r and heterot her my, including t he ones in this is s ue, 
have f urt hered t h e fie ld imm ense l y. We loo k f orwa rd to a p erio d of immense growt h in t his field. 
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ntroduction 

 nim al s th at exp erience p erio ds of low or unpre-
icta ble ener gy supp l y hav e ev o l ved di verse behavioral
nd p hysio log ica l st rateg ies to survive th em. On e such
trategy is the use of daily to rpo r, an ener gy-savin g
ech ani sm th at allows anim al s to minimize metabolic

xpendi ture fo r a few hours at a time by low erin g their
 etabolic rates, h ea rt rates, a nd t ypic a l ly a lso b o dy

em pera tures ( Ruf and G eis er 2015 , s ee dis cussio n o n
hot to rpo r ” be low). Th e study o f p ro n oun ced h et-
rot her my h a s long focu sed mo re o n hibernatio n (i .e .,
u lt i-day torpor, use d by g r ound squirr e ls an d insec-

 ivorous b ats, f or insta nce Ba r nes 1989 ; Cur r ie et al.
018 ) than on daily to rpo r (s h o rter bou ts o f to rpo r < 24
 used by many ma mmal a nd bird species; Lasiewski
963 ; McKechnie and Lo vegro v e 2002 ; B righam et al.
006 ; McKe chnie and Mzi li kazi 2011 ; Shan kar et a l.
 dvance A ccess publicat ion Ju ly 7, 2023 
C Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
020 ) or lar g e daily b o dy temp erature var iations t hat do
ot qualify as to rpo r ( Hetem et al. 2016 ; Le ves que et al.,
023 ). 

R esearch on d aily to rpo r, which in co mpariso n to
ib ernation b egan rather late around the 1960s (e.g.,
asiewski 1963 ; Tucker 1966 ), has pr ogr essed quickly
 nd expa nde d rapid ly acros s s tudy sys tems in the
ast few decades. This was faci litate d by recent ad-
an cem ents in a variety of t ec hn ologies, in cluding in-
re asingly port able r espir omet ry e quipm ent, high er-
esol u tio n t her m al camera s, miniatur ized he art rate
oggers, or radio transmitt er s, sma l l data loggers on live
nim al s th at can r ecor d a ran g e of p hysio log ica l infor-
ation in real-tim e, an d minimally invasive approaches

uch as quan tita tive magnetic res onance (QMR) s can-
ers that can provide b o dy comp osition data for live
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G iv en these deve lopm ents, we con ducted a sympo-
si um ti t led “D aily to rpo r across b ird s and m amm al s:
Re cent prog ress an d h ow do we advan ce th e fie ld?” We
brought together a mix of ea rly ca reer a n d m ore estab-
lis h ed r esear c her s in th e fie ld o f daily to rpo r t ogether t o
sh are idea s and p ersp e ct ives on h ow this fie ld h a s pro-
g resse d and to di scu ss better ways to in tegra te meth-
od s and idea s to advan ce th e fie ld. Ba sed on our a s ses s-
ment of the current state of the field, we believe that
th e tim e is n ow for a synth etic an d coh esiv e conv ersa-
tion that addresses the gaps and shared approaches to
advance our understanding of daily torpor. The study
of daily torpor h a s bran ch ed off in many dire ct ions.
New fin dings an d interdi sciplin ary studies hig hlig ht the
ne e d for g reater col laborat ion betwe en r esear c her s in-
vest igat ing m amm alian to rpo r an d th eir counter par ts
study ing av i an to rpo r, and betwe en e colog ists, physiol-
ogists, a nd resea rc her s in, for example, th e fie lds of n eu-
roscien ce an d gen omics. In thi s i s s ue, r esear c her s who
stud y di verse taxa across birds and mamma ls glob a l ly
(fr om tenr ecs and primat es, t o h ummingbirds and ba ts;
in Af rica, Nor th and South Americ a, Asi a, Europe, and
Aust ra lia) present a brief history of daily torpor r esear ch
in their study system(s) over the past few decades, ex-
amin e th e cur rent st at e of knowledge , and t ouc h on the
m ain un an sw ere d quest ions in th e fie ld. In this intro-
d uctio n to the is s ue, we s umma rize k ey findings from
papers and present a summary of th e m os t pres sing
questions th at rem ain un an sw ered , whic h symposium
p art icip ants h e lpe d col lat e . 

Heterothermy or torpor? 
To rpo r h a s been variou s ly defin ed, bu t i t usually in-
vo l ves a decrease in metabolic rate and heart rat e , and ,
be low th e th erm on eut ra l zone, usua l ly a re duct ion in
b o dy temp erature . Many fact or s ma ke comp aring tor-
po r o r h eteroth ermy across taxa com plica ted with re-
gard to wha t encom p asses “sha l low to rpo r ” (e.g., an in-
t ermediat e drop in metabolism and mayb e b o dy tem-
p erature), “deep torp or” (a drop in metabolism and
b o dy temp erature to minimum possible levels for the
spe cies g iven ambien t tem pera ture), or sim p l y other
fo rms o f circ adi an b o dy temp erat ure fluct u ations (e.g .,
1–2 

◦C drop in b o dy temp erature during sleep). Tor-
po r is o f ten descr ib ed as b eing routine, s eas onal, or
havin g stron g circ adi an/circ annu al rhythms. It is some-
t imes, espe cia l ly in fre e-living anima ls, eva luate d with
just b o dy temp erature or surface temperature measure-
ments; or by measurements of only metabolic rates or
hea rt rates, a nd more ra rely with a l l thre e m easurem ents
simu ltane ously. As a conse quence, the p a ra met er s used
to identify to rpo r vary widely across studies. These con-
sideration s hav e been addressed in a number of re vie ws
on the topic ( Boyles et al. 2013 ; Ruf and G eis er 2015 ;
Le ves que et al. 2017 ; G eis er 2021 ; Le ves que et al., 2023 ).
To h e l p make data co mparable acros s s tudies, idea l ly, at
least a co mb inatio n o f two variables, such as metabolic
rate and b o dy temp erature, would b e measure d simu l-
tan eous ly. In si tuatio ns where this is not possible (such
as in fre e-rang ing anima ls), then g r eat car e s h ould be
taken in interpreting the results as well as in a ttem pt-
ing t o det ermin e m et abolic st at es (suc h as t o rpo r) fro m
b o dy temp erature alone ( Cur r ie et al. 2022 ). 

Addi tio nal co m plica tions in the study of torpor come
fr om differ en tia tin g betw een circ adi an decreases in
b o dy temp erature or m etabolism, an d torpor, an d from
me asur ing tem pera tur e under vastly differ ent condi-
tions, bot h inter nal and external to the organism. Dif-
feren tia ting to rpo r fro m r egular cir c adi an decreases in
metabolism can be tricky. Some met abolic st ates are
clear ly distin ct an d ex clusiv e. For in stan ce, m etabolic
rates during daily to rpo r an d hi bernation differ sub-
stant ia l ly even under co mparable enviro nmental co n-
di tio n s, indicatin g t hat t hey a re different metabolic
st ates ( St aples 2016 ; Cur r ie et al. 2022 ). How ev er, some
spe cies—rang ing from m amm al s to hummingbird s—
disp lay a di versi ty o f in termedia te met abolic st ates t hat
fa l l on a con tin uum between daily to rpo r and circ adi an
h eteroth ermy ( Wa l ker et a l. 1979 ; Ber g er 1984 ; Sha nka r
et al. 2022 ; Le ves que et al ., 2023 ; Nowac k et al . 2023a ,
2023b ) 

Th e frequen cy an d depth o f to rpo r bou ts can also dif-
fer bet ween l abo rato ry and field mea surements. A n ani-
ma l’s cap acity to use to rpo r can be measured under lab-
o rato ry co ndi tio ns, bu t p redicting how they would use
it under natural conditions can be difficult ( G eis er et al.
2000 ). Both si tuatio ns yield useful info rmatio n in un-
derstanding a spe cies’ cap aci ty fo r to rpo r and i ts p rac-
tice of using torpor under natural co ndi tio ns. In cap-
tiv it y, indiv idu als of sugar gliders ( Pet aurus b revi ce ps ),
ow let-nig ht-ja rs ( Ae got heles cris t at us ), a nd long-ea red
bats ( Nyct op hil us geoffro yi ) tend to avoid to rpo r o r use
it less frequently, for s h orter durations, an d less deep l y
tha n free-living a nimals ( G eis er et al. 2000 , 2007 ). In
co ntrast, amo ng co mmo n noctule bats ( Nyc talu s noc-
tul a ), n o n-rep rod uct ive ma les t end t o use t o rpo r sim-
ila rly a nd frequent ly bot h in c aptiv it y an d in th e wild;
while r epr oduct ive ma les use to rpo r in th e lab an d dras-
t ica l ly re d uce to rpo r use in the wild ( Keicher et al.
2023 ). Th ese m easurem en ts in ca pt ive and fre e-rang ing
indiv idu als hence often provide different subsets of in-
fo rmatio n. The is s ue is f urt her com plica ted by differen t
defini tio n s bein g used f or la r g e and sma l l m amm al s and
birds. The term heterot her my, f or exa mple , is oft en used
to describe to rp id states in sma l l mamma ls but also in-
cl udes variatio ns in daily b o dy temp erature/metab olic
ampli tudes in no n-to rp id lar g e m amm al s ( Hetem et



Daily torpor in birds and mammals 1019 

a  

L

M
m

G  

b  

s  

c  

o  

O  

i  

c  

e  

(  

t  

s  

l  

m  

i  

h  

a  

l  

m  

e  

b  

a  

t  

a  

p  

m  

f  

t  

T  

e  

(  

a  

a  

a  

a

E
E

I  

p  

e  

a  

N  

s  

e  

e  

i  

a  

t  

i  

a  

t  

c  

w  

E  

t  

2  

c  

A  

a  

n  

c

T
M  

a  

t  

(  

a  

2  

b  

h  

o  

m  

r  

a  

p  

(  

t  

a  

a  

c  

q  

w  

f  

s  

s  

a  

O  

t  

l  

i  

h  

o  

c  

h  

i  

o  

b  

f

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/63/5/1017/7221336 by Serials Section, D

ixson Library user on 13 D
ecem

ber 2023
l. 2016 ) and bir ds (r est-phase hyp ometab olism; see
e ves que et al., 2023 ). 

easuring torpor with/without metabolic 

easurements 

 iv en that to rpo r can occur at both high and low am-
ien t tem pera tures and th us does not always corre-
pond to a ma rk e d de crease in b o dy temp erature, how
an to rpo r be diag nose d in fre e-rang ing anima ls with-
ut metabolic rate measurements ( Canale et al. 2012 ;
’Mara et al. 2018 ; Re h er an d Dau sm ann 2021 )? There

s no precise m ode l across a l l h eteroth ermic species that
an use b o dy temp erature o r i ts gradient wi th amb i-
n t tem pera tur es to pr edict metabolic rat es in t o rpo r
 Grimpo et al. 2013 ; Re h er et al. 2018 ). Consequently,
h e deve lopm ent of sma l l, fie ld-frien dly, an d in expen-
ive devices f or hea rt rate or high ly sensit ive act iv it y
ogg ers w ould h e lp us m easure an d as ses s p roxies o f

etabolic rate in free-living anim al s (where doing so
s ethical a nd sa f e). The lack of a universal m ode l for
ow b o dy temp eratur e corr el ates w it h met abolic st ate is
n oth er reason why comparisons of carefu l l y co l le cte d
abo rato ry data and field observations with a variety of

easur es ar e essent ia l across a diversi ty o f taxa ( Keicher
t al. 2023 ). Co mpariso ns eval uating th e re lations hips
etween th ese m easur es ar e r elevant to both tr opical
n d su b-t ropica l h eteroth erms but are likely most easily
 est e d in spe cies with a good r ecor d of torpor use at high
mbien t tem pera tures in the labo rato ry (e.g., pygmy-
os s ums, bats, and spiny mice). Some a ttem pts (in com-
 on n octu le b ats N. no ctul a , Hurm e et al., su b mi tted

o r publicatio n) h ave been m ade t o derive t o rpo r pat-
erns b ase d on ca librate d and fine-sca le acceleromet er s.
hese activ it y loggers c annot yet be used to qu antify
n ergy expen ditures, espe cia l ly during inactive p erio ds
 Gre en et a l. 2009 ), b ut can po tent ia l ly h e lp identify if
 n a nim al i s to rp id o r in an oth er spe cific act iv it y state
nd achieve rough energy expenditure estimates if the
cce lerom et er s are ca librate d in the labo rato ry wi th par-
 l le l m etabolic rate m easurem ents ( Wi lson et a l. 2008 ). 

co-ev olutionary driv ers for torpor use 

nvironmental factors 

n the last few decades, it h a s become a pparen t tha t tor-
or h a s m ore fun ct ions than to re duce the anima l’s en-
r g et ic ne e ds when it is faced with low ambient temper-
tures or fo o d avai labi lity ( G eis er a nd Brigha m 2012 ;
owack et al. 2017 ). To rpo r may also be used in re-

ponse to high ambient temperatures, high n orm oth-
rmic ener g etic dem and s, low avai labi lity of water, and
nvironment al dis ast er s (e .g., fires, flo o ds), or dimin-
s h e d forag ing o p tions (e.g., Stawski et al. 2015 ; Re h er
nd Dau sm ann 2021 ). These dimini she d forag ing op-
 ions cou ld b e in resp onse t o c han gin g fo o d avai labi l-
ty ( Lo vegro ve 2000 ), high pre dat ion pres s ures ( Stawski
nd G eis er 2010 ), or e ven high int er sp ecific comp eti-
ion, such as in golden spiny mice , whic h seem t o in-
rease to rpo r use and diurnalism to avoid compet it ion
it h noctur nal common spiny mice ( Levy et al. 2012 ).
xten siv e re vie ws have been wr itten cover ing a range of

hese fact or s ( G eis er a nd Brigha m 2012 ; Nowac k et al .
017 ; G eis er 2021 ). Thes e ot her dr iver s of t orpor have
han g ed our un derstan ding of the functions of torpor.
s the discovery of torpor use at high ambient temper-

tures (hot to rpo r) a s well a s to rpo r use in respo nse to
 atural di sa st er s ar e r e lative ly n e w dis cov eries, w e dis-
uss them briefly here. 

orpor at high ambient temperatures (hot torpor) 
ore and more anim al s h ave been found to u se to rpo r

t high ambient (and b o dy) temp eratures—not only in
h e tropics an d su b-tro pics b ut also in tem pera te zones
 Song et al. 1997 ; Bon daren co et al. 2014 ; O’Mara et
l. 2017 , 2018 ; Re h er et al. 2018 ; Re h er an d Dau sm ann
021 ; Keic her et al . 2022 ). For instance , Malagasy
a ts ( Macr o nyct eris co mmerso ni ) are able to tolerate
ypert her my on hot d ays, w ith b o dy temp eratures
ver 42.9 

◦C while also using to rpo r by decreasing their
etabolic rate to about 17% of eut her mic met abolic

ates ( Re h er an d Dau sm ann 2021 ). While we have
 go o d un derstan din g a bout the p hysio logy o f to r-
or when anim al s u se to rpo r a t cooler tem pera tures
 Jast roch et a l. 2016 ; G eis er 2021 ), we know little about
h e un der l ying p hysio log ica l processes invo l ved when
nim al s lower their metabolism and heart rate at high
mbien t tem pera tures. To rpo r at high temperatures
o uld po tentially h e lp anim al s to deal with mor e fr e-
uent occurrences of temperature extremes associated
ith c limat e c han g e ( Lov egrov e et al. 2014 ). But to

u l ly as ses s this potent ia l, we ne e d to test wh eth er m ore
pecies are capable of high-tem pera ture to rpo r. This
 h ould be confirmed in the wild to ver ify t hat t hey actu-
 l ly use high-tem pera ture to rpo r in natural co ndi tio ns.
nce such species are identified, we can investigate

h e un der l ying p hysio log ica l processes that a l low for
ow ered meta bolic ra tes a t high b o dy temp eratures. It
 s possible th at a l l h eteroth ermic sp ecies exp osed to
igh tem pera tures in th e fie ld can s h ow suc h a patt ern
f metabolic inhib i tio n at high b o dy temp erature—and
ou ld spe cies th at live in hi storica l l y co lder hab i tats use
ot to rpo r to t he s ame extent t hat w e observ e in species

n warm areas? Some promising starting points are
ther b at spe cies in both t ropica l and tem pera te zones,
u t mo re m amm al s and bird s s h ou ld be invest igate d
rom this p ersp e ct ive. 
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Environmental disasters 
To rpo r h a s be en eva luate d in the co ntext o f var-
iou s environmental di sa st er s a nd f ound importa nt.
Th ese in clude flo o ds, storms, droughts, heat waves,
a nd fires ( Zerva nos a nd Salsbury 2003 ; McKechnie and
Mzi li kazi 2011 ; G eis er a nd Brigha m 2012 ; Nowack et
al. 2015 , 2016 , 2017 ; Bara k et a l. 2019 ). To rpo r h a s
even been proposed to h e l p facili tate is lan d colo nizatio n
( Nowack and Dau sm ann 2015 ), and thought to have al-
lowed m amm al s to survive the Cretace ous–Pa lae ogene
b oundary ( L o vegro ve et al. 2014 ). Under a l l of thes e s ce-
narios, to rpo r can a l low anima ls to de cre ase t heir en-
er g et ic ne e ds under difficu l t enviro nmental co ndi tio ns
that could either limit fo o d avai labi lity or make sus-
t aining nor mot her mic ener gy lev els v ery cha l leng ing.
Very limited background info rmatio n exists on the use
o f to rpo r d uring flo o ds: Thes e are ess ent ia l ly rest ricte d
to two accidental observations ( Maddocks and G eis er
2007 ; Bara k et a l. 2019 ); but thi s i s lik ely a n e colog i-
ca l ly sig nificant beh avior ( Gei ser 2021 ). The best po-
tent ia l spe cies to f urt her study t his in might b e ro dents
and sma l l da syurid s, though it is clearly very difficult
to predict and study to rpo r d uring natural flo o ds. More
is known about torpor use during fires, but th e wor k is
cur rent ly restr ict ed t o Australian species ( Stawski et al.
2015 ; Nowack et al. 2016 ). For detai le d re vie ws of tor-
po r d uring enviro nment al dis ast er s, refer t o G eis er and
Brigham (2012) and Nowack et al. (2017) . Gat her ing
data on the use of torpor in response to natural disas-
t er s is a cha l leng ing endeavo r, bu t mo r e data ar e ne e de d
to fu l ly un derstan d th e eco-evol u tio nary drivers o f
to rpo r use. 

Ecology and timing of torpor use 

Reproductiv e, dev elopmental, and seasonal changes in
torpor 
The role of heterot her my dur in g dev e lopm ent an d re-
p rod uctio n in en doth erms is a p o orl y exp lored sub-
j e ct. A bro ad comp arat i ve stud y of the age at which
en doth ermy deve lops ( P rice a n d Dzialows ki 2018 ) an d
the ext ent t o whic h het erot her my is t olerat ed across
birds and mammals would provide a power f ul way to
as ses s the deve lopm ent an d per haps evol u tio n o f het-
erot her my and endot her my ( Lo vegro ve 2017 ). To rpo r
i s u s ed by divers e m amm al s durin g dev e lopm ent—
including species for which to rpo r use is not found
in ad ul ts—o f ten when t hey are around half the size
o f ad ul ts, are in experien ced, an d have a high h eat
loss ( McA ll a n a nd G eis er 2014 , 2018 ). Unfortunately,
many of these data were n ot gath ere d systemat ica l ly
a nd a re b ase d on sma l l sample sizes. In th e fie ld,
most info rmatio n o n to rpo r d urin g dev e lopm ent is
lar g e ly an e cdota l (but s ee K lug and Barclay 2013 ).
In the labo rato ry, so me go o d p hysio log ica l data are
available, b ut no t on many taxa of different b o dy
m a sses and mainly on altricial species ( Wacker et al.
2017 ). How ev er, the pre cocia l king quai l ( Coturnix
chinensis ) seems to be able to use sha l low to rpo r in
t he e arly postnat al ph a s e of de ve lopm ent ( G eis er et
al. 2006 , 2019 ; G eis er 2008 ; A haron-R ot man et a l.
2020 ). 

An interesting relate d quest ion is the role that tor-
por plays in r epr oduct ive adu lts. Tes tos teron e inhi bits
to rpo r in males of many species, including Afr otr op-
ica l pouche d mice ( Sa c c os t o mus ca m pe stris ), g olden-
mantle d g r ound squirr e ls ( Call osp ermophilus l ateralis ),
a nd Europea n ha mst er s ( Cric e tus cric e t us ) ( Ba rnes et
al. 1986 ; D ar row et al. 1988 ; Mzilikazi and Lo vegro ve
2002 ). Pho to p erio d can compound the effects of r epr o-
d uctive ho rmo nes o n to rpo r: est radiol in hib i t ed t or-
p or in hib ern ating fem ale h amst er s, with hamst er s hi-
bernatin g in lon g days s h owing m o re to rpo r inhib i-
tion than those in short days ( D ar row et al. 1988 ).
Studies on hummingbirds have found that in cu bat-
ing females tend to avoid to rpo r, seemingly p rio ri-
t izing ke eping t heir eg gs and c hic ks a t rela ti vel y sta-
ble tem pera tures ( Calder 1973 ; Smith et al. 1974 ;
Eberts et al. 2023 ), whereas pregnant marsu p ia l mu l-
garas ( Dasycercu s cri sti cau d a ) use daily to rpo r rou tin e ly
( Körtner et al. 2008 ). W hile al tricial b ird species whose
ad ul ts use to rpo r wo uld be an obvio us gro up to ex-
plore these questions f urt her, t hese are im portan t ques-
t ions across a l l m amm al s and bird s, including sm a l l
pre cocia l bird s ( Ah aron-Rotm an et al. 2020 ; Gei ser
2021 ). 

To rpo r use can chan g e ov er s eas o ns o r depending o n
amb ient co ndi tio ns ( Eberts et al. 2021 ). The proximate
fact or s tr ig ger ing to rpo r en try (e.g., fa t stor es, cir ca-
dia n rhythms, a mbien t tem pera ture) ca n also va ry dra-
mat ica l ly across s eas ons. Similarly, res ource avai labi lity
may fluctuat e , a nd its ava i labi lity and pre dictabi lit y c an
influence to rpo r use ( McA ll a n a nd G eis er 2014 ). Ani-
m al s th at u se to rpo r d ur ing t he r epr oducti ve p h a se of-
ten inhab i t unp r edictable envir o nments o r rep rod uce at
least p art ia l ly dur ing t h e winter wh en fo o d avai labi l-
ity is lower or mor e unpr e dictable ( McAl la n a nd G eis er
2014 ). In addi tio n, rep rod uctio n can su pp ress to rpo r
us e (s ee a bov e) and is of ten se a son a l ly t ime d to coin-
cide with highest r esour ce abun dan ce an d m ost favor-
able tem pera ture co ndi tio ns. Disent angling t hese effects
i s ch a l leng ing ( Be cker et al. 2013 ). Thus, to un derstan d
how to rpo r u se i s influence d by e colog ica l and environ-
mental fact or s, studies are ne e de d t hat me asure envi-
ronm ental an d p hysio log ica l p a ra met er s across s eas ons
in co mb inatio n wi th labo rato ry studies to disentangle
so me o f t he se a son a l effe cts. Keicher et a l. (2023) found
that no n-rep rod uct ive ma le b ats use d to rpo r frequently,
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h eth er th ey were captive or free-liv ing , while r epr o-
uct ive ma les re duce d torpor use in the field but used
o rpo r frequently under labo rato ry co ndi tio ns (wi th
mbien t tem pera ture co ndi tio n s mimickin g field tem-
eratures). Keicher et al. (2022) studied female bats ( N
 no ctul a ) in the labo rato ry under sim ula ted na tural
em pera tures a nd f ound that no n-rep rod uct ive fema les
sed to rpo r thro ugho ut t he exper iment, whi le preg nant
 emales va ried widely in their to rpo r use, ran gin g from
o rpo r to n orm oth ermy or a combination of the two.
h ese kin ds of experim ents can be us ed to e valuate the
ffects o f rep rod uctive status o n to rpo r under various
em pera ture co ndi tio ns, bu t since s eas o n and rep rod uc-
ive status are o ften co rrelat ed , th ey are m o re difficul t to
ecouple. 

igration 

ig rat ion, p art icu l arly aeri a l mig rat ion, is a high ly
ner gy-inten siv e life history strategy. Not only is fly-
n g itself expen siv e, but p erio ds of stop over and
efueling also consume large amounts of energy—
om etim es t w ice a s much energy a s migra tory fligh t it-
elf ( He denst röm a nd Alersta m 1997 ). Studies o n b irds
 ave found th at even sm a l l b o dy temp eratur e decr eases
y the use of re lative ly s ha l low to rpo r can h e l p save u p to
0% of th e en ergy that birds wo uld o therwis e us e dur-
ng migrat ory st opover s ( Woj cie ch ows ki an d Pins h ow
009 ; Car er e et a l. 2010 ; McKe chnie et a l. 2023 ). These
tudies were done in bl ackc aps ( Sylvi a atri capi l la ), gar-
en warblers ( Sylvi a b orin ), an d icterin e warblers ( Hip-
 ol ais p olygl otta ); in th e warblers, b o dy temp eratures
ro p ped by 10 

◦C at night ( Car er e et al. 2010 ). Desp i te
hese studies, we st i l l have limite d informat ion on tor-
o r use d uring mig rat ion an d th e role it ma y pla y in
topover ecology and refueling ( C arp enter and Hixon
988 ; Power s et al . 2003 ; Hou an d We lch 2016 ; Zenzal
nd Moore 2016 ; Clerc and McGuire 2021 ; Eberts et
l. 2021 ). We al so h av e v ery limite d knowle dge of how
 o dy co ndi tio n may influence to rpo r exp ressio n, and
ven less about how t his var ies wit hin and among mi-
 rat ing spe cies, or acros s s pecies dis t ribut ions. An oth er
re a t hat r equir es stud y invo l ves how mig rat ing birds
 nd ma mmals’ energy use are affe cte d by climate chan g e
nd potent ia l fo o d deserts on their migratory routes.
cGuire et al. (2023) summarize some of the recent

ndings on torpor-a ssi ste d mig rat ion, l ay ing ou t a co n-
eptual fram ewor k that can h e lp in tegra te ener g etic
o nsideratio ns o f to rpo r and mig rat io n. Fo r instance,
 hey sug gest t hat for anim al s th at do n ot hi bernat e (e .g.,
 l l bu t o ne b ird spe cies), mig rat ion might be a usefu l
trategy for av oidin g unfav ora ble condition s. The y als o
ropose ways in which we can advance the study of mi-
 ratory anima ls that use to rpo r. 
osts of torpor 
o rpo r seems to be a t rade-off betwe en its various bene-
ts and a variety of potent ia l costs. In some species, for

n stance, it seem s incom pa ti ble with m ol ting o r struc-
ura l g ro wth ( H iebert 1993 ; Ma h lert et al. 2018 ). Daily
o rpo r cou ld ma k e the a nim al su scept ible to pre dat ion
ecaus e the y ar e often unr espon siv e or v ery s luggis h in
o rpo r. How ev er, t he var ious costs of daily to rpo r have
nly very rarely been t est ed exper iment ally. From a few
tudies in m amm al s (m ostly hi bernat or s), we know that
ome potent ia l costs in clude immun e impairm ent an d
re dat ion vu lnerabi lity ( Bouma et a l. 2010 ), a lthough

t may also be used for pred ator avoid ance ( Bieber and
uf 2009 ). A daily h eteroth erm (th e Djunga ria n ha m-
 ter P ho d op us s u n gorus ) emer g es from torpor and sleep
n d s h ows many sig ns of re cov erin g fro m sleep dep ri-
ation in this p erio d, s ugges ting this as a p hysio logi-
al cost to the use of to rpo r ( Palchykova et al. 2002 ,
006 ). An oth er potent ia l cost of to rpo r, at least among
ibern ating anim al s, i s te lom ere s h ort ening ( Nowac k
t al. 2019 ; Vi blan c et al. 2022 ). How ev er, in Djun gar-
a n ha mst er s ( P. su n gorus ) th at u se daily to rpo r, telo m-
r e length incr ease d, li kely during arou sal s ( Turbill et
l. 2012 ). To avoid these potent ia l negat ive effe cts on
tnes s, many s pecies limit the torpor use to outside
he r epr o ductive p erio d of the annual cycle ( B artness
t al. 1989 ; Fietz et al. 2004 ). How ev er, some species
t i l l use to rpo r d uring rep rod uctio n, o f ten even incre as-
ng r epr oductive s ucces s and the li keli ho o d of survival
ur ing t he r epr o ductive p erio d wit h t he use o f to r-
or ( McA ll a n a nd G eis er 2014 ). I n rub y-thro ate d hum-
ingb irds ( Arc hil o chus co lub ris ), f or exa mple, bre e ding

 ucces s among males may be correl ated w ith a leaner
 o dy co ndi tio n (p ro mot ing ag i lity and en hancing com-
et it iveness or mate att ract ion). In these situations, the
 ainten ance of lar g er ener gy reserv es necessary to re-
ain n orm oth ermic through out nighttim e inactive pe-

iod s i s cont radicte d by t he dr ive fo r rep rod uctive suc-
ess, and to rpo r, a s a mech ani sm of surv iv in g inactiv e
 erio ds equipp ed with low ener gy reserv es, may be fa-
ored ( Eberts et al. 2021 ). 

he evolution of torpor 

o bett er under stand how t o rpo r evo l ve d, we ne e d
 roader co m para tive studies tha t as ses s th e gen etic
ath ways in vo l ved in bird a nd ma mmal h eteroth ermy
shared, conv er g ent, or div er g en t). One a pproach is
o per for m ancest ra l state re const ruct ion ana lyses to
valuate the like lih o o d of h eteroth ermy being ances-
 ra l rather than derived across en doth ermic vert ebrat es.
owack et al. (2023) per for med t hes e analys es for
 amm al s an d foun d b ase d on cur rent l y availab le data,

hat a l l thre e to rpo r types they considere d—dai ly tor-
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po r, p rolo n g ed to rpo r, an d hi bernat ion—were e qua l ly
lik ely a ncest ra l states for m amm al s. Sea son al an d n on-
s eas o nal to rpo r us e s e eme d e qua l ly li kely to be the an-
cest ra l co ndi tio n. This su ppo rts t he hypot heses from
p revious wo r k that en doth ermy might have evo l ved
through stepwise increases in metabolic rates, v i a some
fo rm o f h eteroth ermy ( Cro mpto n et a l. 1978 ; Loveg rove
2012 , 2017 ; G eis er et al. 2017 ). How ev er, it s h ould be
noted t hat t hes e analys es are s en sitiv e to the types of
dat a t hat a re ava ilable a nd, a s exi sting data sets are bia sed
towa rd Hola rctic hibernat or s, these r esults ar e likely to
chan g e wit h t h e in cl usio n o f mo r e data fr om th e su b-
tropics and tropics ( Nowack et al . 2023b ). 

Am ong h eteroth erms, s eas onal h eteroth erms from
tem pera te, or ar ctic r egions ar e best kn own for th eir
use o f to rpo r. How ev er, recent evidence shows that, fol-
lowing glob a l p atterns of biodiversity, many more het-
erot her m s liv e in t ropica l or warm and arid regions
( Nowack et al. 2020 ). W hile p revious ly th eir flexi ble tor-
por pattern s w er e r egar de d as except io ns, when co m-
p are d with predictable tem pera te zo ne to rpo r patterns,
is it m ore like ly that the “champ io ns” o f to rpo r use, such
as the Holarct ic g roun d squirre ls ( Barn es 1989 ), are th e
ex ception s. In birds, torp or app ear s t o be mo re p reva-
lent in phylogenet ica l ly older taxa, and deep to rpo r is
abs ent in pass er ines, wit h b o dy temp eratures staying
re lative ly high. This lack of deep to rpo r in re lative ly de-
r ived t axa is perplexing, but McKechnie et al. (2023)
s ugges t b ase d on pu blis h ed dat a t h at perh aps the li p id
co mposi tio n o f ce ll m embran es might be a trade-off
betwe en tolerat ing low tem pera tures vs. high tem per-
atures ( Arnold et al. 2011 ; Price an d Dzialows ki 2018 ),
an d h en ce bein g a ble to with stan d hyperth ermy might
p recl ude the ab ili ty to use deep to rpo r o r h eteroth ermy
be low th e th erm on eut ra l zone. 

Genetic pathways regulating torpor 

Wh at rem a ins la r g e ly unkn own in ter ms of t he evolu-
tion and genet ic p athways underlying to rpo r i s wh at a s-
pects of the genetic and p hysio log ica l processes under-
lying h eteroth ermy are share d betwe en birds and mam-
m al s. For instance, circ adi an genes seem to be impor-
tant in regu lat ing dai ly to rpo r in m amm al s. Som e gen e
exp ressio n info rmatio n is known fro m m amm alian
daily to rpo r, bu t n othing is kn own about th e gen etic
path ways in vo l ved in av i an to rpo r. Tis s ue-s pecific gene
exp ressio n data fro m no r mot her mic birds and birds in
to rpo r, across mul ti ple taxa could be collected in a way
comparable to how it h a s been done in some m amm al s
( Wi l liams et al . 2011 ; Sc hwartz et al. 2013 ; Bogren et al.
2017 ; Andrews 2019 ; Goropa shn aya et al. 2020 ). These
genet ic t raits as wel l as p hysio log ica l t raits cou ld then be
comp are d across b irds, no n-av i an rept i les, a nd ma m-
m al s to better as ses s the evol u tio n o f en doth ermy an d
h eteroth ermy. 

Proximal mechanisms regulating torpor 

use 

To rpo r is a highly controlled ener gy-savin g strategy,
as evidenced by its nuanced use under a variety of
e colog ica l an d environm ental con ditions. What prox-
imat e fact or s t ell a n a nim al to u se o r avo id to rpo r at
a ny pa rticula r time poin t? Proxima t e fact or s that in-
dicat e time (c loc k genes or circ adi an fun ctions), h or-
m on es that in dicate en er gy lev els o r rep rod uctive states
(adiposta t indica t or s suc h as leptin an d ghre lin; t est os-
ter one/estr og en), g ene exp ressio n to lower metabolic
fun ction, an d prote ct ive me ch ani sm s to prev ent or gan
dam age mu st a l l work together t o initiat e , ma inta in, a nd
exi t to rpo r ( G eis er et al . 1998 ; Gluc k et al . 2006 ; Cubuk,
Kemm ling, et a l. 2017 ; Ikeno et al. 2017 ; Eberts et al.
2019 ). Much more of this work h a s been conducted on
hibernat or s than in daily h eteroth erm s, but w e summa-
rize some of what is known, as well as the bigger gaps in
kn owledge, be low. 

Adipostat control and the role of leptin in 

torpor 

En ergy stores an d in dicat or s of energy leve ls clear ly
have im portan t ro les to p l ay in regul ating to rpo r use.
A mong m amm al s (e.g., mice Mu s mu sculu s and golden-
mantle d g r ound squirr e ls C. l ateralis ), fasting can in-
cr ease cir cu lat in g ghrelin lev els and induce torpor,
and administ rat ing ghrelin de ep ens torp or ( Gluck et
al. 2006 ). Conv ersely, administerin g leptin can reduce
daily to rpo r exp ressio n in anim al s like h amst er s ( P. sun-
gorus ) a nd ma rsu p ial d unnarts ( S mi nth opsis m a cr our a )
(re vie wed in G eis er 2021 ). In h ummingbirds, fa t thresh-
olds seem to be the proximate tr ig gers fo r to rpo r entry
( H iebert 1992 ; Po wer s et al . 2003 ; Eberts et al . 2021 ).
Th ese thres h old s al so ch an g e across s eas o ns, swi t c h-
in g from a bout 5% b o dy fat in th e n o n-migrato ry sea-
son ( Powers et al. 2003 ) to around 30% during pre-
migra tory fa ttening ( Eberts et al. 2021 ). Ambient tem-
perature also seems to a ffect t his t hres h old, an d it is
likely that sex does as we ll (E berts et al. sub mi tted fo r
publication). How ev er, administerin g avian leptin does
not seem to have any effect on torpor use, fat mass, or
fo o d intake in ruby-thro ate d hummingbirds ( A. colu-
bris ), and leptin resistance does not seem to h e lp hum-
mingb irds fatten p rio r to mig rat ion ( Rossi an d We lch
2023 ). What st i l l remains s ome what obs cure is how the
environmenta l, e colog ica l, and p hysio log ica l fact or s for
to rpo r ini t iat ion (a nd a rousal) a re in tegra ted to result in
observe d p att erns of t orpor use . Do a l l hummingbirds
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n d oth er m amm ali an and av i an d aily h eteroth erms use
o rpo r when they deplete endogenous energy levels to
 art icu lar, s eas ona l ly dependent levels? Exp ressio n o f
po ntaneous to rpo r (when food is freely available) does
o t sup port tha t in terpreta tion, a t least from the few
 pecies s tudied , compared t o th ose un der fo o d s h ort-
ge co ndi tio ns. It i s al so un clear wh eth er th e adiopo-
t at t hres h old i s adju ste d or ab an don ed , t o allow for
o rpo r use a t rela ti vel y high fat lev els durin g migra-
io n, winter, o r while nesting. To answer these ques-
ion s, w e w ould need detailed b o dy comp osition mea-
uremen ts (e.g., QMR) a t to rpo r ini t iat ion (espe cia l ly
epe ated wit hin individuals) across more m amm al and
ird species across s eas ons and at different life history
 ta ge contexts ( Eberts et al. 2021 ). Addi tio nally, mea-
ur ing endocr ine sig na ling mole cu le levels p rio r to and
t to rpo r ini t iat ion wou ld be a h e l p ful indicato r o f how
n docrin e regu lat io n o f to rpo r may occur. 

eural and endocrine mechanisms regulating 

orpor 

h e m ech ani sms by whic h the brain regulat es t o rpo r
 se in m amm alian hibern at or s have be en relat i vel y well
tudie d comp are d to t hose t ha t regula te avian or mam-
ali an d aily to rpo r ( Jastroch et al. 2016 ). We know

hat in h eteroth ermic m amm al s, the su p rachia sm atic
ucleus in the hypoth alamu s h e lps regulate the tim-

ng of torpor, and t hat t he hypot h alamu s rem ain s activ e
hro ugho u t to rpo r/hibernatio n to co ntrol t her moregu-
atio n, ho rmo nes, and the timing o f to rpo r ( Brat incsák
t al . 2007 ; Sc hwartz et al . 2013 ; Cubuk et al. 2017a ,
017b ). The hipp o campu s h a s al so been im plica ted in
egu lat ing m amm alian hibern at ion: It loses act iv it y l ast
urin g tran sition into hi bernation an d regains it first
 po n arousal ( Drew et al. 2007 ). The cerebellum con-
rols moto r coo rdinatio n in both birds and mammals
n d controls un conscious post ure adj ustm ents an d oc-
a sion a l voca lizat ions in hibernat ing m amm al s, indi-
ating its potent ia l invo l vement in to rpo r/hibernatio n
 Tessier et al. 2019 ). On t he ot her ha nd, f ew experi-

ents have been done to determine the neural regu-
atio n o f av i an to rpo r. Co n siderin g the va st di sp arit ies
etween m amm alia n a nd avia n bra in a rc hit ecture , it
 s rea son able to a s s ume th at m amm al s and bird s m ay
egulat e t o rpo r via the cent ra l nervous system differ-
ntly. Th e fin ding that leptin does not seem to play a
ole in to rpo r in hummingb irds, while i t does in mam-
 al s, al so su ppo rts this assertion ( Rossi and Welch

023 ). G hrelin i s another indicator th at bird s and m am-
 al s h av e ev o l v ed v ery differ ent r egu latory p athways

n depen dently—i t wo rks very differently in b irds and
 amm al s ( Goym ann et al. 2017 ; Lu p i et al. 2022 ).
 iv en th ese differen ces, what n euroen docrin e fact or s
i .e ., energy statu s sign aling m olecules an d pathways)
o ntrol the adi postat to rpo r thres h old an d its chan g es
cr oss bir d s and m amm al s? Wh a t pa thways coordina te
nd regulate the chan g es that occur with torpor use
cross or gan s? An d are h ot to rpo r an d oth er fo rms o f
 eteroth ermy regu late d simi larly? To address this gap,
 e w ou ld ne e d gene exp ressio n data o f various b rain
 egions in heter ot her mic birds and m amm al s to de-
ermin e wh eth er certain reg ions, li ke t he hypot hala-

us/hipp o campu s/cere bell um, are exp ressing relevant
 enes durin g to rpo r; detai le d imag ing experiments to
dent ify neura l reg ions and p at hways t h at are a ssoci-
t ed with t orpor entry; and perhaps a lso rea l-t ime imag-
ng of bird brain s durin g t orpor, suc h as with funct iona l

ag net ic resonance Imag ing. So me p ro mising t axa t hat
ould be go o d starting p o ints fo r co m para tive studies

nclude anim al s th a t frequen tl y use dail y to rpo r (e.g.,
 ummingbirds, nigh tja rs, a nd Djunga ria n ha mst er s).
imi lar quest ions are a lso st i l l lar g ely unan sw ered when
omp aring t ropica l/sub-t ropica l and tem pera te mam-
a l spe cies. 

onclusion 

 iv en the div ersi ty o f s tudy sys t ems in whic h daily t or-
 or o ccurs, ma ny differen t a pproach es, m easures, an d
 ec hniques have been developed to study to rpo r pat-
 erns. The paper s in thi s i s s ue cover e colog ica l and evo-
 u tio nary drivers o f to rpo r, as well as so me o f the prox-
ma l me chanism s g ov ernin g to rpo r use. We ident ifie d
our broad focu s area s over the course of the sympo-
ium. 

1) The defini tio ns o f to rpo r a re a rb i tra ry a n d som e-
t imes cont radictory. Thi s i s a tough problem to
so l v e, but w e adv ocate for presenting more raw data,
or at lea st m aking them more accessible , t o a l low for
re-a nalyses in differen t con texts, a s well a s including
c lear t o rpo r defini tio ns in each paper. 

2) Many of o ur percep tions of what torpor is and how
it is defined come from “champion hibernat or s” at
high latitudes th at u se hibern atio n qui te p redictab l y,
consistentl y, and deep l y ( Flora nt a n d He ller 1977 ;
Heller et al. 1977 ; Walker et al. 1977 ), relative to
the diversi ty o f ways in which to rpo r is mo re co m-
mon ly use d. This has le d t o the t o rpo r va riable a nd
patterns o f so me taxa being set as t he st a nda rds,
where as ot hers t h at u se to rpo r in different ways be-
ing seen as “weird” to rpo r us ers. Howe ver, bas ed on
the number of species in the tropics and sub-tropics
n ow kn own to use to rpo r, o ur percep tio ns o f what
is the rule and what are the ex ception s like ly n eed to
chan g e ( Nowack et al. 2020 ; Nowack et a l. 2023b ). 
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(3) Alm ost n othing is kn own about th e gen et ic b a si s for
to rpo r regu lat io n amo ng daily h eteroth erms—this
is a big unso l ve d quest ion in th e fie ld. 

(4) Very little is known about neural and endocrine reg-
u lat io n o f to rpo r amo ng daily h eteroth erms or h ow
t hese pat hways differ bet ween d aily h eteroth erms
an d hi bernat or s. Some recent studies on mice have
ident ifie d spe cific neurona l p at hways t hat are cru-
cial for torpor entry ( Hrvatin et al. 2020 ), but there
is no indication t hat t hese pat hways are evol u tio n-
arily con serv ed or widespread. 

So much pr ogr ess h a s been m ade in recent years (a s
eviden ced by th e papers in thi s i s s ue), yet so much re-
mains to be le ar ned. We st and at the p reci p ice o f a pe-
riod of immense growth in this field and hope this is-
sue can const ruct i vel y guide future studies and facilitate
their pr ogr ess. 
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