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Synopsis Mig rat ion is a widespread and highly variable trait among anim al s. Po p ula tion-level pa tter ns ar ise fro m individ ual- 
lev el decision s, includin g p hysio log ica l and ener g etic con stra ints. Ma ny aspects of migration are influenced by behaviors and 
st rateg ies employe d dur ing per iods of stopover, where migrants may encounter variable or unpredictable con ditions. Th er- 
moregu lat ion can be a major cost for h om eoth erm s which lar g e ly en coun ter ambien t tem pera tures be low th e lower crit ica l 
tem pera ture during migra tio n, especially d ur ing t he rest ph a se of the daily cyc le . In this re vie w we des cr ibe t he empir ic al ev i- 
den ce, th e oret ica l m ode ls, an d potent ia l im plica tio ns o f bats and b ird s th at u se h eteroth ermy to reduce th erm o regulato ry costs 
during mig rat ion. Torpor-a ssi ste d mig rat ion is a st rategy describe d for mig rat ing tem pera te inse ct ivorous b ats, whereby to rpo r 
can be used during periods o f inactivi ty to drast ica l ly re duce t her mo regulato ry costs and increase net refueling rat e , leading t o 
s h ort er st opover durat ion, re duce d fuel lo ad re quirem ent, an d potent ia l conse quences for bro ad-sca le m ovem en t pa tterns and 
surv ival. Hummingbirds c an ado p t a simi lar st rategy, bu t most b ir ds ar e not capable o f to rpo r. How ev er, there is an increasing 
re cog nit ion of the use of m ore s ha l low h eteroth ermic st rateg ies by diverse bird species during mig rat ion, with simi larly impor- 
tan t im plica tio ns fo r mig rat ion ener g et ics. A g rowing b o d y of pub lished literature and preliminary data from on g oin g r esear ch 
indica te tha t h eteroth ermic mig rat ion st rateg ies in bird s m ay be mo re co mmo n than tradi tio nally app reciat ed . We f urt her t ake 
a b road evol u tio nary p ersp ectiv e to con sider h eteroth ermy as an a lternat ive to mig rat io n in so me species, o r as a conceptual 
link to consider alt ernatives t o s eas onal res ource limi tatio ns. There is a growing b o dy of evidence related to h eteroth ermic 
mig rat ion st rateg ies in b ats and b irds, bu t many impo rtant questio ns relat ed t o the broader im plica tio ns o f thi s strategy rem ain. 
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Introduction 

Mig rat ion h a s evo l ve d repeate d ly among vert ebrat es
( Aler stam et al . 2003 ; Bisson et al . 2009 ) a nd ca n be
simp l y conceptua lize d as the ou tco me o f fit ness t rade-
offs. If the fitn ess ben efits associated with mig rat ion out-
weigh the costs, then the evol u tio n o f migratio n will be
favoure d. Yet, mig rat ion is a highl y variab le trait ( Dingle
2014 ), ran gin g from obligate to-and-fro mig rat io n o f
complete po p u lat ions to facu ltat ive mig rat io n o r vari-
able mig rat ion p attern s amon g subsets of po p u lat ions
(e.g., p art ia l a nd different ia l mig rat ion). Mig rat ion p at-
terns result in po p ulation- and ecosystem-level conse-
quences ( Bauer and Hoye 2014 ), but mig rat ion is fun-
damenta l ly a behavior that is undertaken by indiv idu al
anim al s. To gain a holistic understanding of how dis-
A dvance A ccess pu blication Jun e 2, 2023 
C © Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
Fo r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
cret e behavioral c hoices made by indiv idu a ls t ranslate
to po p u lat ion-level p atterns of mig rat ion, we must un-
derst and t he p hysio log ica l const rain ts associa ted with
mig rat ion. Resea rch f ocusing on th e un der l ying p hysi-
ology and ener g etics of migration h a s ther efor e been a
m ajor focu s of th e fie ld ( Bo wlin et al. 2010 ; G uglie lm o
2010 ; 2018 ; Gwinner 1990 ; Lennox et al. 2016 ; McGuire
an d Guglie lm o 2009 ; McWi l liams et a l. 2004 ). 
High ly mobi le anima ls that in hab i t s eas ona l ly vari-

able env ironments, especi all y vo lant (flying) species,
can travel long distances in relati vel y short p erio ds of
time (but note that not a l l mig rat ion m ovem ents n e e d
be long distance; Boyle 2017 ; McGuire and Boyle 2013 ).
Flying migra nts a r e ther efor e able to s eas ona l ly ta ke ad-
vantage of r esour ce abun dan ces an d escape periods of
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 esour ce limi tatio n. Bu t mig rat ion incurs ext reme en-
r g etic dem and, i s time con sumin g, and exposes mi-
rants to hab i tats a nd la nd scapes th at m ay be unfa milia r
n d ris ky. Mig rat io n is amo ng the most ener g et ica l ly de-
anding p erio ds of the annual cycle and can be associ-
ted with high annual mo rtali ty in some systems ( Si l lett
n d Holm es 2002 ). 
As birds and b ats mig rate long distances between

 eas o nal ho me ran g es, p erio ds o f migrato ry flight are
nt er sper sed by periods of stopover, wh ere th ey take
 p tempo ra ry residence in a n a re a while t h ey rest an d
ef uel for t he subse quent mig rat ory flight ( Aler stam
 nd Bäckma n 2018 ; Schma lj ohann et a l. 2022 ). While
igra tory fligh t is a p hysio log ica l cha l len g e, theoret-

c al and empiric al ev idence fro m b ird mig rat ion sys-
 ems indicat es t hat per iods of stopover may take s e ven
imes lon g er and cost t w ice as much energy com-
 are d to p erio ds of migratory flight ( He denst röm and
lersta m 1997 ; Wik e ls ki et al. 2003 ). Th e en er g etic cost
f st opover s is driven in lar g e part by t her moregu-
atory costs ( Wike ls ki et al . 2003 ). Vert ebrat es gener-
 l ly in hab i t enviro nm ents wh ere th e ambien t tem pera-
ur e r emains be low th e lower limi t o f t he t her moneu-
 ra l zone (i .e ., t he lower cr it ica l tem pera ture, which
efin es th e lower limi t o f t he t her mo neu t ra l zone, is
 ypic a l ly g re ater t ha n a mbien t tem pera ture) and dur-
ng mig rat ion s eas ons anim al s m ay encounter p art icu-
a rly ha rsh co ndi tio ns (e .g., st or ms, unse a son ab le co ld;
ewto n 2007 ; W hi tmo re et al. 1977 ). As en doth erms,
ig rat ing birds and bats are able to increase endoge-
 ous h eat p rod uctio n wi th sto red energy to ma inta in
table b o dy temp erature desp i te vari able env ironmen-
al co ndi tio ns (i .e ., h om eoth ermy). In a study of Swain-
on’s thrus h es ( Catharu s u stulatu s ) an d h er mit t hrus h es
 Ca tharus gutta tus ), Wike ls ki et al. (2003) used doub l y
abel le d water to demonstra te tha t daily energy expen-
iture at stopover was close ly re lated to ambient tem-
erat ure. As am bient temperat ur e dr ops farther below
 he lower cr it ica l tem pera ture, en doth erms mus t s pend
 ore en ergy (s hiv erin g o r no n shiv erin g th erm ogen esis)

o ma inta in euthermic b o dy temp erature. In the case
f mig rat ing thrus h es, th e in creased th erm o regulato ry
ost was e quiva lent to s e vera l hours of mig ra tory fligh t
 Wike ls ki et al. 2003 ). 
Th erm o regulato ry costs are a majo r co mpo nent o f

h e en er g et ic costs incurre d durin g stopov er, which may
ccount for two-thirds of total migration energy cost.
ow ev er, not a l l mig rants se ek to ma inta in a stable, eu-

 her mic b o dy temp erature durin g inactiv e p erio ds at
t opover sit es. Th e use of h eteroth ermy could save sub-
tant ia l amounts of energy during mig rat ion ( Fig. 1 ).
h e ear lies t s uch o bservatio n was o f an imm ature m ale
ufous hummingbird ( Selasp ho r us r uf us ) obs erved us-
ng night-time to rpo r d uring fa l l mig rat ion ( C arp enter
nd Hixon 1988 ). At the time of this observation, the
se o f to rpo r was genera l ly considere d to be an emer-
 ency respon se t o deplet ed energy st ores (s ee G eis er
 nd Brigha m 2012 ), but b ase d on ca lcu lat io ns o f the en-
r gy con sequences of usin g to rpo r co mp are d to remain-
ng eut her mic, C arp enter and Hixon (1988) s ugges ted
o rpo r functio ned as a mech ani sm to con serv e ener gy
or subsequent p erio ds of migratory fligh t. Consisten t
it h t his hypot hesis, t he use of torpor h a s regularly been
bserved in migra ting tem pera te ba ts (e .g., Barc lay et al.
988 ; Crya n a nd Wolf 2003 ). In mig rat ing si lver-haire d
ats ( Las io nyct eris no ctiv a ga ns ), the use of torpor dur-
n g the inactiv e p erio d saved up to 90% of the energy
he bats would have spent had they remained str ict ly
 om eoth ermic ( McGuire et al. 2014 ). 
The term “To rpo r-a ssi ste d Mig rat ion” h a s been u sed

o describe the strategy of using to rpo r d urin g inactiv e
 erio ds to save energy for subsequent p erio ds of migra-
ory flight ( McGuire et al. 2014 ). It is likely that to rpo r-
 ssi ste d mig rat io n is widesp read amo ng tem pera te mi-
 ratory b ats and hummingb irds, bu t to rpo r is gener-
 l ly a rare ph en om en on am ong birds ( McKechnie and
o vegro ve 2002 ). Ther e ar e families o f b ird s th at in-
lude species known to use to rpo r, such as humming-
 irds o r nightjar s ( McKec hnie and Lo vegro ve 2002 ),
ut likely more common are scenarios where migrants
ay experience a sha l low de crease in b o dy temp erature
n d m etabolic rate ( Fig. 1 ). Bo dy temp eratur e r educ-
io n o f just a few deg re es can resu lt in s ubs tant ia l en-
r gy savin gs. In much t he s ame way that C arp enter and
ixo n (1988) demo nst rate d the use o f to rpo r fo r sav-
ng fuel stores in a hummingbird, Woj cie ch ows ki an d
ins h ow (2009) s ugges ted th at sh allow h eteroth ermy
b o dy temp eratur e r e duce d ∼5 ◦C) wou ld a l low mi-
 rat ing Eurasian blackcaps ( Sylvi a atri capi l la ) to more
ap idly deposi t fuel fo r subsequent p erio ds o f migrato ry
ight. 
The use of heterot her my dur in g inactiv e p erio ds at

topover, wh eth er deep to rpo r o r sha l low h eteroth ermy
 Fig. 1 ), h a s the potent ia l to yie ld su bstant ia l energy sav-
ngs. As a major cost of mig rat ion, such ener g etic sav-
n gs could hav e far-reachin g influences o n the strate-
 ies that mig ra nts employ a n d th e be havio ral exp res-
ions used to achieve them. However, whi le dai ly to rpo r
s co mmo n in tem pera te migra tory ba ts, tropical ba ts
re thought to be more str ict ly h om eoth ermic. Deep
o rpo r is unco mmo n in b irds, bu t i t is not clear how
idespre ad t h e use of s ha l low h eteroth ermy might be
uring mig rat ion. In this re vie w, w e con sider the role
f h eteroth ermic st rateg ies in mig rat ing b ats and birds.
e begin by summar izing rese arch t h at h a s focu sed on

n tegra ting em pirical studies of migrating bats and the-
ret ica l m ode ls of o p t ima l mig rat ion th at h ave been for-
 ula t ed t o account f or va r ied t her mo regulato ry strate-
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Fig. 1 The metabolic cost of thermoregulation varies with ambient temperature below the lower critical temperature (vertical dashed line). 
During the rest phase at stopover sites, homeothermic migrants must increase metabolic rate to generate heat to maintain normal body 
temperatur e, exemplified her e by Swainson’s thrushes ( C. ustulatus ; straight solid line belo w the lo w er critical temperatur e). Alternativ ely, 
species that use deep torpor, exemplified here by the hoary bat ( Lasiurus cinereus ; curved solid line below the lower critical temperature), 
reduce body temperature to near ambient with a metabolic rate that is a small fraction of euthermic metabolic rate. In between these 
extr emes ther e is a continuum of potential heterothermic r esponses. Shallow heterothermy is a strategy, exemplified here by the 
g olden-cro wned kinglet ( Regulus satrapa; straight dashed line below the lower critical temperature), where body temperature is reduced at 
an intermediate level, not in deep torpor, but achieving reduced metabolic rate and associated energy savings compared to homeothermy. 
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g ies. Next, we exp and o ur sco pe to consider the grow-
ing b o dy of evidence tha t indica tes the use of some de-
g re e of h eteroth ermy in a variety of mig rat ing birds. Fi-
na l ly, w e con sider the role of h eteroth ermy as an alter-
native to migration. We conclude with a brief overview
of the long list of ex citin g a nd importa nt questions that
remain to be addressed. There have been re lative ly few
explici t studies o f h eteroth ermy in mig rat io n bu t given
the wide-ran gin g potent ia l conse quen ces of this en ergy-
saving strategy, it is important t hat t her moregu lat ion is
included in a holistic understanding of mig rat ion. 

Empirical and theoretical integration 

Desp i te the fact that the first observatio ns o f het-
erot her my dur ing mig rat ion came from a hummingbird
( C arp enter and Hixon 1988 ), heterot her mic mig rat ion
st rateg ies in birds hav e receiv ed limit ed att ent ion (se e
“Bey ond b ats: heterothermy in migrating birds ” below).
Much of the empir ical rese arch of h eteroth ermic migra-
t ion st rateg ies h a s co me fro m studies o f mig rat ing b ats
and h a s for med t he ba si s for a re-dev eloped v ersio n o f
o p t ima l mig rat ion the ory which a l lows f or va r ied t her-
mo regulato ry exp ressio n ( Clerc and McGuire 2021 ). 
Daily to rpo r is impo rta nt f or ma ny sp ecies of temp er-
a te ba ts ( Staws ki et al. 2014 ), an d thu s it i s not surpri s-
ing tha t ba ts use to rpo r d uring mig rat io n. In a study o f
si lver-haire d b ats ( L. no ctiv a ga ns ) d uring sp ring migra-
tion, t he sur face tem pera tur e of r oost ing b ats was within
1–2 ◦C o f amb ien t tem pera ture, and a l l were slugg ish
and cool to the t ouc h ( Barc lay et al . 1988 ). When faced
wit h per iods of extended inclemen t wea th er an d low
p rey availab ili ty, silver-haired bats used multi-day tor-
p or b outs ( B arc lay et al . 1988 ). A s tudy of s pring migrat-
ing ho ary b a ts ( L. ciner eus ) similar ly docum ented regu-
lar to rpo r use (incl uding di scu ssio n o f im plica tio ns fo r
water b a lance), bu t in a sex-b ia sed m a nner ( Crya n a nd
Wolf 2003 ). Under labo rato ry co ndi tio ns, male hoary
b ats regu larly use d to rpo r across a ran g e of t est t emper-
atures, but f emales ra rely used to rpo r and instead de-
fen ded n ormal b o dy temp erature , even as t est t empera-
ture was de crease d to 0 ◦C. Female hoary bats are preg-
nant w ith t w in s durin g sprin g mig rat ion ( McGuire et a l.
2013 ; Sh um p and Sh um p 1982 ), and to rpo r use would
de lay th e deve lopm ent of th e fetus es ( Race y 1973 ). 
The use of torpor during inactive p erio ds could

h ave dram at ic effe cts on m any a spe cts of mig rat ion.
In one example, the energy savings of torpor was sug-
gested as the likely explanation for the discrepancy be-
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Fig. 2 Stopover durations of (A) silver-haired bats ( L. noctivagans ) 
using a torpor-assisted migration strategy, compared with (B) 
black-throated blue warblers ( S. caerulescens ), a presumed 
homeothermic migrant. Both studies w er e conducted at the same 
study site over the same time period. It is hypothesized that the 
energy savings of torpor allow silv er-hair ed bats to make shorter 
stopovers than black-throated blue warblers. Fig. adapted from 

data presented in McGuire et al. (2012) and Taylor et al. (2011) . 
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we en app arent stopover d uratio ns o f silver-haired bats
 McGuire et al. 2012 ) and black-thro ate d blue warblers
 Set op haga caerulescens ) ( Taylor et al. 2011 ). Both stud-
es were co nd ucted at the same site at the same time
n d using th e sam e radiotracking m eth ods for th ese
imi lar-size d mig rants. Si lver-haire d b at stopover du-
ation s w ere v ery s h o rt, wi th most b ats dep art ing ei-
 her t he s ame day they ar r ived or the next, whereas
h e presum ed h om eoth ermic blac k-throat ed blue war-
lers stayed much lon g er, with most indiv idu als stay-
ng many days ( Fig. 2 ). Although no direct observations
 f to rpo r u se were m ade in the McGuire et al. (2012)
tud y, a fo llow-up stud y observed daily to rpo r use in
v ery free-livin g bat included the study ( McGuire et al.
014 ). The study included pr imar i ly si lver-haire d b ats,
 ut also o p portunis tic o bservatio ns o f a sma l ler num-
er of hoary bats and e aster n red bats ( Lasi u rus bore-
 lis ). No tab l y, the stud y was co nd ucted d uring fa l l mi-
 rat ion wh en th ere would be n o conflict between tor-
or use and r epr oductiv e con se quences for preg na nt f e-
ales. Wit h me asurem ents of m etabolic rate un der con-

 rol le d tem pera ture co ndi tio ns, i t was possi ble to m ode l
n ergy expen di ture d ur ing t h e daytim e inactive p erio d
nder observed patterns of to rpo r use an d th e as s ump-
io n o f strict ho meot her my. On colder days when there
s a greater difference between to rp id and eu t her mic
etabolic rates ( Fig. 1 ) bats spent m ore tim e in to rpo r

 Fig . 3 ), saving o f u p to 90% o f th e en er g etic cost of re-
aining h om eoth ermic ( McGuire et al. 2014 ). 
Subseq uent st udies have con tin ued to investiga te as-
ects of torpor-a ssi ste d mig rat ion in si lver-haire d b ats,
n cluding m ore detai le d ener g et ic ca lcu lat ions, the in-
uence o f b o dy comp osit ion, t rade-offs betwe en forag-
ng and to rpo r, sex differences in p heno logy, and sea-
o nal co mpariso ns o f sp ring and fa l l mig rat ion ( Ba loun
n d Guglie lm o 2019 ; Ba loun et a l. 2020 ; Jon a sson and
uglie lm o 2016 ; 2019 ). To rpo r-a ssi ste d mig rat ion h a s
 lso be en use d to p rovide co ntext fo r tempo ral fo raging
 atterns in mig rat ing Nathu siu s’ pipi st rel les ( Pi p is trellus
athusii ) in Europe ( Voigt et al. 2012 ). The ability to re-
uce ener g etic dem and by u sing to rpo r may red uce the
e e d for exten siv e refuellin g durin g migration, as evi-
enced by reduced size of dig estiv e tract during migra-
ion ( McGuire et al. 2013 ), yet there is ample evidence
f bats foraging during mig rat ion p erio ds ( B aloun et
l. 2020 ; Jon a sson an d Guglie lm o 2019 ; Reim er et al.
010 ; Va lde z a nd Crya n 2009 ; Voigt et al. 2012 ). De-
p i te increasing evidence for regular to rpo r use in long-
istance migratory bats, there h a s been little investiga-
io n o f to rpo r-a ssi ste d mig rat ion in reg iona l mig rants
but see Roby 2019 ). G iv en that the ab ili ty to use tor-
or is ubiquitous among tem pera te ba ts ( Stawski et al.
014 ), it is likely that to rpo r plays a role, even in rela-
i vel y short-distance reg iona l mig rat ions. 
To better un derstan d th e be havio ral co nsequences

f varied th erm o regulato ry exp ressio ns d uring migra-
 ion C ler c and McGuir e (2021) consider e d the effe cts
f different t her mo regulato ry exp ressio ns o n mig rat ion
cology within an o p timal migratio n theo ry framewo rk.
 pt ima l mig rat ion the ory is an o p t imizat ion m ode ling
ppro ach use d to the oret ica l ly frame the adaptive value
ssoci ated w it h var ie d mig ratory st rateg ies ( Alerstam
n d Lin dström 1990 ). Th e go a l of o p t imizat ion mod-
ling in biology is t o generat e pre dict ion s a b out b e-
aviora l t raits th at m aximize fitn ess ( Par ker an d Smith
990 ). Mig rat ion the ory as s umes tha t ada pta tion s driv e
r ganism s to either maximize benefits, red uce costs,
r find s ome s olution that best b a lan ces th e trade-off
et ween the t wo ( A lexan der 1996 ). Th oug h flig ht be-
avior s, suc h as or ient ation and flight a lt itude in re-
ponse to wind spe e d and dire ct ion ( Lie cht i 2006 ) are
m portan t to how mig rants t rade-off en ergy an d tim e,
igra nts a re constra ined in their metabolic expres-
io ns d uring migrato ry fligh ts and th us th e role of h et-
rot her my dur ing mig rat ion i s focu sed on p erio ds of
topover. 
Heterot her my a l lows mig rants t o ac hiev e positiv e

nergy b a lance at low-qu alit y st opover sit es that would
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Fig. 3 Torpor used by silv er-hair ed bats ( L. noctivagans ) during stopover. Solid black dots r epr esent skin temperature from 

temperatur e-sensitiv e radiotelemetry, r ed dots r epr esent ambient temperatur e, and v ertical lines indicate sunrise and sunset. (A) Under 
warmer ambient temperatures, bats used relatively short torpor bouts during the cooler morning and evening. (B) At cooler ambient 
temperatures, bats maintained normal body temperature for only a r elativ ely short period of the afternoon when ambient temperature 
approached the lower critical temperature. (C) On the coolest days bats used torpor for the entire daytime period of inactivity, warming 
up to normal body temperature at, or shortly after, sunset. Fig. adapted from data included in McGuire et al. (2014) . 
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lead to negative energy b a lance in homeot her ms. When
faced with high rest p erio d costs o r low-quali ty fo rag-
ing, h om eoth erm s hav e no mech ani sm to com pensa te
an d n et fue l deposi tio n rate i s decrea sed ( Fig. 4 ).
How ev er, h eteroth erms can counter these cha l len g es
by reducing rest p erio d costs and ther efor e maintain
positiv e ener gy b a la nce over a ra n g e o f si te quali ties
( Fig . 4 ). One implic ation i s th at while h om eoth erms
face a trade-off between time and energy minimiza-
tion, h eteroth erms that reduce th e en er g etic cost of
t her moregu lat ion can a l so refuel fa ster a nd a r e ther e-
fore able to simu ltane ously minimize t ime and energy
cost. Furt her more, t he facult ative use of h eteroth ermy
a lso a l lows h eteroth ermic migrants to m an ag e ener gy
budgets in depen den t of wea th er con ditions experi-
enced at stopov er, increasin g or decreasing the use of
to rpo r in respo nse to current co ndi tio ns (e.g ., Fig . 3 ;
McGuire et al . 2014 ). Therefore , differences in ther-
mo regulato ry exp ressio n may a ffect la nds cape-le vel
stopover use and thus, po p u lat ion-level p atterns of mi-
g rat io n. Ho m eoth ermic migrants may be constrained
to high-qu alit y migrat ory st opover sit es wh ere th ey
ca n ma inta in a high fuel deposi tio n rat e . Wi thou t the
ne e d to rely on high-qu alit y st opover sit es, the use of
h eteroth ermy may result in a more diffuse po p u lat ion-
level pattern of migration. Heterot her ms may be able
to follow a “br oad fr on t” migra tion stra t egy, disper sed
bro ad ly across the l andsc ape during mig rat ion. 
G iv en t he s ame environment a l qua li ty (hab i tat qual-

i ty, fo raging o p po rtuni ties, and we at her co ndi tio ns)
h eteroth erms can achieve e qua l or g r eater net r efuel-
ing ra tes rela tive to h om eoth erms by r educing r est pe-
riod costs ( Fig. 4 ). Consequently, o p t ima l mig rat ion
th eory m ode ls allowing for h eteroth ermy predict that
h eteroth erms make s h ort er st opover s, h ave decrea sed
dep arture fuel lo ad burdens, an d th er efor e r educe the
overa l l t im e an d en ergy cos ts as soci ated w ith st opover s
re lative to h om eoth erms ( Clerc and McGuire 2021 ).
Co mb in ed, th ese m ode l p redictio ns hig hlig h t tha t ther-
moregu lat ion can drast ica l ly influence stopover behav-
io r and ul timatel y p l ays a critic al role in po p ulation-
lev el pattern s of mig rat ion. 
Severa l pre dict ion s arisin g from o p t ima l mig rat ion

th eory m ode l s rem ain unt est e d and excit ing o p portu-
ni ties fo r fu tur e r esear ch (se e C ler c and McGuir e 2021
a nd " Fut u re d i recti ons " be low) but th er e ar e so me p re-
dictio ns fo r which there is emp irical su ppo rt. Fo r ex-
ample , het erot her mic migra nts a r e pr e dicte d to have
s h ort er st opover d uratio ns co mp are d to h om eoth er-
mic migrants. Sho rt-d uratio n st opover s have been ob-
served in both migrating ruby-throated hummingbirds
( Archil o chus co lub ris ; Zenzal Jr et al. 2018 ) and silver-
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Fig. 4 Graphic illustration of net refueling rate for homeothermic (solid line) and heterothermic migrants (dashed line). Under a baseline 
set of conditions, a homeothermic migrant can deposit fuel (fat) during the active phase (white panel), but then uses some of that fat for 
thermoregulation during the inactive (rest) phase (grey panel). The thermoregulatory cost for a homeothermic migrant during the rest 
phase will cause fuel deposits to deplete more ra pidl y than heterotherms and therefore must achieve greater energy intake rates during 
the active phase to achieve the same net refueling rate (fine dotted line) as heterotherms. A heterothermic migrant could achieve this 
same increased net refueling rate instead by using heterothermy to r educe thermor egulatory cost. Thus, for the same rate of energy intake 
during the active phase, a heterothermic migrant can achieve a greater net refueling rate. Similarly, a heterothermic migrant can achieve a 
comparable net refueling rate even at a site where energy intake rate is lower. Fig. adapted from data presented in Clerc and McGuire 
(2021) . 
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aire d b ats ( Fig. 2 ; McGuire et a l. 2012 ). Ruby-thro ate d
ummingbird s h ad a mean stopover d uratio n o f ∼1.5
 ays, w i th 59% o f individ ua ls dep art ing on t he s ame day
 hat t hey wer e captur e d ( Zenza l Jr et a l . 2018 ). S imilarly,
0% of si lver-haire d b a ts ca ptured during fall migra-
 ion dep arte d on t he s ame day t hat t hey wer e captur ed,
nd 93% of mig rants dep arte d by th e secon d ev enin g
ollow ing c aptur e ( McGuir e et al. 2012 ). Stopover du-
at ion was simi larly b rief in sp ring mig rat ion (me dian
topover d uratio n 0.8 days) but there was a clea r effect
f we at h er con dition s, with lon g er stopov ers occur r ing
h en n orthboun d bats en coun tered ambien t tem pera-
ures below 15 ◦C ( Jon a sson and Guglielmo 2019 ). 
An oth er m ode l pre dict ion i s th at h eteroth ermic
ig rants wi l l have de crease d fuel lo ads relat ive to
 om eoth ermic mig rants. Spring-mig rat ing b a ts presen t
n o p po rtuni ty t o t est this pre dict ion at the intraspe-
ific lev el, av oidin g potent ia l confounding int er specific
act or s. Th e coin ciden ce of pregna ncy a nd spring mi-
 rat ion drives differences in t her mo regulato ry exp res-
io n o f male a nd f ema le b a ts. F ema le ho ary b ats are
 regnant wi th twins d uring sp ring mig rat ion an d th ere-
or e r emain h om eoth ermic whi le ma les regu larly use
o rpo r ( Crya n a nd Wolf 2003 ). Consistent with m ode l
re dict ions, h eteroth ermic m ales h ad sm a l ler fuel lo ads
han h om eoth ermic females which reduces flight cost
nd a l lows g reater maneuv era b ili ty ( C lerc et a l. 2021 ).
om eoth ermic fem ales h ad gre ater f uel loads t han het-
rot her mic ma les ( C lerc et al. 2021 ), but coun terin tu-
ti vel y foraged less. One possib le exp lan ation i s th at fe-
 ales m ay rely on eph em era l pu lses of extr eme pr ey
bun dan ce. F or exam ple, in New Mexico (USA) ge-
m etrid an d n octuid m oths em er g e syn chron ous ly an d
n great numbers, making up the majo ri ty o f hoary
at diets (male and female) during spring mig rat ion
 Va lde z and Cryan 2009 ). If moth emer g ence is sp at ia l ly
 redictable, i t would fit wi t h t he high-qu alit y stopover
i te p re dict io n fo r ho meot her mic fema le ho ary b ats.
aves of migratory moths may serve as an oth er im-
orta nt f ood pulse for migra ting ba ts ( Kra uel et al.
018 ; Kraue l et al. 2015 ). Hom eoth ermic female mi-
 rants may on ly reach posit iv e ener gy b a lance under
o raging co ndi tio ns wh ere th ey en co unter ab undant
rey. R eli ance on ephemeral prey pulses as the pri-
a ry mea n s of buildin g lar g e fuel load s i s an inherently

 isky t act ic and wou ld re quire gut funct iona l cap acity
o be pre empt i vel y ma inta ined at a high-perf orma nce
evel to take advantage of pulses of high-density prey



1066 L. P. McGuire et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/63/5/1060/7189912 by U

niversity of W
aterloo user on 03 January 2024
wh en en count ered . How ev er, there may be a trade-off in
ma inta inin g ex cess dig estiv e t ract that pre cludes main-
tainin g high dig estiv e efficien cy through out mig rat ion
( Piersma 1998 ). Two lines of evidence s ugges t this may
be the ca se. Fem a le ho ary b a ts do not main tain lar g er di-
g estiv e or gan s durin g mig rat io n co mp are d to the sum-
m er n o nmigrato ry p erio d ( McGuire et al. 2013 ) and do
not ma inta in g reater digest ive cap acity than h eteroth er-
mic males during migration ( Clerc et al. 2021 ). Alterna-
ti vel y, migrating female hoary bats may ma inta in la r g er
fuel stores by c arry in g ov er fat deposi ted p rio r to migra-
tion. This idea raises many intriguing questions about
t he import a nce of ca rry-over effects, differ ential pr em-
ig rat ion hyperphag i a bet we en ma les a nd f emales, a nd
overw inter behav io rs and hab i tat quali ty. It may be that
h eteroth ermic ma le mig rants act as in com e migrants,
comp are d to a cap i ta l mig rat ion st rategy in h om eoth er-
mic females ( Evans and Bear h op 2022 ). 

Wit h an est ablis h ed m ode lling fram ewor k, it h a s
b een p ossi ble to con duct init ia l tests of m ode l predic-
tion s, which hav e g enerally su ppo r ted the f ramework,
with a few ex ception s. Goin g f orwa rd, building a larger
p o ol o f emp irica l observat ions wi l l a l low f or a n iterative
appro ach, a lternat in g betw e en empirica l tests of m ode l
pre dict ions and revisions of the the oret ica l model. A
majo r limi tatio n at this point is th e re lative ly limited
taxo no mic scope of empirical field tests, pr imar ily mi-
g rat ing b ats th at u se deep to rpo r d uring mig rat ion, and
fro m o n ly a few spe cies. Fut ure st udies of mig rat ing
b ats wi l l b e imp o rtant, bu t studies of migrants with in-
t ermediat e het erot her mic st rateg ies (e.g., sha l low het-
erot her my in bird mig rants) wi l l b e esp e cia l ly va luable.

Bey ond bats: heter othermy in migrating birds 

The mig rat io n li terature is do minated by studies o f
b irds, bu t t her mo regulato ry patterns rema in a n under-
studied to pic. Ap proximately 19% of glob a l bird spe cies
are migratory ( Kirby et al. 2008 ), increasing to as much
as 30–45% of species fr om Near ct ic and Pa learct ic re-
gions ( Cox 1985 ). Thus, there are t hous ands of migra-
to ry b ir d species, r epr esenting gr eat diversity in many
e colog ica l, behaviora l, and p hysio log ica l t ra its. Ma ny
migrato ry b ird s h ave traits th at ar e pr e dicte d to in-
cre ase t h e value an d like lih o o d of h eteroth ermy. Het-
erot her my is pre dicte d to be more common in species
with sma l l b o dy size (high sur face-are a to volume ra-
t io, g re ater he at loss to the envir onment, gr eater m a ss-
sp ecific metab o lic rate), variab le b o dy co ndi tio n (mo re
ea sily a s ses sed in birds than bats due to t ransp arent skin
in birds), variable prey avai labi lit y (e.g ., insec ts w hich
ar e r e lative ly unavailable in cold we at h er), an d hars h
co ndi tio ns encountered during migration (species that
migrate early in spring or late in autumn). 
There h a s been an increa sing re cog nit ion of the
benefits o f heterot her my in both migratory and non-
migrato ry b ird species ( Nowack et al. 2017 ). In the
first co mp re h en siv e re vie w of h eteroth ermy in birds,
McKechnie and Lo vegro ve (2002) documented het-
erot her mic responses in birds from 29 different fami-
lies (see also more recent re vie ws; Brigham et al. 2012 ;
McKechnie and Mzilikazi 2011 ; Ruf and G eis er 2015 ).
Recent studies provide evidence of heterot her my in a
growing list of bird species, including, f or exa mple, su-
perb fairywr ens ( Mal u ru s cyaneu s ; Romano et al. 2019 )
and e aster n y ellow robin s ( Eo psalt ria aust ralis ; Aha ron-
Rot man et a l. 2021 ), an d m ore as describ ed b e low. Th ere
i s al so variation in the expression of h eteroth ermy in
birds, both within and amon g tax onomic g roups. De ep
to rpo r is only known from a few taxonomic groups,
per haps m ost fam ous ly th e hummingbird s ( Sh a nka r et
al . 2022 ; S ha nka r et al. sub mi tted fo r publicatio n; Wolf
et a l. 2020 ), variat io n wi th b o d y size and p h ylogen y
( Spen ce an d Tingle y 2021 ; Wolf et al. 2020 ), s eas onal
variation ( Eberts et al. 2021 ), and use of both sha l low
h eteroth ermy an d deep to rpo r ( Sha nka r et al. 2022 ).
Thus, t her mo regulato ry patterns in hummingbirds are
b est describ ed as a h eteroth ermic spe ct rum ( Shan kar et
al. 2022 ). How ev er, m ost h eteroth ermic birds (e.g., m ost
h eteroth ermic passerin es) may only reduce their b o dy
tem pera ture a few deg re es below nor mot her mic levels.
Even sha l low chan g es in b o dy temp erature, an d th e as-
sociate d re duct ion of metabolic rat e , can lead t o impor-
tant energy savings (e .g., Maddoc ks and G eis er 1997 ;
Schaeffer et al. 2015 ). 
The majo ri ty o f studies o n h eteroth ermy in birds have

focussed on nonmig ratory spe cies, but there is increas-
ing evidence that nocturnal heterot her my i s u sed by
mig ratory spe cies ( Bene dett i et a l. 2014 ; Car er e et al.
2010 ; McKe chnie and Loveg rove 2002 ; Woj cie ch ows ki
a nd P inshow 2009 ). We now know that hummingbirds
adjust the expression of torpor s eas ona l ly, with defini-
tive evidence of torpor used to facilitate migratory fat-
tening ( Eberts et a l. 2021 , se e a lso Rossi and Welch
2023 ). The p art ia l ly mig ratory si lv erey e ( Zos t erops lat-
eral is ) r educes b o dy temp erature by up to 5.5 ◦C at
night, providing a net energy savings of up to 24% dur-
ing an ∼11-hour p erio d during the winter ( Maddocks
and G eis er 1997 ). D uring mig rat ion, such energy sav-
ings can increase net refueling rate as s ugges ted for
Eurasi an bl ackc aps ( S. atricapi l la ; Woj cie chowski and
Pins h ow 2009 ). Eurasian bl ackc aps re duce d b o dy tem-
perature to 33–40 ◦C at night from n orm oth ermic b o dy
tem pera ture of 42.5 ◦C, with up to 30% decrease in
metabolic ra te com p are d to h om eoth ermic in div idu als
( Woj cie ch ows ki an d Pins h o w 2009 ). Ho wever, the fac-
u ltat ive use of n octurnal h eteroth ermy durin g stopov er
m ay be ba s ed on s e veral fact or s, inc luding b o dy con-
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Fig. 5 Nocturnal heterothermy in a g olden-cro wned kinglet ( R. 
satr apa ). Body temperatur e (black circles, r ecorded with 
subcutaneously implanted temperatur e-sensitiv e PIT-tag) 
decr eased ov ernight to a low value of 28.8 ◦C. The horizontal 
dashed line indicates the allometrically-predicted variation in body 
temperature expected for a homeotherm. Vertical lines indicate 
sunset and sunrise. 
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i tio n u po n ar r ival at a st opover sit e . Mig rat ing gar-
en warblers ( Sylvi a b orin ) in poor body co ndi tio n were
 ore like ly to use n octurnal h eteroth ermy wh en th ey
r r ived at a stopover site than indiv idu als in go o d b o dy
o ndi tio n ( Bene dett i et a l. 2014 ). The benefits o f using
 octurnal h eteroth ermy (i .e ., ener gy savin gs) must out-
eigh the potent ia l costs. Indiv idu als in go o d condi-
ion may not use h eteroth ermy to avoid cos ts s uch as
e crease d imm unocom petence ( Butler et al. 2013 ), in-
r eased pr edation risk ( Carr and Lima 2013 ), and in-
rease d oxidat ive st ress ( Buzadži ́c et al. 1997 ). Though
ner gy savin gs a re the ma in proximate f ocus of noctur-
al h eteroth ermy during mig rat ion, ther e ar e potent ia l
ndire ct fit ness benefits including increased survival or
a rlier a rrival o n b reeding and overwinter ranges, al-
 hough t hese remain to be studied. 
As f urt her i l lust rat ion of the prevalence and ener-

 etic con sequen ce of n octurnal h eteroth ermy in mi-
rato ry b irds, we p resent p reliminary resul ts fro m o n-
 oin g r esear ch (Leys and McGuire, un published da ta)
sing su bcutan eous l y imp lant ed t emperature-sen sitiv e
 IT ta gs (Biom ark, Merck A nim a l Hea l th, Bo ise, Idaho
SA) to mo ni to r tem pera ture o f b irds ei ther un-
er natural we at h er con dition s (ov ernight in an out-
oor av i ary) or under cont rol le d laboratory condit ions
overnight in a temperatur e-contr olled cabinet). Our
 esear c h inc ludes an o p portunis tic o bservat iona l study
f nocturnal heterot her my in a variety of mig rat ing
 irds (ou tdoo r av i a ry), a n d m o re rigo rous study o f four
o cal sp ecies (outdo or av i ary or tem pera ture-con t rol le d
abin et) se le cte d b ase d on t raits that we expe cte d to
 e asso ci ated w it h heterot her my (sma l l b o d y size, earl y
pring/late fa l l mig rat ion dates, inse ct diet). O ur fo-
a l spe cies incl ude b r own cr eep er ( Certhia amer ic an a ),
 olden-crowned kin glet ( R . satrapa ), r ub y-cro wned
inglet ( Corthyli o cal endul a ), an d ye l low-rumpe d war-
 ler ( Se t op h aga c o ro nat a co ro nat a ). All fie ldwor k an d
ata col le ct io n were co nd ucted at the Lo ng Po int Bird
bser vator y on the north shore of Lake Erie in south-
r n Ont ar io, Canada (42.583 ◦N 80.398 ◦W). 
One cha l len g e in identifyin g sha l low h eteroth ermy is
ifferen tia ting h eteroth ermic re duct ions in b o dy tem-
eratur e fr o m the daily fluctuatio ns in b o dy tem-
era ture tha t would b e exp e cte d in a h om eoth erm.
om eoth ermic b o dy temp erature is not per fect ly st a-
le, and b o dy temp erature is t ypic a l ly low er durin g the
est ph a se ( Refin etti an d Men aker 1992 ). Diurn al vari-
tion in h om eoth ermic b o dy temp erature scales with
 o dy size ( Aschoff 1981 ) and ther efor e we use a l lo-
et rica l ly pre dicte d va lues (sep a rately f or passerines
n d n on-passerin es) to identify cases wh ere b o dy tem-
erature is re duce d beyon d th e expe cte d h om eoth er-
ic variat ion. O ur prelimina ry a n alysi s ( n = 1–14 in-
iv idu als p er sp ecies) indicates that a s m any a s one
hird of the 36 species o p portunist ica l ly t est ed thus far
 ay u s e s ome deg re e of nocturna l h eteroth ermy during
ig rat io n. Fo r our fo cal sp ecies we have more ro bus t
ample sizes ( n = 44–95 indiv idu als per species). Each
f o ur fo ur fo cal sp e cies use d nocturna l h eteroth ermy
n d th e m ost extrem e examp le was a go lden-crowned
inglet with the lowest r ecor ded b o dy temp erature of
8.8 ◦C ( Fig. 5 ). How ev er, w e observ ed both inter- and
nt raspe cific variat ion in the use of h eteroth ermy with
inimum nocturnal body tem pera ture ran gin g from
4.6–38.4 ◦C in brown creepers, 28.8–38.6 ◦C in golden-
row ned kinglets ( Fig . 5 ), 33.8–38.9 ◦C in rub y-cro wned
inglets, and 33.4–39.2 ◦C in yel low-rumpe d warblers.
o r b ird s mea sure d under cont rol le d tem pera ture con-
i tio n s, w e also used open-flow r espir ometry to mea-
ure metabolic rat e . A n alysi s of these data are on g o-
ng, bu t p r eliminary r es ults s ugges t t hat met abolic rate
aries by as much as 36% among indiv idu al s mea sured
n der th e sam e tem pera ture co ndi tio n s. As w e con tin ue
ur an alysi s of these data, we are considering a variety
f intrinsic and extrinsic fact or s that may influence the
xp ressio n o f n octurnal h eteroth ermy, in cluding b o dy
o ndi tio n, we at her, and dat e . 
Our pr eliminary r esults indica te tha t h eteroth ermic
ig rat ion st rateg ies may be more prevalent among
ird s th an h a s be en t radit iona l ly as s umed, wi th impo r-
an t im plica tio ns fo r stopov er ener g etics. Nota b l y, un-
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li ke mig ratory b ats where mig rat io n and p r egnancy ar e
coincident in the sp ring, migrato ry b irds do not initi-
ate r epr oduct ion unt i l t hey have ar r ived on t he bre e d-
ing gr ounds. Heter ot her mic mig rat ion st rateg ies may
a l low f or ea r lier n orthward mig rat io n in sp ring and later
southward mig rat ion in autumn. Early ar r iva l to bre e d-
ing sites is associ ated w it h incre ase d fit n ess ( Aebisch er
et al. 1996 ; Kokko et al. 2006 ) and heterot her mic mi-
g rants wou ld a lso benefit fro m a lo n g er bre e ding sea-
son which could increase survival of hat c h-year birds or
e ven increas e fecundity by a l lowing for a greater num-
ber o f b rood s, which i s p art icu la rly importa nt in s h ort-
live d spe cies ( Ae bi sc her et al . 1996 ). 

Integrating the evolution of heterothermy and 

migration 

Th e tim e an d en ergy costs of mig rat io n are impo rtant
evol u tio nary drivers ( Alerstam et al. 2003 ) and while
h om eoth ermic migrants face a trade-off between time
an d en ergy minimization ( Alerstam an d Lin dström
1990 ) the use of heterot her my a l lows mig rants to re-
duce both time and energy costs simu ltane ously ( C lerc
and McGuire 2021 ). How ev er, for species capable of
deep and p rolo n g ed to rpo r, h eteroth ermy may r epr e-
sent a “log ica l” (sensu Ruf and G eis er 2015 ) alterna-
t ive to mig rat ion. Hibernat io n p rovides an al ternative
strat egy t o avoid s eas onal res ource limi tatio n, bu t few
studies have considered the evol u tio nary im plica tions
of h eteroth ermy an d mig rat io n as no nmu tua l ly exclu-
sive. Th e comm on p o orwi l l ( Ph ala en o pt i lus nuttal lii ) is
the only bird known to hibernate ( Woods et al. 2019 ),
bu t amo ng m amm al s there are diverse mig rat ing and
hib ernating sp ecies. 

Most m amm a lian mig rants are lar g e-b o died with
limite d cap acity for h eteroth ermy ( Avgar et al. 2014 ;
Fryxe ll an d Sin clair 1988 ; Webber and McGuire 2022 ).
Converse ly, m ost h eteroth ermic m amm al s are sma l l-
b o died with limited c apacit y for long-distance move-
ment ( G eis er 1998 ; 2004 ; Webber and McGuire 2022 ).
G iv en these con straints, w e t est ed t he hypot hesis t hat
h eteroth ermy is an a lternat ive to mig rat io n, o r poten-
t ia l l y a comp lementary strat egy, t o avoid s eas onal re-
s ource s c arcit y. We compi le d a dataset of 722 mam-
ma l spe cies and, as expe cte d, found that lar g e-b o died
m amm al s (e.g ., ungul ates) are h om eoth erms that tend
t o migrat e , wherea s sm all-b o died ter restr ial m amm al s
(e.g., r odents) ar e no n-migrato ry species wi th poten-
t ia l for h eteroth ermy ( Webber an d McGuire 2022 ). Bats
ar e ther efor e a taxonomic group for which b o dy size is
not a constra int f or h eteroth ermy (as in for ungulates)
o r fo r mig rat io n (as in fo r rodents). Amo ng bats, ther-
mo regulato ry scope (t her mo regulato ry scope = mean
b o dy temp erature—minimum b o dy temp erature, lar g er
values imp l y anim al s th at reduce b o dy temp erature to
lo wer values; Bo yles et al. 2013 ) pro vides a metric,
which may a l low comp arat ive ana lysis of h eteroth ermy
and mig rat io n. Fo r examp le, p lotting t her mo regulato ry
scope a gains t ph ylogen y, diet, and migrat ory t endency
hig hlig hts o p po rtuni ties to tar g et species fo r emp irical
study, co nd uct fine-scale phylogenet ic ana lyses of mul-
tip le closel y relate d spe cies, or as ses s geno mic co rrelates
of h eteroth ermic mig rat ion st rateg ies ( Fig. 6 ). 
The p ro nounced exp ressio n o f h eteroth ermy (i .e ., hi-

bernatio n) p rovides an al terna tive stra t egy t o allow en-
dot her ms to occupy regions of s eas onal res ource limita-
tions. Rat her t han consider ing mig rat ion an d hi berna-
tion as alterna tive stra t egies, het erot her mic t her moreg-
u lat ion p atterns may provide a conceptua l lin k for com-
p aring st rateg ies across t axa. In t he case o f b ird s, thi s
thinking provides a hypothesis for why such a lar g e pro-
po rtio n o f b ir d species ar e migratory ( Co x 1985 ; Kirb y
et a l. 2008 ). De ep to rpo r is rare amo ng b irds, and es-
pe cia l ly so amo ng so ngb irds ( McKechnie et al. 2023 ).
Ther efor e, whi le mig rat ion a l lows high ly mobi le birds
to s eas ona l ly occu py hab i t ats t hat provide necess ary re-
sources, mig rat ion may in some ways be considered
an o bligate res pon se in the a bsence of the ab ili ty to
hiber nate se asona l ly as many mammals do (for those
species that cannot remain active thro ugho ut the winter
mo nths). Co nverse ly, h eteroth ermic mig rat ion st rate-
gies may present an in termedia te or in tegra ted evo-
l u tio nary strategy driving differences in broader pat-
terns of mig rat ion when comp are d to birds. R el ati vel y
few species of bats make lo ng-distance lati tudinal mi-
g rat ion m ovem ents an d many m ore spe cies ma ke re-
g iona l mig rat ions t ravel ling to and from winter hiber-
nacula ( Fleming and Eby 2003 ; Hutterer et al. 2005 ).
Ev en amon g lon g-distance mig rat ing b ats, t he dist ances
t ravel le d (perhaps 1,000–2,000 km; Bisson et al. 2009 )
wou ld on ly be considere d s h ort-distan ce mig rat io n fo r
b irds. Al though lo ng-distance mig rat ion may ta ke some
mig ratory b ats to r egions wher e they could con tin ue
to be ac tive throug h out th e winter m onths (e.g., Mex-
ica n free-ta iled bats Tad ari d a b ras iliens is ; Fleming and
Eby 2003 ; Vi l la a nd Cockrum 1962 ) ma ny long-dista nce
tem pera te migran ts hiberna t e t o some ext ent during
the winter mon ths. Win ter hiberna tion has now been
documented in s e veral species of long-distance mi-
g ratory b ats, in cluding h o ary b ats ( Marín et a l. 2021 ;
Weller et al. 2016 ), silver-haired bats ( Kurta et al. 2017 ),
and e aster n re d b ats ( D unb a r a nd Tom a si 2006 ) in
Nort h Amer ica, or common n octules ( Ny c talu s noc-
t ula ; Dechma nn et al. 2014 ) and Na th u siu s’ pipi st rel les
( P. nathusii ; Pet er sons 2004 ) in Europe (among others).
Ther efor e, var iation in t he use o f to rpo r o r sha l low het-
erot her my h a s im portan t im plica tio ns fo r th e en er g etics
of mig rat ion (an d re late d conse quences), but may a lso
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Fig. 6 Comparison between bat phylogeny (left) and thermoregulatory scope (right, a metric of the degree to which body temperature is 
reduced during torpor) for a variety of bats. Notably, man y insectiv or es hav e high thermor egulatory scope (i.e., mor e heterothermic) and a 
high probability of migration, whereas frugivores or other dietary strategies are associated with lower thermoregulatory scope (i.e., less 
heterothermic) and fewer migratory species. This distinction is driven in large part by temperate and tropical distributions (not illustrated 
her e). Such pr esentations can be used to identify priority species f or study, or identifying groups that might be the f ocus of studies of 
closely related species that differ in diet, thermoregulation, or migratory tendency. Fig. adapted from data presented in Webber and 
McGuire (2022) . 
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o ntribu t e t o evol u tio na ry expla nations f or va riation in
igrato ry p ropensi ty amo ng taxa, o r th e ecology, en er-
etics, and p hysio logy o f migrato ry individ uals d uring
he winter months. 

utur e dir ections 

nit ia l studies of h eteroth ermic mig rat ion st rateg ies fo-
ussed on identifying the use o f to rpo r bu t w e hav e now
egun to a pprecia te the diversity of h eteroth ermic ex-
 ressio ns in mig rat io n. Wi th a b ro adening b ase of em-
iric al ev iden ce an d a ro bus t the oret ica l fram ewor k, we
an n ow as k b roader evol u tio nary questio ns (e.g., fit-
 ess consequen ces of h eteroth ermic mig rat ion st rate-
 ies, sex-spe cific t rade-offs, h eteroth ermy as comple-
entary or a lternat ive to mig rat io n). Wi t h t his strong
a si s, ther e ar e many o p po rtuni ties fo r fu ture investiga-
ions and many im portan t next steps. 
Studies of int raspe cific and interindiv idu al vari ation

n the use of heterot her my can co ntribu t e t o under-
tanding trade-offs in the costs and benefits of het-
rot her my. F or exam p le, how does indi v idu al condi-
ion a ffect the exp ressio n o f h eteroth ermy? Is th ere vari-
tio n amo ng po p u lat ions? Or perh aps, i s t here var i-
tio n amo ng individ ual s th a t migra te earlier or later
n the mig rat ion s eas on? There may be an interest-
ng p ara l lel betwe en the mig rat ion an d hi bernation
it erature , with an init ia l inclinat ion to think of het-
rot her my as a strat egy t o minimize energy expendi-
ur e, while mor e r ecen t and n uanced conversa tion s hav e
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considered the cost-benefit b a lance of heterot her my
( Boyles et al. 2020 ). 

G iv en t he cle ar conne ct ion betwe en environmenta l
co ndi tio ns and the ener g et ics of mig rat ion an d h et-
erot her my, t her e ar e many im portan t question s a bout
the impact of c limat e c han g e on h eteroth ermic mi-
grants, includin g g eneral tem pera tur e incr eases and
th e in cr easing fr e quency of ext reme we at her events
( Se eb ach er an d Post 2015 ). Re lat ed , ther e ar e im portan t
question s a bout h ow h eteroth ermic mig rat ion st rate-
gies may be related to survival . Het erot her mic migrants
can reduce both time and energy costs, likely leading
to increased survival, and can also use h eteroth ermy
to avoid br ief per iods of in clem en t wea ther. Consis-
tent wit h t his hypot hesis, mig rat io n rep resen ted a p-
p roximately 85% o f annual mo rtali ty in a presumed
h om eoth ermic migrant, th e blac k-throat ed blue war-
bler ( Si l lett an d Holm es 2002 ), comp are d to low mi-
g rat io n mo rtali ty in a p resumed to rpo r-a ssi sted mi-
grant, Leis ler’s n octule ( Ny c talu s lei sleri ; Gi av i et al.
2014 ). Cle arly t her e ar e many differ en ces beyon d just
t her mo regulato ry strategy in these systems, but there
is an intriguing o p po rtuni ty fo r fu tur e r esear ch. Stud-
ies s h ou ld invest igate th e re l ative surv ival rates of
h om eoth ermic an d h eteroth ermic migrants under cur-
rent co ndi tio ns, and also co n sider how chan gin g c limat e
might a ffe ct surviva l rates. 

An oth er a rea f o r fu tur e r esear ch is invest igat ing
th e influen ce of h eteroth ermic mig rat ion st rateg ies on
r epr oductive s ucces s. Th e coin ciden ce o f p regnancy
and spring mig rat ion may pre clude the use of torpor-
a ssi ste d mig rat ion st rateg ies fo r sp ring mig rat ing fe-
ma le b ats o f so me spe cies ( C lerc et a l. 2021 ; Crya n a nd
Wolf 2003 ), but r epr oducti ve p h en ology varies among
species ( Jon a sson an d Guglie lm o 2016 ). Am o ng b irds,
mig rat ion and r epr oduction ar e tempora l ly sep arate d,
b ut hetero t her mic mig rat ion st rateg ies may a l low for
e arlier spr ing mig rat ion and later fa l l mig rat ion, extend-
ing the bre e ding s eas on. Ther e may be gr eat fitness ben-
efits fo r h eteroth ermic migrants that are able to increase
the number of bro o d s or increa se survival of offspring
th at h av e a lon g er growin g s eas o n to p r epar e for their
first mig rat ion. 

Ther e ar e many ex citin g question s relat ed t o t he var i-
able exp ressio n o f h eteroth ermy during mig rat ion. The
deg re e and durat ion of h eteroth ermy varies tempo-
ra l ly, even within indiv idu als during a single rest pe-
riod ( McGuire et al . 2014 ; S ha nka r et al. 2022 ). Vari-
able exp ressio n o f h eteroth ermy in response to variation
in environmental conditions may un der ly th e in depen-
dence of the energy cost of stopover and environmen-
tal co ndi tio ns ( Baloun and G uglielmo 2019 ; McG uire
et al . 2014 ). Het erot her mic migra tion stra tegies may al-
low migrants to ar r ive at t heir dest inat ion faster and
cheaper, but m ay al so a l low for a greater degree of be-
havio ral flexib ili ty (incl uding cap i tal an d in com e mi-
g rat ion st rateg ies where anima ls fatten up prior to or
thro ugho ut mig rat ion; Eva ns a nd Bea r h op 2022 ). For
exam ple, ma ting s eas o n co incides wi th fa l l mig rat ion
fo r so me tem pera te Nort h Amer ican mig ratory b ats
(but se e a lso C lerc et a l. 2022 ; Cryan et a l. 2012 ). The
use of torpor during inactive p erio ds reduces the energy
cost of mig rat ion and re duces the potent ia l for negat ive
co nsequences o f in clem en t wea ther, which may provide
m ore tim e an d en ergy which may be a l locate d to socia l
beh aviors a ssoci ated w ith mating . Seasonal c arry ov er
effects then become interesting when trying to under-
stan d h ow h eteroth ermic mig rat ion st rateg ies may be
relat ed t o overwint ering strat egies. F or exam ple, preg-
na nt f ema le ho ary b ats d uring sp ring mig rat io n avo id
using to rpo r, bu t c arry l ar g er fuel stores in th e absen ce
of a pparen t increase d forag ing effo rt o r dig estiv e effi-
ciency, s ugges ting that fuel sto res fo r mig rat ion may
have been deposited on the wintering grounds ( Clerc
et al. 2021 ). This and other questions relat ed t o carry-
over effects will be im portan t t o under stan d th e evolu-
tion and im plica tio ns o f migratio n strategies in the con-
text of the fu l l annua l cyc le . 
Ther e ar e al so m any possible a spects of t her moregu-

lato ry exp ressio n th at h ave on ly re ceive d limite d atten-
tion in studies of h eteroth ermic mig rat ion st rateg ies to
dat e . For example , most current r esear ch h a s focu ssed
on tem pera te migra tion systems where heterot her my
is likely more pron oun ced. Torpor an d s ha l low het-
erot her my m ay al so be u se d in t ropica l or subt ropica l
syst ems (e .g ., Merol a-Zwa rtjes a nd L igon 2000 ; St awski
and G eis er 2010 ). There may also be a much greater di-
versi ty o f t her mo regulato ry exp ressio ns than currently
a pprecia t ed (see Nowac k et al. 2023 ; Le ves que et al. sub-
mi tted fo r publicatio n). Even mo r e intriguing is r ecent
eviden ce of m etabolic dep ressio n in th e absen ce of b o dy
tem pera tur e r e duct ion, s ugges t ing me ch ani sms for en-
er g etic savin gs that w o uld no t be det ect ed wit h met h-
ods co mmo n ly use d in curr ent r esear c h (see Keic her et
al. 2022 and Keicher et al. 2023 ). 
Fina l ly, it is clear that there is far more taxonomic

b read th and diversity in the use of heterot her mic mi-
g rat ion st rateg ies than just a sma l l number of migratory
bats using to rpo r-as sis te d mig rat ion. Ther e ar e many
o p po rtuni ties fo r invest igat ing variat ion in th erm oreg-
u latory st rateg ies in mig rat ing b ats, but even more
possib ili ties fo r co n siderin g h eteroth ermy in mig rat ing
birds. McKechnie and Lo vegro ve (2002) co mp iled a list
o f b ird s th at u se varying deg re es of h eteroth ermy, an d
th at li st continues to g row (se e McKe chnie et a l. 2023 ).
Our pr eliminary r esear c h indicat es that het erot her mic
st rateg ies may be co mmo n in b ird mig rat io n, bu t wi th
grea t poten ti al vari ation in t her mo regulato ry exp res-
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io n amo n g species. B roader inv estigation s of ther-
o regulato ry patterns in migrating birds have great po-

ent ia l for providing m ore nuan ced an d gen era lize d un-
erstanding of the exp ressio n and im plica tio ns o f het-
rot her mic mig rat ion st rateg ies. 

onclusions 

any studies to date have largely overlooked the con-
equen ces of th erm o regulato ry costs in migration. In-
e e d, t he or ig ina l im plemen ta tio n o f o p t ima l mig rat ion
heory as s umed t hat t her moregu lat ion was stat ic and
id not exp licitl y account f or va riation in metabolic rate
ssoci ated w i th amb ient t emperature . Now, wit h a t he-
ret ica l fram ewor k t hat explicit ly includes var iation in
 her mo regulato ry patterns ( Clerc and McGuire 2021 )
nd a growing b o dy o f emp iric al ev idence , it is c le ar t hat
 eteroth ermic mig rat ion st rateg ies a re diverse, a nd have
m portan t im plica tions for th e tim e an d en ergy costs of
ig rat ion. How ev er, many of t he ide as t hat w e hav e ex-
ressed in this re vie w are spe cu lat ive or the oret ica l pos-
ib ili ties and remain to be crit ica l ly eva luate d, providing
any ex citin g o p po rtuni ties fo r fu t ure st udies. 
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