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Synopsis  Migration is a widespread and highly variable trait among animals. Population-level patterns arise from individual-
level decisions, including physiological and energetic constraints. Many aspects of migration are influenced by behaviors and
strategies employed during periods of stopover, where migrants may encounter variable or unpredictable conditions. Ther-
moregulation can be a major cost for homeotherms which largely encounter ambient temperatures below the lower critical
temperature during migration, especially during the rest phase of the daily cycle. In this review we describe the empirical evi-
dence, theoretical models, and potential implications of bats and birds that use heterothermy to reduce thermoregulatory costs
during migration. Torpor-assisted migration is a strategy described for migrating temperate insectivorous bats, whereby torpor
can be used during periods of inactivity to drastically reduce thermoregulatory costs and increase net refueling rate, leading to
shorter stopover duration, reduced fuel load requirement, and potential consequences for broad-scale movement patterns and
survival. Hummingbirds can adopt a similar strategy, but most birds are not capable of torpor. However, there is an increasing
recognition of the use of more shallow heterothermic strategies by diverse bird species during migration, with similarly impor-
tant implications for migration energetics. A growing body of published literature and preliminary data from ongoing research
indicate that heterothermic migration strategies in birds may be more common than traditionally appreciated. We further take
a broad evolutionary perspective to consider heterothermy as an alternative to migration in some species, or as a conceptual
link to consider alternatives to seasonal resource limitations. There is a growing body of evidence related to heterothermic
migration strategies in bats and birds, but many important questions related to the broader implications of this strategy remain.

Introduction crete behavioral choices made by individuals translate

Migration has evolved repeatedly among vertebrates
(Alerstam et al. 2003; Bisson et al. 2009) and can be
simply conceptualized as the outcome of fitness trade-
offs. If the fitness benefits associated with migration out-
weigh the costs, then the evolution of migration will be
favoured. Yet, migration is a highly variable trait (Dingle
2014), ranging from obligate to-and-fro migration of
complete populations to facultative migration or vari-
able migration patterns among subsets of populations
(e.g., partial and differential migration). Migration pat-
terns result in population- and ecosystem-level conse-
quences (Bauer and Hoye 2014), but migration is fun-
damentally a behavior that is undertaken by individual
animals. To gain a holistic understanding of how dis-
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to population-level patterns of migration, we must un-
derstand the physiological constraints associated with
migration. Research focusing on the underlying physi-
ology and energetics of migration has therefore been a
major focus of the field (Bowlin et al. 2010; Guglielmo
2010; 2018; Gwinner 1990; Lennox et al. 2016; McGuire
and Guglielmo 2009; McWilliams et al. 2004).

Highly mobile animals that inhabit seasonally vari-
able environments, especially volant (flying) species,
can travel long distances in relatively short periods of
time (but note that not all migration movements need
be long distance; Boyle 2017; McGuire and Boyle 2013).
Flying migrants are therefore able to seasonally take ad-
vantage of resource abundances and escape periods of
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Heterothermy and migration

resource limitation. But migration incurs extreme en-
ergetic demand, is time consuming, and exposes mi-
grants to habitats and landscapes that may be unfamiliar
and risky. Migration is among the most energetically de-
manding periods of the annual cycle and can be associ-
ated with high annual mortality in some systems (Sillett
and Holmes 2002).

As birds and bats migrate long distances between
seasonal home ranges, periods of migratory flight are
interspersed by periods of stopover, where they take
up temporary residence in an area while they rest and
refuel for the subsequent migratory flight (Alerstam
and Backman 2018; Schmaljohann et al. 2022). While
migratory flight is a physiological challenge, theoret-
ical and empirical evidence from bird migration sys-
tems indicates that periods of stopover may take seven
times longer and cost twice as much energy com-
pared to periods of migratory flight (Hedenstrom and
Alerstam 1997; Wikelski et al. 2003). The energetic cost
of stopovers is driven in large part by thermoregu-
latory costs (Wikelski et al. 2003). Vertebrates gener-
ally inhabit environments where the ambient tempera-
ture remains below the lower limit of the thermoneu-
tral zone (i.e., the lower critical temperature, which
defines the lower limit of the thermoneutral zone, is
typically greater than ambient temperature) and dur-
ing migration seasons animals may encounter particu-
larly harsh conditions (e.g., storms, unseasonable cold;
Newton 2007; Whitmore et al. 1977). As endotherms,
migrating birds and bats are able to increase endoge-
nous heat production with stored energy to maintain
stable body temperature despite variable environmen-
tal conditions (i.e., homeothermy). In a study of Swain-
son’s thrushes (Catharus ustulatus) and hermit thrushes
(Catharus guttatus), Wikelski et al. (2003) used doubly
labelled water to demonstrate that daily energy expen-
diture at stopover was closely related to ambient tem-
perature. As ambient temperature drops farther below
the lower critical temperature, endotherms must spend
more energy (shivering or nonshivering thermogenesis)
to maintain euthermic body temperature. In the case
of migrating thrushes, the increased thermoregulatory
cost was equivalent to several hours of migratory flight
(Wikelski et al. 2003).

Thermoregulatory costs are a major component of
the energetic costs incurred during stopover, which may
account for two-thirds of total migration energy cost.
However, not all migrants seek to maintain a stable, eu-
thermic body temperature during inactive periods at
stopover sites. The use of heterothermy could save sub-
stantial amounts of energy during migration (Fig. 1).
The earliest such observation was of an immature male
rufous hummingbird (Selasphorus rufus) observed us-
ing night-time torpor during fall migration (Carpenter
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and Hixon 1988). At the time of this observation, the
use of torpor was generally considered to be an emer-
gency response to depleted energy stores (see Geiser
and Brigham 2012), but based on calculations of the en-
ergy consequences of using torpor compared to remain-
ing euthermic, Carpenter and Hixon (1988) suggested
torpor functioned as a mechanism to conserve energy
for subsequent periods of migratory flight. Consistent
with this hypothesis, the use of torpor has regularly been
observed in migrating temperate bats (e.g., Barclay et al.
1988; Cryan and Wolf 2003). In migrating silver-haired
bats (Lasionycteris noctivagans), the use of torpor dur-
ing the inactive period saved up to 90% of the energy
the bats would have spent had they remained strictly
homeothermic (McGuire et al. 2014).

The term “Torpor-assisted Migration” has been used
to describe the strategy of using torpor during inactive
periods to save energy for subsequent periods of migra-
tory flight (McGuire et al. 2014). It is likely that torpor-
assisted migration is widespread among temperate mi-
gratory bats and hummingbirds, but torpor is gener-
ally a rare phenomenon among birds (McKechnie and
Lovegrove 2002). There are families of birds that in-
clude species known to use torpor, such as humming-
birds or nightjars (McKechnie and Lovegrove 2002),
but likely more common are scenarios where migrants
may experience a shallow decrease in body temperature
and metabolic rate (Fig. 1). Body temperature reduc-
tion of just a few degrees can result in substantial en-
ergy savings. In much the same way that Carpenter and
Hixon (1988) demonstrated the use of torpor for sav-
ing fuel stores in a hummingbird, Wojciechowski and
Pinshow (2009) suggested that shallow heterothermy
(body temperature reduced ~5°C) would allow mi-
grating Eurasian blackcaps (Sylvia atricapilla) to more
rapidly deposit fuel for subsequent periods of migratory
flight.

The use of heterothermy during inactive periods at
stopover, whether deep torpor or shallow heterothermy
(Fig. 1), has the potential to yield substantial energy sav-
ings. As a major cost of migration, such energetic sav-
ings could have far-reaching influences on the strate-
gies that migrants employ and the behavioral expres-
sions used to achieve them. However, while daily torpor
is common in temperate migratory bats, tropical bats
are thought to be more strictly homeothermic. Deep
torpor is uncommon in birds, but it is not clear how
widespread the use of shallow heterothermy might be
during migration. In this review, we consider the role
of heterothermic strategies in migrating bats and birds.
We begin by summarizing research that has focused on
integrating empirical studies of migrating bats and the-
oretical models of optimal migration that have been for-
mulated to account for varied thermoregulatory strate-
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Fig. | 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
temperature, exemplified here by Swainson’s thrushes (C. ustulatus; straight solid line below the lower critical temperature). Alternatively,
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
extremes there is a continuum of potential heterothermic responses. Shallow heterothermy is a strategy, exemplified here by the
golden-crowned 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.

gies. Next, we expand our scope to consider the grow-
ing body of evidence that indicates the use of some de-
gree of heterothermy in a variety of migrating birds. Fi-
nally, we consider the role of heterothermy as an alter-
native to migration. We conclude with a brief overview
of the long list of exciting and important questions that
remain to be addressed. There have been relatively few
explicit studies of heterothermy in migration but given
the wide-ranging potential consequences of this energy-
saving strategy, it is important that thermoregulation is
included in a holistic understanding of migration.

Empirical and theoretical integration

Despite the fact that the first observations of het-
erothermy during migration came from a hummingbird
(Carpenter and Hixon 1988), heterothermic migration
strategies in birds have received limited attention (see
“Beyond bats: heterothermy in migrating birds” below).
Much of the empirical research of heterothermic migra-
tion strategies has come from studies of migrating bats
and has formed the basis for a re-developed version of
optimal migration theory which allows for varied ther-
moregulatory expression (Clerc and McGuire 2021).

Daily torpor is important for many species of temper-
ate bats (Stawski et al. 2014), and thus it is not surpris-
ing that bats use torpor during migration. In a study of
silver-haired bats (L. noctivagans) during spring migra-
tion, the surface temperature of roosting bats was within
1-2°C of ambient temperature, and all were sluggish
and cool to the touch (Barclay et al. 1988). When faced
with periods of extended inclement weather and low
prey availability, silver-haired bats used multi-day tor-
por bouts (Barclay et al. 1988). A study of spring migrat-
ing hoary bats (L. cinereus) similarly documented regu-
lar torpor use (including discussion of implications for
water balance), but in a sex-biased manner (Cryan and
Wolf 2003). Under laboratory conditions, male hoary
bats regularly used torpor across a range of test temper-
atures, but females rarely used torpor and instead de-
fended normal body temperature, even as test tempera-
ture was decreased to 0°C. Female hoary bats are preg-
nant with twins during spring migration (McGuire et al.
2013; Shump and Shump 1982), and torpor use would
delay the development of the fetuses (Racey 1973).

The use of torpor during inactive periods could
have dramatic effects on many aspects of migration.
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 were conducted at the same
study site over the same time period. It is hypothesized that the
energy savings of torpor allow silver-haired bats to make shorter
stopovers than black-throated blue warblers. Fig. adapted from
data presented in McGuire et al. (2012) and Taylor et al. (201 I).

tween apparent stopover durations of silver-haired bats
(McGuire et al. 2012) and black-throated blue warblers
(Setophaga caerulescens) (Taylor et al. 2011). Both stud-
ies were conducted at the same site at the same time
and using the same radiotracking methods for these
similar-sized migrants. Silver-haired bat stopover du-
rations were very short, with most bats departing ei-
ther the same day they arrived or the next, whereas
the presumed homeothermic black-throated blue war-
blers stayed much longer, with most individuals stay-
ing many days (Fig. 2). Although no direct observations
of torpor use were made in the McGuire et al. (2012)
study, a follow-up study observed daily torpor use in
every free-living bat included the study (McGuire et al.
2014). The study included primarily silver-haired bats,
but also opportunistic observations of a smaller num-
ber of hoary bats and eastern red bats (Lasiurus bore-
alis). Notably, the study was conducted during fall mi-
gration when there would be no conflict between tor-
por use and reproductive consequences for pregnant fe-
males. With measurements of metabolic rate under con-
trolled temperature conditions, it was possible to model
energy expenditure during the daytime inactive period
under observed patterns of torpor use and the assump-
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tion of strict homeothermy. On colder days when there
is a greater difference between torpid and euthermic
metabolic rates (Fig. 1) bats spent more time in torpor
(Fig. 3), saving of up to 90% of the energetic cost of re-
maining homeothermic (McGuire et al. 2014).

Subsequent studies have continued to investigate as-
pects of torpor-assisted migration in silver-haired bats,
including more detailed energetic calculations, the in-
fluence of body composition, trade-offs between forag-
ing and torpor, sex differences in phenology, and sea-
sonal comparisons of spring and fall migration (Baloun
and Guglielmo 2019; Baloun et al. 2020; Jonasson and
Guglielmo 2016; 2019). Torpor-assisted migration has
also been used to provide context for temporal foraging
patterns in migrating Nathusius’ pipistrelles (Pipistrellus
nathusii) in Europe (Voigt et al. 2012). The ability to re-
duce energetic demand by using torpor may reduce the
need for extensive refuelling during migration, as evi-
denced by reduced size of digestive tract during migra-
tion (McGuire et al. 2013), yet there is ample evidence
of bats foraging during migration periods (Baloun et
al. 2020; Jonasson and Guglielmo 2019; Reimer et al.
2010; Valdez and Cryan 2009; Voigt et al. 2012). De-
spite increasing evidence for regular torpor use in long-
distance migratory bats, there has been little investiga-
tion of torpor-assisted migration in regional migrants
(but see Roby 2019). Given that the ability to use tor-
por is ubiquitous among temperate bats (Stawski et al.
2014), it is likely that torpor plays a role, even in rela-
tively short-distance regional migrations.

To better understand the behavioral consequences
of varied thermoregulatory expressions during migra-
tion Clerc and McGuire (2021) considered the effects
of different thermoregulatory expressions on migration
ecology within an optimal migration theory framework.
Optimal migration theory is an optimization modeling
approach used to theoretically frame the adaptive value
associated with varied migratory strategies (Alerstam
and Lindstrém 1990). The goal of optimization mod-
eling in biology is to generate predictions about be-
havioral traits that maximize fitness (Parker and Smith
1990). Migration theory assumes that adaptations drive
organisms to either maximize benefits, reduce costs,
or find some solution that best balances the trade-oft
between the two (Alexander 1996). Though flight be-
haviors, such as orientation and flight altitude in re-
sponse to wind speed and direction (Liechti 2006) are
important to how migrants trade-off energy and time,
migrants are constrained in their metabolic expres-
sions during migratory flights and thus the role of het-
erothermy during migration is focused on periods of
stopover.

Heterothermy allows migrants to achieve positive
energy balance at low-quality stopover sites that would
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Fig. 3 Torpor used by silver-haired bats (L. noctivagans) during stopover. Solid black dots represent skin temperature from
temperature-sensitive radiotelemetry, red dots represent ambient temperature, and vertical 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 relatively 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).

lead to negative energy balance in homeotherms. When
faced with high rest period costs or low-quality forag-
ing, homeotherms have no mechanism to compensate
and net fuel deposition rate is decreased (Fig. 4).
However, heterotherms can counter these challenges
by reducing rest period costs and therefore maintain
positive energy balance over a range of site qualities
(Fig. 4). One implication is that while homeotherms
face a trade-off between time and energy minimiza-
tion, heterotherms that reduce the energetic cost of
thermoregulation can also refuel faster and are there-
fore able to simultaneously minimize time and energy
cost. Furthermore, the facultative use of heterothermy
also allows heterothermic migrants to manage energy
budgets independent of weather conditions experi-
enced at stopover, increasing or decreasing the use of
torpor in response to current conditions (e.g., Fig. 3;
McGuire et al. 2014). Therefore, differences in ther-
moregulatory expression may affect landscape-level
stopover use and thus, population-level patterns of mi-
gration. Homeothermic migrants may be constrained
to high-quality migratory stopover sites where they
can maintain a high fuel deposition rate. Without the
need to rely on high-quality stopover sites, the use of
heterothermy may result in a more diffuse population-
level pattern of migration. Heterotherms may be able

to follow a “broad front” migration strategy, dispersed
broadly across the landscape during migration.

Given the same environmental quality (habitat qual-
ity, foraging opportunities, and weather conditions)
heterotherms can achieve equal or greater net refuel-
ing rates relative to homeotherms by reducing rest pe-
riod costs (Fig. 4). Consequently, optimal migration
theory models allowing for heterothermy predict that
heterotherms make shorter stopovers, have decreased
departure fuel load burdens, and therefore reduce the
overall time and energy costs associated with stopovers
relative to homeotherms (Clerc and McGuire 2021).
Combined, these model predictions highlight that ther-
moregulation can drastically influence stopover behav-
ior and ultimately plays a critical role in population-
level patterns of migration.

Several predictions arising from optimal migration
theory models remain untested and exciting opportu-
nities for future research (see Clerc and McGuire 2021
and "Future directions" below) but there are some pre-
dictions for which there is empirical support. For ex-
ample, heterothermic migrants are predicted to have
shorter stopover durations compared to homeother-
mic migrants. Short-duration stopovers have been ob-
served in both migrating ruby-throated hummingbirds
(Archilochus colubris; Zenzal Jr et al. 2018) and silver-
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Active (forage) phase

Fat Mass (g)

Homeotherms can not avoid
thermoregulatory costs
during the rest phase so
must add more fuel during
the active phase to achieve
the same net refueling rate
as a heterotherm

Inactive (rest) phase

—
{Heterolherms can reduce

their inactive phase
thermoregulatory costs

Time at Stopover (days)

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 rapidly 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 reduce thermoregulatory 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).

haired bats (Fig. 2; McGuire et al. 2012). Ruby-throated
hummingbirds had a mean stopover duration of ~1.5
days, with 59% of individuals departing on the same day
that they were captured (Zenzal Jr et al. 2018). Similarly,
70% of silver-haired bats captured during fall migra-
tion departed on the same day that they were captured,
and 93% of migrants departed by the second evening
following capture (McGuire et al. 2012). Stopover du-
ration was similarly brief in spring migration (median
stopover duration 0.8 days) but there was a clear effect
of weather conditions, with longer stopovers occurring
when northbound bats encountered ambient tempera-
tures below 15°C (Jonasson and Guglielmo 2019).
Another model prediction is that heterothermic
migrants will have decreased fuel loads relative to
homeothermic migrants. Spring-migrating bats present
an opportunity to test this prediction at the intraspe-
cific level, avoiding potential confounding interspecific
factors. The coincidence of pregnancy and spring mi-
gration drives differences in thermoregulatory expres-
sion of male and female bats. Female hoary bats are
pregnant with twins during spring migration and there-
fore remain homeothermic while males regularly use
torpor (Cryan and Wolf 2003). Consistent with model

predictions, heterothermic males had smaller fuel loads
than homeothermic females which reduces flight cost
and allows greater maneuverability (Clerc et al. 2021).
Homeothermic females had greater fuel loads than het-
erothermic males (Clerc et al. 2021), but counterintu-
itively foraged less. One possible explanation is that fe-
males may rely on ephemeral pulses of extreme prey
abundance. For example, in New Mexico (USA) ge-
ometrid and noctuid moths emerge synchronously and
in great numbers, making up the majority of hoary
bat diets (male and female) during spring migration
(Valdez and Cryan 2009). If moth emergence is spatially
predictable, it would fit with the high-quality stopover
site prediction for homeothermic female hoary bats.
Waves of migratory moths may serve as another im-
portant food pulse for migrating bats (Krauel et al.
2018; Krauel et al. 2015). Homeothermic female mi-
grants may only reach positive energy balance under
foraging conditions where they encounter abundant
prey. Reliance on ephemeral prey pulses as the pri-
mary means of building large fuel loads is an inherently
risky tactic and would require gut functional capacity
to be preemptively maintained at a high-performance
level to take advantage of pulses of high-density prey
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when encountered. However, there may be a trade-off in
maintaining excess digestive tract that precludes main-
taining high digestive efficiency throughout migration
(Piersma 1998). Two lines of evidence suggest this may
be the case. Female hoary bats do not maintain larger di-
gestive organs during migration compared to the sum-
mer nonmigratory period (McGuire et al. 2013) and do
not maintain greater digestive capacity than heterother-
mic males during migration (Clerc et al. 2021). Alterna-
tively, migrating female hoary bats may maintain larger
fuel stores by carrying over fat deposited prior to migra-
tion. This idea raises many intriguing questions about
the importance of carry-over effects, differential prem-
igration hyperphagia between males and females, and
overwinter behaviors and habitat quality. It may be that
heterothermic male migrants act as income migrants,
compared to a capital migration strategy in homeother-
mic females (Evans and Bearhop 2022).

With an established modelling framework, it has
been possible to conduct initial tests of model predic-
tions, which have generally supported the framework,
with a few exceptions. Going forward, building a larger
pool of empirical observations will allow for an iterative
approach, alternating between empirical tests of model
predictions and revisions of the theoretical model. A
major limitation at this point is the relatively limited
taxonomic scope of empirical field tests, primarily mi-
grating bats that use deep torpor during migration, and
from only a few species. Future studies of migrating
bats will be important, but studies of migrants with in-
termediate heterothermic strategies (e.g., shallow het-
erothermy in bird migrants) will be especially valuable.

Beyond bats: heterothermy in migrating birds

The migration literature is dominated by studies of
birds, but thermoregulatory patterns remain an under-
studied topic. Approximately 19% of global bird species
are migratory (Kirby et al. 2008), increasing to as much
as 30-45% of species from Nearctic and Palearctic re-
gions (Cox 1985). Thus, there are thousands of migra-
tory bird species, representing great diversity in many
ecological, behavioral, and physiological traits. Many
migratory birds have traits that are predicted to in-
crease the value and likelihood of heterothermy. Het-
erothermy is predicted to be more common in species
with small body size (high surface-area to volume ra-
tio, greater heat loss to the environment, greater mass-
specific metabolic rate), variable body condition (more
easily assessed in birds than bats due to transparent skin
in birds), variable prey availability (e.g., insects which
are relatively unavailable in cold weather), and harsh
conditions encountered during migration (species that
migrate early in spring or late in autumn).

L. P. McGuire et al.

There has been an increasing recognition of the
benefits of heterothermy in both migratory and non-
migratory bird species (Nowack et al. 2017). In the
first comprehensive review of heterothermy in birds,
McKechnie and Lovegrove (2002) documented het-
erothermic responses in birds from 29 different fami-
lies (see also more recent reviews; Brigham et al. 2012;
McKechnie and Mzilikazi 2011; Ruf and Geiser 2015).
Recent studies provide evidence of heterothermy in a
growing list of bird species, including, for example, su-
perb fairywrens (Malurus cyaneus; Romano et al. 2019)
and eastern yellow robins (Eopsaltria australis; Aharon-
Rotman etal. 2021), and more as described below. There
is also variation in the expression of heterothermy in
birds, both within and among taxonomic groups. Deep
torpor is only known from a few taxonomic groups,
perhaps most famously the hummingbirds (Shankar et
al. 2022; Shankar et al. submitted for publication; Wolf
et al. 2020), variation with body size and phylogeny
(Spence and Tingley 2021; Wolf et al. 2020), seasonal
variation (Eberts et al. 2021), and use of both shallow
heterothermy and deep torpor (Shankar et al. 2022).
Thus, thermoregulatory patterns in hummingbirds are
best described as a heterothermic spectrum (Shankar et
al. 2022). However, most heterothermic birds (e.g., most
heterothermic passerines) may only reduce their body
temperature a few degrees below normothermic levels.
Even shallow changes in body temperature, and the as-
sociated reduction of metabolic rate, can lead to impor-
tant energy savings (e.g., Maddocks and Geiser 1997;
Schaeffer et al. 2015).

The majority of studies on heterothermy in birds have
focussed on nonmigratory species, but there is increas-
ing evidence that nocturnal heterothermy is used by
migratory species (Benedetti et al. 2014; Carere et al.
2010; McKechnie and Lovegrove 2002; Wojciechowski
and Pinshow 2009). We now know that hummingbirds
adjust the expression of torpor seasonally, with defini-
tive evidence of torpor used to facilitate migratory fat-
tening (Eberts et al. 2021, see also Rossi and Welch
2023). The partially migratory silvereye (Zosterops lat-
eralis) reduces body temperature by up to 5.5°C at
night, providing a net energy savings of up to 24% dur-
ing an ~11-hour period during the winter (Maddocks
and Geiser 1997). During migration, such energy sav-
ings can increase net refueling rate as suggested for
Eurasian blackcaps (S. atricapilla; Wojciechowski and
Pinshow 2009). Eurasian blackcaps reduced body tem-
perature to 33-40°C at night from normothermic body
temperature of 42.5°C, with up to 30% decrease in
metabolic rate compared to homeothermic individuals
(Wojciechowski and Pinshow 2009). However, the fac-
ultative use of nocturnal heterothermy during stopover
may be based on several factors, including body con-
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dition upon arrival at a stopover site. Migrating gar-
den warblers (Sylvia borin) in poor body condition were
more likely to use nocturnal heterothermy when they
arrived at a stopover site than individuals in good body
condition (Benedetti et al. 2014). The benefits of using
nocturnal heterothermy (i.e., energy savings) must out-
weigh the potential costs. Individuals in good condi-
tion may not use heterothermy to avoid costs such as
decreased immunocompetence (Butler et al. 2013), in-
creased predation risk (Carr and Lima 2013), and in-
creased oxidative stress (Buzadzi¢ et al. 1997). Though
energy savings are the main proximate focus of noctur-
nal heterothermy during migration, there are potential
indirect fitness benefits including increased survival or
earlier arrival on breeding and overwinter ranges, al-
though these remain to be studied.

As further illustration of the prevalence and ener-
getic consequence of nocturnal heterothermy in mi-
gratory birds, we present preliminary results from on-
going research (Leys and McGuire, unpublished data)
using subcutaneously implanted temperature-sensitive
PIT tags (Biomark, Merck Animal Health, Boise, Idaho
USA) to monitor temperature of birds either un-
der natural weather conditions (overnight in an out-
door aviary) or under controlled laboratory conditions
(overnight in a temperature-controlled cabinet). Our
research includes an opportunistic observational study
of nocturnal heterothermy in a variety of migrating
birds (outdoor aviary), and more rigorous study of four
focal species (outdoor aviary or temperature-controlled
cabinet) selected based on traits that we expected to
be associated with heterothermy (small body size, early
spring/late fall migration dates, insect diet). Our fo-
cal species include brown creeper (Certhia americana),
golden-crowned kinglet (R. satrapa), ruby-crowned
kinglet (Corthylio calendula), and yellow-rumped war-
bler (Setophaga coronata coronata). All fieldwork and
data collection were conducted at the Long Point Bird
Observatory on the north shore of Lake Erie in south-
ern Ontario, Canada (42.583°N 80.398°W).

One challenge in identifying shallow heterothermy is
differentiating heterothermic reductions in body tem-
perature from the daily fluctuations in body tem-
perature that would be expected in a homeotherm.
Homeothermic body temperature is not perfectly sta-
ble, and body temperature is typically lower during the
rest phase (Refinetti and Menaker 1992). Diurnal vari-
ation in homeothermic body temperature scales with
body size (Aschoff 1981) and therefore we use allo-
metrically predicted values (separately for passerines
and non-passerines) to identify cases where body tem-
perature is reduced beyond the expected homeother-
mic variation. Our preliminary analysis (n = 1-14 in-
dividuals per species) indicates that as many as one
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Fig. 5 Nocturnal heterothermy in a golden-crowned kinglet (R.
satrapa). Body temperature (black circles, recorded with
subcutaneously implanted temperature-sensitive PlT-tag)
decreased overnight 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.

third of the 36 species opportunistically tested thus far
may use some degree of nocturnal heterothermy during
migration. For our focal species we have more robust
sample sizes (n = 44-95 individuals per species). Each
of our four focal species used nocturnal heterothermy
and the most extreme example was a golden-crowned
kinglet with the lowest recorded body temperature of
28.8°C (Fig. 5). However, we observed both inter- and
intraspecific variation in the use of heterothermy with
minimum nocturnal body temperature ranging from
34.6-38.4°C in brown creepers, 28.8-38.6°C in golden-
crowned kinglets (Fig. 5), 33.8-38.9°C in ruby-crowned
kinglets, and 33.4-39.2°C in yellow-rumped warblers.
For birds measured under controlled temperature con-
ditions, we also used open-flow respirometry to mea-
sure metabolic rate. Analysis of these data are ongo-
ing, but preliminary results suggest that metabolic rate
varies by as much as 36% among individuals measured
under the same temperature conditions. As we continue
our analysis of these data, we are considering a variety
of intrinsic and extrinsic factors that may influence the
expression of nocturnal heterothermy, including body
condition, weather, and date.

Our preliminary results indicate that heterothermic
migration strategies may be more prevalent among
birds than has been traditionally assumed, with impor-
tant implications for stopover energetics. Notably, un-
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like migratory bats where migration and pregnancy are
coincident in the spring, migratory birds do not initi-
ate reproduction until they have arrived on the breed-
ing grounds. Heterothermic migration strategies may
allow for earlier northward migration in spring and later
southward migration in autumn. Early arrival to breed-
ing sites is associated with increased fitness (Aebischer
et al. 1996; Kokko et al. 2006) and heterothermic mi-
grants would also benefit from a longer breeding sea-
son which could increase survival of hatch-year birds or
even increase fecundity by allowing for a greater num-
ber of broods, which is particularly important in short-
lived species (Aebischer et al. 1996).

Integrating the evolution of heterothermy and
migration

The time and energy costs of migration are important
evolutionary drivers (Alerstam et al. 2003) and while
homeothermic migrants face a trade-off between time
and energy minimization (Alerstam and Lindstrom
1990) the use of heterothermy allows migrants to re-
duce both time and energy costs simultaneously (Clerc
and McGuire 2021). However, for species capable of
deep and prolonged torpor, heterothermy may repre-
sent a “logical” (sensu Ruf and Geiser 2015) alterna-
tive to migration. Hibernation provides an alternative
strategy to avoid seasonal resource limitation, but few
studies have considered the evolutionary implications
of heterothermy and migration as nonmutually exclu-
sive. The common poorwill (Phalaenoptilus nuttallii) is
the only bird known to hibernate (Woods et al. 2019),
but among mammals there are diverse migrating and
hibernating species.

Most mammalian migrants are large-bodied with
limited capacity for heterothermy (Avgar et al. 2014;
Fryxell and Sinclair 1988; Webber and McGuire 2022).
Conversely, most heterothermic mammals are small-
bodied with limited capacity for long-distance move-
ment (Geiser 1998; 2004; Webber and McGuire 2022).
Given these constraints, we tested the hypothesis that
heterothermy is an alternative to migration, or poten-
tially a complementary strategy, to avoid seasonal re-
source scarcity. We compiled a dataset of 722 mam-
mal species and, as expected, found that large-bodied
mammals (e.g., ungulates) are homeotherms that tend
to migrate, whereas small-bodied terrestrial mammals
(e.g., rodents) are non-migratory species with poten-
tial for heterothermy (Webber and McGuire 2022). Bats
are therefore a taxonomic group for which body size is
not a constraint for heterothermy (as in for ungulates)
or for migration (as in for rodents). Among bats, ther-
moregulatory scope (thermoregulatory scope = mean
body temperature—minimum body temperature, larger
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values imply animals that reduce body temperature to
lower values; Boyles et al. 2013) provides a metric,
which may allow comparative analysis of heterothermy
and migration. For example, plotting thermoregulatory
scope against phylogeny, diet, and migratory tendency
highlights opportunities to target species for empirical
study, conduct fine-scale phylogenetic analyses of mul-
tiple closely related species, or assess genomic correlates
of heterothermic migration strategies (Fig. 6).

The pronounced expression of heterothermy (i.e., hi-
bernation) provides an alternative strategy to allow en-
dotherms to occupy regions of seasonal resource limita-
tions. Rather than considering migration and hiberna-
tion as alternative strategies, heterothermic thermoreg-
ulation patterns may provide a conceptual link for com-
paring strategies across taxa. In the case of birds, this
thinking provides a hypothesis for why such a large pro-
portion of bird species are migratory (Cox 1985; Kirby
et al. 2008). Deep torpor is rare among birds, and es-
pecially so among songbirds (McKechnie et al. 2023).
Therefore, while migration allows highly mobile birds
to seasonally occupy habitats that provide necessary re-
sources, migration may in some ways be considered
an obligate response in the absence of the ability to
hibernate seasonally as many mammals do (for those
species that cannot remain active throughout the winter
months). Conversely, heterothermic migration strate-
gies may present an intermediate or integrated evo-
lutionary strategy driving differences in broader pat-
terns of migration when compared to birds. Relatively
few species of bats make long-distance latitudinal mi-
gration movements and many more species make re-
gional migrations travelling to and from winter hiber-
nacula (Fleming and Eby 2003; Hutterer et al. 2005).
Even among long-distance migrating bats, the distances
travelled (perhaps 1,000-2,000 km; Bisson et al. 2009)
would only be considered short-distance migration for
birds. Although long-distance migration may take some
migratory bats to regions where they could continue
to be active throughout the winter months (e.g., Mex-
ican free-tailed bats Tadarida brasiliensis; Fleming and
Eby 2003; Villa and Cockrum 1962) many long-distance
temperate migrants hibernate to some extent during
the winter months. Winter hibernation has now been
documented in several species of long-distance mi-
gratory bats, including hoary bats (Marin et al. 2021;
Weller et al. 2016), silver-haired bats (Kurta et al. 2017),
and eastern red bats (Dunbar and Tomasi 2006) in
North America, or common noctules (Nyctalus noc-
tula; Dechmann et al. 2014) and Nathusius’ pipistrelles
(P. nathusii; Petersons 2004) in Europe (among others).
Therefore, variation in the use of torpor or shallow het-
erothermy has important implications for the energetics
of migration (and related consequences), but may also
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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, many insectivores have high thermoregulatory scope (i.e., more 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
here). Such presentations can be used to identify priority species for study, or identifying groups that might be the focus of studies of
closely related species that differ in diet, thermoregulation, or migratory tendency. Fig. adapted from data presented in Webber and

McGuire (2022).

contribute to evolutionary explanations for variation in
migratory propensity among taxa, or the ecology, ener-
getics, and physiology of migratory individuals during
the winter months.

Future directions

Initial studies of heterothermic migration strategies fo-
cussed on identifying the use of torpor but we have now
begun to appreciate the diversity of heterothermic ex-
pressions in migration. With a broadening base of em-
pirical evidence and a robust theoretical framework, we
can now ask broader evolutionary questions (e.g., fit-
ness consequences of heterothermic migration strate-
gies, sex-specific trade-offs, heterothermy as comple-

mentary or alternative to migration). With this strong
basis, there are many opportunities for future investiga-
tions and many important next steps.

Studies of intraspecific and interindividual variation
in the use of heterothermy can contribute to under-
standing trade-offs in the costs and benefits of het-
erothermy. For example, how does individual condi-
tion affect the expression of heterothermy? Is there vari-
ation among populations? Or perhaps, is there vari-
ation among individuals that migrate earlier or later
in the migration season? There may be an interest-
ing parallel between the migration and hibernation
literature, with an initial inclination to think of het-
erothermy as a strategy to minimize energy expendi-
ture, while more recent and nuanced conversations have
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considered the cost-benefit balance of heterothermy
(Boyles et al. 2020).

Given the clear connection between environmental
conditions and the energetics of migration and het-
erothermy, there are many important questions about
the impact of climate change on heterothermic mi-
grants, including general temperature increases and
the increasing frequency of extreme weather events
(Seebacher and Post 2015). Related, there are important
questions about how heterothermic migration strate-
gies may be related to survival. Heterothermic migrants
can reduce both time and energy costs, likely leading
to increased survival, and can also use heterothermy
to avoid brief periods of inclement weather. Consis-
tent with this hypothesis, migration represented ap-
proximately 85% of annual mortality in a presumed
homeothermic migrant, the black-throated blue war-
bler (Sillett and Holmes 2002), compared to low mi-
gration mortality in a presumed torpor-assisted mi-
grant, Leisler’s noctule (Nyctalus leisleri; Giavi et al.
2014). Clearly there are many differences beyond just
thermoregulatory strategy in these systems, but there
is an intriguing opportunity for future research. Stud-
ies should investigate the relative survival rates of
homeothermic and heterothermic migrants under cur-
rent conditions, and also consider how changing climate
might affect survival rates.

Another area for future research is investigating
the influence of heterothermic migration strategies on
reproductive success. The coincidence of pregnancy
and spring migration may preclude the use of torpor-
assisted migration strategies for spring migrating fe-
male bats of some species (Clerc et al. 2021; Cryan and
Wolf 2003), but reproductive phenology varies among
species (Jonasson and Guglielmo 2016). Among birds,
migration and reproduction are temporally separated,
but heterothermic migration strategies may allow for
earlier spring migration and later fall migration, extend-
ing the breeding season. There may be great fitness ben-
efits for heterothermic migrants that are able to increase
the number of broods or increase survival of offspring
that have a longer growing season to prepare for their
first migration.

There are many exciting questions related to the vari-
able expression of heterothermy during migration. The
degree and duration of heterothermy varies tempo-
rally, even within individuals during a single rest pe-
riod (McGuire et al. 2014; Shankar et al. 2022). Vari-
able expression of heterothermy in response to variation
in environmental conditions may underly the indepen-
dence of the energy cost of stopover and environmen-
tal conditions (Baloun and Guglielmo 2019; McGuire
etal. 2014). Heterothermic migration strategies may al-
low migrants to arrive at their destination faster and
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cheaper, but may also allow for a greater degree of be-
havioral flexibility (including capital and income mi-
gration strategies where animals fatten up prior to or
throughout migration; Evans and Bearhop 2022). For
example, mating season coincides with fall migration
for some temperate North American migratory bats
(but see also Clerc et al. 2022; Cryan et al. 2012). The
use of torpor during inactive periods reduces the energy
cost of migration and reduces the potential for negative
consequences of inclement weather, which may provide
more time and energy which may be allocated to social
behaviors associated with mating. Seasonal carryover
effects then become interesting when trying to under-
stand how heterothermic migration strategies may be
related to overwintering strategies. For example, preg-
nant female hoary bats during spring migration avoid
using torpor, but carry larger fuel stores in the absence
of apparent increased foraging effort or digestive effi-
ciency, suggesting that fuel stores for migration may
have been deposited on the wintering grounds (Clerc
et al. 2021). This and other questions related to carry-
over effects will be important to understand the evolu-
tion and implications of migration strategies in the con-
text of the full annual cycle.

There are also many possible aspects of thermoregu-
latory expression that have only received limited atten-
tion in studies of heterothermic migration strategies to
date. For example, most current research has focussed
on temperate migration systems where heterothermy
is likely more pronounced. Torpor and shallow het-
erothermy may also be used in tropical or subtropical
systems (e.g., Merola-Zwartjes and Ligon 2000; Stawski
and Geiser 2010). There may also be a much greater di-
versity of thermoregulatory expressions than currently
appreciated (see Nowack et al. 2023; Levesque et al. sub-
mitted for publication). Even more intriguing is recent
evidence of metabolic depression in the absence of body
temperature reduction, suggesting mechanisms for en-
ergetic savings that would not be detected with meth-
ods commonly used in current research (see Keicher et
al. 2022 and Keicher et al. 2023).

Finally, it is clear that there is far more taxonomic
breadth and diversity in the use of heterothermic mi-
gration strategies than just a small number of migratory
bats using torpor-assisted migration. There are many
opportunities for investigating variation in thermoreg-
ulatory strategies in migrating bats, but even more
possibilities for considering heterothermy in migrating
birds. McKechnie and Lovegrove (2002) compiled a list
of birds that use varying degrees of heterothermy, and
that list continues to grow (see McKechnie et al. 2023).
Our preliminary research indicates that heterothermic
strategies may be common in bird migration, but with
great potential variation in thermoregulatory expres-
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sion among species. Broader investigations of ther-
moregulatory patterns in migrating birds have great po-
tential for providing more nuanced and generalized un-
derstanding of the expression and implications of het-
erothermic migration strategies.

Conclusions

Many studies to date have largely overlooked the con-
sequences of thermoregulatory costs in migration. In-
deed, the original implementation of optimal migration
theory assumed that thermoregulation was static and
did not explicitly account for variation in metabolic rate
associated with ambient temperature. Now, with a the-
oretical framework that explicitly includes variation in
thermoregulatory patterns (Clerc and McGuire 2021)
and a growing body of empirical evidence, it is clear that
heterothermic migration strategies are diverse, and have
important implications for the time and energy costs of
migration. However, many of the ideas that we have ex-
pressed in this review are speculative or theoretical pos-
sibilities and remain to be critically evaluated, providing
many exciting opportunities for future studies.

Acknowledgments

Thanks to Anusha Shankar and Ken Welch Jr. for the
invitation to present these ideas in the symposium, and
thanks to all other participants in the symposium for
generating such stimulating discussion. Studies of noc-
turnal heterothermy in migrating birds at the Long
Point Bird Observatory were conducted with approval
from the University of Waterloo Animal Care Com-
mittee (protocol #43009) and under permit from En-
vironment and Climate Change Canada (permit no.
10169 CM). We are very thankful to Shelby Bohn (shel-
bybohn.com) for providing the illustrations for Figs
1,2, 3,and 5.

This work was authored in part by the National
Renewable Energy Laboratory, operated by Alliance
for Sustainable Energy, LLC, for the U.S. Depart-
ment of Energy (DOE) under Contract No. DE-AC36-
08G028308. Funding provided by the U.S. Department
of Energy Office of Energy Efficiency and Renewable
Energy Wind Energy Technologies Office. The views
expressed in the article do not necessarily represent the
views of the DOE or the U.S. Government. The U.S.
Government retains and the publisher, by accepting the
article for publication, acknowledges that the U.S. Gov-
ernment retains a nonexclusive, paid-up, irrevocable,
worldwide license to publish or reproduce the published
form of this work, or allow others to do so, for U.S. Gov-
ernment purposes.

1071

Funding

LPM was supported by the Natural Sciences and Engi-
neering Research Council of Canada (NSERC) during
the preparation of this manuscript. NSERC also funded
the unpublished migratory bird heterothermy research
presented here.

Conflict of interest

The authors declare no conflict of interest.

Data availability

Data sources are cited in the text. Unpublished data are
available from the corresponding author by reasonable
request.

References

Aebischer A, Perrin N, Krieg M, Studer J, Meyer DR. 1996. The
role of territory choice, mate choice and arrival date on breed-
ing success in the Savi’s Warbler Locustella luscinioides. ] Avian
Biol 27:143-52.

Aharon-Rotman Y, McEvoy JF, Beckmann C, Geiser F. 2021.
Heterothermy in a small passerine: eastern yellow robins use
nocturnal torpor in winter. Front Ecol Evol 9:759726.

Alerstam T, Backman J. 2018. Ecology of animal migration. Curr
Biol 28:R968-72.

Alerstam T, Hedenstrom A, Akesson S. 2003. Long-distance mi-
gration: evolution and determinants. Oikos 103:247-60.

Alerstam T, Lindstrém A. 1990. Optimal bird migration: the rel-
ative importance of time, energy and safety. In: Gwinner E, ed-
itor. Bird migration: physiology and ecophysiology New York:
Springer-Verlag. p. 331-51.

Alexander RM. 1996. Optima for animals Princeton: Princeton
University Press.

Aschoff]. 1981. Der tagesgang der Korpertemperatur von vogeln
als funktion des korpergewichtes. ] Ornithol 122:129-51.

Avgar T, Street G, Fryxell JM. 2014. On the adaptive benefits of
mammal migration. Can J Zool 92:481-90.

Baloun DE, Guglielmo CG. 2019. Energetics of migratory bats
during stopover: a test of the torpor-assisted migration hy-
pothesis. ] Exp Biol 222:jeb196691.

Baloun DE, Hobson KA, Guglielmo CG. 2020. Temporal patterns
of foraging by silver-haired bats during migratory stopover re-
vealed by isotopic analyses (§ 1*C) of breath CO,. Oecologia
193:67-75.

Barclay RM, Faure PA, Farr DR. 1988. Roosting behavior and
roost selection by migrating silver-haired bats (Lasionycteris
noctivagans). ] Mammal 69:821-5.

Bauer S, Hoye BJ. 2014. Migratory animals couple biodiversity
and ecosystem functioning worldwide. Science 344:1242552.

Benedetti MC, Fusani L, Bonanni R, Cardinale M, Carere C.
2014. Condition-dependent nocturnal hypothermia in garden
warblers Sylvia borin at a spring stopover site. Ardea 101:113-
9.

Bisson I-A, Safi K, Holland RA. 2009. Evidence for repeated in-
dependent evolution of migration in the largest family of bats.
PLoS One 4:e7504.

20z Aenuer ¢ uo Jasn oopalep) 10 Alsianiun Aq 216681 2/0901/G/£9/a1011e/qo1/woo dno-olwapeoe//:sdyy wolj papeojumoq



1072

Bowlin MS, Bisson I-A, Shamoun-Baranes J, Reichard JD,
Sapir N, Marra PP, Kunz TH, Wilcove DS, Hedenstrom A,
Guglielmo CG. 2010. Grand challenges in migration biology.
Integr Comp Biol 50:261-79.

Boyle WA. 2017. Altitudinal bird migration in North America.
The Auk 134:443-65.

Boyles JG, Johnson JS, Blomberg A, Lilley TM. 2020. Optimal
hibernation theory. Mammal Rev 50:91-100.

Boyles JG, Thompson AB, McKechnie AE, Malan E, Humphries
MM, Careau V. 2013. A global heterothermic continuum in
mammals. Global Ecol Biogeogr 22:1029-39.

Brigham R, McKechnie A, Doucette L, Geiser F. 2012. Het-
erothermy in caprimulgid birds: a review of inter-and intraspe-
cific variation in free-ranging populations. In: Ruf T, Bieber C,
Arnold W, Millesi E, editors. Living in a seasonal world: ther-
moregulatory and metabolic adaptations Berlin: Springer. p.
175-87.

Butler MW, Stahlschmidt ZR, Ardia DR, Davies S, Davis J, Guil-
lette Jr L], Johnson N, McCormick SD, McGraw KJ, DeNardo
DF. 2013. Thermal sensitivity of immune function: evidence
against a generalist-specialist trade-off among endothermic
and ectothermic vertebrates. Am Nat 181:761-74.

Buzadzi¢ B, Blagojevi¢ D, Kora¢ B, Sai¢i¢ Z, Spasi¢ M, Petrovi¢
VM. 1997. Seasonal variation in the antioxidant defense sys-
tem of the brain of the ground squirrel (Citellus citellus) and re-
sponse to low temperature compared with rat. Comp Biochem
Physiol C 117:141-9.

Carere C, Costantini D, Fusani L, Alleva E, Cardinale M. 2010.
Hypothermic abilities of migratory songbirds at a stopover site.
Rend Fis Acc Lincei 21:323-34.

Carpenter FL, Hixon MA. 1988. A new function for torpor: fat
conservation in a wild migrant hummingbird. The Condor
90:373-8.

Carr JM, Lima SL. 2013. Nocturnal hypothermia impairs flight
ability in birds: a cost of being cool. Proc R Soc B 280:20131846.

Clerc J, McGuire LP. 2021. Considerations of varied thermoreg-
ulatory expressions in migration theory. Oikos 130:1739-49.

ClercJ, Rogers EJ, Kunkel E, Fuller NW. 2022. An observation of
spring mating in silver-haired bats (Lasionycteris noctivagans).
West N Am Nat 82:174-6.

Clerc J, Rogers EJ, McGuire LP. 2021. Testing predictions of
optimal migration theory in migratory bats. Front Ecol Evol
9:686379.

Cox GW. 1985. The evolution of avian migration systems be-
tween temperate and tropical regions of the New World. Am
Nat 126:451-74.

Cryan PM, Jameson JW, Baerwald EF, Willis CK, Barclay RM,
Snider EA, Crichton EG. 2012. Evidence of late-summer mat-
ing readiness and early sexual maturation in migratory tree-
roosting bats found dead at wind turbines. PLoS One 7:
€47586.

Cryan PM, Wolf BO. 2003. Sex differences in the thermoregula-
tion and evaporative water loss of a heterothermic bat, Lasiurus
cinereus, during its spring migration. ] Exp Biol 206:3381-90.

Dechmann DK, Wikelski M, Varga K, Yohannes E, Fiedler W,
Safi K, Burkhard W-D, O’'Mara MT. 2014. Tracking post-
hibernation behavior and early migration does not reveal the
expected sex-differences in a “female-migrating” bat. PLoS
One 9:¢114810.

Dingle H. 2014. Migration: the biology of life on the move Ox-
ford: Oxford University Press.

L. P. McGuire et al.

Dunbar MB, Tomasi TE. 2006. Arousal patterns, metabolic rate,
and an energy budget of eastern red bats (Lasiurus borealis) in
winter. ] Mammal 87:1096-102.

Eberts ER, Guglielmo CG, Welch Jr KC. 2021. Reversal of the adi-
postat control of torpor during migration in hummingbirds.
Elife 10:70062.

Evans SR, Bearhop S. 2022. Variation in movement strate-
gies: capital versus income migration. J Anim Ecol 91:
1961-74.

Fleming TH, Eby P. 2003. Ecology of bat migration. In: Kunz TH,
Fenton MB, editors. Bat Ecology Chicago: Chicago University
Press. p. 158-208.

Fryxell JM, Sinclair A. 1988. Causes and consequences of migra-
tion by large herbivores. Trends Ecol Evol 3:237-41.

Geiser F, Brigham RM. 2012. The other functions of torpor. In:
Ruf T, Bieber C, Arnold W, Millesi E, editors. Living in a
seasonal world: thermoregulatory and metabolic adaptations
Berlin: Springer. p. 109-21.

Geiser F. 1998. Evolution of daily torpor and hibernation in birds
and mammals: importance of body size. Clin Exp Pharmacol
Physiol 25:736-40.

Geiser F. 2004. Metabolic rate and body temperature reduc-
tion during hibernation and daily torpor. Annu Rev Physiol
66:239-74.

Giavi S, Moretti M, Bontadina F, Zambelli N, Schaub M. 2014.
Seasonal survival probabilities suggest low migration mortal-
ity in migrating bats. PLoS One 9:¢85628.

Guglielmo CG. 2010. Move that fatty acid: fuel selection and
transport in migratory birds and bats. Integr Comp Biol
50:336-45.

Guglielmo CG. 2018. Obese super athletes: fat-fueled migration
in birds and bats. ] Exp Biol 221:jeb165753.

Gwinner E. 1990. Bird migration: physiology and ecophysiology
New York: Springer-Verlag.

Hedenstrom A, Alerstam T. 1997. Optimum fuel loads in migra-
tory birds: distinguishing between time and energy minimiza-
tion. ] Theor Biol 189:227-34.

Hutterer R, Ivanova T, Meyer-Cords C, Rodrigues L. 2005. Bat
migrations in Europe: a review of banding data and literature.
BfN-Schriftenvertrieb im Landwirtschaftsverlag.

Jonasson KA, Guglielmo CG. 2016. Sex differences in spring mi-
gration timing and body composition of silver-haired bats La-
sionycteris noctivagans. ] Mammal 97:1535-42.

Jonasson KA, Guglielmo CG. 2019. Evidence for spring stopover
refuelling in migrating silver-haired bats (Lasionycteris nocti-
vagans). Can ] Zool 97:961-70.

Keicher L, Shipley JR, Schaeffer PJ, Dechmann DKN. 2023. Con-
trasting torpor use by reproductive male common noctule
bats in the laboratory and in the field. Integr Comp Biol.
doi:10.1093/icb/icad040.

Keicher L, Shipley JR, Komar E, Ruczynski I, Schaeffer PJ, Dech-
mann DK. 2022. Flexible energy-saving strategies in female
temperate-zone bats. ] Comp Physiol B 192:805-14.

Kirby JS, Stattersfield AJ, Butchart SH, Evans MI, Grimmett RF,
Jones VR, O’Sullivan J, Tucker GM, Newton I. 2008. Key con-
servation issues for migratory land-and waterbird species on
the world’s major flyways. Bird Conservation International
18:549-73.

Kokko H, Gunnarsson TG, Morrell L], Gill JA. 2006. Why do
female migratory birds arrive later than males? ] Anim Ecol
75:1293-303.

20z Aenuer ¢ uo Jasn oopalep) 10 Alsianiun Aq 216681 2/0901/G/£9/a1011e/qo1/woo dno-olwapeoe//:sdyy wolj papeojumoq



Heterothermy and migration

Krauel ], Ratcliffe JM, Westbrook JK, McCracken GF. 2018.
Brazilian free-tailed bats (Tadarida brasiliensis) adjust foraging
behaviour in response to migratory moths. Can J Zool 96:513—
20.

Krauel JJ, Westbrook JK, McCracken GF. 2015. Weather-driven
dynamics in a dual-migrant system: moths and bats. ] Anim
Ecol 84:604-14.

Kurta A, Smith SM, DePue JE. 2014. A new northern record for
a hibernating silver-haired bat (Lasionycteris noctivagans) in
interior North America. Northeast Nat 21:587-605.

Lennox RJ, Chapman JM, Souliere CM, Tudorache C, Wikelski
M, Metcalfe JD, Cooke SJ. 2016. Conservation physiology of
animal migration. Conserv Physiol 4:cov072.

Liechti F. 2006. Birds: blowin’ by the wind?. ] Ornithol 147: 202-
11.

Maddocks TA, Geiser F. 1997. Energetics, thermoregulation and
nocturnal hypothermia in Australian silvereyes. The Condor
99:104-12.

Marin G, Ramos-H D, Cafaggi D, Sierra-Duran C, Gallegos A,
Romero-Ruiz A, Medellin RA. 2021. Challenging hiberna-
tion limits of hoary bats: the southernmost record of Lasiurus
cinereus hibernating in North America. Mamm Biol 101:287-
91.

McGuire LP, Boyle WA. 2013. Altitudinal migration in bats: evi-
dence, patterns, and drivers. Biol Rev 88:767-86.

McGuire LP, Fenton MB, Guglielmo CG. 2013. Phenotypic flex-
ibility in migrating bats: seasonal variation in body compo-
sition, organ sizes and fatty acid profiles. ] Exp Biol 216:
800-8.

McGuire LP, Guglielmo CG, Mackenzie SA, Taylor PD. 2012.
Migratory stopover in the long-distance migrant silver-haired
bat, Lasionycteris noctivagans. ] Anim Ecol 81:377-85.

McGuire LP, Guglielmo CG. 2009. What can birds tell us about
the migration physiology of bats? ] Mammal 90:1290-7.

McGuire LP, Jonasson KA, Guglielmo CG. 2014. Bats on a bud-
get: torpor-assisted migration saves time and energy. PLoS
One 9:e115724.

McKechnie AE, Freeman MT, Brigham RM. 2023. Avian het-
erothermy: A review of patterns and processes. Integr Comp
Biol doi:10.1093/icb/icad029.

McKechnie AE, Lovegrove BG. 2002. Avian facultative hypother-
mic responses: a review. The Condor 104:705-24.

McKechnie AE, Mzilikazi N. 2011. Heterothermy in Afrotrop-
ical mammals and birds: a review. Integr Comp Biol 51:
349-63.

McWilliams SR, Guglielmo C, Pierce B, Klaassen M. 2004. Fly-
ing, fasting, and feeding in birds during migration: a nutri-
tional and physiological ecology perspective. ] Avian Biol 35:
377-93.

Merola-Zwartjes M, Ligon JD. 2000. Ecological energetics of the
Puerto Rican tody: heterothermy, torpor, and intra-island vari-
ation. Ecology 81:990-1003.

Newton 1. 2007. Weather-related mass-mortality events in mi-
grants. Ibis 149:453-67.

Nowack J, Stawski C, Geiser F, Levesque DL. 2023. Rare and op-
portunistic use of torpor in mammals - an echo from the past?.
Integr Comp Biol doi: 10.1093/icb/icad067.

Nowack J, Stawski C, Geiser F. 2017. More functions of torpor
and their roles in a changing world. ] Comp Physiol B 187:889-
97.

1073

Parker GA, Smith JM. 1990. Optimality theory in evolutionary
biology. Nature 348:27-33.

Pétersons G. 2004. Seasonal migrations of north-eastern popula-
tions of Nathusius’ bat Pipistrellus nathusii (Chiroptera). My-
otis 41:29-56.

Piersma T. 1998. Phenotypic flexibility during migration: opti-
mization of organ size contingent on the risks and rewards of
fueling and flight? ] Avian Biol 29:511-20.

Racey P. 1973. Environmental factors affecting the length of ges-
tation in heterothermic bats. ] Reprod Fertil 19:175-89.

Refinetti R, Menaker M. 1992. The circadian rhythm of body
temperature. Physiol Behav 51:613-37.

Reimer JP, Baerwald EF, Barclay RM. 2010. Diet of hoary
(Lasiurus cinereus) and silver-haired (Lasionycteris nocti-
vagans) bats while migrating through southwestern Al-
berta in late summer and autumn. Am Midl Nat 164:
230-7.

Roby PL. 2019. The ecology and behavior of spring migrating In-
diana bats (Myotis sodalis) [PhD Thesis] Lexington: Univer-
sity of Kentucky.

Romano AB, Hunt A, Welbergen JA, Turbill C. 2019. Nocturnal
torpor by superb fairy-wrens: a key mechanism for reducing
winter daily energy expenditure. Biol Lett 15:20190211.

Rossi GS, Welch KC. 2023. Leptin resistance does not
facilitate migratory fattening in ruby-throated hum-
mingbirds (Archilochus ~ colubris). Integr Comp Biol.
doi:10.1093/icb/icad046.

Ruf T, Geiser F. 2015. Daily torpor and hibernation in birds and
mammals. Biol Rev 90:891-926.

Schaeffer PJ, Komer MC, Corder KR. 2015. Energy savings due
to the use of shallow body temperature reduction in overwin-
tering Northern Cardinals. Anim Biotelemetry 3:1-7.

Schmaljohann H, Eikenaar C, Sapir N. 2022. Understanding the
ecological and evolutionary function of stopover in migrating
birds. Biol Rev 97:1231-52.

Seebacher F, Post E. 2015. Climate change impacts on animal mi-
gration. Clim Chang Responses 2:1-2.

Shankar A, Cisneros IN, Thompson S, Graham CH, Powers DR.
2022. A heterothermic spectrum in hummingbirds. ] Exp Biol
225:jeb243208.

Shump KA, Shump AU. 1982. Lasiurus cinereus. Mamm Species
185:1-5.

Sillett TS, Holmes RT. 2002. Variation in survivorship of a migra-
tory songbird throughout its annual cycle. ] Anim Ecol 71:296-
308.

Spence AR, Tingley MW. 2021. Body size and environment in-
fluence both intraspecific and interspecific variation in daily
torpor use across hummingbirds. Funct Ecol 35:870-83.

Stawski C, Geiser F. 2010. Seasonality of torpor patterns and
physiological variables of a free-ranging subtropical bat. ] Exp
Biol 213:393-9.

Stawski C, Willis C, Geiser F. 2014. The importance of temporal
heterothermy in bats. ] Zool 292:86-100.

Taylor PD, Mackenzie SA, Thurber BG, Calvert AM, Mills AM,
McGuire LP, Guglielmo CG. 2011. Landscape movements of
migratory birds and bats reveal an expanded scale of stopover.
PLoS One 6:€27054.

Valdez EW, Cryan PM. 2009. Food habits of the hoary bat (Lasi-
urus cinereus) during spring migration through New Mexico.
Southwest Nat 54:195-200.

20z Aenuer ¢ uo Jasn oopalep) 10 Alsianiun Aq 216681 2/0901/G/£9/a1011e/qo1/woo dno-olwapeoe//:sdyy wolj papeojumoq



1074

Villa BR, Cockrum EL. 1962. Migration in the guano bat
Tadarida brasiliensis mexicana (Saussure). ] Mammal 43:43—
64.

Voigt CC, Sérgel K, Suba J, Keids O, Pétersons G. 2012.
The insectivorous bat Pipistrellus nathusii uses a mixed-fuel
strategy to power autumn migration. Proc R Soc B 279:
3772-8.

Webber QM, McGuire LP. 2022. Heterothermy, body size, and
locomotion as ecological predictors of migration in mammals.
Mammal Rev 52:82-95.

Weller TJ, Castle KT, Liechti F, Hein CD, Schirmacher MR,
Cryan PM. 2016. First direct evidence of long-distance sea-
sonal movements and hibernation in a migratory bat. Sci Rep
6:34585.

Whitmore RC, Mosher JA, Frost HH. 1977. Spring migrant mor-
tality during unseasonable weather. The Auk 94:778-81.

L. P. McGuire et al.

Wikelski M, Tarlow EM, Raim A, Diehl RH, Larkin RP, Visser
GH. 2003. Costs of migration in free-flying songbirds. Nature
423:704.

Wojciechowski MS, Pinshow B. 2009. Heterothermy in small, mi-
grating passerine birds during stopover: use of hypothermia at
rest accelerates fuel accumulation. ] Exp Biol 212:3068-75.

Wolf BO, McKechnie AE, Schmitt CJ, Czenze ZJ, John-
son AB, Witt CC. 2020. Extreme and variable torpor
among high-elevation Andean hummingbird species. Biol Lett
16:20200428.

Woods CP, Czenze ZJ], Brigham RM. 2019. The avian “hiberna-
tion” enigma: thermoregulatory patterns and roost choice of
the common poorwill. Oecologia 189:47-53.

Zenzal Jr TJ, Moore FR, Diehl RH, Ward MP, Deppe JL. 2018.
Migratory hummingbirds make their own rules: the decision
to resume migration along a barrier. Anim Behav 137:215-24.

© The Author(s) 2023. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved.

For permissions, please e-mail: journals.permissions@oup.com

20z Aenuer ¢ uo Jasn oopalep) 10 Alsianiun Aq 216681 2/0901/G/£9/a1011e/qo1/woo dno-olwapeoe//:sdyy wolj papeojumoq


mailto:journals.permissions@oup.com

	Introduction
	Acknowledgments
	Funding
	Conflict of interest
	Data availability
	References

