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Mass mortality events in which large numbers of animals  
   succumb to acute heat stress powerfully illustrate the 

impact of rising temperatures on biodiversity. Graphic images 
of dying flying foxes (Pteropus spp) were central to a recent 
BBC documentary credited with changing the popular narra-
tive around climate change (Climate Change –  The Facts; www.
bbc.co.uk/progr ammes/ m00049b1). Climate change is resulting 
in changes in species’ abundance and shifts in phenology and 
distributions, mediated by multiple drivers, including direct 
impacts of temperature (Ockendon et al. 2014). Much of the 
research on the direct impacts of high temperatures on birds 

and mammals undertaken over the past decade has focused on 
understanding the limits of physiological thermoregulation (eg 
thresholds for lethal dehydration [Albright et al. 2017], heat 
tolerance limits [Conradie et al. 2019]) because the lethal conse-
quences of exceeding these limits are well documented. 
However, terrestrial animals also respond to high temperatures 
well below the extremes that cause prominent die- off events, 
often by adjusting their behavior to reduce heat exposure (via 
“behavioral thermoregulation”, for example, by seeking shade or 
reducing activity levels; Briscoe et al. 2014; Hall et al. 2016). In 
mammals and birds, these behavioral adjustments buffer indi-
viduals from physiological thermoregulatory costs (eg energy 
and water expenditure), improving their capacity to maintain 
body temperatures within safe bounds.

Although much less attention- grabbing than mass mor-
tality events, there is growing evidence from a range of endo-
thermic species in a diversity of environments that these 
seemingly innocuous behavioral adjustments carry perva-
sive and important costs of their own. These costs often 
manifest as missed opportunities to engage in other, more 
productive behaviors, such as foraging, offspring provision-
ing, or territorial defense, among others (Santee and Bakken 
1987; Wiley and Ridley 2016; Mason et al. 2017), and have 
the potential to affect individual fitness (eg Campagna and 
Le Boeuf 1988; Cunningham et al. 2013; van de Ven et al. 
2019). In some cases, the accumulation of these opportunity 
costs may be more important in determining population 
persistence under climate change than the immediately 
lethal consequences of acute heat exposure (eg Conradie 
et al. 2019). Crucially, conceptual frameworks that seek to 
guide predictions for species’ vulnerability to climate change 
have emphasized the role of behavior in buffering climate 
effects (eg Williams et al. 2008; Scheffers et al. 2014b; Sunday 
et al. 2014) but often omit potential costs, except for the 
occasional noted caveat (eg Buchholz et al. 2019; but see 
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In a nutshell:
• Most mechanistic studies of climate- change impacts on 

mammals and birds focus on the limits of physiological 
heat tolerance and increasingly on the buffering role of 
behavioral changes that reduce exposure to high 
temperatures

• However, there is growing evidence these behavioral 
changes can incur high costs, such as missed opportunities 
to forage, defend territories, or care for offspring, with 
far- reaching consequences for individual fitness, population 
dynamics, and ecosystem function

• Although largely overlooked, these costs are likely pervasive 
and must be explicitly integrated into frameworks for 
predicting the vulnerability of birds and mammals to 
climate warming
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Beever et al. [2017] for a more extended discussion). To our 
knowledge, only one publication within the recent endo-
therm literature (focused on large herbivores) attempted to 
incorporate the opportunity costs of behavioral thermoregu-
lation within a formalized framework for predicting species’ 
responses to warming (Veldhuis et al. 2019).

Accordingly, we suggest that a shift in thinking is needed 
in understanding and predicting the impacts of climate 
change on birds and mammals, in which the sublethal costs 
inherent in behavioral thermoregulation are explicitly con-
sidered. We argue that such a shift has parallels with recogni-
tion that predator– prey relationships involve more than the 
direct “consumptive” impacts of predation events. The reali-
zation that behavioral avoidance of predation risk carries 
nonlethal costs (Lima and Dill 1990) resulted in the now- 
familiar concept of the “landscape of fear” with its pervasive 
multi- scale effects, from individual fitness to ecosystem func-
tion (Laundré et al. 2010). The effects of predation on indi-
viduals are now generally considered within a framework of 
trade- offs between maximizing immediate survival and 
maintaining access to resources necessary for longer term 
survival and reproduction (Cresswell 2008). We contend that 
an equivalent paradigm shift is required to understand 
impacts of climate warming on birds and mammals, in which 
the “landscape of heat” and costs associated with behavioral 
avoidance of thermal risk are considered. While we focus on 
consequences of exposure to increasingly high temperatures, 

we acknowledge that exposure to cold extremes may also 
increase under climate change in some circumstances and 
that behavioral responses to these events may carry similar 
costs, although associated physiological mechanisms differ.

Below, we outline why the maintenance of body tempera-
ture (Tb) within fairly narrow bounds is fundamentally 
important to the performance and survival of animals. We 
also examine how animals make use of thermal heterogene-
ity within their habitats to manage heat loads, altering their 
behavior to reduce heat exposure just as they might alter 
behavior to reduce predation risk (Laundré et al. 2010; 
Veldhuis et al. 2019). We outline behavioral trade- offs ani-
mals experience while navigating thermal landscapes, focus-
ing on how these relate to the physiological costs of heat 
exposure in birds and mammals, and the challenges of bal-
ancing energy, water, and time budgets. We provide exam-
ples of how these costs can translate into fitness impacts, 
with potentially wide- ranging repercussions for individuals, 
populations, and ecosystems under climate warming. Finally, 
we identify gaps in current knowledge and suggest direc-
tions for future research.

Maintaining a safe body temperature is fundamental 
for survival

Biological performance is related to Tb in a strongly non-
linear fashion (Figure 1). Animals have a species- specific 
range of Tbs over which performance is optimized 
(Angilletta et al. 2010; Boyles et al. 2011). Performance 
declines if Tb becomes too high or too low, resulting in 
death at either extreme. In ectotherms, the shape of the 
relationship between Tb and performance is often estimated 
by measuring variation in sprint speed, bite strength, and 
so on, as animals are warmed or cooled (Huey and Stevenson 
1979). Thermal “performance curves” drawn from these 
ectotherm data show that performance declines more pre-
cipitously when Tb rises too high than when it drops too 
low (Figure 1; Boyles et al. 2011). Similar performance 
curves exist in endotherms (Angilletta et al. 2010; Boyles 
et al. 2011), although these are much more challenging 
to measure empirically. For example, rapid declines in 
performance, including loss of motor coordination and 
death, were recorded in birds undergoing uncontrolled 
Tb rise during exposure to extreme hot ambient temper-
atures (Ta) in the laboratory (see Table 1 for temperature 
definitions; Dawson 1954).

Maintaining safe Tb is therefore essential for survival. 
Birds and mammals do so by regulating rates of metabolic 
heat production and evaporative cooling as operative envi-
ronmental temperatures (Te, not to be confused with air 
temperature, Tair; see Table 1) change. The relationship 
between Te and Tb in these species is therefore indirect, and 
mediated by changes in physiology. The classic model of 
endotherm thermoregulation (Scholander et al. 1950; Calder 
and King 1974) suggests that endotherms have a 

Figure 1. Physiological performance (blue curve) varies with body tem-
perature in a strongly nonlinear manner. All animals have a range of body 
temperatures over which performance is maximized (optimum body tem-
perature is indicated by the dashed red line). Physiological performance 
declines more precipitously above optimum temperatures than below 
them, creating a “thermal cliff” (Boyles et al. 2011).



© The Ecological Society of America Front Ecol Environ doi:10.1002/fee.2324

Costs of behavioral thermoregulation  CONCEPTS AND QUESTIONS  3

“thermoneutral zone” (TNZ): that is, a range of Ta 
across which Tb is regulated with minimal energy 
and water expenditure (eg Figure 2a; IUPS Thermal 
Commission 2001). The upper critical limit (Tuc) of 
the TNZ is generally defined by a sharp increase in 
metabolic rate (McNab 2012) and/or evaporative 
water loss (EWL; IUPS Thermal Commission 
2001), changes that may or may not co- occur 
(Mitchell et al. 2018). Rates of EWL typically 
increase most rapidly when Ta approaches or 
exceeds the organism’s Tb (Figure 2a; Calder and 
King 1974). This is because the thermal gradient for 
passive heat loss to the environment disappears or 
is reversed when Ta (or Te under natural, non- 
laboratory conditions) exceeds Tb, and evaporative 
cooling (both respiratory and cutaneous) becomes 
the only avenue of heat dissipation. In birds, lethal 
Ta (or Te) tolerance limits seem to be related to the 
efficiency of evaporative cooling (ie the ratio 
between metabolic heat production and evapora-
tive heat loss; McKechnie et al. 2021); however, 
considerable energy and water costs are incurred at 
temperatures well below lethal limits (eg McKechnie 
et al. 2016).

Advances in our understanding of endotherm 
thermal physiology provide valuable insight into 
the physiological costs of heat exposure (eg Albright et al. 
2017; Mitchell et al. 2018). Recent work on birds suggests 
physiological responses to Ta are variable both within and 
between species (Smit et al. 2013; Noakes et al. 2016), and 
vary with phylogeny (Smit et al. 2018). Efficiency of evapo-
rative cooling, temperature dependence of metabolic and 
water costs, and heat tolerance limits are all species- , 

population- , and sometimes even seasonally dependent 
(Smit et al. 2013; Noakes et al. 2016; Thompson et al. 2018). 
Many species manage dehydration risk by allowing con-
trolled increases in Tb at high Ta, therefore minimizing rates 
of EWL (“facultative hyperthermia”; Gerson et al. 2019). 
Although the patterns are complex, these data are critical 
for understanding the fundamental trade- offs animals 

Table 1. Temperature is a surprisingly complex variable in the context of animal ecology

Temperature category Definition Method of measurement

Air temperature (Tair) Atmospheric air temperature At weather stations using shielded thermal probes excluding direct or 
reflected radiation

Ambient temperature (Ta) Controlled air temperature within experimental laboratory chambers, more 
closely analogous to operative environmental temperature than air 
temperature in the field

Measured in, for example, respirometry chambers using calibrated 
thermocouples, mercury thermometers, temperature dataloggers

Operative environmental 
temperature (Te)

Temperature to which a passive object will equilibrate in a given environment, 
integrating influences of air temperature, solar and reflected radiation, wind, 
aspects of animal morphology, and so on, into a single- number variable; a 
closer approximation of thermal challenge than, for instance, air temperature 
alone, although excluding some critical factors (eg humidity); measured as Te 
or standard operative environmental temperature (Tes), the latter estimates the 
energy required to maintain an animal model at preferred body temperature 
excluding evaporative cooling

Measured using taxidermic mounts and rugged models of animals 
(including spherical “blackbulbs”), constructed from conductive 
metals or plastics, containing temperature probes or loggers, 
sometimes covered with pelage/plumage of the study species 
(Bakken et al. 2001; Dzialowski 2005); increasingly, it may be 
possible to model these using NicheMapR software (Kearney and 
Porter 2017)

Body temperature (Tb) Core body temperature of an animal Measured using cloacal thermocouples, implanted temperature 
transmitters or loggers, or temperature- sensitive transponders

Notes: several very distinct temperature measures exist that are of relevance to understanding animal responses to thermal environments. We use four simplified categories 
of temperature in this article, as defined in the table. We include both a definition and example methods of measurement for each, to clarify the fundamental differences be-
tween these aspects of temperature and to highlight the importance of maintaining conceptual distinctiveness when studying the impacts of increasing temperatures on 
animals.

Figure 2. White- browed sparrow- weavers (Plocepasser mahali ) show typical thermal 
physiological responses: (a) mass- specific resting metabolic rate (RMR, orange line) 
and evaporative water loss (EWL, dashed blue line) change nonlinearly with ambient 
temperature (schematic based on Whitfield et al. 2015, Noakes et al. 2017). (b) At air 
temperature (Tair) = 37°C, the operative environmental temperature (Te) across typical 
African savanna habitat varies extensively (RO Martin unpublished data). A white- 
browed sparrow- weaver on a shaded branch (Te ≈ 41°C) could maintain RMR and EWL 
near minimum levels; one under the tree would experience Te ≈ 46°C, requiring about 
a threefold increase in EWL to maintain safe body temperature. White- browed 
sparrow- weavers cannot tolerate an ambient temperature (Ta) > 54°C, therefore pre-
ferred foraging habitat on the ground in the sun (Te ≈ 65°C) is largely unavailable to 
them when Tair ≥ 37°C.

(a) (b)
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experience between the behavioral versus physiological 
costs of keeping cool.

Birds and mammals use behavior to manage 
environmental heat load

For any given Tair (Table 1), the Te (sensu Bakken et al. 
1985) experienced by an animal depends on heat exchange 
through a variety of processes, including radiation (from 
the sun and surrounding surfaces), conduction (with the 
air and other substrates with which the animal is in con-
tact), and convection (wind). Variation in such factors as 
topography, vegetation, geology, and so forth –  even at 
very fine spatial scales (“micro” or “nanosites”; Scheffers 
et al. 2014a; Carroll et al. 2016) –  can markedly affect 
the temperature an animal experiences (Figure 2b; 
Cunningham et al. 2015; Carroll et al. 2016). The behav-
ioral use of thermal landscapes therefore has profound 
implications for endotherms’ ability to balance energy and 
water budgets (Figure 2; Kenagy et al. 2004; Cruz- 
McDonnell and Wolf 2016). Exposure to high Te can lead 
to lethal dehydration in a matter of hours, particularly 
in smaller animals (McKechnie and Wolf 2010; Albright 
et al. 2017). In these circumstances, changes in microsite 
use to minimize Te, combined with suppressed activity 
to reduce metabolic heat production, could be critical for 
immediate survival (Walsberg 1993; McKechnie and Wolf 
2010) and will become increasingly important as global 
temperatures continue to rise.

Empirical studies suggest that ectotherms are better able 
to maintain stable Tb in more thermally heterogeneous habi-
tats (Sears and Angilletta 2015). In addition, there is evi-
dence that endotherm populations may persist better under 
climate warming in the short term when individuals have 
access to more diverse microclimates within their habitat 
(Gaüzère et al. 2017). Mechanistic models incorporating 
species- specific thermal physiological tolerances and 
detailed information on thermal landscapes have the poten-
tial to improve our understanding of the vulnerability of 
organisms to climate change, and some studies are begin-
ning to incorporate lost activity time into models in order to 
estimate impacts on energy and water balance (eg Kearney 
et al. 2016). Critically, however, behavioral thermoregula-
tion carries varied costs that have yet to be fully incorpo-
rated into models and that have potentially far- reaching 
consequences for fitness and population persistence under 
climate change.

Opportunity costs of behavioral thermoregulation 
have consequences for fitness

Costs of behavioral thermoregulation, like costs of behavioral 
avoidance of predation risk, will often take the form of 
missed opportunities (WebTable 1; Figure 3). These result 

from partial or complete incompatibility of behaviors impor-
tant for survival, growth, and reproduction with behavioral 
heat avoidance or heat dissipation. For example, retreat into 
cooler microsites can limit an animal’s access to profitable 
food patches (eg Bacigalupe et al. 2003; Mason et al. 2017; 
van de Ven et al. 2019), or compromise territorial display 
(Santee and Bakken 1987), or defense of territories (Campagna 
and Le Boeuf 1988) or offspring (Oswald et al. 2008; Cook 
et al. 2020). For endotherms facing hot conditions, maxi-
mizing fitness therefore involves balancing the metabolic, 
water, and performance costs of physiological thermoregu-
lation against the opportunity costs associated with behavioral 
thermoregulation.

Opportunity costs of behavioral thermoregulation are 
often nontrivial and associated with reduced survival and 
reproductive output. Supplementary feeding experiments in 
birds and mammals provide strong evidence that behavioral 
thermoregulation can directly compromise foraging intake 
(eg Bacigalupe et al. 2003; Shochat et al. 2004). Correlative 
studies suggest that foraging efficiency of several bird spe-
cies declines when they shift to shaded microsites (Clark 
1987; Cunningham et al. 2015; van de Ven et al. 2019) or 
engage in panting behavior (du Plessis et al. 2012; van de 
Ven et al. 2019), although animals may attempt to compen-
sate by targeting higher quality forage (Hall and Chalfoun 
2018). In southern Africa, foraging– thermoregulation 
trade- offs led to loss of body mass in southern pied bab-
blers (Turdoides bicolor) and southern yellow- billed horn-
bills (Tockus leucomelas) when air temperature exceeded 
thresholds in the mid- 30°s C (du Plessis et al. 2012; van de 
Ven et al. 2019). In Australia, repeated exposure to days 
with air temperature maxima >35°C was associated with 
reduction in body condition of white- plumed honeyeaters 
(Ptilotula penicillata), and heat- exposed individuals in poor 
condition were less likely to be recaptured the following 
spring (Gardner et al. 2016). Similarly, jacky winters (a 
small passerine; Microeca fascinans) were unable to main-
tain body mass over a 24- hour period when exposed to 
daily maxima ≥42°C or if the duration of heat exposure to 
temperatures ≥40°C exceeded 140 minutes, and exposure to 
a series of heatwaves over a 2- month period was associated 
with a threefold increase in adult mortality (Sharpe et al. 
2019).

The costs of behavioral thermoregulation may be particu-
larly acute during breeding periods, with consequences for 
reproductive success. This may begin with the loss of mating 
opportunities through abandonment of breeding territories (eg 
in southern sea lions [Otaria flavescens, formerly Otaria byro-
nia]; Campagna and Le Boeuf 1988). Once breeding is initiated, 
thermoregulatory behavior may lead directly to compromised 
parental care. For example, the costs of shading eggs at high 
temperatures were associated with nest abandonment in jacky 
winters (Sharpe et al. 2019). Changes in nest attendance during 
the nestling period may result in increased nestling predation 
risk for colonial- nesting seabirds, for instance great skuas 
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(Catharacta skua; Oswald et al. 2008) and bank 
cormorants (Phalacrocorax neglectus; Cook 
et al. 2020). Declines in provisioning rates to 
offspring at high temperatures have been 
observed in several bird species (eg Cunningham 
et al. 2013; Wiley and Ridley 2016), and reduced 
provisioning could be responsible for reduced 
pup survival during hot weather in African wild 
dogs (Lycaon pictus; Woodroffe et al. 2017); 
potentially due to a combination of reduced 
foraging and increased costs of activity. For 
birds, high temperatures during the nestling 
period can lead to chicks fledging smaller, 
lighter, and later (Cunningham et al. 2013; 
Salaberria et al. 2014; van de Ven et al. 2020). 
Late fledging increases the risk of nest preda-
tion (Cunningham et al. 2013) and reduction in 
offspring quality is likely to affect post- fledging 
survival (Bourne et al. 2020) and subsequent 
breeding success (van de Ven et al. 2020).

Most research on behavioral thermoregula-
tion in endotherms has been carried out in hot 
and arid places where temperature effects are 
intuitively important. However, there is empir-
ical evidence that behavioral trade- offs for 
thermoregulation under heat exposure also 
occur in diverse cooler environments. These 
include temperate (Clark 1987), coastal 
(Campagna and Le Boeuf 1988; Cook et al. 
2020), alpine (Mason et al. 2017; Oswald et al. 
2019), and high- latitude habitats (Oswald et al. 
2008). In cooler environments that are experi-
encing rapid warming, adaptations to avoid 
heat loss could potentially become constraints 
during periods of hot weather, such that ani-
mals face thermally stressful conditions at 
cooler temperatures. These examples imply 
that opportunity costs associated with behavioral thermoregu-
lation are likely relevant for birds and mammals across a broad 
range of habitat types and localities globally.

Toward integrating opportunity costs into predictions 
of climate- change impacts

There is increasing evidence that behavioral trade- offs for 
thermoregulation have important implications for fitness in 
birds and mammals, and therefore there is an urgent need 
to integrate these fitness consequences into predictions of 
how climate warming will impact individuals, populations, 
and ecosystems. However, for this we need more empirical 
and theoretical research to address the major knowledge 
gaps that still persist, especially with regard to mammals 
(studies on birds are more prevalent in the literature on 

this topic). We propose that researchers should focus on 
the following interrelated objectives:

Improve the understanding of behavioral thermoregulatory 
trade- offs in endotherms

More empirical data, both observational and experimental 
(eg experiments in which food, water, and shade resources 
are manipulated to elucidate the drivers of thermal tolerance 
trade- offs), are needed to understand the circumstances in 
which behavioral thermoregulation results in opportunity 
costs, and how these vary with other environmental param-
eters (eg humidity, precipitation, and thermal landscape 
heterogeneity). The best- documented trade- offs are those 
relating to foraging but others that relate to reproduction 
and parental investment, predator avoidance, and territorial 
defense are also important.

Figure 3. Three ways in which behavioral thermoregulation trades- off against foraging. 
(a) Rufous- eared warblers (Malcorus pectoralis) forage on the ground in the sun during cooler 
periods (left panel) and experience reduced foraging success when seeking shade at high tem-
peratures (right panel) (Pattinson and Smit 2017). (b) Alpine ibex (Capra ibex ) forgo foraging in 
high productivity grassland (left panel) when moving upslope to escape high temperatures 
(right panel) (Mason et al. 2017). (c) Southern yellow- billed hornbills (Tockus leucomelas ) 
experience reduced foraging efficiency when panting to dissipate heat (right panel) versus not 
(left panel) (van de Ven et al. 2019).

(a)

(b)
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Improve knowledge of the fitness costs of behavioral 
thermoregulatory trade- offs

Studies that document behavioral changes for thermoregu-
lation rarely quantify consequences for fitness (WebTable 1). 
Yet understanding such consequences will provide critical 
information for predicting the impact of climate change on 
population dynamics and allow insight into the role of ther-
mal environments in shaping the evolution of life- history 
strategies. Researchers should attempt to collect data on fitness 
or its proxies when studying behavioral thermoregulation.

Integrate trade- off– affiliated fitness costs into demographic 
and mechanistic models

Integrating these fitness costs (ie thermally mediated changes 
in survival and reproductive success) into demographic 
models could be vital for conservation planning but are 
currently lacking for birds and mammals. Recent develop-
ments in mechanistic modeling tools (eg NicheMapR; Kearney 
and Porter 2017) also provide exciting opportunities to 
integrate behavioral and physiological data into climate- 
change predictions for individual species, and parameterizing 
and ground- truthing these models using data collected under 
the objectives above is essential.

Better understand how behavioral thermoregulation may 
affect interspecific interactions

There is a need to explicitly incorporate collection of data 
on thermally mediated alteration of species’ interactions in 
space and time into ecological studies, and to include these 
data in ecological models. Temperature- driven changes in 
the spatial and temporal occurrence of behaviors could 
change interactions between species (eg Creel et al. 2016) 
with potential to cause trophic cascades (like those caused 
by behavioral avoidance of predation risk; eg Schmitz et al. 
1997). These processes could have far- reaching implications 
for ecosystems, analogous to the ecosystem- level impacts of 
changes in individual behavior to avoid predation risk 
(Laundré et al. 2010).

Conclusions

Behavioral thermoregulation is critical in mitigating the phys-
iological impacts of rising temperatures on mammals and 
birds (Carroll et al. 2016; Hall et al. 2016; Beever et al. 
2017), and fine- scale thermal landscape heterogeneity is 
increasingly being incorporated into predictions of climate 
vulnerability (eg Briscoe et al. 2014). In comparison, the 
costs of behavioral thermoregulation have to date been largely 
overlooked, despite potential consequences at multiple scales, 
from individual fitness to ecosystem function. While cata-
strophic mortality events caused by exposure to extreme 
temperatures grab the headlines (eg Mao 2019), the sublethal 
costs of behavioral thermoregulation at relatively cooler 

temperatures are likely to be far- reaching and pervasive 
(Conradie et al. 2019), occurring across broad geographic 
scales and in diverse environments. Acknowledgement of the 
importance of sublethal effects of predator avoidance reshaped 
our thinking about community and ecosystem function (Lima 
and Dill 1990; Laundré et al. 2010). It is time for a similar 
paradigm shift in our approach to the sublethal costs of 
behavioral thermoregulation in birds and mammals.
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