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Abstract
1. Characterizing heat tolerance is critical for predicting an organism's vulnerability 

to climate warming. Recent studies of ectotherms report that impacts of climate 
warming are expected to be greater in the tropics, where ectotherms tend to have 
lower heat tolerances and experience air temperatures closer to their heat toler-
ance limits than their temperate counterparts. However, similar comparisons of 
heat tolerance are largely lacking for endotherms, and it remains an open question 
whether climate warming will also disproportionately affect tropical endotherms.

2. To address this empirical gap, we measured thermoregulatory responses to acute 
heat stress in 81 bird species (23 temperate, 58 tropical), assembling the largest 
comparative dataset of endothermic heat tolerances to date.

3. After controlling for body mass and experimental chamber humidity, temper-
ate species had significantly higher heat tolerance limits (ΔHTL = 2.2°C; 45.2 vs. 
43.0°C) and upper critical temperatures (ΔUCT = 1.1°C; 38.7 vs. 37.6°C) on aver-
age than tropical species. Importantly, however, these differences do not appear 
to impact vulnerability to climate warming, as neither thermal safety margins [i.e. 
the difference between upper critical temperature (UCT) and maximum air tem-
perature, Tmax] nor warming tolerances [the difference between heat tolerance 
limit (HTL) and Tmax] differed between temperate and tropical species. We also 
observed substantial variation in heat tolerance among avian orders, with pigeons 
and doves (Columbiformes) being among the most heat tolerant species in our 
dataset.

4. Overall, our results suggest that, from a physiological standpoint, tropical birds 
may not be systematically more susceptible to climate warming than temperate 
birds, contrasting previous studies of ectotherms. Furthermore, we show that cer-
tain avian clades may be more resilient to warming irrespective of local climate. 
However, because we only sampled at one temperate and one tropical site, we 
caution that replication from other habitats and localities are needed to evaluate 
the generality of our findings.
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1  | INTRODUC TION

Recent increases in global temperatures have had profound ecological 
and evolutionary implications for biodiversity and ecosystem integrity 
(Bellard et al., 2012; Bradshaw & Holzapfel, 2006; Parmesan, 2006; 
Walther et al., 2002). However, species are not equally vulnerable to 
climate warming. Instead, relative vulnerability is determined by a host 
of factors, including their present-day physiological thermal tolerance 
limits, the capacity for future evolutionary adaptation of those limits 
and aspects of their ecologies and life histories (i.e. behaviour, habitat 
specialization, etc.; reviewed in Williams et al., 2008). Understanding 
how these factors interact to dictate species' responses to climate 
warming is of primary importance in predicting and mitigating the im-
pact of rising global temperatures (Huey et al., 2012; Somero, 2010).

Previous research in this area has focused largely on heat toler-
ance, a trait with clear implications for sensitivity to climate warm-
ing (Araújo et al., 2013; Deutsch et al., 2008). Although behavioural 
thermoregulation is an important first line of defense in mitigating 
the physiological impact of high temperatures (Kearney et al., 2009; 
Sunday et al., 2014), organisms must rely on heat tolerance when 
behavioural means are insufficient (Huey et al., 2012; Williams 
et al., 2008). A better understanding of geographic variation in heat 
tolerance is therefore critical for predicting where species will be 
most vulnerable to climate warming (Deutsch et al., 2008; Dillon 
et al., 2010; Huey et al., 2012; Somero, 2010).

While the absolute rate of climate warming increases with lat-
itude (Dillon et al., 2010), its impacts are generally predicted to 
be greater in tropical regions, especially for ectotherms (Deutsch 
et al., 2008; Sunday et al., 2010, 2019). For example, tropical liz-
ards, amphibians, arthropods and fish tend to have lower heat toler-
ance limits and have narrower thermal safety margins (i.e. are more 
likely to experience air temperatures that are closer to the limits of 
their heat tolerances) than their temperate counterparts (Deutsch 
et al., 2008; Diamond et al., 2012; Duarte et al., 2012; Huey 
et al., 2009, 2012; Vinagre et al., 2016). In contrast, similar compar-
ative studies of geographic variation in heat tolerances are largely 
lacking for endotherms. Estimating heat tolerances of endotherms 
necessitates finding the limits of their thermoregulatory capabilities 
(characterized by uncontrolled hyperthermia and the inability to de-
fend body temperature) in response to extreme heat (e.g. Gerson 
et al., 2019; reviewed in McKechnie & Wolf, 2019). These assays are 
logistically challenging and time-consuming (Lighton & Halsey, 2011; 
McKechnie & Wolf, 2019; Withers, 2001), which has hindered em-
pirical estimation of endothermic heat tolerances until recently (see 
McKechnie & Wolf, 2019 for a review).

Due to the relative paucity of endothermic heat tolerance data, 
several meta-analyses (Araújo et al., 2013; Khaliq et al., 2014; Sunday 
et al., 2019) have instead used the upper critical temperature (UCT 
– the upper limit of the thermoneutral zone; Figure 1) as a proxy for 
assessing latitudinal variation in heat tolerance and susceptibility to 
climate warming. For example, Khaliq et al. (2014) concluded that 
tropical endotherms had narrower thermal safety margins (i.e. were 
currently experiencing maximum air temperatures closer to their 

UCTs) than their temperate counterparts and were therefore pro-
jected to be at greater risk from climate warming. However, some of 
these meta-analyses (e.g. Araújo et al., 2013; Khaliq et al., 2014), how-
ever, included UCT data that were either inaccurate or not suitable 
for inclusion due to a variety of methodological issues (McKechnie 
et al., 2017; Wolf et al., 2017). Therefore, the conclusions derived 
from these meta-analyses require re-examination. Furthermore, 
examination of the UCT alone does not fully characterize heat tol-
erance. At least two other traits—the rate of increase of endoge-
nous heat load above the UCT (Tbslope) and the heat tolerance limit  
(HTL – the air temperature at which an endotherm loses the ability 
to regulate its body temperature)—must also be considered to more 
fully understand the limits of physiological function under heat stress 
in endotherms (Figure 1).

To begin to determine if there were systematic differences 
in heat tolerances between temperate and tropical endotherms, 
we measured thermoregulatory responses to acute heat stress in 
bird species from one temperate (n = 23) and one tropical (n = 58) 
sampling locality. In doing so, we also re-assessed the conclusion 

F I G U R E  1   Schematic of an endothermic Scholander curve 
(adapted from Scholander et al., 1950). The thermoneutral zone 
(TNZ) is defined as the range of ambient temperatures at which 
temperature regulation is achieved without regulatory changes in 
metabolic heat production or evaporative heat loss (IUPS Thermal 
Commission, 2001). Within the TNZ, an endotherm is able to 
maintain a basal metabolic rate (BMR), the minimum metabolic 
cost of existence. However, at air temperatures below the lower 
critical temperature (LCT) or above the upper critical temperature 
(UCT), an endotherm must increase metabolic heat production to 
maintain internal temperature homeostasis. The solid and dashed 
black lines represent a high and low Tbslope (i.e. the slope of the 
relationship between body temperature and air temperature) 
respectively. Organisms with a high Tbslope (solid line) accumulate 
endogenous heat more rapidly, and may be expected to reach their 
heat tolerance limit (HTL) at a lower air temperature than organisms 
with a low Tbslope (dashed line)
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of Khaliq et al. (2014) that climate warming will likely have greater 
impacts on tropical endotherms by estimating and comparing ther-
mal safety margins of temperate and tropical species. Finally, recent 
studies of desert birds have implicated body size and phylogeny as 
important predictors of variation in avian heat tolerance. Specifically, 
heat tolerance limits of desert birds scale positively with body size 
(McKechnie, et al., 2017; Whitfield et al., 2015) and certain orders 
such as Caprimulgiformes and Columbiformes appear to have higher 
heat tolerance limits than others (McKechnie, et al., 2017; McKechnie 
et al., 2016; O'Connor et al., 2017; Smit et al., 2018). Therefore, we 
also used our dataset to explore how heat tolerance varied with 
body size and across avian orders in more mesic environments.

2  | MATERIAL S AND METHODS

2.1 | Sampling localities

We conducted fieldwork in 2014 at one tropical (Gamboa, Republic 
of Panama – 09°07′N, 79°42′W) and one temperate (Aiken, South 
Carolina, United States – 33°32′N, 81°43′W) locality. We restricted 
sampling to the months of April–August (tropical wet season, tem-
perate summer) for two reasons: (a) to control for the effects of 
seasonal variation in air temperature (Ta) on thermal physiology 
(Noakes et al., 2016; Pollock et al., 2019; Swanson, 2010), and (b) 
because species experience the highest air temperatures at both 
localities during this time period. Mean maximum air temperature 
during the sampling period was significantly higher at the temperate 
site (31.45°C) than the tropical site (29.05°C; p < 0.001; Figure S1). 
The range of water vapour pressures experienced during the sam-
pling periods were broadly overlapping between the temperate  
(1.9–4.2 kPa) and tropical (2.6–4.8 kPa) study sites.

2.2 | Bird capture and housing protocols

We captured birds in mist-nets between 07:00–10:00 hr and banded 
them with uniquely numbered aluminum leg-bands to facilitate in-
dividual identification (Federal Bird Banding Permit #23942). We 
also determined sex when possible based on plumage dimorphism, 
and the presence of brood patches or cloacal protuberances. We 
immediately released individuals exhibiting external signs of being 
in reproductive condition. We then transported birds to a temper-
ature-controlled lab held at 27°C (within the thermoneutral zone of 
all focal species; (Pollock, 2016) and housed them in cloth-covered 
cages with water provided ad libitum for 1–3 hr.

2.3 | Quantifying thermoregulatory responses to 
acute heat stress

We measured thermoregulatory responses to acute heat stress in 
one focal individual at a time. Before beginning each heat stress 

experiment, we weighed the focal individual using a digital scale 
(American Weigh Scales model AWS-201, 200 ± 0.01 g) and in-
serted a temperature-sensitive passive integrative transponder (PIT) 
tag (model Biothermo13: 13 mm × 2.2 mm, Biomark, Inc.) into its 
cloaca. Cloacal temperature (hereafter Tb) is highly correlated with 
core body temperature and is commonly used as a proxy for core 
temperature (McCafferty et al., 2015). For small birds (e.g. <20 g), 
we measured cloacal diameter prior to insertion to ensure that indi-
viduals could accommodate the PIT tag. PIT tags were oriented with 
the temperature-sensitive end pointed inward and inserted fully into 
the cloaca using sterilized forceps. Because PIT tags were more pe-
ripheral to the core in larger birds and could therefore be expected 
to increasingly underestimate actual Tb, we ran a linear regression 
to test for a relationship between maximum Tb during the experi-
ment and body mass (Mb). We found no relationship between the 
two variables (p = 0.84, R2 = 0.002; Figure S2), indicating that PIT 
tags were not systematically underestimating core Tb in larger birds. 
We glued the small contour feathers around the cloaca together to 
impede the PIT tag from being expelled via defecation during the 
experiment. Nevertheless, a small percentage (5.9%; n = 16 birds) 
of focal birds defecated their PIT tags before experiments were  
completed—we discarded these individuals from subsequent analy-
ses. All protocols were approved by the relevant Institutional Animal 
Care and Use Committees (IACUC # 12202, University of Illinois at 
Urbana-Champaign; #A2013 02-014-Y1-A0, University of Georgia; 
#2013-0101-2016, Smithsonian Tropical Research Institute) and we 
recorded no mortality as a result of PIT tag insertion. We calibrated 
PIT tags before experiments using a thermometer certified by the 
National Bureau of Standards, and determined that they were ac-
curate across the range of experimental Ta to within 0.2 ± 0.7°C 
(M ± SD). Following PIT tag insertion, the focal bird was placed in an 
airtight Plexiglas respirometry chamber inside a PTC-1 temperature 
cabinet (Sable Systems, Inc.) controlled by a Peltier device (Pelt-5, 
Sable Systems, Inc.). Throughout experiments, we regulated cabinet 
temperature and continuously monitored the chamber Ta using ther-
mistor probes (model SEN-TH, Sable Systems, Inc., ±0.2°C accuracy). 
We used infrared cameras (model WCM-6LNV, Sabrent) to monitor 
bird behaviour and activity levels inside the chambers throughout 
the experiment. Because activity level can influence metabolic rate 
(Aschoff & Pohl, 1970) and confound the relationship between Ta 
and metabolic rate, we discarded data for focal birds that that were 
frequently active inside the chamber or exhibited signs of stress be-
haviour (i.e. pecking the chamber, flight attempts).

We started each experiment at 30°C and allowed the focal in-
dividual to attain a stable, resting metabolic rate (RMR) and stable 
body temperature before beginning to increase the chamber Ta. Once 
the individual became normothermic (i.e. Tb between 38 and 42°C; 
Prinzinger et al., 1991) and was at rest (M ± SD = 23.2 ± 18.1 min; 
range = 18–119 min), we then began to increase chamber Ta in 3°C 
increments while measuring the focal bird's gas exchange. At each suc-
cessive Ta, we held the individual for a minimum of 15 min (18 ± 5.3 min; 
range = 15–36 min) until we were able to obtain at least 5 min of stable 
gas traces at a given Ta. Once the individual had acclimated to a given 
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Ta, we continued to the next Ta, and repeated this process until the focal 
individual exhibited uncontrolled hyperthermia (see Section 2.5) or 
achieved a Tb of ≥45.5°C (slightly below lethal Tb of 46–48°C for birds; 
Arad & Marder, 1982; Brush, 1965; Dawson, 1954; Randall, 1943). We 
removed birds from the respirometry chambers immediately following 
onset of uncontrolled hyperthermia or alternatively, if they exhibited 
prolonged signs of distress behaviour (i.e. flight attempts, pecking the 
chamber walls, loss of coordination, etc.). Following heat stress exper-
iments, we clipped the cloacal feathers with a small surgical scissors, 
at which point most individuals immediately defecated their PIT tags. 
A small subset of birds (n = 19) did not defecate their PIT tags, and 
we used a small forceps to manually remove PIT tags from these indi-
viduals. We then reweighed the focal individual, placed it in front of a 
fan and applied alcohol to its legs with a cotton ball to promote heat 
loss and provided water ad libitum to help restore water balance. Once 
birds had recovered and resumed normal behaviour (~30–60 min), they 
were transported to the site of capture in cloth bags and released.

2.4 | Respirometry system and gas analysis

We used push-mode flow-through respirometry (Lighton & 
Halsey, 2011; Withers, 2001) to measure gas exchange of one in-
dividual at a time during the heat stress experiments. We pushed 
incurrent air (PP2 pump; Sable Systems, Inc.) through a column of 
Drierite to remove water and then pumped dried air into a mass-flow 
meter (Flowbar-8; Sable Systems, Inc.) that divided the air stream 
into two channels, each plumbed through Bevaline IV tubing (Cole-
Parmer) to a separate respirometry chamber. One empty chamber 
(baseline) served as a reference to the animal chamber. During exper-
iments, birds rested in the chamber on a perch made of wire mesh. 
The chamber inlet was situated on the lid of the chamber and the 
chamber outlet was on the side of the chamber opposite to the inlet 
to ensure that incurrent air flowed directly across the bird before ex-
iting the chamber. Flow rates (500–3,000 ml/min) and chamber sizes 
(1.97 or 4.53 L) varied depending on the size of the focal species, 
with higher flow rates and larger chambers used for larger species. 
Excurrent air from one chamber at a time was subsampled manually 
at 100–150 ml/min through barrel syringes, scrubbed of water va-
pour (Drierite) and analysed for %CO2 (FoxBox; Sable Systems, Inc.).

Humidity has been shown to influence the thermoregulatory re-
sponses of birds to high temperatures (Gerson et al., 2014; McKechnie 
& Wolf, 2019; Powers, 1992), so we progressively increased flow rates 
throughout experiments to maintain chamber humidity below 25% (i.e. 
the relative humidity at 40°C above which evaporative cooling capac-
ity is substantially inhibited; McKechnie & Wolf, 2019). However, at 
higher air temperatures, water vapour pressure increases. As a result, 
relative humidities exceeded 25% in 30.3% (n = 77) of our experiments, 
although we were able to maintain chamber humidity below 30% RH 
in all cases. The maximum water vapour pressure recorded during 
all experiments (3.7 kPa) was well within the range of water vapour 
pressures experienced by birds at both the temperate (1.9–4.2 kPa) 
and tropical (2.6–4.8 kPa) study sites, indicating that experimental 

humidities were ecologically relevant. Nevertheless, to account for the 
impact of humidity on metrics of heat tolerance, we included maximum 
experimental water vapour pressure as a covariate in our analysis (see 
Section 2.8 section below).

During each experiment, we recorded Tb at 10-s intervals using 
a PIT tag reader (HPRPlus Reader, Biomark, Inc.) and the program 
Bioterm (Biomark, Inc.) and flow rate, Ta, and %CO2 in each chamber 
at 1-s intervals using the program Expedata (Sable Systems, Inc.). We 
used a Catmull-Rom spline correction to correct for drift and then 
converted %CO2 to V̇ CO2 (rate of CO2 production, measured in ml 
CO2/min) using equation (10.5) from Lighton (2008) and assuming an 
RQ of 0.85 (Gessaman & Nagy, 1988).

2.5 | Characterizing heat tolerances

2.5.1 | Upper critical temperature (UCT)

As defined by McNab (2002), the UCT is the upper limit of the ther-
moneutral zone, above which an endotherm must rely on evapo-
rative cooling to maintain temperature homeostasis (Figure 1). To 
estimate the UCT of focal individuals, we obtained 3-min averages 
of V̇ CO2 and corresponding Ta for each individual throughout the ex-
periment, generating a series of paired Ta and V̇ CO2 measurements. 
We then identified inflection points in the relationship between Ta 
and V̇ CO2 using piecewise linear regression (r package segmented; 
(Muggeo, 2008).

2.5.2 | Slope of the relationship between Tb and Ta 
(Tbslope)

Above the UCT, birds rely on evaporative cooling to maintain a stable 
internal Tb and reduce heat load (McNab, 2002). To estimate the ac-
cumulation of internal heat load during heat stress experiments, pre-
vious studies have used a metric termed the ‘coefficient of heat strain’ 
(HScoeff), defined as the slope of the relationship between metabolic 
heat production and Ta (Weathers, 1981, 1997; Whitfield et al., 2015). 
One potential problem with the HScoeff is that birds exhibit substan-
tial variation in their ability to dissipate heat (Dawson, 1982), and 
therefore increases in metabolic heat production do not necessarily 
translate directly into increases in heat load. To control for interspe-
cific variation in evaporative heat loss capacity, we instead opted to 
use Tbslope—the slope of the relationship between Tb and Ta, because 
we were interested in quantifying the accumulation of internal body 
heat in relation to increasing air temperature.

2.5.3 | Heat tolerance limit (HTL)

We defined HTL as the Ta at which onset of hyperthermia (i.e. loss 
of Tb regulation) occurred (McKechnie & Wolf, 2019; Whitfield 
et al., 2015). Hyperthermia can result from physiological limitation 



     |  97Functional EcologyPOLLOCK et aL.

of heat dissipation rates or acute dehydration (Albright et al., 2017). 
We deemed birds to have reached HTL if they (a) exhibited signs 
of distress associated with hyperthermia such as loss of coordina-
tion (Whitfield et al., 2015) or (b) exhibited rapid increases in Tb of 
≥0.5°C/min over a 3-min interval consistent with uncontrolled hy-
perthermia (McKechnie & Wolf, 2019).

In combination, UCT, Tbslope, and HTL allow for a thorough 
characterization of heat tolerance in endotherms. The UCT rep-
resents the temperature at which endotherms begin to require 
evaporative heat loss to maintain temperature homeostasis, yet 
it is not a direct measure of how quickly endotherms accumulate 
heat (i.e. Tbslope) or how resistant they are to acute heat stress 
(i.e. HTL). In principle, Tbslope should also be functionally linked to 
HTL–organisms with higher Tbslope should accumulate heat faster 
and reach HTL at lower temperatures than organisms with low 
Tbslope (Figure 1).

2.6 | Indices of vulnerability to climate warming

We estimated vulnerability to climate warming using two indices 
related to local maximum air temperature (Tmax)—thermal safety 
margins and warming tolerances. We defined thermal safety 
margin (TSM) as the difference between Tmax at each respective 
sampling locality and the species' mean UCT (UCT–Tmax; following 
Khaliq et al., 2014). We adopted warming tolerance (WT) from the 
ectotherm literature (Duarte et al., 2012) and defined it as the dif-
ference between local Tmax and the species mean HTL (HTL–Tmax). 
Tmax data were derived from weather stations [National Oceanic 
and Atmospheric Administration's (NOAA) National Centers for 
Environmental Information's (NCEI) Climate Data Online (https://
www.ncdc.noaa.gov/cdo-web/)]. Weather station data were avail-
able for 98% of dates within the sampling period at each local-
ity (range = 94%–100%). Although these data were derived from 
weather stations located as close as possible (≤10 miles) to each 
respective sampling locality, we acknowledge that they only ap-
proximate the thermal conditions experienced by birds, and do 
not account for microclimatic variation present within the sam-
pling locality (e.g. Walsberg, 1993). We averaged daily maximum 

temperatures across the sampling period to estimate Tmax at each 
sampling locality. We chose to take the average of the daily Tmax 
across the sampling period during which the species were meas-
ured to account for the fact that most physiological traits are flex-
ible and vary depending on the environmental conditions to which 
the organism is recently exposed (Piersma & Drent, 2003; Piersma 
& van Gils, 2010).

2.7 | Controlling for phylogeny

To control for the influence of phylogeny on heat tolerances, 
we derived a phylogeny of the focal taxa (Figure S3) by prun-
ing the maximum likelihood avian phylogenetic tree of Burleigh 
et al. (2015) with the ‘drop.tip’ function in the r package ape (Paradis 
et al., 2004) to include all focal species (n = 81). We chose the 
Burleigh et al. (2015) phylogenetic tree because it contained nearly 
all (96.3%) of our focal taxa and has similar topology compared 
to other commonly used avian phylogenetic trees (e.g. Hackett 
et al., 2008; Prum et al., 2015).

Because three of our focal species (Cyphorhinus phaeocephalus, 
Malacoptila panamensis, Melanerpes rubricapillus) were not included 
in the Burleigh et al. (2015) phylogeny, we substituted three conge-
neric species (Cyphorhinus arada, Malacoptila semicincta, Melanerpes 
aurifrons, respectively) to approximate their position in the tree. 
We then used this phylogeny to conduct phylogenetic generalized 
least squares regression (PGLS). To determine which branch-length 
transformation to use, we first compared a Brownian motion model 
of trait evolution (Grafen, 1989) to an Ornstein-Uhlenbeck model 
(stabilizing selection; Martins & Hansen, 1997) using Akaike's infor-
mation criterion (AIC). The Brownian motion model had lower AIC 
scores, and so we retained this model of trait evolution for further 
phylogenetic analyses.

We estimated Pagel's λ (Pagel, 1999) in the residual error of each 
regression model while simultaneously estimating regression param-
eters (Revell, 2010), and then scaled regression models using the es-
timates of λ. We detected phylogenetic signal in the residuals of all 
physiological traits (Table 1) and therefore we only present results 
from PGLS regressions (following Freckleton, 2009).

TA B L E  1   Phylogenetic generalized least squares regression regression model outputs for upper critical temperature (UCT), slope of 
the relationship between air temperature and body temperature (Tbslope), heat tolerance limit (HTL) thermal safety margin (TSM) and 
warming tolerance (WT). Main effects for all models included sampling locality (temperate vs. tropical), body mass (Mb), and maximum water 
vapour pressure measured during the experiment (WVP). M ± SD for tropical and temperate species for each trait is shown, as well as the 
phylogenetic signal (λ) and p-value of each main effect. Bold font indicates a significant p-value (α = 0.05)

Model

M ± SD (°C)

λ p(locality) p(Mb) p(WVP)Tropical Temperate

HTL ~ locality + Mb + WVP 43.0 ± 1.6 45.2 ± 2.0 0.48 <0.0001 0.74 <0.0001

UCT ~ locality + Mb + WVP 37.6 ± 1.5 38.7 ± 1.8 0.41 0.01 0.26 0.001

Tbslope ~ locality + Mb + WVP 0.55 ± 0.27 0.48 ± 0.29 0.50 0.39 0.60 0.15

TSM ~ locality + Mb + WVP 8.6 ± 1.5 8.3 ± 1.8 0.41 0.18 0.26 0.001

WT ~ locality + Mb + WVP 14.0 ± 1.6 14.8 ± 2.0 0.48 0.12 0.74 <0.0001

https://www.ncdc.noaa.gov/cdo-web/
https://www.ncdc.noaa.gov/cdo-web/
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2.8 | Statistical analysis

We used the ‘pgls’ function in the r package caper (Orme et al., 2012) 
to run all PGLS regressions. To test for differences in heat tolerances 
between tropical and temperate species, we constructed multivari-
ate additive linear models for each of the three metrics of heat tol-
erance (UCT, Tbslope, and HTL) with sampling locality (tropical vs. 
temperate), body mass (Mb) and experimental water vapour pressure 
(WVP) as main effects. We included Mb due to its well-known allo-
metric relationship with physiological traits such as basal metabolic 
rate (McKechnie & Wolf, 2004) and HTL (McKechnie, et al., 2017; 
Whitfield et al., 2015). To test for differences in sensitivity to climate 
warming between tropical and temperate species, we conducted 
analogous regressions for TM and WT. To explore phylogenetic vari-
ation in heat tolerances and sensitivity to climate warming among 
avian orders, we ran ordinary least squares (OLS) regressions with 
order as the predictor variable for all three heat tolerance metrics 
and the two metrics of sensitivity to climate warming.

In total, we measured thermoregulatory responses to acute heat 
stress in 254 individuals representing 81 species (23 temperate,  
58 tropical; Table S1) from 26 families (21 tropical, 15 temperate;  
10 families shared by both study sites) and five orders (Columbiformes, 
Coraciiformes, Passeriformes, Piciformes, Psittaciformes). Because 
we had small sample sizes (n < 3 individuals) for nearly half (39/81) 
of our focal species, we conducted analyses in two ways: (a) on the 
entire complement of focal species and (b) on 42 focal species (17 
temperate, 25 tropical) that had sample size of n ≥ 3 individuals (fol-
lowing recommendations for minimal sample sizes for physiological 
analyses in McKechnie & Wolf, 2004). We found qualitatively similar 
results between analyses for all traits (Table S2), and therefore we 

report results from the analysis of the entire complement of focal 
species.

3  | RESULTS

Multivariate models including experimental water vapour pressure 
(WVP) and body mass (Mb) revealed a significant effect of WVP on 
two of three metrics of heat tolerance (i.e. UCT, UTL) and both indi-
ces of sensitivity to climate warming (i.e TSM, WT; Table 1), whereas 
Mb did not have a significant effect on any of the three traits or ei-
ther warming index (Table 1). Specifically, WVP was positively cor-
related with all four traits–species that experienced higher maximum 
WVP during experiments tended to have higher UCTs and UTLs 
and broader TSMs and WTs (Figure S4). However, maximum WVP 
did not differ between temperate and tropical species (p = 0.11, 
Figure S5), indicating that experimental humidities were comparable 
between study sites.

After controlling for the effects of body mass and WVP, we 
found significant differences in some heat tolerance metrics be-
tween temperate and tropical bird species. Temperate species 
had higher heat tolerance limits (HTL – x = 2.2°C higher; Table 1; 
Figure 2A) and upper critical temperatures (UCT – x = 1.1°C higher; 
Table 1; Figure 2B) than tropical species. In contrast, Tbslope did not 
differ between temperate and tropical species (Table 1; Figure 2C). 
We also found substantial variation in heat tolerance metrics within 
each locality (Figure 2), but tropical species exhibited less vari-
ation than temperate species with respect to all three traits [HTL 
(CVtrop = 3.8; CVtemp = 4.5), UCT (CVtrop = 3.9; CVtemp = 4.8) and 
Tbslope (CVtrop = 49.4; CVtemp = 59.8)].

F I G U R E  2   Box plots of (A) upper 
critical temperature (UCT), (B) heat 
tolerance limit (HTL), and (C) Tbslope 
of tropical (black circles, n = 58) and 
temperate (white squares, n = 23) bird 
species. Letters above box plots denote 
significant differences (α = 0.05) between 
sampling localities as derived from PGLS 
regressions. Temperate species had 
significantly higher UCTs and HTLs than 
tropical species, whereas and Tbslope did 
not differ between temperate and tropical 
species. Exemplar species are Clay-
coloured Thrush Turdus grayi (tropical) 
and American Robin Turdus migratorius 
(temperate)
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Despite the differences in some metrics of heat tolerance be-
tween temperate and tropical birds, we found little evidence of sys-
tematic differences in sensitivity to climate warming. Thermal safety 
margins (TSM) did not differ significantly (p = 0.18) between tropical 
(x = 8.6 ± 1.5°C) and temperate species (x = 8.3 ± 1.9°C; Table 1; 
Figure 3A). Similarly, warming tolerances (WT) did not differ signifi-
cantly (p = 0.12) between tropical (14.0 ± 1.6°C) and temperate spe-
cies (14.8 ± 2.0; Table 1; Figure 3B).

Heat tolerance metrics varied substantially among species and 
orders. Across all species, HTL ranged from 39 to 49°C (x = 43.6°C), 
UCT ranged from 35 to 43°C (x = 37.9°C) and Tbslope ranged 
from 0.21 to 1.78 (x = 0.53; Table S1). Doves and pigeons (order 
Columbiformes) had significantly higher UCT, HTL, TSM, and WT 
compared to all other orders, which did not differ from one another 
(Figure 4A,B,D). Coraciiformes had significantly higher Tbslope com-
pared to all other orders, which did not differ from one another 
(Figure S6).

4  | DISCUSSION

We found significant differences in heat tolerance metrics between 
temperate and tropical birds. After controlling for body mass and 
experimental humidity, temperate species had higher HTL (~2.2°C –  
the air temperature at which hyperthermia occurred) and UCT 
(~1.1°C – the air temperature above which endotherms must ac-
tively thermoregulate via evaporative cooling), although Tbslope (the 
rate of accumulation of endogenous heat load above the UCT) did 
not differ between temperate and tropical species (Figure 2). Thus, 
on average, temperate birds tolerated higher air temperatures than 
tropical birds. Even so, estimates of sensitivity to climate warming 
(i.e., thermal safety margin and warming tolerance) did not differ be-
tween temperate and tropical species. Thus, tropical birds may not 
be systematically more susceptible to climate warming than temper-
ate birds, in contrast to previous studies of ectotherms. However, 
because we only sampled at one temperate and one tropical site, we 

F I G U R E  3   Box plots of (A) thermal 
safety margin (TSM) and (B) warming 
tolerance (WT) of tropical (black circles, 
n = 58) and temperate (white squares, 
n = 23) bird species. Letters above box 
plots denote significant differences 
(α = 0.05) between sampling localities as 
derived from PGLS regressions. Neither 
TSM nor WT differed between temperate 
and tropical species. Exemplar species 
are Clay-coloured Thrush Turdus grayi 
(tropical) and American Robin Turdus 
migratorius (temperate)
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caution that replication from other habitats and localities are needed 
to evaluate the generality of our findings.

There was a substantial degree of overlap in the distributions 
for all three heat tolerance metrics between temperate and tropical 
bird species (Figure 2), in contrast to the clear latitudinal differences 
in heat tolerance that have been described in ectotherms (Deutsch 
et al., 2008; Sunday et al., 2010, 2019). As a result, tropical and tem-
perate bird species had equally large thermal safety margins (i.e. the 
difference between maximum air temperature and the species' upper 
critical temperature) in our dataset, in contrast to conclusions de-
rived from previous meta-analyses. For example, Khaliq et al. (2014) 
reported that tropical endotherms had narrower thermal safety mar-
gins than temperate counterparts, and a greater projected degree of 
thermal mismatch (i.e. probability of experiencing air temperatures 
that exceed UCT) across their geographic distributions. This discrep-
ancy may be due to data quality issues in Khaliq et al. (2014), which 
has recently been criticized for including inaccurate or spurious UCT 
data (Wolf et al., 2017), and highlights the importance of standard-
ized data collection in broad-scale macrophysiological inference 
(Chown & Gaston, 2016; Gaston et al., 2009).

We found substantial variation in heat tolerances within and 
among avian orders, consistent with previous studies of desert 
birds (e.g. McKechnie, et al., 2017). For example, within the order 
Passeriformes, we found that HTL spanned a range of almost 10°C 
(~39–49°C). Importantly, pigeons and doves (order Columbiformes) 
had significantly higher HTLs compared to other orders, recapit-
ulating evidence of the superior heat tolerances of Columbiform 
birds relative to other avian clades (Marder & Arieli, 1988; Marder 
& Gavrieli-Levin, 1987; McKechnie et al., 2016; Smith et al., 2015). 
Correspondingly, Columbiformes had higher thermal safety margins 
and warming tolerances relative to other orders, indicating that they 
may be better able to cope with rising global temperatures relative 
to other avian orders such as Passeriformes (Albright et al., 2017). 
Interspecific variation in heat tolerance has been linked to the mech-
anism of evaporative cooling—Columbiforms rely largely on cutane-
ous evaporative water loss to dissipate heat at high environmental 
temperatures, which is much more effective than the respiratory 
evaporative water loss commonly employed by other avian lineages 
(McKechnie et al., 2016). Interestingly, the HTLs that we estimated 
for Columbiforms at our study sites ranged from ~45 to 49°C, sim-
ilar to the HTLs of desert passerines (Smith et al., 2017; Whitfield 
et al., 2015) and far below the HTLs of desert Columbiforms (>60°C; 
McKechnie et al., 2016; Smith et al., 2015). The large differences in 
HTL of mesic and desert Columbiforms further reinforce the find-
ings that heat tolerances can vary greatly within orders (McKechnie, 
et al., 2017), although it remains unclear whether acclimatization or 
local adaptation is driving these differences.

High chamber humidities (e.g. >25% relative humidity at 40°C; 
McKechnie & Wolf, 2019) can impede evaporative cooling and result 
in lower estimates of heat tolerance metrics such as UCT and HTL 
(Gerson et al., 2014; McKechnie & Wolf, 2019). Therefore, because 
relative humidity exceeded 25% in approximately 30% of our exper-
iments, we included maximum experimental water vapour pressure 

as a covariate in our analysis. We found that WVP was positively 
correlated with UCT and UTL—species with higher UCTs and UTLs 
had higher chamber humidities (Figure S4), likely because air can ab-
sorb more moisture at higher temperatures. Thus, our estimates of 
UCT and UTL may be slight underestimates of these metrics relative 
to their actual values under drier conditions that allow for maximal 
evaporative cooling potential. Nevertheless, the maximum WVP of 
any individual bird during heat stress experiments (3.7 kPa) was well 
within the range of WVPs experienced by species in the wild at both 
the temperate (1.9–4.2 kPa) and tropical (2.6–4.8 kPa) study sites, 
indicating the ecological relevance of the experimental conditions. 
Furthermore, maximum WVP did not differ between temperate and 
tropical species, indicating that experimental humidities were com-
parable and validating direct comparisons of heat tolerance met-
rics between species at each sampling locality. Future studies that 
estimate heat tolerances across a broader range of humidities will 
be necessary to quantify the impact of humidity on metrics of heat 
tolerance.

Because we only sampled birds at one tropical and one temper-
ate site characterized by differing temperature regimes (Figure S1), 
it is impossible to discern whether the observed patterns of heat 
tolerance are due to acclimatization history or genetically based trait 
differences. For example, temperate species may have higher heat 
tolerances simply due to mean daily Tmax being ~1.5°C higher at the 
temperate sampling locality (Figure S1). Furthermore, differences in 
humidity regimes between the two sampling localities could also be 
interacting with temperature to influence estimates of heat toler-
ance metrics. Future studies that collect heat tolerance data across a 
broader geographic extent (e.g. Gerson et al., 2019) and/or estimate 
the capacity for phenotypic flexibility with controlled acclimation 
or common garden experiments (sensu Wikelski et al., 2003) will be 
necessary to contextualize the patterns we report here.

4.1 | Implications for climate warming

Our estimates of thermal safety margins suggest that both temper-
ate and tropical bird species are currently often experiencing air tem-
peratures that are well below their UCTs. In fact, even a projected 
2°C increase in global mean Ta and increases in mean maximum Ta of 
3–4°C by 2050 (IPCC, 2018) would not exceed the thermal safety 
margins of any bird species we measured. Furthermore, warming 
tolerances did not differ between temperate and tropical species, 
and virtually all species had warming tolerances in excess of 10°C. 
Our results are again in contrast to Khaliq et al. (2014), who found 
that 15% of bird species they sampled were currently already ex-
periencing temperatures beyond their thermal safety margins and 
thus, already experiencing physiological impacts of climate warming. 
While our findings suggest that birds from mesic habitats may be 
more buffered from rising temperatures than previously suggested, 
it is important to consider maximum Ta as a distribution rather than 
a mean value. Extreme heat waves are increasing in frequency and 
intensity with climate change (Russo et al., 2014) and are projected 
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to cause catastrophic mortality in birds inhabiting arid environments 
world-wide (Albright et al., 2017; Conradie et al., 2020; McKechnie 
& Wolf, 2010). Extreme heat waves could similarly impact mesic bird 
populations by (a) exceeding their warming tolerance and resulting 
in direct mortality (e.g. Bourne et al., 2020; Van de Ven et al., 2020) 
or (b) exceeding their thermal safety margins and resulting in suble-
thal fitness impacts such as reduced activity and body condition (du 
Plessis et al., 2012) or impaired social interactions (Rat et al., 2020). 
Thus, future modelling scenarios should take these factors into con-
sideration when attempting to predict the complex impacts of cli-
mate warming on bird populations. Nevertheless, the conclusion that 
tropical birds are systematically more vulnerable to climate warming 
than their temperate counterparts, as has been suggested repeat-
edly in the literature (Jetz et al., 2007; Khaliq et al., 2014; La Sorte 
& Jetz, 2010; Şekercioğlu et al., 2012), may need to be re-assessed.

Although our results are an important first step towards un-
derstanding the impacts of climate warming on endotherms, there 
are several factors that may influence physiological responses of 
birds to high air temperatures and should be considered in future 
analyses. First, we did not measure thermoregulatory responses to 
operative temperatures (sensu Bakken, 1976), which incorporate hu-
midity and solar radiation and can often far exceed air temperatures 
(Walsberg, 1993; Wolf & Walsberg, 1996). Operative temperatures 
that exceed birds' thermal safety margins could still have sublethal 
impacts on energy expenditure and resource allocation that impact 
fitness (Du Plessis et al., 2012; Van de Ven et al., 2019). Second, pe-
riodic temperature extremes or climatic events such as heat waves 
may result in air temperatures that exceed birds' thermal safety mar-
gins and may exert strong selective pressures on bird populations 
(McKechnie & Wolf, 2010). The threat of acute heat stress may be 
particularly strong for desert bird species, which are regularly ex-
posed to extremely high Ta and have far greater HTL (i.e. <60°C) 
than those of the mesic species described in our analysis (McKechnie 
et al., 2016; Smith et al., 2015; Whitfield et al., 2015). Indeed, desert 
species are already projected to be much more vulnerable to climate 
warming (Albright et al., 2017; Conradie et al., 2020; McKechnie & 
Wolf, 2010). Future studies that estimate heat tolerances of species 
from different biomes and take into account the influence of other 
environmental factors (e.g. humidity, solar radiation, wind, etc.) on 
thermoregulation will be necessary to evaluate the generality of the 
conclusions derived from this analysis. Similar studies in mammals are 
also needed to determine the applicability of these conclusions for 
endotherms in general (McKechnie & Wolf, 2019). Incorporating heat 
tolerances into mechanistic niche models (Kearney & Porter, 2009) 
and accounting for acclimatization capacity (Somero, 2010) will add 
much greater precision to estimates of the biological impacts of cli-
mate warming (e.g. Buckley et al., 2011).
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