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Abstract
1.	 Facultative	hyperthermia,	the	elevation	of	body	temperature	above	normother-
mic	levels,	during	heat	exposure,	importantly	affects	the	water	economy	and	heat	
balance	of	terrestrial	endotherms.	We	currently	lack	a	mechanistic	understanding	
of	the	benefits	hyperthermia	provides	for	avian	taxa.

2.	 Facultative	hyperthermia	has	been	proposed	to	minimize	rates	of	water	loss	via	
three	distinct	mechanisms:	M1)	by	maintaining	body	temperature	(Tb)	above	envi-
ronmental	 temperatures	 (Te),	 heat	 can	 be	 lost	 non-evaporatively,	 saving	water;	
M2)	by	minimizing	the	thermal	gradient	when	Te > Tb,	environmental	heat	gain	and	
evaporative	water	loss	rates	are	reduced;	and	M3)	by	storing	heat	via	increases	in	
Tb	which	reduces	evaporative	heat	loss	demands	and	conserves	water.

3.	 Although	individuals	may	benefit	from	all	three	mechanisms	during	heat	exposure,	
the	relative	importance	of	each	mechanism	has	not	been	quantified	among	spe-
cies	that	differ	in	their	body	size,	heat	tolerance	and	mechanisms	of	evaporative	
heat	dissipation.

4.	 We	measured	resting	metabolism,	evaporative	water	loss	and	real-time	Tb	from	33	
species	of	birds	representing	nine	orders	ranging	in	mass	from	8	to	300	g	and	es-
timated	the	water	savings	associated	with	each	proposed	mechanism.	We	show	
that	facultative	hyperthermia	varies	in	its	benefits	among	species.

5.	 Small	 songbirds	 with	 comparatively	 low	 evaporative	 cooling	 capacities	 benefit	
most	from	(M1),	and	hyperthermia	maintains	a	thermal	gradient	that	allows	non-
evaporative	 heat	 losses.	 Other	 species	 benefited	 most	 from	 (M2)	 minimizing	
evaporative	 losses	 via	 a	 reduced	 thermal	 gradient	 for	 heat	 gain	 at	 high	Te.	We	
found	 that	 (M3),	 heat	 storage,	 only	 improved	 the	water	 economy	of	 the	 sand-
grouse,	providing	little	benefit	to	other	species.

6.	 We	propose	that	differences	in	the	frequency	and	magnitude	of	hyperthermia	will	
drive	taxon-specific	differences	in	temperature	sensitivity	of	tissues	and	enzymes	
and	 that	 the	 evolution	 of	 thermoregulatory	 mechanisms	 of	 evaporative	 heat	
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1  | INTRODUC TION

Life	in	arid	terrestrial	environments	represents	a	constant	challenge	
for	small	endotherms,	which	are	persistently	subjected	to	a	desic-
cating	 environment.	 Under	 modest	 environmental	 temperatures	
where	Tair <Tb,	high	mass-specific	metabolic	rates	and	the	need	to	
frequently	 ventilate	 the	 respiratory	 surfaces	 produce	 rapid	 dehy-
dration	 in	 both	mammals	 and	 birds	 (Bartholomew	&	 Cade,	 1963;	
Schmidt-Nielsen,	 1964;	Wolf	&	Walsberg,	 1996b).	At	 higher	 envi-
ronmental	temperatures,	when	operative	temperatures	(Te),	a	value	
that	integrates	the	effects	of	conduction,	convection	and	radiation	
on	an	animals’	heat	balance,	exceeds	an	animal's	body	temperature	
(Tb),	 both	metabolic	 and	 environmental	 heat	 loads	must	 be	 dissi-
pated	 through	 evaporation,	 which	 increases	 rapidly	 at	 high	 envi-
ronmental	temperatures	 (Bakken,	1976;	Wolf	&	Walsberg,	1996b).	
Water	conservation	is	thus	a	high	priority	for	desert	animals	and	has	
importantly	 shaped	 their	 behaviour,	 morphology	 and	 physiology.	
Most	small	mammals,	for	example,	are	nocturnal	and	thus	directly	
avoid	 the	 high	 temperatures	 associated	 with	 the	 desert	 environ-
ment	 (Schmidt-Nielsen,	1964;	Walsberg,	2000).	Birds,	 in	 contrast,	
are	 largely	diurnal	and	must	 routinely	confront	extremely	high	air	
temperatures	and	intense	solar	heat	loads	during	their	daily	activity	
(Wolf	&	Walsberg,	1996a).

It	is	well	known	that	average	body	temperatures	of	birds	(~41°C)	
are	substantially	higher	 than	 those	of	mammals	 (~37°C;	Wetmore,	
1921;	Wislocki,	1933;	Dawson	&	Schmidt-Nielsen,	1964).	Although	
mammals	and	birds	are	often	characterized	as	strict	homeotherms,	
many	species	have	the	ability	to	both	increase	and	decrease	Tb over 
diel	and	seasonal	time-scales	(Boyles	et	al.,	2013).	Furthermore,	pat-
terns	of	Tb	variation	can	differ	among	and	within	species	and	may	be	
correlated	with	physiological	factors	such	as	body	condition	or	hy-
dration	status,	and/or	environmental	factors	such	as	food	availabil-
ity,	environmental	temperature	and	precipitation	(Schmidt-Nielsen,	
Schmidt-Nielsen,	 Jarnum,	 &	 Haupt,	 1956;	 Smit,	 Harding,	 Hockey,	
&	 McKechnie,	 2013).	 Thus,	 endothermy	 manifests	 as	 a	 range	 of	
thermoregulatory	 phenotypes,	 but	 a	 lack	 of	 understanding	 of	 the	
adaptive	significance	of	 these	thermoregulatory	phenotypes	 limits	
our	understanding	of	the	role	of	endothermy	as	a	whole	(Angilletta,	
Cooper,	 Schuler,	 &	 Boyles,	 2010;	 Boyles	 et	 al.,	 2013;	 Levesque,	
Menzies,	Landry-Cuerrier,	Larocque,	&	Humphries,	2017).

Many	studies	of	mammals	and	birds	have	investigated	the	adap-
tive	 role	 of	 facultative,	 regulated	 hypothermia,	 usually	 in	 the	 ex-
treme	cases	of	daily	torpor	and	seasonal	hibernation	(McKechnie	&	
Lovegrove,	2002;	Ruf	&	Geiser,	2014).	The	adaptive	significance	of	
regulated	hypothermia	 is	readily	apparent	as	a	mechanism	that	re-
duces	energy	demand	and	increases	survival.	In	contrast,	although	
variation	in	Tb	above	normothermic	values	has	been	well	documented	
in	a	wide	variety	of	endotherms,	from	pioneering	studies	of	heat	tol-
erance	in	camels	(Schmidt-Nielsen	et	al.,	1956),	towhees	and	mourn-
ing	doves	(Bartholomew	&	Dawson,	1954;	Dawson,	1954),	to	more	
recent	studies	on	fluctuations	in	Tb	in	tropical	mammals	(Levesque,	
2018),	the	data	available	for	a	direct	assessment	of	the	benefits	of	
hyperthermia	to	the	heat	balance	and	water	economy	across	avian	
taxa,	with	 body	 size,	 and	 its	 association	with	 heat	 tolerance	 have	
been	very	limited	(Calder	&	King,	1974;	Tieleman	&	Williams,	1999;	
Weathers,	1981).

Birds	 experiencing	 high	 environmental	 temperatures	 often	 ex-
hibit	 hyperthermia,	 with	 Tb	 increasing	 above	 typical	 active-phase	
values	of	~40–41°C,	reaching	levels	as	high	as	45–47°C,	the	upper	
range	of	which	is	thought	to	represent	avian	lethal	limits	(Dawson,	
1954).	These	 increases	 in	Tb	above	normothermic	values	are	often	
not	 a	 failure	 of	 thermoregulation	 (i.e.	 pathological	 hyperthermia)	
but	 rather	 represent	a	 facultative	physiological	 response	 involving	
a	 temporarily	 increased	 set	 point,	 as	 has	 been	 shown	 in	 a	 num-
ber	 of	 early	 (e.g.	 Dawson,	 1954;	 Bartholomew	 &	 Dawson,	 1958;	
Dawson	&	Fisher,	1969	and	more	recent	studies	Gerson,	Smith,	Smit,	
McKechnie,	&	Wolf,	2014;	O'Connor,	Wolf,	Brigham,	&	McKechnie,	
2017;	 Smit	 et	 al.,	 2013;	 Smith,	 O'Neill,	 Gerson,	 &	 Wolf,	 2015;	
Whitfield,	 Smit,	 McKechnie,	 &	Wolf,	 2015).	 These	 recent	 studies	
have	evaluated	Tb	under	conditions	of	high	Te	and	have	shown	that	
a	 stepwise	 increase	 in	Te results	 in	a	corresponding	 increase	 in	Tb. 
This	pattern	continues	with	increasing	Te	until	a	maximal	heat	load	is	
reached,	beyond	which	a	controlled,	stable	Tb	can	no	longer	be	main-
tained	and	Tb	 steadily	 rises	 to	 lethal	 levels.	This	 final	stage	 is	very	
similar	to	typical,	well-documented	patterns	of	Tb	in	response	to	high	
heat	loads	in	many	species	of	endotherms	(Leon	&	Helwig,	2010).

Facultative,	 regulated	 hyperthermia	 has	 been	 proposed	 to	
benefit	 the	 water	 economy	 of	 birds	 by	 one	 or	 more	mechanisms	
(Figure	1).	The	first	of	these	mechanisms	(M1)	maintains	a	gradient	
for	passive	heat	loss	by	increasing	Tb	with	increasing	Te.	Maintaining	

dissipation	 may	 contribute	 to	 differences	 in	 basal	 metabolic	 rate	 among	 avian	
orders.

7.	 Understanding	the	mechanistic	basis	of	heat	tolerance	is	essential	to	advance	our	
understanding	of	the	ecology	of	birds	living	in	hot	environments	that	are	warming	
rapidly,	where	extreme	heat	events	are	already	re-structuring	avian	communities.
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Tb> Te	allows	for	dissipation	of	excess	heat	by	the	animal	via	dry	heat	
loss	(conduction,	convection	and	radiation)	and	reduces	evaporative	
demands	by	delaying	or	avoiding	the	scenario	where	Te	exceeds	Tb. 
The	second	mechanism	(M2)	applies	most	when	Te >Tb	as	increasing	
Tb	minimizes	the	thermal	gradient	between	the	animal	and	the	envi-
ronment,	reducing	heat	gain,	and	lower	rates	of	evaporative	water	
loss	 are	 required	 to	 maintain	 heat	 balance.	 The	 third	 mechanism	
(M3)	maintains	 that	 as	Tb	 increases,	heat	 is	 stored	 in	body	 tissues	
and	 represents	 heat	 that	was	 not	 dissipated	 evaporatively,	 saving	
water,	 as	 long	as	 stored	heat	 is	dissipated	non-evaporatively	once	
the	 thermal	gradient	 is	again	 favourable	 to	dry	heat	 loss	 from	the	
animal	to	the	environment	(Tb > Te).	This	would	allow	animals	to	save	
water	during	the	hottest	parts	of	the	day	by	tolerating	a	temporarily	
high	Tb	 (Bartholomew	&	Cade,	1963;	Schmidt-Nielsen	et	al.,	1956;	
Tieleman	&	Williams,	1999).

Here,	we	investigate	the	functional	significance	of	hyperthermia	
in	33	species	of	bird	representing	nine	orders,	and	we	use	these	data	
to	empirically	quantify	each	of	the	proposed	benefits	of	hyperther-
mia	and	how	they	vary	with	body	mass	and	phylogeny.	Our	analysis	
includes	a	phylogenetically	and	biogeographically	diverse	sample	of	
metabolic	rate,	water	loss	and	real-time	Tb	data	from	desert	birds	in	
response	 to	 ecologically	 relevant	 high	 temperatures.	 Prior	 studies	
(see	data	sources	below;	Table	S2)	have	focused	on	the	physiologi-
cal	performance	of	individual	species	that	regularly	experience	high	
temperatures;	however,	each	of	these	studies	alone	does	not	capture	
the	diversity	of	thermoregulatory	strategies	employed	 in	response	
to	 high	 temperature	 across	 avian	 taxa.	 Therefore,	 a	 broad-scale	
phylogenetic	 and	mechanistic	 analysis	 of	 the	 use	of	 hyperthermia	
is	needed	to	assess	the	broad	patterns	of	physiological	responses	to	
heat	from	which	we	can	then	deduce	the	ecological	and	evolutionary	
significance	of	hyperthermia.

2  | MATERIAL S AND METHODS

2.1 | Data Sources

Data	for	32	of	the	species	included	in	this	study	were	previously	
published	 (McKechnie	et	al.,	2017;	McKechnie,	Smit	et	al.,	2016;	
McKechnie,	Whitfield	et	al.,	2016;	McWhorter	et	al.,	2018;	Smit	et	
al.,	2018;	Smith,	O'Neill,	Gerson,	McKechnie,	&	Wolf,	2017;	Smith	
et	 al.,	 2015;	 Talbot,	 Gerson,	 Smith,	 McKechnie,	 &	 Wolf,	 2018;	
Talbot,	McWhorter,	Gerson,	McKechnie,	&	Wolf,	2017;	Whitfield	
et	 al.,	 2015)	 see	 Table	 S2),	 whereas	 the	 remaining	 species	 (red-
billed	 buffalo-weaver, Bubalornis niger)	 has	 not	 been	 published	
elsewhere.	The	published	studies	detail	the	conditions	of	capture,	
holding	and	how	temperature	trials	were	performed,	which	all	fol-
lowed	 similar	protocols.	Briefly,	 birds	were	almost	 always	evalu-
ated	on	the	day	of	capture,	but	occasionally	were	held	overnight.	
Following	 capture,	 a	 temperature-sensitive	 passive	 integrated	
transponder	(PIT)	tag	was	implanted	into	the	abdominal	cavity	to	
measure	core	Tb	continuously,	and	birds	were	allowed	to	recover	
before	being	placed	 in	a	respirometry	chamber	where	they	were	
exposed	to	stepwise	increases	in	Ta	from	30°C	to	the	upper	ther-
mal	limit,	during	which	time	the	rate	of	carbon	dioxide	production	
(VCO2),	water	 loss	(VH2O)	and	Tb	was	measured	continuously.	At	
each	 air	 temperature	 (Ta),	 which	 approximates	 Te	 under	 our	 ex-
perimental	 conditions,	 birds	 were	 allowed	 time	 to	 habituate	 for	
10–30	min	to	the	conditions	inside	the	chamber	to	ensure	both	Tb 
and	the	gas	exchange	measurements	approximated	steady	state.	
Measurements	 commenced	 once	Tb,	VCO2 and VH2O	 stabilized.	
All	energy	and	water	fluxes	were	converted	to	mW	using	appro-
priate	respiratory	exchange	ratio	(RER)	and	thermal	equivalencies	
as	 described	 for	 each	 study	 which	 followed	 (Walsberg	 &	Wolf,	

F I G U R E  1  Schematic	representation	of	the	proposed	benefits	of	hyperthermia.	M1—Maximize non‐evaporative heat loss :	As	
environmental	temperature	increases,	an	increase	in	Tb	maintains	a	favourable	gradient	(Tb > Te)	for	non-evaporative	heat	loss	while	delaying	
increases	in	rates	of	evaporative	water	loss.	M2—Reduced evaporative water loss rate :	A	Te	approaches	and	surpasses	Tb,	hyperthermia	
minimizes	the	gradient	between	the	animal	and	the	environment	and	lower	rates	of	evaporation	are	required	to	defend	a	higher	Tb.	M3—
Heat storage: In	addition	to	minimizing	the	temperature	gradient,	heat	stored	in	tissues	is	not	dissipated	evaporatively	saving	water
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1995).	We	then	used	standard	heat	balance	equations	to	evaluate	
the	three	hypothesized	benefits	of	hyperthermia.	Using	these	data	
and	standard	heat	balance	equations	(Equations	1	&	3	below),	we	
were	able	to	calculate	H	(dry	heat	loss;	mW)	and	h	(heat	transfer	
coefficient;	mW	per	°C)	across	a	range	of	 temperatures	for	 indi-
viduals	of	each	of	the	species	tested	(Table	S1).

2.2 | Calculations

Using	metabolic	rate	(M),	evaporative	water	loss	rate	(E)	and	Tb	data,	
dry	heat	loss	(H;	mW)	was	calculated	for	each	Ta	experienced	by	each	
individual	bird	as	follows:

where	H	 is	 the	dry	heat	 loss	when	 (+)	and	dry	heat	gain	when	
(-),	M	is	metabolic	rate	in	mW,	E	is	evaporative	heat	loss	in	mW,	C	is	
the	specific	heat	capacity	for	the	bird	which	is	simply	the	product	of	
body	mass	and	the	specific	heat	of	tissues	(3.35	J	g-1	°C-1),	and	dTb/dt 
is	the	rate	of	change	in	body	temperature	in	°C/s,	which	was	always	
close	to	zero	indicating	the	animal	was	in	steady	state	(Bakken,	1976;	
Tieleman	&	Williams,	1999).

The	dry	heat	transfer	coefficient	(h)	was	calculated	by	rearrang-
ing	the	heat	balance	equation.

to	solve	for	h	to	yield.

where	Ta	 is	 the	 air	 temperature	 in	 the	metabolic	 chamber	 and	
Tb	is	the	body	temperature	of	the	bird.	For	additional	details	on	the	
calculation	of	h including	our	procedure	for	estimating	h	where	in-
determinate	forms	resulted	from	our	calculations,	see	Appendix	S1.

Once	H and h	had	been	calculated,	we	were	able	to	evaluate	the	
proposed	hypotheses	in	the	following	ways:

M1)	To	determine	whether	birds	allow	Tb	to	track	Ta	as	a	means	
to	prevent	an	inversion	of	the	temperature	gradient,	leading	to	net	
heat	 gain	 from	 the	 environment,	 we	 restricted	 the	 dataset	 to	 in-
stances	where	Ta <Tb	and	then	determined	the	upper	95%	quantile	
of Tb	reached	by	each	species	while	still	maintaining	Ta <Tb.	We	also	
used	general	linear	mixed	models	to	investigate	interspecific	varia-
tion	 in	 the	 relationship	between	 (Tb-Ta)	and	Ta,	where	 the	slope	of	
this	negative	relationship	provides	a	metric	for	how	closely	Tb	tracks	
increases	in	Ta	(see	Appendix	S1).	For	each	of	these	metrics,	we	used	
the	 statistical	 approach	 outlined	 below,	 and	 we	 investigated	 the	
phylogenetic	signal	for	each	of	these	traits	by	calculating	phyloge-
netic	 independent	 contrasts	 (PIC)	 to	 investigate	 the	 phylogenetic	
and	body	mass	as	drivers	of	these	traits.

M2)	To	quantify	 the	 reduction	 in	evaporative	water	 losses	be-
cause	 of	 the	 use	 of	 hyperthermia,	 equation	 3	 was	 rearranged	 to	
solve	for	evaporative	water	loss	(E)	using	our	calculated	value	of	h 
using	all	empirically	measured	values.	This	value	of	E	was	compared	

to	measured	values	 as	 a	 validation	of	our	 calculated	h values.	We	
then	also	calculated	normothermic	evaporative	water	loss	(E’)	using	
normothermic	Tb	 (mean	Tb	of	 inactive	birds	at	Ta	<35°C)	instead	of	
measured	Tb	 to	estimate	evaporative	water	 loss	 in	 the	absence	of	
hyperthermia.	Thus,	E’ represents	the	rate	of	evaporative	water	loss	
that	would	occur	if	a	constant	and	normothermic	Tb were defended 
over	the	entire	range	of	Ta	for	each	species,	and	assuming	all	other	
parameters	remain	unchanged.	The	difference	between	E and E’	 is	
the	water	 savings	 due	 to	 hyperthermia	 and	was	 evaluated	 among	
species	as	a	function	of	Ta	above	39°C,	and	again,	we	evaluated	the	
phylogenetic	signal	and	generated	PIC	for	the	slopes	of	this	relation-
ship	to	investigate	the	importance	of	phylogeny	and	mass	scaling	to	
the	variation	we	found	in	this	trait.

M3)	To	determine	the	water	savings	due	to	heat	storage,	we	first	
determined	the	difference	between	Tb	at	a	particular	Ta value and 
normothermic	Tb.	 The	product	of	 this	 difference	 in	Tb,	 body	mass	
(Mb)	of	the	bird	and	the	specific	heat	of	body	tissues	(assumed	to	be	
3.35	J	g-1	°C-1)	was	 divided	 by	 the	 specific	 heat	 of	 vaporization	 of	
water	(2.43	J/g)	to	yield	an	estimate	of	the	mass	of	water	that	would	
have	been	required	to	dissipate	the	stored	heat.

2.3 | Statistics

The	 relationships	 for	 all	 three	mechanisms	were	evaluated	 among	
species	using	a	general	linear	mixed	model	with	individual	as	a	random	
factor	 and	 all	 two-way	 interactions.	 For	 all	models,	 	nonsignificant	 
(>	0.05)	terms	were	removed	using	backward	stepwise	model	selec-
tion	until	only	significant	terms	remained.	When	a	significant	inter-
action	including	species	as	a	factor	was	identified,	the	slopes	±95%	
CI	were	reported,	and	overlap	of	confidence	intervals	was	used	to	
evaluate	differences.	For	each	hypothesis,	the	derived	slopes	were	
regressed	against	Mb	to	evaluate	the	scaling	of	various	traits.	In	these	
instances,	we	also	determined	the	phylogenetic	signal	of	these	traits	
and	derived	phylogenetic	independent	contrasts	(PIC)	to	remove	in-
fluence	of	phylogeny	on	these	data	before	investigating	scaling	re-
lationships,	using	a	similar	approach	to	Rodriguez	et	al.	 (2015).	We	
downloaded	a	subset	of	100	phylogenies	that	included	all	our	spe-
cies	in	our	dataset	from	http://www.birdtree.org	(Jetz,	Thomas,	Joy,	
Hartmann,	&	Mooers,	2012)	using	the	Hackett	et	al.,	2008	(Hackett	
et	al.,	2008)	phylogeny	as	a	backbone.	We	then	derived	a	consen-
sus	tree	and	determined	branch	lengths	using	the	ape	package	in	R	
(Paradis,	2011).	Continuous	trait	 figures	were	developed	using	the	
phytools	package	(Revell,	2013)	and	phylosig,	with	PIC	tools	from	this	
package	used	to	estimate	phylogenetic	signal	as	well	as	phylogenetic	
independent	contrasts

3  | RESULTS

We	analysed	 data	 for	 33	 species	 representing	 nine	 orders,	 span-
ning	a	~	36-fold	Mb	range	of	8.6–308.0	g	(Table	S1).	We	found	large	
variation	 among	 species	 in	 the	 maximal	 thermal	 gradient	 (Tb−Ta)	
defended,	 ranging	 from	 −1.4°C	 at	 Ta	=	46.2°C	 for	 yellow-plumed	

(1)H=M−E−C(dTb∕dt)

(2)M−E−C(dTb∕dt)=h(Tb−Ta)

(3)h=M−E−C(dTb∕dt)∕(Tb−Ta)

http://www.birdtree.org
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honeyeaters	 (Lichenostomus ornatus)	 to	−23.2°C	at	Ta	=	64.6°C	for	
white-winged	doves	 (Zenaida asiatica).	At	Ta	>37°C,	 the	 rate	of	Tb 
increase	in	response	to	rising	Ta	differed	among	species	(species	x	
temperature:	F32,744	=	14.3,	p	<	0.001).	Consequently,	we	evaluated	
this	relationship	for	each	species	independently	using	linear	mixed	
effects	 models	 and	 report	 parameter	 estimates	 with	 95%	 CI	 for	
each	species	in	Table	S1.	All	species	showed	an	increase	in	Tb	with	
increasing	Ta,	with	slopes	ranging	~7-fold	from	0.05°C	per	°C	for	the	
mourning	 dove	 to	 0.37°C	 per	 °C	 for	 the	 scaly-feathered	weaver.	
Due	to	 the	scaling	of	surface	area	 to	mass,	we	hypothesized	that	
the	slope	of	the	relationship	between	Ta and Tb	would	show	strong	
scaling	with	Mb.	To	evaluate	this	possibility,	we	 initially	compared	
natural	 log-transformed	 slopes	 from	 each	 species	 to	 natural	 log	
(Mb)	 using	 traditional	 linear	models	 and	 found	no	 significant	 rela-
tionship	(F1,31	=	3.60,	p	=	0.067).	We	then	determined	the	phyloge-
netic	signal	for	mass	(K	=	0.14,	p	=	0.098,	Lambda	=	0.39,	p	=	0.03)	
and	 for	 slope	 of	 Tb	 (K	=	0.17,	 p	=	0.039;	 Lambda	=	0.27,	 p	=	0.06)	
and	 calculated	 phylogenetic	 independent	 contrasts	 both	 for	 the	
log-transformed	 slope	 of	 Tb	 at	 Ta	 >37°C	 and	 for	 log-transformed	
Mb.	 By	 correcting	 for	 phylogeny,	 the	 relationship	 between	 body	
mass	and	slope	of	Tb	above	37°C	became	significant	 (F1,31	=	4.64,	
p	=	0.039)	indicating	unique	physiological	adaptations	within	some	
avian	taxa	that	offset	the	impact	of	Mb	alone	on	net	heat	gain	from	
the	environment.

3.1 | M1—Maximize non‐evaporative heat loss

We	 found	 a	 significant	 relationship	 between	 log	 95%	 quantile	
Tb	 and	 log	 mean	 Mb	 (F1,31	= 11.975,	 p	=	0.001;	 log(Tb)	=	3.806–
0.0150	(log	Mb);	Figure	2a).	Again,	we	evaluated	this	relationship	
using	PIC	and	this	relationship	remained	significant	(F1,31	=	10.99,	
p < 0.002; m =	−0.012)	due	to	the	weak	to	moderate	phylogenetic	

signal	 for	mass	 (K	=	0.14,	 p	=	0.09;	 Lambda	=	0.39,	 p	=	0.03)	 and	
a	moderate	phylogenetic	 signal	 for	95%	quantile	of	Tb	 (K	=	0.25,	
p	=	0.002;	 Lambda	=	0.71,	 p	<	0.001;	 Figure	 2b).	 Species	 with	
low Mb	 attained	 the	 highest	 Tb	 while	 still	 maintaining	 a	 net	 dry	
heat	loss	to	the	environment,	compared	to	large	species,	but	this	
strategy	was	dominated	by	passerines.	Mass-independent	residu-
als	 of	 Caprimulgiformes	 (nightjars—poorwills	 and	 nighthawks)	
and	 Pterocliformes	 (sandgrouse)	 tended	 to	 be	 negative,	 indicat-
ing	these	taxa	make	less	pronounced	use	of	hyperthermia	for	the	
purpose	 of	 maintaining	 Tb> Ta.	 Passerines	 (songbirds)	 tended	 to	
have	positive	residuals,	indicating	a	high	Tb	was	reached	while	still	
maintaining	 a	 net	 positive	 dry	 heat	 loss—evidence	 in	 support	 of	
this	 thermoregulatory	 benefit	 of	 hyperthermia	 in	 these	 species	
(Figure	2a,b).

3.2 | M2—Reduce evaporation rate

The	 use	 of	 hyperthermia	 results	 in	 significant	 reductions	 in	mass-
specific	EWL	when	compared	to	the	hypothetical	situation	where	Tb 
does	not	increase	with	increasing	heat	load	(Figure	3a).	The	magni-
tude	of	the	mass-specific	savings	in	relation	to	chamber	Ta differed 
among	species	(Temperature	x	Species:	F32,	734	=	39.423,	p < 0.001; 
Figure	3a,	 Table	 S2).	 The	 greatest	water	 savings	 accrued	 from	hy-
perthermia	were	 realized	by	 small	 passerines,	 and	 the	 relationship	
between	mass-specific	 savings	 and	 Ta	 showed	moderate	 phyloge-
netic	 signal	 overall	 (K	=	0.20,	p	=	0.009;	 Lambda	=	0.42,	p	=	0.003),	
and	inspection	of	the	continuous	trait	phylogeny	(Figure	3b)	revealed	
dramatic	 variation	 among	 clades.	 Thus,	 we	 used	 PIC	 to	 identify	
the	 relationship	 between	 phylogenetically	 independent	 savings	 in	
EWL	 and	 mass	 (F1,31	=	60.48,	 p	<	0.001,	m = −0.059;	 Standard	 lm:	
F1,31	=	38.71,	p	<	0.001;	 log(EWLsavings	per	 °C)=	−0.639	 log(Mb)	+	
1.93).

F I G U R E  2   	(a)	Maximal	body	temperature	while	Ta	exceeds	Tb	scales	negatively	with	body	mass	(natural	log).	Small-bodied	birds	such	as	
songbirds	use	hyperthermia	to	a	greater	degree	than	large-bodied	birds	to	avoid	or	delay	Ta	exceeding	Tb.	(b)	This	use	of	hyperthermia	differs	
among	taxa,	where	doves	(Columbiformes),	sandgrouse	(Pterocliformes)	and	nightjars	(Caprimulgiformes)	(upper	clades)	maintain	lower	Tb	as	
Ta	increases	(values	mapped	onto	phylogeny	are	raw	data,	i.e.	not	corrected	for	phylogeny).	See	Results	for	statistics
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3.3 | M3—Heat storage

The	water	savings	resulting	from	heat	storage	as	Ta	 increased	var-
ied	among	species	(Species	x	Ta: F1,734	=	23.09,	p	<	0.001;	see	Table	
S2).	Water	savings	as	a	 function	of	Ta	had	 low	phylogenetic	 signal	
(K	=	0.17,	p	=	0.033,	Lambda	=	0.31,	p	=	0.37),	 and	 thus,	 the	differ-
ences	in	slope	with	increasing	Ta	were	adequately	explained	by	Mb 
(PIC:	F1,31	=	179.4,	p	<	0.001;	 glm:	F1,31	=	9.51,	p	=	0.01;	 log	 (water	
saved	by	heat	storage	per	°C)	=	2.77	(log	Mb)	–	18.31).	For	example,	
among	similarly	sized	birds,	water	savings	resulting	from	heat	stor-
age	were	greatest	 in	 the	 sandgrouse	 (Pterocliformes)	 (67.8	mg/°C)	
and	were	among	the	lowest	for	white-winged	dove	(Columbiformes)	
(12.5	mg/°C)	(Table	S2;	Figure	S1).	Water	savings	due	to	heat	storage	
were	most	significant	for	species	with	high	Mb	 that	also	employed	
pronounced	hyperthermia	(Figure	S1)

3.4 | Comparing water savings at a common air 
temperature

A	comparison	of	water	savings	 from	reduced	EWL	 (M2)	due	to	an	
improved	thermal	gradient	to	the	water	saved	by	heat	storage	alone	
(M3)	at	Ta	=	45°C	for	1	hr	reveals	the	relative	importance	of	each	of	
these	proposed	benefits	of	hyperthermia	 (Figure	4).	The	 improved	
thermal	gradient	associated	with	hyperthermia	results	in	significant	
savings	due	to	reduced	EWL,	especially	in	small	birds,	and	in	orders	
where	cutaneous	water	loss	is	low	(passerines).	Large	birds	such	as	
sandgrouse	seem	to	be	unique	in	their	pronounced	use	of	hyperther-
mia	despite	their	large	Mb,	and	therefore,	this	group	seems	to	benefit	
from	heat	storage	more	so	than	others	of	equal	size.	Nonetheless,	
even	large	birds	save	proportionally	more	water	through	the	benefit	
of	a	reduced	rate	of	water	loss	over	longer	time	periods.

4  | DISCUSSION

We	 found	 considerable	 phylogenetic	 and	 size-related	 variation	 in	
the	functional	significance	of	hyperthermia	to	the	water	balance	of	
arid-zone	birds	experiencing	very	hot	conditions.	These	results	high-
light	the	physiological	diversity	among	desert	birds	in	terms	of	their	
capacity	 for	dealing	with	extreme	temperatures,	which	will	 impor-
tantly	affect	 their	persistence	 in	warming	ecosystems	 (McKechnie	
&	Wolf,	2010),	while	also	shedding	new	light	on	the	potential	role	of	
water	economy	on	the	evolution	of	endothermic	set	points	in	birds.

Our	evaluation	of	M1,	that	hyperthermia	maximizes	non-evapo-
rative	heat	loss, showed	that	numerous	species	maintain	Tb> Te	with	
increasing	Te	 to	maximize	 dry	 heat	 losses	 to	 the	 environment—re-
ducing	 the	amount	of	water	 required	 for	evaporative	cooling.	This	
process	 is	 most	 pronounced	 in	 small	 songbirds	 (passerines)	 and	
results	 in	 significant	water	 savings,	but	 is	only	 feasible	up	 to	Tb of 
~44–45°C,	above	which	Tb	approaches	lethal	limits.	Yellow-plumed	
honeyeaters,	for	instance,	used	this	mechanism	but	were	only	able	to	
tolerate	a	thermal	gradient	where	Te	exceeded	Tb	by	1.47°C,	reaching	
a	max	Te	of	46°C.	These	birds	are	one	of	the	smallest	passerines	stud-
ied	and	used	hyperthermia	to	maintain	Tb> Te	at	Ta	up	to	~45°C.	The	
use	of	hyperthermia	to	maximize	dry	heat	losses	thus	appears	to	be	
a	primary	strategy	at	moderately	hot	Te	for	smaller	birds	with	limited	
capacity	 for	evaporation.	However,	 it	does	not	allow	small	 species	
with	high	surface	area–volume	ratios	and	limited	ability	to	evaporate	
water	to	tolerate	extremely	high	Te	(~50°C	and	above).	Most	species	
that	heavily	utilized	this	strategy	also	have	low	heat	tolerance	limits	
(Table	S1).	Further,	this	strategy	seems	to	be	most	utilized	by	song-
birds,	parrots	and	owls,	rather	than	doves,	nightjars	and	sandgrouse.

Our	 evaluation	 of	 M2,	 that	 hyperthermia	 reduces	 the	 rate	 of	
evaporative	water	 loss,	 indicates	that	the	most	significant	benefit	to	

F I G U R E  3   	(a)	The	reduction	in	the	rate	of	evaporative	water	loss	differs	significantly	among	orders	and	species.	(b)	This	benefit	(slope	
of	EWL	savings	against	Ta)	of	hyperthermia	differs	strongly	among	broad	phylogenetic	groups,	where	doves	(Columbiformes),	sandgrouse	
(Pterocliformes)	and	nightjars	(Caprimulgiformes)	(upper	clades)	do	not	benefit	as	much	as	songbirds,	owls	and	cuckoos	after	accounting	for	
body	size.	See	Results	for	statistics
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hyperthermia	in	desert	birds	is	a	reduced	instantaneous	rate	of	evap-
orative	water	 loss,	 as	was	 initially	 shown	by	 Tieleman	 and	Williams	
(1999).	Our	 analysis	 further	 highlights	 the	 importance	 of	 body	 size,	
and	we	also	identify	large	differences	among	taxonomic	groups.	The	
reduction	in	instantaneous	rates	of	water	loss	benefits	small	birds	to	
a	 large	degree	and	seems	most	beneficial	 to	 songbirds	as	 is	evident	
in	Figure	3b.	The	uppermost	clade	 in	the	tree	represents	the	doves,	
sandgrouse	and	quail.	These	birds	all	benefit	the	least	from	lower	in-
stantaneous	EWL,	and	although	these	birds	are	generally	large,	they	
are	not	exclusively	so.	For	example,	 the	Namaqua	dove	weighs	only	
37	g,	similar	to	the	cardinal	(35	g)	and	Abert's	towhee	(40	g;	Melozone 
aberti),	and	they	all	use	hyperthermia	similarly,	although	there	are	dra-
matic	differences	in	heat	tolerance	limit	(HTL;	Table	S1).	As	described	
above,	the	doves,	which	primarily	rely	on	non-glandular	transcutane-
ous	 evaporation,	 benefit	 little	 from	 this	 strategy.	 The	 doves	 all	 use	
hyperthermia	to	a	 lesser	extent	 than	the	passerines,	owls	and	other	
groups,	whereas	the	sandgrouse	utilize	hyperthermia	similarly	to	the	
latter	groups.	Burchell's	 sandgrouse	 (Pterocles burchelli)	do	not	seem	
to	evaporate	water	across	the	skin	as	a	primary	means	of	evaporative	
cooling	and	instead	use	a	combination	of	panting	and	gular	flutter	while	
also	relying	on	hyperthermia	extensively,	despite	their	large	body	size.	
The	slope	of	Tb	against	Te	in	the	sandgrouse	is	very	similar	to	some	of	
the	smallest	songbirds	(Table	S1),	and	the	substantial	water	savings	due	
to	heat	storage	(M3)	set	them	apart	from	all	other	birds	in	their	ther-
moregulatory	strategy	(Figure	S1).	Although	not	as	dramatic,	the	quail	
and	some	of	the	larger	songbirds	also	appear	to	follow	this	strategy.

The	difference	 in	 the	use	of	hyperthermia	 to	 reduce	EWL	 rela-
tive	to	the	savings	from	of	heat	storage	(M2	vs.	M3)	is	illustrated	in	
(Figure	4),	which	shows	the	water	economies	of	all	species	held	at	Ta = 
45°C	for	1	hr.	For	all	species,	even	over	this	relatively	short	time-scale,	
the	primary	benefit	of	employing	hyperthermia	is	to	reduce	the	rate	of	

evaporation	(M2),	and	only	in	the	Burchell's	sandgrouse	does	the	ben-
efit	from	heat	storage	(M3)	outweigh	that	of	reduced	rates	of	EWL.

We	identify	a	clear	phylogenetic	divide	in	the	heat	tolerance	lim-
its	of	birds	that	we	posit	is	functionally	linked	to	the	primary	avenue	
of	 evaporation.	 Doves	 (columbids),	 which	 rely	 primarily	 on	 trans-
cutaneous	 evaporation,	 are	 often	 highly	 tolerant	 to	 heat	 (Marder,	
1983;	McKechnie	&	Wolf,	2004).	This	high	HTL	appears	to	be	due	
to	the	 low	metabolic	cost	of	non-glandular	transcutaneous	evapo-
ration,	compared	to	the	relatively	high	metabolic	costs	of	panting.	
This	results	in	much	lower	heat	loads	from	metabolism	during	heat	
exposure,	 and	 thus,	 evaporative	 heat	 loss	 is	 only	 required	 to	 dis-
sipate	 external	 heat	 loads.	 Nightjars	 (Caprimulgidae),	 in	 contrast,	
use	gular	 flutter,	which	 is	 the	rapid	oscillation	of	 the	throat	pouch	
(Bartholomew,	Lasiewski,	&	Crawford,	1968),	which	is	also	very	effi-
cient	(O'Connor	et	al.,	2017;	Talbot	et	al.,	2017).	Currently,	it	appears	
that	most	other	orders	of	birds	investigated	to	date,	the	songbirds,	
owls,	 parrots	 and	 sandgrouse,	 rely	 primarily	 on	 panting	 (but	 see	
Bartholomew	 et	 al.,	 1968).	 Panting	 requires	 substantial	metabolic	
input	to	contract	thoracic	muscles	to	move	large	volumes	of	air	over	
the	moist	respiratory	surfaces,	and	thus,	metabolic	heat	is	generated	
and	must	be	dissipated	in	addition	to	the	environmental	heat	load.	
Further,	panting	also	ventilates	the	respiratory	tract	with	air	that	is	in	
many	instances	at	a	higher	temperature	than	body	temperature,	per-
haps	resulting	in	additional	heat	load	(Schmidt-Nielsen,	Hainsworth,	
&	Murrish,	1970;	Seymour,	1972).

Although	 these	 findings	 have	 very	 obvious	 ecological	 impli-
cations,	 they	also	 raise	other	questions	about	how	the	physiology	
of	 these	animals	has	evolved	 in	 response	 to	 the	different	 thermo-
regulatory	phenotypes	present	among	desert	birds.	It	does	appear	
that	 small	 songbirds	 utilize	 pronounced	 hyperthermia	 frequently	
during	hot	summers	in	deserts,	and	it	is	likely	that	their	Tb	exceeds	

F I G U R E  4  The	cumulative	water	
savings	due	to	the	reduction	in	
evaporative	water	loss	relative	to	the	total	
savings	from	heat	storage	for	a	1-hr	heat	
exposure	at	45°C.	Most	birds,	regardless	
of	body	size,	benefit	from	the	use	of	
hyperthermia	through	the	improvement	in	
the	instantaneous	rate	of	water	loss	(M2),	
and	heat	storage	was	most	beneficial	in	
large	birds	that	utilize	a	high	degree	of	
hyperthermia	(M3)
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43–44°C	 for	 many	 hours	 each	 day.	 Tb	 data	 from	 populations	 of	
nine	 species	 of	wild	 birds	 held	 in	 outdoor	 aviaries	 in	mid-summer	
in	the	Kalahari	Desert	support	this	prediction;	several	small	(<50	g)	
songbirds	maintained	modal	diurnal	Tb	values	of	~43°C	(Thompson,	
Cunningham,	&	McKechnie,	2018).	In	contrast,	mean	Tb	at	Ta	≥	38°C	
in	 free-ranging	populations	of	 two	 southern	African	nightjars	was	
lower,	40°C	in	freckled	nightjars	(Caprimulgus tristigma)	and	42°C	in	
rufous-cheeked	nightjars	(C. rufigena)	(O'Connor	et	al.,	2017),	consis-
tent	with	our	conclusions	that	hyperthermia	is	relied	upon	much	less	
by	nightjars.	When	 contrasted	with	doves	 and	nightjars	 that	 have	
high	evaporative	efficiencies	and	rely	much	less	on	hyperthermia	as	
a	heat	tolerance	strategy,	songbirds	rely	heavily	on	hyperthermia	as	
a	heat	tolerance	strategy	and	we	therefore	predict	tissue-level	dif-
ferences	 in	optimal	 temperatures	 for	various	 functions	 that	would	
be	due	to	differences	 in	heat	stability	and	sensitivity	of	metabolic	
and	other	enzymes.

The	variation	in	the	occurrence	and	functional	significance	of	
hyperthermia	among	avian	orders	is	also	relevant	to	recent	argu-
ments	that	the	thermal	performance	of	endotherms	can,	like	that	
of	ectotherms,	be	viewed	as	a	continuum	from	thermal	specializa-
tion	 to	 generalization	 (Angilletta	 et	 al.,	 2010).	 According	 to	 this	
view,	 endotherms’	 thermoregulation	 should	 be	 co-adapted	 with	
thermal	sensitivity	of	performance	 in	a	similar	manner	to	that	of	
ectotherms,	 where	 temperature–performance	 relationships	 are	
commonly	 measured,	 and	 therefore,	 analogous	 trade-offs	 be-
tween	thermal	specialization	and	generalization	should	be	evident	
in	endotherms	(Angilletta	et	al.,	2010)	with	potentially	important	
consequences	 for	 understanding	 how	 birds	 tolerate	 heat	 during	
current	and	future	climates	(Boyles,	Seebacher,	Smit,	&	McKechnie,	
2011;	McKechnie	&	Wolf,	2010).	Differences	among	avian	taxa	in	
the	ways	 in	which	they	employ	hyperthermia	may	represent	one	
component	 of	 such	 a	 thermal	 specialist—generalist	 continuum.	
For	 instance,	the	observation	that	small	desert	songbirds	readily	
use	 hyperthermia	 to	maintain	Tb> Ta	 (and	 hence	 probably	 expe-
rience	high	Tb	 on	 a	 regular	 basis	 during	 summer	 at	Ta	 =	35°C	 to	
45°C)	 leads	 to	 the	prediction	 that	performance	components,	 for	
instance	those	related	to	muscle	 function	and	cognition,	may	be	
less	 sensitive	 to	 temperatures	 above	 the	 normothermic	 Tb	 than	
other	taxa	that	use	high	rates	of	evaporative	heat	loss	to	maintain	
Tb below Ta	such	as	doves	and	nightjars	as	has	been	found	for	pe-
ripheral	and	core	tissues	in	mammals	which	experience	wide	and	
narrow	ranges	of	temperature,	respectively	(James,	2013;	James,	
Tallis,	&	Angilletta,	2014).

The	expression	of	regulated	hyperthermia	may	be	predicted	to	
be	more	 pronounced	 in	 species	 or	 populations	 inhabiting	 hot	 en-
vironments	compared	to	those	inhabiting	cooler	regions.	Few	data	
are	currently	available	with	which	to	test	 this	prediction,	although	
among	populations	of	a	songbird	that	showed	significantly	greater	
heat	 tolerance	 during	 summer	 in	 a	 desert	 population,	 the	 greater	
heat	 tolerance	 appeared	 to	 arise	 from	more	 efficient	 evaporative	
cooling	rather	than	more	pronounced	hyperthermia	(Noakes,	Wolf,	
&	McKechnie,	2016).	 It	 is	also	possible	that	differential	expression	
of	 hyperthermia	 is	 involved	 in	 phenotypic	 plasticity	 in	 avian	 heat	

tolerance,	such	as	 the	remarkable	developmental	plasticity	associ-
ated	with	prenatal	acoustic	communication	recently	demonstrated	
for	zebra	finches	(Mariette	&	Buchanan,	2016).

The	pronounced	use	of	hyperthermia	to	maintain	positive	Tb-Ta 
gradients	 by	 songbirds,	 and	 their	 greater	 reliance	 on	 elevated	 Tb 
during	 thermoregulation	at	high	Ta	 compared	 to	other	 taxa,	 raises	
interesting	questions	about	the	evolution	of	thermal	physiology	 in	
this	order.	Several	authors	have	noted	 that	 songbirds	have	among	
the	highest	avian	Tb	(Clarke	&	Rothery,	2008;	Prinzinger,	Pressmar,	
&	 Schleucher,	 1991),	 and	 a	 recent	 analysis	 of	 avian	 basal	 meta-
bolic	 rates	 (BMR)	 confirmed	 early	 views	 that	 passerine	 BMR	 is	
significantly	 higher	 than	 that	 of	 other	 orders	 (Londoño,	 Chappell,	
Castañeda,	 Jankowski,	&	Robinson,	2014).	Our	 findings	here	 raise	
the	intriguing,	albeit	highly	speculative,	possibility	that	the	evolution	
of	relatively	high	Tb	and	BMR	among	early	songbirds	is	functionally	
linked	to	the	use	of	hyperthermia	on	account	of	reliance	on	panting	
for	evaporative	heat	loss.	We	speculate	that	the	use	of	hyperthermia	
to	compensate	for	a	less	efficient	mechanism	of	evaporating	water	
(panting)	 in	passerines	 could	be	 related	 to	 the	evolution	of	higher	
resting	Tb	in	this	group.

Oscine	 passerines	 evolved	 in	 Australia	 during	 the	 late	
Oligocene	 and	 underwent	 rapid	 diversification	 during	 the	 early	
Miocene	(Moyle	et	al.,	2016).	At	this	time,	the	Australian	arid	zone	
was	warm	and	wet,	with	 sea	 surface	 temperatures	 in	 the	 region	
at	 least	6–8°C	higher	 than	at	 comparable	 latitudes	 today	 (Byrne	
et	al.,	2008).	The	aridification	of	Australia	commenced	in	the	mid-
Miocene	(~15	MYA),	leading	to	that	continent's	arid-adapted	con-
temporary	 biota	 (Byrne	 et	 al.,	 2008).	 Assuming	 ancestral	 oscine	
passerines,	like	extant	species,	relied	on	panting	as	the	primary	av-
enue	of	evaporative	cooling,	which	is	more	efficient	under	humid	
conditions	(Gerson	et	al.,	2014),	higher	Tb	may	have	been	selected	
for	in	warm,	wet	and	humid	conditions	in	which	the	group	initially	
diversified,	as	well	as	in	the	arid	conditions	that	subsequently	de-
veloped	 across	 much	 of	 the	 Australian	 continent.	 According	 to	
this	hypothesis,	 the	evolution	of	relatively	high	Tb	and	accompa-
nying	rapid	metabolism	in	early	passerines	was	driven	by	selection	
for	 the	maintenance	of	positive	Tb- Ta	gradients	 in	environments	
where	high	Te	constrained	thermoregulation	in	a	taxon	with	high	
metabolic	heat	production	but	lacking	more	efficient	pathways	for	
evaporative	heat	dissipation.

5  | CONCLUSIONS

Our	 data	 reveal	 that	 body	 mass	 and	 phylogeny	 are	 important	
sources	 of	 variation	 in	 the	 expression	 and	 functional	 significance	
of	hyperthermia.	They	also	support	the	view	that	selection	may	act	
strongly	on	thermoregulation	during	very	hot	weather	and	that	we	
expect	 inter-	 and/or	 intraspecific	 variation	 in	 avian	heat	 tolerance	
correlated	with	climate.	We	show	clear	differences	among	avian	taxa	
in	the	mechanism	by	which	hyperthermia	is	beneficial	to	the	water	
economy	of	birds.	We	identify	small	songbirds	as	highly	susceptible	
to	high	temperatures	due	to	their	limited	ability	to	evaporate	water	
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at	a	high	rate	and	to	compensate	these	birds	readily	use	hyperther-
mia	to	maintain	temperature	gradients	favourable	to	dry	heat	losses.	
As	a	result,	this	group	shows	dramatic	fluctuations	in	Tb	through	a	
typical	day	and	may	therefore	have	unique	adaptations	to	optimize	
performance	 at	 high	 Tb.	 However,	 given	 the	 increasing	 frequency	
and	 severity	 of	 heat	 events,	 it	 remains	 important	 to	 continue	 to	
investigate	 the	 long-term	physiological,	behavioural	and	ecological	
costs	to	animals	that	are	repeatedly	being	forced	to	their	thermoreg-
ulatory	limits.
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