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Abstract

Glucocorticoids	 are	o’ten	measured	 in	wildli’e	 to	assess	physiological	 responses	 to	
environmental	or	ecological	stress.	Hair,	blood,	saliva,	or	’ecal	samples	are	generally	
used	 depending	 on	 the	 timescale	 o’	 the	 stress	 response	 being	 investigated	 and	
species-	speci’ic	considerations.	Here,	we	report	the	’irst	use	o’	hair	samples	to	meas-
ure	long-	term	corticosterone	levels	in	the	climate-	sensitive	American	pika	ŐOchotona 

princepső.	We	validated	 an	 immunoassay-	based	measurement	 o’	 corticosterone	 ex-
tracted	 ’rom	 hair	 samples	 and	 compared	 corticosterone	 estimates	 obtained	 ’rom	
plasma,	hair,	and	’ecal	samples	o’	nine	pikas.	To	demonstrate	an	ecological	application	
o’	this	technique,	we	characterized	physiological	stress	 in	Ɠ9	pikas	sampled	and	re-
leased	at	eight	sites	along	two	elevational	transects.	Microclimate	variation	was	meas-
ured	at	each	site	using	both	ambient	and	subsur’ace	temperature	sensors.	We	used	an	
in’ormation	theoretic	approach	to	compare	support	’or	linear,	mixed-	e’’ects	models	
relating	corticosterone	estimates	to	microclimate,	body	size,	and	sex.	Corticosterone	
was	measured	 accurately	 in	 pika	 hair	 samples	 a’ter	 correcting	 ’or	 the	 in’luence	 o’	
sample	mass	 on	 corticosterone	 extraction	 e’’iciency.	 Hair-		 and	 plasma-	based	 esti-
mates	o’	corticosterone	were	weakly	correlated.	The	best-	supported	model	suggested	
that	corticosterone	was	lower	in	larger,	male	pikas,	and	at	locations	with	higher	ambi-
ent	temperatures	in	summer.	Our	results	are	consistent	with	a	general	negative	rela-
tionship	 between	 body	 mass	 and	 glucocorticoid	 concentration	 observed	 across	
mammalian	species,	attributed	to	the	higher	mass-	speci’ic	metabolic	rates	o’	smaller	
bodied	animals.	The	higher	corticosterone	 levels	 in	’emale	pikas	 likely	re’lected	the	
physiological	demands	o’	reproduction,	as	observed	in	a	wide	array	o’	mammalian	spe-
cies.	Additionally,	we	establish	the	’irst	direct	physiological	evidence	’or	thermal	stress	
in	the	American	pika	through	nonlethal	sampling	o’	corticosterone.	Interestingly,	our	
data	suggest	evidence	’or	cold	stress	likely	induced	during	the	summer	molting	period.	
This	technique	should	provide	a	use’ul	tool	to	researchers	wishing	to	assess	chronic	
stress	in	climate-	sensitive	mammals.
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Ɛ  | INTRODUCTION

Rapid	environmental	change	represents	a	potential	stressor	and	selec-
tive	’orce	on	wildli’e	populations	ŐReeder	&	Kramer,	ƑƏƏƔ;	Wing’ield,	
Romero,	&	Goodman,	ƑƏƏƐő.	The	main	physiological	response	to	long-	
term	environmental	 stress	 is	 the	 activation	o’	 the	hypothalamicŋpi-
tuitaryŋadrenal	axis	 ŐHPAő	resulting	 in	the	release	o’	glucocorticoids	
ŐGCő,	 in	 the	 ’orm	o’	corticosterone	or	cortisol,	 into	 the	bloodstream	
ŐSapolsky,	Romero,	&	Munck,	ƑƏƏƏ;	Sheri’’,	Dantzer,	Delehanty,	Palme,	
&	Boonstra,	ƑƏƐƐő.	This	increase	in	GC	’acilitates	a	suite	o’	adaptive	
responses	to	stress’ul	stimuli,	such	as	behavioral	changes	and	energy	
mobilization	via	gluconeogenesis,	which	can	enhance	short-	term	sur-
vival	ŐWing’ield,	Romero,	&	Goodman,	ƑƏƏƐő.	However,	long-	term	ac-
tivation	o’	the	HPA	signi’ies	chronic	stress	and	can	have	detrimental	
physiological	 consequences	 including:	 suppressed	 immune	 response	
and	growth,	severe	protein	 loss,	 ’at	deposition	and	hypertension,	as	
well	 as	 undesirable	 behavioral	 changes	 including	 decreased	 cogni-
tive	 ’unctioning,	 inhibition	o’	 reproductive	behavior,	and	depression	
ŐSapolsky	et	al.,	ƑƏƏƏ;	Wing’ield	et	al.,	Ɛ998ő.	For	these	reasons,	the	
relative	 levels	 o’	 GC	 o’ten	 re’lect	 overall	 health	 and	 ’itness	 ŐBlas,	
Bortolotti,	Tella,	 Baos,	&	Marchant,	 ƑƏƏ7;	Bonier,	Martin,	Moore,	&	
Wing’ield,	ƑƏƏ9ő,	and	measurement	o’	GC	is	increasingly	incorporated	
into	 ecological	 and	 conservation	 studies	 ŐBusch	&	Hayward,	 ƑƏƏ9ő.	
The	relative	strengths	and	’easibility	o’	methodologies	to	assess	stress	
in	wildli’e	has	there’ore	been	a	major	recent	’ocus	Őreviewed	in	Sheri’’	
et	al.,	ƑƏƐƐő.

Several	 techniques	have	been	developed	’or	measuring	stress	 in	
wildli’e,	 including	measuring	GC	 levels	 in	 hair,	 blood,	 or	 saliva,	 and	
measuring	glucocorticoid	metabolites	ŐGCMő	in	’ecal	samples.	Levels	
o’	GC	in	both	saliva	and	blood	respond	rapidly	to	stress	and	there’ore	
require	capture	techniques	that	allow	sampling	be’ore	the	activation	
o’	the	HPA	in	response	to	capture	stress	 Őgenerally	ƑŋƔ	min;	Sheri’’	
et	al.,	ƑƏƐƐő.	Where	rapid	sampling	has	been	possible,	this	technique	
has	 revealed	 ’undamental	 insights	 into	 ’actors	 governing	 GC	 levels	
within	and	across	mammalian	species.	For	instance,	in	a	recent	meta-	
analysis,	Haase,	Long,	and	Gillooly	ŐƑƏƐ6ő	’ound	a	surprisingly	strong	
connection	 between	 plasma	 cortisol	 levels	 and	mass-	speci’ic	meta-
bolic	rate	across	a	wide	variety	o’	taxa,	providing	a	predictive	’rame-
work	 ’or	 GC	 levels	 within	 and	 among	 species.	 However,	 obtaining	
timely	blood	samples	may	not	be	’easible	’or	all	species.	In	such	cases,	
measuring	 ’ecal	GCM	o’’ers	 a	 less	 invasive	 technique	 ’or	 assessing	
stress	in	wildli’e	ŐTouma	&	Palme,	ƑƏƏƔő.	Fecal	samples	accumulate	the	
metabolic	byproducts	o’	stress	hormones	only	during	gut	passage	and	
there’ore	primarily	re’lect	chronic	stress	experienced	over	a	number	o’	
hours	or	days.	Additionally,	most	species	exhibit	diurnal	and	seasonal	
shi’ts	 in	GC	ŐReeder	&	Kramer,	ƑƏƏƔ;	Sheri’’	et	al.,	ƑƏƐƑő,	making	 it	
necessary	to	obtain	a	time	series	o’	samples	to	e’’ectively	assess	long-	
term	chronic	stress	using	blood,	saliva,	or	’ecal	samples.

The	measurement	o’	GC	incorporated	into	hair	is	a	relatively	new	
approach	to	assess	stress	in	wildli’e	ŐKoren	et	al.,	ƑƏƏƑő.	While	the	di-
rect	mechanism	by	which	GC	is	incorporated	into	hair	is	still	unknown	
ŐGow,	Thomson,	Rieder,	Van	Uum,	&	Koren,	ƑƏƐƏő,	this	sample	source	
o’’ers	the	potential	to	measure	relative	levels	o’	GC	over	the	duration	

o’	 time	 the	 hair	 was	 grown,	 which	 typically	 encompasses	 several	
weeks	or	months.	This	longer-	term	record	makes	hair	analysis	a	pow-
er’ul	approach	’or	assessing	long-	term	chronic	stress	ŐRussell,	Koren,	
Rieder,	&	Van	Uum,	ƑƏƐƑő.	Despite	this	major	advantage,	only	a	lim-
ited	number	o’	wildli’e	studies	have	utilized	hair	as	opposed	to	more	
established	alternatives	ŐSheri’’	et	al.,	ƑƏƐƐő.	While	it	is	likely	that	hair	
stress	 analysis	 could	 provide	 deeper	 insights	 into	 climate-	induced	
stress	in	wildli’e,	another	study	cautioned	that	this	approach	may	be	
more	appropriate	’or	detecting	population	rather	than	individual	stress	
responses	ŐMastromonaco,	Gunn,	&	Edwards,	ƑƏƐƓő.	This	suggestion	
came	a’ter	analyzing	 long-	term	 trends	 in	 ’ecal	GCM	and	hair	GC	 in	
eastern	chipmunks;	there	was	a	signi’icant	increase	in	GCM	associated	
with	logging	but	no	change	in	hair	GC.	The	authors	concluded	the	time	
period	measured	by	hair	samples	was	too	long	to	re’lect	individual	di’-
’erences	in	stress.	However,	this	critique	would	be	dependent	on	the	
research	objective	and	species	examined.	I’	this	methodology	can	de-
tect	individual	responses	to	long-	term	chronic	stress,	then	it	could	a’-
’ord	important	insights	into	physiological	responses	to	environmental	
stressors	in	climate-	sensitive	species.

The	American	pika,	Ochotona princeps,	 is	a	small	 lagomorph	gen-
erally	considered	to	be	a	thermally	sensitive,	cold-	adapted	specialist	
ŐFigure	Ɛ;	MacArthur	&	Wang,	Ɛ97Ɠ;	Smith,	Ɛ97Ɠő.	Pikas	have	an	ex-
ceptionally	 high	 metabolic	 rate	 ŐLovegrove,	 ƑƏƏƒő	 and	 low	 thermal	
conductance	 ŐMacArthur	&	Wang,	Ɛ97ƒő,	which	allows	them	to	sur-
vive	in	an	alpine	climate	without	hibernating.	However,	these	’eatures	
also	result	 in	the	pika	having	a	resting	body	temperature	only	a	’ew	
degrees	below	its	lethal	threshold	ŐMacArthur	&	Wang,	Ɛ97Ɠ;	Smith,	
Ɛ97Ɠő.	Pikas	require	access	to	cool	microclimates	to	behaviorally	ther-
moregulate	 ŐHa’ner,	 Ɛ99ƒ;	MacArthur	&	Wang,	 Ɛ97Ɠő.	 It	 is	 thought	
that	this	thermal	sensitivity	may	predispose	the	American	pika	to	the	

F IGURE  Ɛ  Image	o’	an	American	pika	and	re’erence	hair	sample	
Őinsető	weighing	approximately	ƐƏ	mg.	Photograph	courtesy	o’	
Andrew	Veale
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negative	 rami’ications	o’	 climate	change,	 casting	 them	as	a	 sentinel	
species	’or	detecting	the	ecological	consequences	o’	climate	change	
ŐBeever,	Brussard,	&	Berger,	ƑƏƏƒ;	Je’’ress,	Rodhouse,	Ray,	Wol’’,	&	
Epps,	ƑƏƐƒ;	Schwalm	et	al.,	ƑƏƐ6;	Wilkening,	Ray,	Beever,	&	Brussard,	
ƑƏƐƐő.	Recent	analysis	o’	pika	populations	in	the	Great	Basin	supports	
this	view;	the	minimum	elevation	inhabited	by	pikas	in	the	region	has	
risen	by	ƐƔƏ	m	in	the	past	century	ŐGrayson,	ƑƏƏƔő,	and	climate	has	
been	implicated	in	local	extirpations	ŐBeever,	Ray,	Wilkening,	Brussard,	
&	Mote,	ƑƏƐƐő.	There’ore,	assessing	the	biotic	response	to	rapid	en-
vironmental	change	in	the	American	pika	has	become	increasingly	im-
portant	as	an	early	warning	sign.

Here,	we	evaluated	the	utility	o’	hair	samples	’or	measuring	long-	
term	chronic	stress	 in	 the	American	pika.	First,	we	demonstrate	 the	
sensitivity	o’	the	assay	protocol	through	validation,	and	we	compare	
estimates	o’	GC	’rom	hair	with	estimates	o’	plasma	GC	and	’ecal	GCM	
’rom	the	same	individuals.	Next,	we	apply	this	method	to	investigate	
relationships	between	hair	GC,	microclimate,	body	size,	and	sex	over	
two	elevational	gradients	to	assess	whether	hair	samples	can	provide	
direct	insights	related	to	climate-	mediated	stress	responses.

Ƒ  | MATERIALS AND METHODS

Ƒ.Ɛ | Sample site and sample collection

Sample	sites	were	located	along	two	previously	established	transects	
representing	elevational	gradients	 in	North	Cascades	National	Park,	
WA	 ŐNOCA;	 Russello,	 Waterhouse,	 Etter,	 &	 Johnson,	 ƑƏƐƔő.	 Four	
sites	were	located	along	each	transect,	spanning	~Ɛ,ƏƏƏ	m	ŐFigure	Ƒ,	
Table	Ɛő.	The	 two	 transects,	Thornton	Lakes	 ŐTLő	 and	Pyramid	Peak	
ŐPPő,	ran	roughly	southwest	and	northeast,	respectively.	Each	transect	
included	the	highest	Ősubalpineő	and	lowest	occupied	sites	identi’ied	
in	its	respective	region.

Transects	were	sampled	between	July	ƑƏ	and	August	Ƒ9	o’	ƑƏƐƓ;	
pikas	were	live-	trapped	using	Tomahawk	ŐHazelhurst,	WIő	model	ƑƏƑ	
collapsible	traps	’ollowing	University	o’	British	Columbia	Animal	Care	
Protocol	 #	AƐƐ-	Əƒ7Ɛ-	ƏƏ6	 and	 U.S.	 National	 Park	 Service	 Permit	 #	
NOCA-	ƑƏƐƓ-	SCI-	ƏƏƑƑ.	 Trapping	was	 generally	 conducted	 between	
Ə7ƏƏ	and	ƐƐƏƏ	or	Ɛ6ƏƏ	and	ƑƏƏƏ	when	temperatures	were	between	
Ɣ	and	Ɛ8°C.	A’ter	capture,	each	animal	was	trans’erred	to	a	handling	
bag.	A	small	tu’t	o’	’ur	Őabout	Ɣ	mm2;	Figure	Ɛ,	insető	was	plucked	’rom	
a	hind	limb,	as	shaving	was	not	practical	in	this	species.	Hair	samples	
were	stored	in	individually	labeled	coin	envelopes	within	a	container	
o’	silica	desiccant.	Two	small	samples	o’	ear	tissue	Őƒ	mm	in	diameterő	
were	collected	and	stored	in	ethanol	’or	molecular	sexing.	Cranial	di-
ameter	was	measured	with	digital	calipers	 to	 the	nearest	millimeter,	
and	body	mass	Őminus	handling	bag	weightő	was	measured	to	the	near-
est	Ɣ	g	using	a	Pesola	scale.

Ƒ.Ƒ | Microclimate measurements

Microclimate	 measurements	 were	 taken	 at	 each	 site	 by	 deploying	
’our	 temperature	 sensors	 ŐDSƐ9ƑƐG	Thermochron	 i-	Button,	Maxim	
Integrated	Products,	Sunnyvale,	CA,	USAő.	Following	 sampling,	 sen-
sors	were	deployed	in	weather-	proo’	housing;	two	ľambient	sensorsĿ	
were	placed	Ɛ.Ɣ	m	above	the	talus,	each	under	a	white	plastic	shade	in	
neighboring	trees,	while	two	ľtalus	sensorsĿ	were	deployed	in	a	cen-
tral	location	at	each	site	approximately	Ə.8	m	below	the	talus	sur’ace.	
Temperature	was	recorded	every	’our	hours	Őstarting	at	ƏƑ:ƏƏő	dur-
ing	ƑƓŋƒƐ	August	ƑƏƐƓ	and	June	Ɛ	to	August	ƐƔ	ƑƏƐƔ.	To	represent	
summer	microclimatic	di’’erences	among	sites,	mean	daily	maximum	
and	mean	daytime	ŐƐƏ:ƏƏ	to	Ɛ8:ƏƏő	temperatures	were	averaged	’or	
the	two	talus	and	the	two	ambient	sensors	at	each	site.	Additionally,	
mean	nighttime	ŐƐ8:ƏƏ	to	ƐƏ:ƏƏő	talus	temperatures	were	calculated	
’or	each	site.

F IGURE  Ƒ Sample	sites	in	North	
Cascades	National	Park,	Washington,	USA.	
Thornton	Lake	ŐTLő	and	Pyramid	Peak	ŐPPő	
sampling	sites	shown	as	circles.	Inset	map	
shows	approximate	location	in	Washington	
state.	Topographic	lines	represent	ƐƏƏ-	m	
intervals	o’	elevation
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Ƒ.ƒ | Molecular sexing

Morphological	 di’’erences	 between	 male	 and	 ’emale	 genitalia	 are	
poorly	de’ined	 in	pika	 ŐDuke,	Ɛ9ƔƐő;	 there’ore,	 sex	was	determined	
using	the	molecular	protocol	described	by	Lamb,	Robson,	and	Russello	
ŐƑƏƐƒő.	DNA	was	extracted	’rom	tissue	samples	using	the	Macherey-	
Nagel	 NucleoSpin	 Tissue	 kit	 ŐMacherey-	Nagel	 GmbH	 &	 Co.	 KG,	
Duren,	 Germanyő	 ’ollowing	 the	 manu’acturerĽs	 protocols.	 Sex	 was	
determined	 by	 the	 selective	 co-	ampli’ication	 o’	 an	 allosomal-	linked	
locus	ŐSRYő	and	an	autosomal	control	locus	ŐOcp	ƐƏő.	Scoring	was	con-
ducted	by	running	the	PCR	product	on	a	Ɛ.Ɣ%	agarose	gel	containing	
Ƒ.Ɣ%	SYBR	Sa’e	ŐInvitrogen,	Carlsbad,	CA,	USAő.	To	ensure	accuracy,	
ƔƏ%	o’	the	samples	were	sexed	independently	a	second	time	and	as-
signed	sexes	were	compared.

Ƒ.Ɠ | Extraction of corticosterone from hair and 
immunoassay

Corticosterone	extraction	’rom	hair	samples	’ollowed	Meyer,	Novak,	
Hamel,	 and	 Rosenberg	 ŐƑƏƐƓő	 using	 the	 DetectX®	 Corticosterone	
Enzyme	 Immunoassay	 ŐEIAő	 kit	 ŐArbor	 Assays	 Design,	 Inc.,	 catalog	
no.	KƏƐƓ-	HƐő.	All	hair	 ’ollicles	were	 removed	with	a	 razor	blade	 to	
avoid	 the	 addition	 o’	 skin	 tissue	 ŐGow	 et	al.,	 ƑƏƐƏő.	 The	 remaining	
hair	was	added	to	a	ƐƔ	ml	tube,	washed	twice	with	ƒ	ml	99.7%	high-	
per’ormance	liquid	chromatography	ŐHPLCő	grade	isopropanol	by	ro-
tating	’or	ƒ	min,	then	decanted	to	remove	external	contaminants,	and	
dried	under	a	’ume	hood.	Dried	samples	were	weighed	to	the	nearest	
Ə.Ɛ	mg	and	trans’erred	to	a	rein’orced	Ƒ.Ə	ml	tube	with	three	ƒ.Ƒ-	mm	
chrome-	steel	beads.	Samples	were	pulverized	 in	ƒ-	min	 intervals	 ’or	
ƒŋƐ8	min	at	ƒƏ	Hz	on	a	MMƒƏƐ	Mixer	Mill	ŐRetsch®,	Newtown,	PAő.	
Once	samples	were	uni’ormly	pulverized,	Ɛ.Ɣ	ml	o’	HPLC-	grade	meth-
anol	was	added	to	each	sample	and	rotated	’or	ƑƓ	hr	at	room	temper-
ature.	Samples	were	then	centri’uged	at	Ɛƒ,8ƏƏ	g	’or	ƐƏ	min	and	Ɛ	ml	
o’	the	supernatant	was	trans’erred	to	a	Ɛ.Ɣ-	ml	microcentri’uge	tube	
without	disturbing	the	hair	pellet.	This	extract	was	dried	under	a	gen-
tle	stream	o’	air	in	a	’ume	hood	’or	approximately	Ɛŋƒ	days	until	all	
methanol	had	evaporated.	The	extract	was	reconstituted	using	ƑƏƏ	μl 

o’	the	EIA	bu’’er	supplied	with	the	kit,	vortexed	vigorously,	and	then	
immediately	’rozen	at	−ƑƏ°C	until	analyzed.

Each	 sample	was	 run	 in	 duplicate	 along	with	 six	 standard	 con-
centrations	o’	corticosterone	and	two	nonspeci’ic	binding	ŐNSBő	and	
two	maximum	binding	ŐBOő	wells	’or	each	plate.	Absorption	values	at	
ƓƔƏ	nm	were	recorded	using	a	Syngery	HT	microplate	reader	ŐBiotek,	
Winooski,	VT,	USAő.	Final	concentrations	o’	GC	were	expressed	as	pi-
cogram	Őpgő	o’	corticosterone	per	milligram	Őmgő	o’	washed,	dried	hair.

Methods	used	to	measure	hair	corticosterone	concentrations	were	
validated	by:	ŐƐő	demonstrating	parallelism	between	the	standard	curve	
and	serial	dilutions	o’	hair	extract;	and	ŐƑő	determining	the	recoverabil-
ity	o’	exogenous	corticosterone	added	to	hair	extracts	prior	to	anal-
ysis.	For	the	addition	o’	exogenous	corticosterone,	six	samples	were	
diluted	Ɛ:Ɛ	each	with	one	o’	the	standard	curve	solutions.	Extraction	
e’’iciency	likely	varies	with	initial	sample	mass	yielding	proportionally	
higher	estimates	o’	glucocorticoids	 in	smaller	samples	 ŐMillspaugh	&	
Washburn,	 ƑƏƏƓ;	Tempel	 &	Gutierrez,	 ƑƏƏƓő.	All	 corticosterone	 es-
timates	were	plotted	against	 sample	mass	 to	 identi’y	potential	 rela-
tionships,	and,	 i’	present,	a	nonlinear	model	was	’itted	using	the	nls 

’unction	and	used	to	account	’or	the	in’luence	o’	extraction	e’’iciency.	
For	 ’urther	 comparison,	 nine	 additional	 hair	 samples	were	 obtained	
’rom	pikas	previously	analyzed	’or	plasma	corticosterone	ŐWilkening	
&	Ray,	ƑƏƐ6ő	and	baseline	’ecal	GCM	Ői.e.,	stress	levels	be’ore	capture;	
Wilkening,	Ray,	&	Sweazea,	ƑƏƐƒő.	Plasma	samples	were	not	collected	
within	ƒ	min	o’	capture	and	thus	measured	an	acute	stress	response,	
while	’ecal	samples	were	collected	prior	to	the	stress	signature	doc-
umented	’or	pikas	ŐGCM	increases	ƐƐŋƐƔ	hr	a’ter	capture,	Wilkening	
et	al.,	ƑƏƐƒő	and	represented	a	chronic	stress	response.	Relationships	
between	hair,	plasma,	and	’ecal	GCM	were	assessed	with	a	linear	re-
gression	using	the	 lm	’unction.	All	analyses	Őunless	otherwise	notedő	
were	 conducted	 using	 the	 stats	 package	 in	 R	version	 ƒ.Ɛ.ƒ	 ŐR	Core	
Team	ƑƏƐƔő.

Ƒ.Ɣ | Data analysis

The	 distribution	 o’	 each	 independent	 variable	 was	 assessed	 ’or	
normality	 according	 to	 the	 Shapiro	Wilk	 test	 using	 the	 shapiro.test 

TABLE  Ɛ Site	description	o’	the	Pyramid	Peak	ŐPPő	and	Thornton	Lakes	ŐTLő	sampling	transects	in	North	Cascades	National	Park,	WA

Site Elevation Amb_max Amb_day Tal_max Tal_day Tal_night n Cranial Weight M/F

PPƏƐ Ɠ8Ə ƑƔ.Ƒ ƑƑ.8 16.6 16.2 ƐƔ.8 Ɣ ƑƓ.Ɣ ƐƔƒ.Ə 0.67

PPƏƑ 8ƐƏ Ƒƒ.8 20.3 ƐƓ.Ƒ 13.7 13.7 6 ƑƔ.6 Ɛƒ8.ƒ 1.00

PPƏƒ 1327 20.0 17.7 ƐƓ.7 13.9 12.6 3 Ƒƒ.Ɣ 123.3 Ə.ƔƏ

PPƏƓ ƐƔƔƏ Ɛ7.8 ƐƔ.6 13.1 ƐƑ.Ɠ ƐƐ.Ɠ 9 23.9 ƐƔƑ.Ƒ 2.00

TLƏƐ ƔƏƓ 23.6 21.2 19.2 Ɛ8.ƒ 17.9 7 27.7 Ɛ8Ƒ.Ɛ Ə.7Ɣ

TLƏƑ 760 23.3 20.6 16.3 ƐƔ.8 ƐƓ.6 8 29.2 Ɛ8Ƒ.Ɣ 1.67

TLƏƒ ƐƓƏ9 17.6 ƐƔ.7 11.0 ƐƏ.Ɠ ƐƏ.Ɠ 7 26.9 162.6 1.33

TLƏƓ Ɛ66Ɣ ƐƔ.Ɠ ƐƓ.Ƒ ƐƑ.Ɠ 11.6 10.9 Ɠ Ƒƒ.8 131.3 1.00

Mean	daily	temperatures	’or	ambient	maximum	ŐAmb_maxő,	ambient	daytime	ŐAmb_dayő,	talus	maximum	ŐTal_maxő,	talus	daytime	ŐTal_dayő,	and	talus	night-
time	temperatures	ŐTal_nightő	are	reported	in	°C	along	with	elevation	Őmő,	sample	size	Őnő,	mean	cranial	diameter	Őmmő,	mean	weight	Őgő,	and	sex	ratio	ŐM/F) 

’or	each	site.
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’unction,	and	by	inspecting	a	normal	probability	plot	using	the	qqnorm 

’unction.	Any	variable	that	deviated	’rom	normality	was	trans’ormed	
using	a	natural	 log	trans’ormation	and	retested	’or	normality.	As	el-
evation	 can	 have	 an	 overriding	 in’luence	 on	 most	 environmental	
parameters,	 we	 next	 tested	 ’or	 collinearity	 among	 all	 independent	
variables	using	the	Pearson	correlation	coe’’icient	and	corr.test	’unc-
tion	in	R.	To	reduce	collinearity,	where	signi’icant	Őα	=	Ə.ƏƔő	and	strong	
Ő|r|	ƾ	Ə.8Əő	correlations	were	’ound,	the	more	physiologically	relevant	
variable	was	retained	based	on	previous	studies	o’	pika	ecology	Ősee	
section	ƒő.	Mixed-	e’’ects	models	were	used	to	compare	corticoster-
one	estimates	to	all	combinations	o’	remaining	independent	variables	
using	the	lmer	’unction	o’	the	lme4	package	ŐBates,	Maechler,	Bolker,	
&	Walker,	ƑƏƐƓő,	a’ter	setting	REML	=	ALSE	to	allow	’or	model	selec-
tion	via	AICc.	Model	’it	was	assessed	by	calculating	the	marginal	R

2	as	
suggested	by	Nakagawa	and	Schielzeth	ŐƑƏƐƒő	using	the	sem.model.fits 

’unction	o’	the	piecewiseSEM	package	ŐLe’check,	ƑƏƐƔő.	The	top	model	
was	tested	’or	all	the	basic	assumptions	o’	linear	regression	including:	
linearity,	 homoscedasticity,	 and	 normality	 o’	 residuals.	 Additionally,	
excessively	in’luential	data	points	were	assessed	using	the	 influence.

ME	package	ŐNieuwenhuis,	Te	Grotenhuis,	&	Pelzer,	ƑƏƐƑő.

ƒ  | RESULTS

ƒ.Ɛ | Laboratory validation

Serial	dilutions	showed	a	parallel	response	o’	samples	across	the	en-
tire	standard	curve,	but	the	GC	concentration	’rom	the	highest	dilu-
tion	 ŐƐ:ƑƓő	was	 lower	 than	 expected	 relative	 to	 the	 standard	 curve	
ŐFigure	ƒő.	 Due	 to	 the	 lower	 than	 expected	 GC	 concentrations,	 all	
remaining	 samples	 were	 analyzed	 undiluted.	 The	 addition	 curve	
showed	 that	 99.8%	 o’	 exogenous	 corticosterone	 was	 recoverable	
in	the	sample	matrix.	The	mean	intra-	assay	variation	was	Ƒ.ƏƐ%	and	
Ɛ.88%,	 and	 the	 inter-	assay	 variation	was	 Ƒ.ƏƑ%	 and	 Ɠ.Ɣ8%	 ’or	 the	
BO	 and	 NSB	 standards,	 respectively.	 There	 was	 a	 strong	 nonlinear	
relationship	between	sample	mass	and	corticosterone	concentration,	
indicating	a	decrease	in	extraction	e’’iciency	with	 increasing	sample	
mass	ŐFigure	Ɠő.	To	veri’y	this	trend,	varying	initial	quantities	o’	hair	
ŐƐ.Ƒ,	 ƒ,	 Ɣ.Ƒ,	 ƐƏ.Ƒ,	 and	 Ɛ8.ƒ	mgő	 were	 extracted	 and	 analyzed	 ’rom	
one	sample	ŐPPƏƓTƏ8ő	resulting	in	the	same	nonlinear	relationship.	A	
power	model	was	’itted	to	the	data,	and	all	subsequent	analyses	were	
conducted	on	the	residuals	’rom	this	model	to	correct	’or	extraction	
e’’iciency.	The	residuals	o’	this	model	showed	heteroscedasticity	in-
dicating	sample	masses	less	than	approximately	Ƒ.ƒ	mg	could	lead	to	
inaccurate	estimates	o’	corticosterone.

ƒ.Ƒ | Equivalence of corticosterone estimates from 
different sample sources

The	 sample	masses	 ’or	 the	 nine	 hair	 samples	 used	 to	 contrast	 hair	
GC,	plasma	GC,	and	’ecal	GCM	were	low	ŐƔ.8	mg	±	Ɠ.7	SDő,	and	the	
mean	 coe’’icient	 o’	 variation	 ŐCVő	 o’	 corticosterone	 estimates	 was	
high	 ŐƑ9.8Ɣ%ő	 between	 replicates.	 There	was	 a	 substantial	 skew	 in	
plasma	GC	estimates;	to	’acilitate	comparison,	plasma	GC	estimates	

were	natural	 log	trans’ormed.	There	was	a	marginally	nonsigni’icant	
positive	 relationship	 between	 hair	 and	 plasma	 GC	 ŐF	=	ƒ.Ɣ7,	 df =	7,	
R2	=	.ƒƒ8,	 p	=	.ƐƏƐő	 and	 no	 relationship	 between	 hair	 GC	 and	 ’ecal	

F IGURE  ƒ Top:	Parallelism	between	the	standard	curve	Ősolid	
line	with	circleső	and	serial	dilutions	o’	one	sample	Ősquares,	no	lineő.	
Bottom:	Addition	curve	showing	a	linear	relationship	Őp < .001) 

between	observed	and	expected	GC	when	samples	were	mixed	Ɛ:Ɛ	
with	standard	concentrations	o’	corticosterone	’rom	the	standard	
curve

F IGURE  Ɠ Relationship	between	sample	mass	and	estimated	
corticosterone	concentration	using	NOCA	samples	Ősquareső,	
hair	samples	’rom	paired	plasma	and	’ecal	samples	Őtriangleső,	
and	di’’ering	masses	’rom	PPƏƓTƏ8	Őcircleső.	Inset	exponential	
relationship	Ősolid	lineő	was	developed	using	all	samples.	Dashed	line	
shows	our	suggested	Ɣ-	mg	minimum	sample	weight	cuto’’
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GCM	 ŐF	=	Ɛ.Ə9,	 df	=	7,	 R2	=	.ƐƒƓ,	 p	=	.ƒƒƑő.	 Additionally,	 there	 was	
no	relationship	between	plasma	GC	and	’ecal	GCM	ŐF	=	Ə.8ƒƏ,	df	=	7,	
R2	=	.ƐƏ6,	p = .393).

ƒ.ƒ | Pika stress analysis along elevational gradients

Hair	samples	were	obtained	’rom	a	total	o’	Ɠ9	pikas	ŐƑƒ	’emales	and	
Ƒ6	males;	Table	Ɛő.	All	pikas	were	unambiguously	sexed	with	no	repli-
cate	returning	a	di’’erent	sex.	A	mean	o’	Ɛ9.Ɠ	mg	Ő±7.ƒ	SDő	o’	washed,	
trimmed	 hair	 was	 obtained	 ’rom	 each	 sample,	 and	 the	 minimum	
sample	weight	was	6.Ɣ	mg.	Resulting	corticosterone	estimates	had	a	
mean	CV	o’	7.Ɛ9%	between	replicates.	A	one-	way	ANOVA	showed	
signi’icant	deviation	in	corticosterone	levels	among	the	sample	sites	
ŐFigure	Ɣő.

Only	cranial	diameter	and	body	mass	were	non-	normally	distrib-
uted	 Őrespectively:	W	=	Ə.9Ɠ8,	p	=	.ƏƒƑ;	W	=	Ə.9ƐƐ,	p	=	.ƏƏƐő.	A	nat-
ural	 log	 trans’ormation	 did	 not	 establish	 normality	 nor	 approximate	
a	 normal	 distribution;	 there’ore,	 nontrans’ormed	 data	were	 used	 in	
subsequent	analysis.	Due	to	signi’icant	collinearity	among	all	tempera-
ture	metrics	and	elevation	ŐTable	Ƒő,	elevation	was	eliminated	in	’avor	
o’	a	more	direct	assessment	o’	microclimate	variation.	Similarly,	mean	
ambient	daily	temperature	was	eliminated	in	’avor	o’	mean	maximum	
daily	temperature	ŐAmb_maxő,	which	may	be	a	better	metric	o’	thermal	

stress	ŐBeever	et	al.,	ƑƏƐƐő.	All	talus	temperature	metrics	were	collin-
ear	with	Amb_max;	however,	we	included	Tal_night	as	this	metric	rep-
resented	the	mean	nighttime	temperature	pika	were	likely	subjected	
to,	 in	 contrast	 to	Amb_max,	which	 represented	 the	mean	maximum	
daytime	 temperature.	 Finally,	 body	mass	was	 eliminated	 in	 ’avor	 o’	
cranial	diameter	as	body	mass	is	likely	to	’luctuate	on	a	seasonal	basis	
and	cranial	diameter	was	more	accurately	measured	in	the	’ield	Őper-
sonal	observationő.

A	total	o’	Ɛƒ	mixed-	e’’ects	models	were	assessed	using	Amb_max,	
Tal_night,	sex,	and	cranial	diameter	as	independent	variables,	including	
all	possible	models	except	those	based	on	the	highly	collinear	variables	
Amb_max	and	Tal_night.	The	top	model	incorporated	all	o’	these	vari-
ables	except	Tal_night	ŐTable	ƒő,	with	lower	corticosterone	estimates	at	
sites	with	higher	ambient	temperatures	and	’or	larger,	male	pika.	The	
marginal	R2	 ’or	 this	model	 showed	 these	variables	 explained	 about	
ƒ6.8%	o’	 the	variation	 in	 corticosterone	estimates.	The	 residuals	 o’	
this	model	were	normally	distributed	ŐW	=	Ə.96Ƒ8,	p	=	.ƐƑƒƐő,	showed	
no	signs	o’	heteroscedasticity,	nor	a	linear	relationship	with	the	’itted	
value	ŐF	=	Ə.ƑƔƐ,	df	=	Ɠ7,	R2	=	.ƏƏƔ,	p	=	.6Ɛ7ő	or	with	the	main	predic-
tor	 Őcranial	estimates;	F	=	Ɛ.ƓƐƐE−Ƒ6,	df	=	Ɠ7,	R2	=	ƒ.ƏƏE−Ƒ8,	p = 1). 

No	excessively	in’luential	data	points	were	identi’ied	ŐCookĽs	distance	
<Ə.8Ɣ	’or	all	sites	and	<	Ə.Ɣ	’or	all	sampleső.

Ɠ  | DISCUSSION

Ɠ.Ɛ | Laboratory validation

While	we	agree	with	other	authors	regarding	the	power	o’	biological	
validation	o’	GC	measurements	ŐSheri’’	et	al.,	ƑƏƐƐ;	Touma	&	Palme,	
ƑƏƏƔő,	 the	 limited	 ’easibility	 o’	 validation	 must	 also	 be	 acknowl-
edged	 ’or	 some	 species.	 The	 logistical	 di’’iculties	 o’	 a	 long-	term	
stress	trial	in	wild	animals	can	lead	to	mixed	results	when	conduct-
ing	a	biological	validation	o’	hair-	based	stress	analyses	ŐKoren	et	al.,	
ƑƏƏƑ;	 Mastromonaco	 et	al.,	 ƑƏƐƓő.	 For	 example,	 Mastromonaco	
et	al.	ŐƑƏƐƓő	were	only	able	to	resample	ƐƑ	o’	the	original	Ƒƒ	east-
ern	chipmunks	used	in	a	biological	validation	o’	hair	samples	ŐACTH	
challengeő,	and	only	three	o’	the	’ive	samples	in	their	experimental	
group	 exhibited	 elevated	 glucocorticoid	 levels.	 Additionally,	 some	
species	o’	conservation	interest,	such	as	the	American	pika,	would	
likely	exhibit	high	mortality	during	a	rigorous	stress	trial	ŐMacArthur	
&	Wang,	 Ɛ97ƒő.	 However,	 hair-	based	 measurements	 o’	 GC	 have	
been	validated	in	other	lagomorph	species;	’or	example,	Peric	et	al.	
ŐƑƏƐ7ő	 documented	 a	 signi’icant	 increase	 in	 cortisol	 incorporated	
into	 hair	 samples	 ’rom	New	 Zealand	 white	 rabbits	 a’ter	 stress’ul	
events.

Using	 individual-	based	 comparisons,	we	 documented	 a	 limited	
connection	between	plasma-		and	hair-	based	estimates	and	no	con-
nection	 between	 hair	 GC	 and	 ’ecal	 GCM.	This	 lack	 o’	 correspon-
dence	may	be	attributable	to	the	di’’erent	time	periods	over	which	
these	sample	sources	are	sensitive.	Levels	o’	GC	in	the	bloodstream	
can	 be	 signi’icantly	 elevated	 in	 just	 a	 ’ew	minutes	 a’ter	 a	 stress-
’ul	stimulus	 ŐSheri’’	et	al.,	ƑƏƐƐő,	and	plasma	measurements	 in	our	
study	re’lect	an	acute	stress	response.	GCM	measurements	re’lect	

F IGURE  Ɣ Box	and	whisker	plot	showing	average	corticosterone	
per	site	a’ter	correcting	’or	extraction	e’’iciency	Ősee	Table	Ɛ	and	
Figure	Ƒ	’or	site	descriptionső.	Boxes	represent	medians,	ƑƔ%	and	
7Ɣ%	quartiles	while	whiskers	extend	through	9Ɣ%	interquartile	
range.	A	one-	way	ANOVA	showed	signi’icant	deviation	among	sites	
ŐF	=	Ɣ.ƏƑ8,	df	=	7,	p	<	.ƏƏƐő.	Sites	are	numbered	to	re’lect	relative	
elevation,	where	ƏƐ	=	lowest
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GC	 levels	on	a	 time	 scale	o’	 several	hours	or	days	prior	 to	collec-
tion;	 however,	 levels	 o’	 GC	 in	 hair	 represent	 the	 accumulation	 o’	
GC	 during	 the	 relatively	 long	 period	 o’	 hair	 growth	 ŐKoren	 et	al.,	
ƑƏƏƑ;	Yang,	Lan,	Yan,	Xue,	&	Dail,	Ɛ998ő.	Accordingly,	our	hair	sam-
ples	 likely	measured	 long-	term	 chronic	 stress	 ’ollowing	 the	 entire	
summer	molting	period,	whereas	plasma	or	’ecal	samples	re’lected	
chronic	stress	experienced	during	the	’ew	hours	or	days	be’ore	the	
time	 o’	 capture.	Additionally,	 plasma	GC,	 ’ecal	GCM,	 and	 hair	GC	
measure	slightly	di’’erent	hormonal	signatures,	and	other	lagomorph	
studies	 have	 documented	 a	 lack	 o’	 correlation	 among	 alternative	
stress	metrics	ŐCabezas,	Blas,	Marchant,	&	Moreno,	ƑƏƏ7;	Monclús,	
Rödel,	Palme,	Von	Holst,	&	De	Miguel,	ƑƏƏ6ő.	For	example,	only	’ree	
GCs	Őthose	not	bound	to	the	carrier	protein,	corticosterone-	binding	
globulinő	 circulating	 in	 the	 bloodstream	 are	 metabolized	 by	 the	
liver	 and	 converted	 into	GCMs;	 thus,	 ’ecal	GCM	 levels	 have	been	
shown	 to	mirror	 ’ree	GC	 levels,	 but	 not	 total	GC	 levels	 in	 plasma	
ŐSheri’’,	Krebs,	&	Boonstra,	ƑƏƐƏő.	The	manner	in	which	GCs	are	in-
corporated	into	hair	is	largely	unknown,	so	questions	remain	about	
whether	 circulating	 ’ree	GC	 concentration	 in	 the	 blood	 is	 propor-
tionately	re’lected	in	hair	and	the	in’luence	o’	con’ounding	’actors	
such	as	GC	contributions	’rom	saliva	or	scents	ŐSheri’’	et	al.,	ƑƏƐƐő.	

These	temporal	and	measurement	di’’erences	are	likely	responsible	
’or	 the	weak	correlations	previously	observed	when	hair	hormone	
levels	have	been	compared	to	those	o’	plasma	ŐYang	et	al.,	Ɛ998ő	and	
’ecal	samples	ŐMastromonaco	et	al.,	ƑƏƐƓő.

One	 o’	 the	 potential	 di’’iculties	 o’	 using	 hair	 is	 the	 appar-
ent	 decrease	 in	 extraction	 e’’iciency	 with	 higher	 sample	 masses.	
Interestingly,	this	same	pattern	was	reported	in	’ecal	samples	’or	both	
mourning	doves	ŐMillspaugh	&	Washburn,	ƑƏƏƓő	and	Cali’ornia	spot-
ted	owls	ŐTempel	&	Gutierrez,	ƑƏƏƓő,	rein’orcing	the	need	to	correct	
’or	extraction	e’’iciency.	Our	approach	was	 to	establish	a	nonlinear	
relationship	to	account	’or	this	in’luence.	This	approach	may	be	pre’-
erable	when	 the	 mass	 or	 number	 o’	 samples	 is	 low,	 as	 it	 obviates	
the	need	to	standardize	sample	sizes	by	eliminating	smaller	samples	
or	 truncating	 larger	ones.	O’	course,	 this	nonlinear	relationship	sug-
gests	that	estimates	based	on	low	sample	masses	are	less	precise	Őan-
other	reason	not	to	standardize	samples	to	the	lowest	sample	masső.	
O’	particular	note,	 the	nine	hair	samples	used	here	to	contrast	with	
estimates	o’	 ’ecal	GCM	and	plasma	GC	were	generally	 low	 in	mass,	
potentially	contributing	to	the	weak	relationship	observed.	We	agree	
with	Macbeth,	Cattet,	Stenhouse,	Gibeau,	and	Janz	 ŐƑƏƐƏő	who	rec-
ommended	a	minimum	sample	weight	o’	Ɣ	g	when	analyzing	GC	’rom	

 Cranial Weight Elevation Amb_max Amb_day Tal_max Tal_day

Weight Ə.78*

Elevation −Ə.ƒƔ −Ə.Ƒƒ

Amb_max 0.29 0.17 −Ə.97*

Amb_day 0.29 0.19 −Ə.98* Ə.99*

Tal_max Ə.Ƒ8 Ə.ƑƓ −Ə.86* Ə.8Ə* Ə.8Ɠ*

Tal_day 0.29 Ə.ƑƓ −Ə.88* Ə.8ƒ* Ə.86* Ɛ.ƏƏ*

Tal_night 0.30 Ə.ƑƓ −Ə.9ƒ* Ə.86* Ə.89* Ə.98* Ə.98*

*Indicates	signi’icance	a’ter	sequential	Bon’erroni	correction	Őp	ƽ	.ƏƏ7ő.

TABLE  Ƒ Correlation	matrix	o’	
independent	variables	Ősee	Table	Ɛ	’or	
de’initionső

TABLE  ƒ  In’ormation	theoretic	analysis	o’	mixed-	e’’ects	models	explaining	variation	in	corticosterone	estimates	o’	American	pika	samples	
Ősee	Table	Ɛ	’or	de’initionső

Model K AICc Weight Evidence ratio Marinal R2

Cranial—Sex—Amb_max 6 Ƒ6Ɠ.6Ə Ə.ƑƓ8 1.00 .ƒ68

Amb_max—Cranial Ɣ Ƒ6Ɠ.8Ə Ə.ƑƑƔ 1.10 .326

Cranial Ɠ Ƒ6Ɣ.ƒƐ Ə.Ɛ7Ɠ Ɛ.Ɠƒ .ƑƏ8

Sex—Cranial Ɣ Ƒ6Ɣ.6Ə Ə.ƐƔƐ Ɛ.6Ɠ .239

Tal_night—Cranial Ɣ Ƒ66.8Ə Ə.Ə8ƒ 3.00 .261

Cranial—Sex—Tal_night 6 266.90 0.079 3.16 .299

Amb_max Ɠ 271.01 0.010 ƑƓ.6Ɠ .ƐƔƑ

Amb_max—Sex Ɣ 271.10 0.010 ƑƔ.7ƒ .Ɛ86

Null 3 Ƒ7Ɛ.8ƒ 0.007 37.21 .000

 Sex Ɠ 272.21 0.006 ƓƓ.9Ə .027

 Tal_night Ɠ 272.61 Ə.ƏƏƔ ƔƓ.8Ɣ .091

 Tal_night—Sex Ɣ Ƒ7Ƒ.8Ə Ə.ƏƏƓ 60.20 .122

All	variables	demonstrated	negative	relationships	with	corticosterone	estimates.	The	negative	slope	’or	sex	indicates	males	had	lower	corticosterone	esti-
mates.	Site	was	used	as	a	random	e’’ect	in	all	models	and	the	null	model	included	only	the	random	e’’ect.
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hair.	 In	 our	 analysis,	 the	 relationship	between	 sample	mass	 and	GC	
estimates	was	approximately	linear	’or	samples	larger	than	Ɣ	g	and	the	
residuals	 o’	 our	model	 explaining	 extraction	 e’’iciency	were	dispro-
portionally	high	 ’or	 the	 low	sample	masses.	We	 ’urther	 recommend	
researchers	consider	 the	 in’luence	o’	 sample	mass	 in	GC	extraction	
e’’iciencies	even	’or	larger	samples;	our	data	suggest	such	e’’ects	con-
tinue	even	at	higher	sample	masses.

To	 summarize,	 we	 recommend	 researchers	 employ	 a	 traditional	
validation	technique	i’	possible	when	applying	a	novel	stress	analysis	
protocol.	When	this	is	not	’easible,	as	in	our	case,	we	suggest	a	cau-
tious	approach	to	cross-	validation	as	each	sample	source	may	measure	
unique	temporal	and	physiological	elements	o’	stress.	Additionally,	we	
emphasize	 the	 importance	o’	 considering	 and	 correcting	 ’or	 the	 in-
’luence	o’	extraction	e’’iciency.	Sample	mass	was	demonstrated	here	
and	 elsewhere	 to	 have	 a	 strong	 in’luence	 on	 estimated	 corticoste-
rone	 concentrations.	We	 recommend	 standardizing	 sample	 masses,	
when	 possible,	 above	 Ɣ	mg;	 however,	 the	 relationship	 between	 ex-
traction	e’’iciency	and	sample	mass	may	be	species	speci’ic,	 so	this	
cuto’’	may	need	to	be	reassessed,	especially	in	species	with	hair	that	
is	coarser.	When	logistical	considerations	make	standardizing	sample	
mass	impractical,	we	recommend	correcting	’or	extraction	e’’iciency	
by	assessing	’or	a	nonlinear	correlation	between	sample	mass	and	GC	
estimates.	The	resulting	equation	can	then	be	used	to	correct	’or	the	
in’luence	o’	sample	mass.

Ɠ.Ƒ | Field study

We	demonstrated	the	utility	o’	hair	samples	by	directly	investigat-
ing	 ’actors	 in’luencing	 long-	term	 chronic	 stress	 at	 the	 individual	
level.	 The	 sensitivity	 o’	 this	 analysis	 allowed	 us	 to	 evaluate	 the	
American	pika	’or	several	patterns	o’	stress	hormone	activity	well-	
documented	 in	other	mammals.	Our	 results	 showed	 that	 hair	GC	
was	mainly	 in’luenced	 by	 body	 size,	 a	 pattern	 perhaps	mediated	
by	individual	di’’erences	in	mass-	speci’ic	metabolic	rates.	In	mam-
mals,	 there	 is	a	negative	relationship	between	body	mass	and	GC	
concentration,	underpinned	by	a	relative	increase	in	mass-	speci’ic	
metabolic	rate	with	decreasing	body	mass	ŐHaase	et	al.,	ƑƏƐ6ő.	As	
the	production	but	not	the	degradation	o’	GC	is	a	metabolic	’unc-
tion,	smaller	pikas	with	higher	metabolic	rates	would	be	more	prone	
to	accumulate	GC.	Furthermore,	smaller	animals	generally	lose	heat	
’aster	due	to	their	higher	sur’ace	area	to	volume	ratios	and	would	
need	to	elevate	their	baseline	metabolism	disproportionally	to	com-
pensate.	 Additionally,	 it	 may	 be	 possible	 that	 larger	 pikas	 would	
have	 longer	hair,	better	 insulating	 them	’rom	cold	stress	or	 in’lu-
encing	the	incorporation	o’	GC	into	the	hair.	However,	an	analysis	
o’	New	 Zealand	White	 rabbits	 ’ound	 no	 in’luence	 o’	 hair	 length	
or	body	 location	on	GC	estimates	using	a	similar	protocol	 ŐComin	
et	al.,	ƑƏƐƑő.	To	our	knowledge,	this	is	the	’irst	time	that	a	relation-
ship	between	GC	and	body	size	has	been	reported	within	a	single	
species;	 however,	 pikas	may	 be	 exceptional	 given	 their	 relatively	
high	metabolic	rate	ŐLovegrove,	ƑƏƏƒő,	and	’urther	investigation	is	
needed	to	determine	whether	this	pattern	is	prevalent	within	other	
mammals.

Here,	 we	 report	 perhaps	 the	 ’irst	 direct	 connection	 between	
chronic	stress	and	microclimate	variation	in	the	American	pika,	a	spe-
cies	with	 a	 reputation	 ’or	 narrow	 thermal	 tolerance	 ŐMoyer-	Horner,	
Mathewson,	Jones,	Kearney,	&	Porter,	ƑƏƐƔ;	Smith,	Ɛ97Ɠő.	Our	results	
’urther	support	the	potential	’or	the	negative	e’’ects	o’	chronic	cold	
stress	in	this	species	ŐBeever,	Ray,	Mote,	&	Wilkening,	ƑƏƐƏ;	Beever	
et	al.,	ƑƏƐƐ;	Je’’ress	et	al.,	ƑƏƐƒ;	Ray,	Beever,	&	Loarie,	ƑƏƐƑ;	Schwalm	
et	al.,	ƑƏƐ6ő.	The	 increase	 in	GC	observed	at	colder	sites	could	be	a	
’unction	 o’	when	 our	 hair	 samples	were	 grown.	The	American	 pika	
molts	twice	each	year,	during	summer	and	’all	ŐSmith	&	Weston,	Ɛ99Əő.	
While	we	cannot	determine	the	exact	time	period	over	which	stress	
was	measured,	our	samples	likely	captured	the	GC	pro’ile	o’	pikas	just	
a’ter	 the	 summer	molt,	which	 typically	 occurs	 around	June	 to	mid-	
July	 ŐKrear,	Ɛ96Ɣő.	An	increase	 in	GC	associated	with	 lower	ambient	
temperatures	may	indicate	the	necessity	o’	a	higher	metabolic	rate	to	
maintain	homeostasis	in	colder	conditions	ŐLovegrove,	ƑƏƏƒő,	particu-
larly	during	a	molt.	Being	a	small	alpine	mammal	that	does	not	hiber-
nate,	the	American	pika	may	be	especially	dependent	on	a	’ine-	tuned	
metabolic	rate,	given	that	smaller	animals	would	be	disproportionately	
a’’ected	by	low	temperatures	ŐMoyer-	Horner	et	al.,	ƑƏƐƔő.	As	a	case	in	
point,	Boratyński,	Je’imow,	and	Wojciechowski	ŐƑƏƐ6ő	’ound	that	both	
the	basal	metabolic	rate	and	nonshivering	thermogenesis	in	Siberian	
hamsters	were	highly	plastic	during	the	summer	months	to	meet	local	
thermal	conditions.	 I’	 such	patterns	generalize	 to	 the	current	 study,	
the	elevational	pattern	o’	GC	reported	here	may	represent	the	met-
abolic	plasticity	o’	pikas	to	local	thermal	conditions.	We	should	note	
that	these	data	do	not	re’ute	the	potential	’or	heat	stress	in	pikas,	as	
the	record	o’	GC	in	our	hair	samples	would	likely	have	been	’rom	early	
summer	when	the	risk	o’	heat	stress	was	minimal.	Additionally,	it	was	
the	mid-	elevational	sites	that	had	the	lowest	stress	levels	along	each	
o’	the	respective	transects,	a	pattern	indicating	these	sites	may	have	
been	thermally	optimal	’or	pikas,	with	the	potential	’or	stress	at	lower	
or	higher	temperatures.

The	lower	stress	levels	reported	here	’or	male	pikas	match	the	gen-
eral	pattern	observed	in	most	mammalian	species	ŐReeder	&	Kramer,	
ƑƏƏƔő.	As	both	male	and	’emale	pikas	are	highly	territorial	 ŐSmith	&	
Weston,	 Ɛ99Əő,	 this	 aspect	 o’	 behavior	 is	 unlikely	 to	 contribute	 to	
sex-	speci’ic	 di’’erences	 in	 stress.	 Our	 samples	 likely	 represented	
the	postbreeding	period	and	thus	would	not	capture	the	 increase	 in	
stress	associated	with	mating	’ound	in	other	small	mammals	 ŐKoren,	
Mokady,	 &	Ge’’en,	 ƑƏƏ8ő.	However,	 our	 sampling	 period	 coincided	
with	gestation	and	 lactation.	The	costly	metabolic	demands	o’	 rear-
ing	o’’spring	may	be	responsible	’or	elevated	stress	hormone	levels	in	
’emale	mammals	 ŐGittleman	&	Thompson,	Ɛ988;	Wade	&	Schneider,	
Ɛ99Ƒő.	Interestingly,	’emale	pikas	possess	a	larger	adrenal	gland	than	
males	ŐSmith	&	Weston,	Ɛ99Əő,	potentially	to	meet	these	physiological	
demands.	However,	the	relative	stress	level	o’	each	sex	may	’luctuate	
seasonally	as	males	and	’emales	per’orm	di’’ering	tasks,	which	could	
decouple	 acute	 and	 long-	term	 stress	 measurements.	 For	 instance,	
Wilkening	et	al.	ŐƑƏƐƒő	reported	higher	GCM	levels	in	male	pikas,	but	
a	longer	duration	o’	GCM	response	to	an	acute	stressor	in	’emales.

One	o’	 the	known	 limitations	o’	 the	elevational	 transect	experi-
mental	design	 is	 the	high	degree	o’	covariation	among	microclimate	
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variables	typically	observed,	which	can	preclude	the	identi’ication	o’	
speci’ic	climate	in’luences	ŐSundqvist,	Sanders,	&	Wardle,	ƑƏƐƒő.	The	
high	degree	o’	covariation	within	our	microclimate	estimates	was	in-
dicative	 o’	 the	 overarching	 in’luence	 o’	 elevation	 on	 climate	within	
our	sample	area.	As	such,	our	measurements	likely	represent	relative	
microclimate	di’’erences	between	our	sites,	independent	o’	time	pe-
riod.	Fittingly,	our	direct	measurement	o’	Amb_max	was	highly	related	
to	mean	annual	temperature	at	our	sites	’or	ƑƏƐƓ	ŐR2	=	.878,	F	=	Ɠƒ.Ƒ,	
df	=	6,	 p	<	.ƏƏƐő	 using	 downscaled	 weather	 station	 data	 ’rom	 the	
ClimATEWNA	model	ŐWang,	Hamann,	Spittlehouse,	&	Murdock,	ƑƏƐƑő.	
While	 this	addresses	our	concern	over	using	microclimate	measure-
ments	taken	subsequent	to	our	hair	samples	and	over	a	short	period	o’	
time,	it	does	render	identi’ying	more	speci’ic	climate	in’luences	chal-
lenging	with	this	dataset.	This	limitation	could	potentially	be	addressed	
by	care’ul	selection	o’	additional	elevational	transects	in	the	’uture.

In	conclusion,	we	suggest	a	cautionary	approach	when	attempt-
ing	GC	measurements	in	a	species	without	the	ability	to	validate	the	
methodology.	 Identi’ying	 biologically	 relevant	 and	 well-	supported	
relationships	such	as	GC	covariance	with	body	size	can	assist	 in	the	
development	 o’	 novel	 measurement	 protocols.	 In	 addition,	 cross-	
re’erencing	GC	metrics	among	analysis	methods	may	support	novel	
applications	 in	 some	cases.	However,	we	urge	care’ul	 consideration	
o’	sample	type	 in	addressing	physiological	stress	 in	wildli’e,	as	sam-
ple	sources	vary	in	the	time	periods	over	which	they	actively	measure	
stress.	Finally,	we	report	the	only	known	correlation	between	directly	
measured	physiological	 stress	and	climate	variation	 in	 the	American	
pika.	Our	 results	 add	 to	 the	 recent	 evidence	 o’	 cold	 stress	 in	 pikas	
ŐBeever	et	al.,	ƑƏƐƏ,	ƑƏƐƐ;	ƑƏƐƐ;	Ray	et	al.,	ƑƏƐƑ;	Je’’ress	et	al.,	ƑƏƐƒ;	
Schwalm	et	al.,	 ƑƏƐ6ő.	We	 suspect	 that	 the	 elevated	metabolic	 rate	
needed	to	endure	colder	ambient	conditions	as	a	small	bodied,	non-
hibernating	mammal	may	be	 responsible	 ’or	 the	 elevated	GC	 levels	
reported	here.	Further	 research	assessing	physiological	 stress	 in	 the	
American	pika	may	assist	in	conservation	and	monitoring	e’’orts	as	we	
enter	a	period	o’	rapid	environmental	change.
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