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Introduction
Reversing the current, unprecedented rate of human-caused
biodiversity loss (IUCN 2019) will depend on identifying
stressed populations before they disappear and determining
how stress is mediated by the environment (Homyack, 2010).
The growing field of conservation physiology provides tools
for discovering the mechanisms that support biological
diversity and that govern individual- and population-level
responses to environmental change and stressors (Cooke
et al., 2013). Almost half of the work published in the journal
‘Conservation Physiology’ over the past 5 years has focused
on stress physiology. In a 2013 review, the majority of 287
stress physiology papers on non-fish vertebrates focused on
responses to capture and handling (Baker et al., 2013). Con-
versely, few studies focused on stress response to changes in
land use or environmental influences (Baker et al., 2013), such
as habitat quality. Habitat quality is a key factor in determin-
ing reproductive fitness and subsequent population growth
or decline in numerous species (Davenport et al., 2000,
Franklin et al., 2000, Gunnarsson et al., 2005, Johnson, 2007,
Holbrook et al., 2019, Navarro-Castilla and Barja, 2019).
If low-quality habitats do not provide the energy needed
to sustain allostasis (physiological stability in the presence
of actual or perceived stressors), then additional energy
demands can push an individual into allostatic overload (a
cumulative effect of chronic stress) and reduce individual
fitness (McEwen and Wingfield, 2003).

Many ephemeral factors (e.g. extreme weather events,
exposure to predators, behavioral differences, reproductive
status, seasonal variation, etc.) can affect levels of stress
(McEwen and Wingfield, 2003, Baker et al., 2013), but a
consistent stressor such as poor habitat quality should lead
to differences in chronic stress among individuals that are
consistent through time (Ellis et al., 2012), particularly for
individually territorial animals. If the stress level of each
individual in a population varies predictably in response to
an environmental stressor, then that response can be used
as a metric of population state (Madliger and Love, 2014).
However, few studies have quantified seasonal patterns in
stress within and among individuals. A study of the caper-
caillie (Tetrao urogallus), a non-migratory grouse, found that
sex and individual identity accounted for as much as 37%
of variation in stress among free-living individuals, while
environmental variables accounted for only 5.1% of the
variation (Coppes et al., 2018). By identifying individuals,
Coppes et al. (2018) detected strong, sex-specific, seasonal
variation within individuals, highlighting the need to track
stress in known individuals, especially when individuals are
non-territorial and share common habitat.

Here, we argue that differences in habitat quality should
affect differences in mean stress among individuals over time,
while individuals occupying similar habitats should exhibit
more similar mean stress levels over time. In addition to
spatial variation, stress should also vary temporally (Fig. 1).
If stress varies synchronously among individuals over time,

then climate or seasonal processes might be important covari-
ates of stress (Fig. 1a and b). If stress varies asynchronously
among individuals, then each individual is experiencing a dif-
ferent temporal pattern of stressors (Fig. 1c and d). Regard-
less of temporal variation in stress, differences in mean stress
level among individuals might signal long-term differences in
exposure to stressors, indicating differences in habitat quality.

Our ability to measure how habitat quality affects stress
might also vary with the scale of analysis and with our
understanding of what constitutes high-quality habitat. For
capercaillie, effects of habitat quality (proportion of open
forest) on stress were apparent at very local scales (20-m
radius) but not at home-range scales (400-m radius) (Coppes
et al., 2018). Canopy cover was patchy within home ranges,
so the strength of its effect was difficult to detect when canopy
cover was averaged at the larger scale (Coppes et al., 2018).
In a study of spotted salamanders (Ambystoma maculatum),
Homan et al., (2003) failed to find effects of habitat quality
on individual stress but also questioned whether the metrics
used in their study (canopy cover and soil moisture) were
adequate indicators of habitat quality. Both capercaillie and
spotted salamanders use different portions of their home
range throughout the year and have the potential to move
through a gradient of habitat quality. However, such consid-
erations of study scale and habitat metrics should be more
straightforward for territorial species with relatively small
and permanent territories, as well as for species with well-
characterized habitat needs and physiological limits.

We used the American pika (Ochotona princeps; hereafter,
pika) as a model to explore variation in stress within and
among individuals. Pikas are small (∼150 g) mammals that
live in rocky habitats in western North America, including
talus slopes, boulder fields and lava beds (Smith and Weston,
1990,Rodhouse et al., 2010). Pikas are individually territorial
and do not migrate after establishing a territory (Smith and
Weston, 1990). Pika territories are relatively small (14–34 m
diameter; Smith andWeston, 1990) and are generally centered
on a winter food cache or ‘haypile’ of herbaceous vegetation
harvested during the summer and consumed over the winter
(Huntly et al., 1986, Dearing, 1996). Pikas do not migrate or
hibernate, so each animal is exposed to the habitat within its
territory throughout the year (Krear, 1965). Pika occurrence
and persistence appear to be influenced by snowpack, associ-
ation with sub-surface ice features and climate (Hafner, 1994,
Millar and Westfall, 2010, Wilkening et al., 2015, Yandow
et al., 2015, Johnston et al., 2019). Experiments have shown
that pikas cannot tolerate temperatures >24◦C without
immediate access to cooler temperatures, which likely
explains their affinity for rocky habitats with relatively cool
and mesic sub-surface microclimates (MacArthur and Wang,
1974, Smith, 1974a, Hafner, 1993, 1994; Henry et al., 2012;
Smith et al., 2016).

Pikas are currently experiencing range retractions (Beever
et al., 2016, Jeffress et al., 2017) and local extirpations in
many parts of their range (Nichols et al., 2016, Jeffress
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Fi g ur e 1: E x a m pl e s of h y p ot h e si z e d v ari ati o n i n str e s s f or t w o h y p ot h eti c al i n di vi d u al s. T e m p or al v ari ati o n t h at i s s y n c hr o n o u s ( a a n d b) or
a s y n c hr o n o u s ( c a n d d) i s s u p eri m p o s e d o n p ot e nti al h a bit at- m e di at e d di ff er e n c e s i n  m e a n str e s s l e v el ( c e ntr al p a n el).  M e a n str e s s l e v el s i n
t errit ori al a ni m al s s h o ul d b e a ff e ct e d b y h a bit at q u alit y. I n t hi s e x a m pl e, i n di vi d u al X s h o ws hi g h er str e s s i n ( b) a n d ( d), s u g g e sti n g t h at it  mi g ht
o c c u p y a t errit or y of l o w er q u alit y.

et al. , 2 0 1 7, St e w art et al. , 2 0 1 7).  Cli m at e is a n a p p ar e nt
dri v er of pi k a l oss es ( H af n er 1 9 9 4 ; Gr a ys o n 2 0 0 5 ; B e e v er
et al. , 2 0 0 3, 2 0 1 0 , 2 0 1 1 ; Wil k e ni n g et al. , 2 0 1 1, 2 0 1 5 ; St e w art
et al. , 2 0 1 7; R o d h o us e et al. , 2 0 1 8), a n d s e v er al pr oj e cti o ns
s u g g est dr a m ati c l oss es d uri n g t his c e nt ur y ( G al br e at h et al. ,
2 0 0 9 , C al ki ns et al. , 2 0 1 2, St e w art et al. , 2 0 1 5).  H o w e v er,
cli m at e v ul n er a bilit y pr e di cti o ns f or pi k as i n ei g ht n ati o n al
p ar ks ( S c h w al m et al. , 2 0 1 6) s u g g est a  m or e c o m pl e x f ut ur e
i n  w hi c h s o m e p o p ul ati o ns  mi g ht p ersist i nt o t h e n e xt c e nt ur y,
w hil e ot h ers ar e li k el y t o b e e xtir p at e d.  T his p ot e nti al c o m-
pl e xit y  w as c orr o b or at e d b y a r a n g e- wi d e a n al ysis s h o wi n g
t h at t h e d et er mi n a nts of pi k a o c c urr e n c e a p p e ar t o v ar y b y
e c or e gi o n ( S mit h et al. , 2 0 1 9). I m p ort a ntl y, all st u di es of pi k a
r a n g e d y n a mi cs h a v e r eli e d o n o c c urr e n c e d at a t o d et er mi n e
p ast a n d pr es e nt h a bit at, a n d n o n e h a v e us e d  m etri cs of i n di-
vi d u al str ess t o r efi n e o ur u n d erst a n di n g of h a bit at q u alit y.  All
r a n g e pr oj e cti o ns h a v e pr e di ct e d pi k a v ul n er a bilit y i n t er ms
of l o c al e xtir p ati o n, r at h er t h a n t h e p ot e nti al f or p o p ul ati o n
d e cli n es t h at  mi g ht b e r e v ers e d ( b ef or e e xtir p ati o n) t hr o u g h
m a n a g e m e nt i nt er v e nti o ns i nf or m e d b y a n u n d erst a n di n g
of h o w h a bit at q u alit y  m e di at es str ess i n i n di vi d u als.  T his
d efi cit i n o ur u n d erst a n di n g of h a bit at- m e di at e d str ess, c o m-
bi n e d  wit h t h e c o m pl e xit y a n d u n c ert ai nt y of pr oj e ct e d pi k a
f ut ur es, hi g hli g hts t h e n e e d f or st u di es of p h ysi ol o gi c al str ess
t o a d v a n c e pi k a c o ns er v ati o n.  T h e p ot e nti al t o c h ar a ct eri z e
t e m p or al v ari ati o n i n str ess vs. diff er e n c es i n  m e a n str ess
(Fi g. 1 ) s h o ul d  m a k e s u c h a n al ys es v al u a bl e f or diff er e nti ati n g

p ur el y t e m p or al dri v ers of str ess fr o m t h os e  wit h a s p ati al
c o m p o n e nt s u g g esti v e of h a bit at eff e cts.

T o a d dr ess q u esti o ns a b o ut t h e s p ati ot e m p or al p att er n
of str ess i n pi k as,  w e  m e as ur e d gl u c o c orti c oi d  m et a b olit e
( G C M) c o n c e ntr ati o ns c oll e ct e d n o n-i n v asi v el y fr o m f e c al
s a m pl es d e p osit e d b y fr e e-li vi n g a ni m als.  Gl u c o c orti c oi ds,
w hi c h ai d i n t h e  m o bili z ati o n of r es p o ns e t o a str ess or, ar e j ust
o n e c o m p o n e nt of t h e c o m pl e x str ess r es p o ns e i n  m a m m als
(M o b er g 2 0 0 0 ; R e e d er a n d  Kr a m er 2 0 0 5 ). If a n a ni m al c a n-
n ot r e c o n cil e a str ess or a n d r et ur n h or m o n es t o r e g ul ar l e v els,
gl u c o c orti c oi ds c a n b e c o m e c hr o ni c all y el e v at e d ( B o o nstr a
et al. , 1 9 9 8; M c E w e n a n d  Wi n gfi el d 2 0 0 3 ).  C hr o ni c all y hi g h
gl u c o c orti c oi d l e v els c a n l e a d t o fit n ess c o ns e q u e n c es, i n cl u d-
i n g d e cr e as e d b o d y  m ass, r e d u c e d r e pr o d u cti o n a n d i n cr e as e d
m ort alit y ( R o m er o et al. , 2 0 0 9; D a nt z er et al. , 2 0 1 4 ).  T h e
us e of c orti c ost er o n e e n z y m e i m m u n o ass a ys t o  m e as ur e f e c al
G C M c o n c e ntr ati o ns h as b e e n bi ol o gi c all y v ali d at e d f or pi k as
(Wil k e ni n g et al. , 2 0 1 3). Fi el d st u di es h a v e f o u n d t h at i n
pi k as c o nfr o nt e d  wit h a str ess or (tr a p pi n g a n d r estr ai nt),
f e c al  G C M l e v els i n cr e as e d (Wil k e ni n g et al. , 2 0 1 3), a n d
i n di vi d u als  wit h hi g h er  G C M l e v els b ef or e c a pt ur e  w er e l ess
li k el y t o s ur vi v e t h e f oll o wi n g y e ar aft er c a pt ur e (Wil k e ni n g
a n d  R a y 2 0 1 6 ). F e c al  G C M r e pr es e nts a ∼ 1 2. 5- h o ur  m o vi n g
a v er a g e of cir c ul ati n g  G C’s ( Wil k e ni n g et al. , 2 0 1 3), a n d
o ur s a m pl e c oll e cti o n li k el y  will c a pt ur e  m ulti pl e d ef e c ati o n
e v e nts, r e d u ci n g t h e eff e ct of cir c a di a n r h yt h ms. I n pr e vi o us
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studies where feces were collected over time from trapped
pikas, there was no detection of circadian rhythm in the GCM
signal (Wilkening et al., 2013). Here, we use GCM level as
an indicator variable for stress and hypothesize that GCM
levels should be indicative of territory quality and should be
higher where pikas are stressed by occupying habitats of lower
quality.

To explore hypotheses related to mean stress level and
territory quality (Fig. 1),we used data on GCM concentration
measured over time across a number of pika territories to
model temporal and spatial variation in stress as a function
of broad and local habitat characteristics. We predicted that
samples collected from different territories would differ in
mean GCM levels, allowing us to model stress as a function
of local habitat characteristics. This approach could be used
in other studies to refine understanding of habitat quality
and its effect on individual stress as a driver of population
decline.

Materials andmethods
Study system
Fecal pellets were collected from pikas living above and
below treeline within the Niwot Ridge Long-Term Ecologi-
cal Research site (40◦ 3’N 105◦ 36’W) in Boulder County,
Colorado. On Niwot Ridge, pikas occupy taluses that vary in
depth (0.5 to 1.5 m) and clast size (10 to 200 cm in longest
axis). Fecal pellet sampling stations (hereafter, stations) were
established at haypiles separated by at least 50 m, which
likely belonged to different individuals occupying distinct
territories (Smith and Ivins 1984). We chose one station per
territory, near the most conspicuous haypile site within the
territory, where the territory owner was likely to deposit
pellets repeatedly. Stations were located in 20 territories at
varying elevations (3279–3616 m) in three study sites sepa-
rated by<3 km: Cable Gate (CG),West Knoll (WK) and Long
Lake (LL) (Fig. 2). WK (13 stations) was above treeline on a
knoll while CG (4 stations) and LL (3 stations) were below
treeline.

Fecal collectionmethod
Pikas produce two types of feces: soft caecal feces are re-
ingested and later deposited as firm fecal pellets (Smith and
Weston 1990; Nichols 2010). Pellets are known to change
color and texture as they age (Nichols 2010), so we collected
only ‘fresh’ pellets that were greenish in color and still fibrous
inside. In addition, we targeted only large pellets (>2.75 mm
in diameter) to avoid sampling from juvenile pikas because
GCM levels vary between age classes (Wilkening et al., 2013).
Each station was visited every 2 weeks from 8 June through 5
October 2018. During each visit, fresh pellets were collected
if available, and older pellets were cleared to ensure that
only fresh pellets were collected on subsequent visits. Samples
were stored in paper envelopes labeled with sampling date

and coordinates. To avoid contamination, we scooped pellets
using the envelope flap or pushed pellets into the envelope
using a stick or rock. We attempted to collect 10–15 pellets
per sample (∼0.1 g total) for GCM analyses (Wilkening et al.,
2013). Within 24 hours of collection, samples were stored at
−20◦C.

Habitat survey
Habitat characteristics within pika territories were recorded
using protocols patterned on previous studies (Rodhouse
et al., 2010, Erb et al., 2011, Jeffress et al., 2013, Ray et al.,
2016). In July 2019,we recorded pika-associated habitat met-
rics within a 12-m radius of each station. Fine-scale habitat
characteristics and land cover types considered predictive of
pika occupancy were recorded, including talus depth (depth
of deepest crevice, estimated visually from surface rock to
ground under talus and categorized as <0.5 m, >0.5 m,
>1.0 m or >1.5 m) and clast size (LR1 and LR10, where
L= length of longest axis in meters, R1= largest rock within
12 m of station and R10 =10th-largest rock within 12 m
of station). Land cover was categorized as six types (rock,
bare, grass, forb, shrub and tree), and percent cover of each
type within the 12-m radius was estimated visually using
Daubenmire’s (1959) scale.

Sex determination
Because GCM levels vary between sexes (Wilkening et al.,
2013), we split one sample from each territory for genetic
analysis to determine the sex of the pika depositing fecal
pellets in that territory. DNA was extracted from fecal pellets
using the Qiagen DNeasy Fast Stool kit, and DNA concen-
tration (ng/µl) and purity (A260/A280) were measured using a
Nanodrop Lite Spectrophotometer. We used multiplex poly-
merase chain reaction (PCR) targeting both the male-specific
SRY gene and an autosomal microsatellite gene (Ocp10)
using primer sequences in Table 1 (Lamb et al., 2014). We
performed three replicates of the PCR reaction per sample.
All PCR reactions were a 17 µl volume containing 11 µl 2×
GoTaq Green Master Mix, 2 µl of each 10 µM SRY F/R
primers, 2 µl of each 10 µM Ocp10 F/R primers and 2 µl
of sample DNA. We included two negative controls lacking
pika DNA per PCR run to control for contamination. PCR
conditions were as follows: 94◦C for 2 min, 40 cycles of
94◦C for 30 s, 51◦C for 30 s, 72◦C for 30 s and a final
5 min extension at 72◦C. Samples were then held at 4◦C.
PCR products were visualized on 2% agarose gels stained
with ethidium bromide. Samples were identified to sex using
the following criteria: male = SRY fragments visible in two of
three replicates or Ocp10 and SRY fragments present in the
same replicate; female =Ocp10 fragments were present in at
least one of the three replicates, and SRY fragments were never
present; unknown=only SRY fragments were present in one
replicate, target genes never amplified or samples were too
small to subset for genetic analyses.
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Fi g ur e 2: St u d y sit e l o c ati o n s o n  Ni w ot Ri d g e, B o ul d er C o u nt y, C ol or a d o,  U S A. E a c h r e d d ot  wit hi n a sit e i s a f e c al p ell et s a m pli n g st ati o n
(n = 2 0) l o c at e d  wit hi n a u ni q u e t errit or y.

T a bl e 1: Pri m er s u s e d i n t hi s st u d y t ar g eti n g O. pri n c e ps – s p e ci fi c Y-li n k e d a n d a ut o s o m al r e gi o n s ( a d a pt e d fr o m L a m b et al. , 2 0 1 4)

R e gi o n Pri m er s e q u e n c e Si z e ( b p) R ef er e n c e

S e x- d et er mi ni n g r e gi o n
Y- c hr o m o s o m e ( S R Y)

F:  A A T G C A T T C A T A C T A T G G T C
R:  C T C T G T A A G C T T T T T C C A C T G

1 1 7 L a m b et al. , 2 0 1 4

A ut o s o m al  mi cr o s at ellit e
( O c p 1 0)

F: T C C C A G T C A C G A C G T C C A A T T T G G C T G T T A
R:  G T T T C T T C C A G T G T C T G G C A T A C G G T A A G C

1 7 9 – 2 0 3 P e a c o c k a n d Kir c h o ff,
u n p u bli s h e d ( G Q 4 6 1 7 0 5)

H or m o n e a n al y si s

G C Ms ar e  m et a b oli z e d str ess- ass o ci at e d h or m o n es pr es e nt
i n f e c es t h at c a n b e us e d as a  m e as ur e of gl u c o c orti c oi ds i n
t h e b o d y (K e a y et al. , 2 0 0 6; H o m y a c k 2 0 1 0 ; D a nt z er et al. ,
2 0 1 4 ).  G C Ms i n f e c es r e pr es e nt a ti m e- a v er a g e d  m etri c of
gl u c o c orti c oi ds i n t h e b o d y ( R o m er o a n d  R e e d 2 0 0 5 ; S h er-
iff et al. , 2 0 1 1; D a nt z er et al. , 2 0 1 4). F or pi k as, t his ti m e
wi n d o w is ∼ 1 2. 5 h o urs ( Wil k e ni n g et al. , 2 0 1 3).  G C Ms ar e
t h er ef or e us e d as a  m etri c of ‘ c hr o ni c’ str ess (K e a y et al. , 2 0 0 6;
D a nt z er et al. , 2 0 1 4), as o p p os e d t o  m etri cs of ‘ a c ut e’ str ess
s u c h as c orti c ost er o n e i n bl o o d ( R o m er o a n d  R e e d 2 0 0 5 ;
S h eriff et al. , 2 0 1 1; Ellis et al. , 2 0 1 2).  G C M c o n c e ntr ati o ns
w er e  m e as ur e d i n f e c al p ell ets ( h er e aft er, s a m pl es) usi n g a
c o m m er ci all y a v ail a bl e c orti c ost er o n e e n z y m e i m m u n o ass a y
( Ar b or  Ass a ys,  A n n  Ar b or,  MI) pr e vi o usl y v ali d at e d f or O.
pri n c e ps (Wil k e ni n g et al. , 2 0 1 3).  We f oll o w e d t h e st a n d ar d
kit pr ot o c ol.  Dr y s a m pl es  w er e  w ei g h e d t o 0. 1 ± 0. 0 2 g a n d
2 0 0- pr o of et h a n ol  w as a d d e d i n pr o p orti o n t o s a m pl e  m ass.

Aft er s h a ki n g f or 3 0  mi n, s a m pl es  w er e c e ntrif u g e d a n d t h e
s u p er n at a nt  w as tr a nsf err e d t o a n e w vi al. S u p er n at a nt  w as
c o n c e ntr at e d usi n g a  D N A S p e e d V a c a n d st or e d at − 2 0 ◦ C
u ntil all s a m pl es  w er e pr e p ar e d f or t h e  G C M ass a y. S u p er-
n at a nt  w as r e c o nstit ut e d t o its ori gi n al v ol u m e usi n g a  mi x
of ass a y b uff er a n d et h a n ol ( < 5 % of v ol u m e) b ef or e l o a di n g
o nt o e n z y m e i m m u n o ass a y pl at es.  O pti c al d e nsiti es ( 4 5 0 n m)
w er e r e a d  wit h a  T h er m o S ci e ntifi c  M ultis k a n  E X  Mi cr o pl at e
R e a d er usi n g  As c e nt S oft w ar e v ersi o n 2. 6. S a m pl es, st a n d ar ds
a n d c o ntr ols  w er e ass a y e d i n tri pli c at e a n d t h e a v er a g e of
e a c h tri pli c at e  w as us e d t o c al c ul at e  G C M c o n c e ntr ati o ns.  We
us e d s e v e n st a n d ar ds of k n o w n c orti c ost er o n e c o n c e ntr ati o ns
( 5 0 0 0, 2 5 0 0, 1 2 5 0, 6 2 5, 3 1 2. 5 0, 1 5 6. 2 5 a n d 7 8. 1 2 5 p g/ ml)
a n d n o n-s p e cifi c bi n di n g ( N S B) a n d  m a xi m u m bi n di n g ( B o )
c o ntr ols. If a s a m pl e r e a di n g  w as o utsi d e of t h e r a n g e of
t h e  N S B or  Bo a v er a g es, t h e n t h e r e a di n g  w as dr o p p e d fr o m
a n al ysis. S a m pl e c o n c e ntr ati o ns  w er e c al c ul at e d usi n g a st a n-
d ar d c ur v e a n d r e p ort e d as p g  G C M/ g of dri e d f e c es. I nt er-
ass a y c o effi ci e nts of v ari ati o n  w er e 2. 6 % a n d 8. 5 % f or t h e
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low- and high-binding controls and 14.7% and 6.3% for low
(78.125) and high (5000) standards, respectively. Intra-assay
coefficients of variation were between 4.2% and 8.95% for
five plates.

Linear mixed-e�ects models
Log GCM concentration was used as the response variable in
linear mixed-effects models to characterize variation in stress
among stations (territories) and within stations over time.We
fit a set of models based on up to six predictor variables
(Table 2) plus the random effects of station (to account for
repeated measures at each station) and date (to account
for effects of weather). Our sampling scheme could warrant
stations to be nestedwithin site; however,with only three sites,
we could not reliably estimate the random variance intro-
duced by site. Instead, we included site as a predictor variable
in our candidate models. Predictor variables were selected to
account for effects of lab procedures (lab), inter-individual
differences (sex), temporal trends, broad-scale habitat char-
acteristics and fine-scale habitat characteristics (Table 2). A
fixed effect of enzyme immunoassay plate was considered to
account for any effects of laboratory procedures that might
affect samples analysed on the same plate. Pika sex was
categorized as male, female or unknown. Fixed effects of
day of year (DOY, Julian date) and DOY2 were included to
characterize both a linear trend and any seasonal peak or
trough (nonlinearity) in GCM concentration.We used broad-
scale habitat characteristics to model spatial effects on GCM
concentrations that might affect nearby territories, including
fixed effects of elevation, aspect (cosine transformed) and
site. Elevation was mean centered and divided by standard
deviation. Though not directly measured, site-level differences
such as site size and density were captured in the fixed effect
of site. A subset of models included fixed effects representing
fine scale habitat differences between territories, such as talus
depth, rock size, mean rock size (0.5[LR1 +LR10,]), rock
size variation ([LR1—LR10]/[0.5(LR1 +LR10)]) and vegetative
qualities that could affect diet (graminoid to forb ratio, per-
cent forb cover and the sum of percent graminoid, forb and
shrub cover) (Table 2). Talus depth (coded as a categorical
variable) was explored because talus may act as an insula-
tor from surface conditions, and deeper talus may provide
a better refuge during extreme heat (Moyer-Horner et al.,
2015). Rock characteristics were explored because we lack
prior knowledge of how structural complexity of the habi-
tat might affect habitat quality. Lastly, interactions between
DOY and elevation, DOY and site, DOY2 and elevation and
DOY2 and site were explored because we expected the timing
of maximum and/or minimum GCM concentration to be
affected by elevation or site qualities. Correlation among
predictor variables was calculated using Kendall’s tau (to
accommodate ordinal variables), and variables with high
correlation (|r|>0.7) were not included in the same model;
instead, each pair of correlated predictors was included in a
separate, parallel set of candidate models.

Models were fit using the lme4 package (Bates et al., 2015)
in R 3.5.1 (R Core Team 2018). We ranked models using
Akaike information criterion adjusted for a small sample size
(AICc; Burnham and Anderson 2002). Relative support for
each focal model was calculated using �AICc, the difference
in AICc between the focal and ‘top’ (minimum AICc) model,
under the assumption that models with�AICc> 2 have lower
support than the top model (Burnham and Anderson 2002).
We also conducted a similar analysis within a generalized
linear modeling framework using glmer() and a log link. To
improve convergence of parameter estimates and to avoid sin-
gular fits, this additional analysis required a set of simplified
models with no more than three fixed-effect terms (including
any interaction) and one random effect (station or date).

To address our original hypotheses (Fig. 1), if DOY covari-
ates garner high support, then temporally synchronous varia-
tion in stress is an important process in our system (Fig. 1a).
If DOY covariates are not supported, then the variation in
stress is temporally asynchronous or negligible (Fig. 1c). If
both DOY and broad or local habitat covariates are sup-
ported, then stress varies synchronously over time but differs
by territory quality (Fig. 1b). If only broad or local habitat
covariates are supported, then differences in territory quality
are dominant among the processes we considered (Fig. 1d).
Alternatively, if neither habitat covariates nor DOY garner
high support, then variations in stress may instead be due to
idiosyncrasies among individuals (null model).

Results
In total, we collected 109 scat samples from 20 stations: 20
samples from 4 stations at CG, 9 samples from 3 stations at
LL and 80 samples from 13 stations at WK. The elevation
of stations ranged from 3337–3407 m at CG, 3277–3307 m
at LL and 3559–3617 m at WK. Three stations at CG faced
southwest, and one station faced south; all stations at LL
faced northwest; WK had stations at nearly all aspects: two
north, two northeast, four east, two southeast, one south, one
west and one northwest.

We had sufficient fecal sample size for genetic analyses
from 17 of the 20 stations to determine the sex of the territory
owner. Genetic analysis of these 17 samples revealed that
11 were deposited by males, and the other six were deemed
unknown due to autosomal DNA amplification failure. No
females were identified from the available fecal samples.
GCM was significantly higher in samples from males than
from pikas of unknown sex (Student’s t-test, log(GCM),
t = 3.312, P = 0.001; Fig. 3). In model comparisons, we cat-
egorized sex either as a two-class variable (n(sex) = 11 male, 9
unknown) or a three-class variable (n(sex) = 11 male, 6 PCR
failure, 3 insufficient sample size).

GCM concentration varied more within stations than
among stations. The null model, with only random effects of
date and station, revealed that more of the random variance
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T a bl e 2: C a n di d at e pr e di ct or v ari a bl e s u s e d i n a s et of 2 0 li n e ar  mi x e d- e ff e ct s  m o d el s t o pr e di ct f e c al gl u c o c orti c oi d  m et a b olit e ( G C M)
c o n c e ntr ati o n s, pl u s t h e h y p ot h e si z e d e ff e ct s a n d e x pl a n ati o n of e a c h pr e di ct or v ari a bl e

Fi x e d e ff e ct( s) Pr e di ct or c at e g or y H y p ot h e si z e d  m e c h a ni s m

Pl at e L a b As s a y pl at e err or or di ff er e n c e s b et w e e n d at e s ( pl at e s) i n l a b or at or y
pr o c e d ur e s or e n vir o n m e nt ( e. g. t e m p er at ur e, h u mi dit y)

S e x I nt er-i n di vi d u al S e x- a s s o ci at e d pr o c e s s e s ( e. g. pr e g n a n c y, l a ct ati o n, t e sti c ul ar
a cti vit y)

D a y of y e ar ( D O Y,  D O Y 2 ) T e m p or al T e m p or al tr e n d s i n t h e e n vir o n m e nt ( e. g. s n o w c o v er, t e m p er at ur e,
pl a nt s e n e s c e n c e) or p h ysi ol o g y ( e. g. r e pr o d u cti o n)

El e v ati o n, a s p e ct, sit e Br o a d- s c al e h a bit at S p ati al tr e n d s i n t h e e n vir o n m e nt t h at ar e g e n er all y s h ar e d a m o n g
s e v er al t errit ori e s  wit hi n a sit e

R o c k si z e ( L R 1 , L R 1 0 ),
m e a n r o c k si z e,
r o c k si z e v ari ati o n,
d e e p e st cr e vi c e,
gr a mi n oi d:f or b r ati o,
% f or b c o v er,
Gr a mi n oi d + f or b + s hr u b c o v er

Fi n e- s c al e h a bit at S p ati al tr e n d s i n t h e e n vir o n m e nt t h at oft e n v ar y a m o n g t errit ori e s
wit hi n a sit e

Fi g ur e 3: Pi k a f e c al gl u c o c orti c oi d  m et a b olit e ( G C M) c o n c e ntr ati o n,
l o g- s c al e d, b y s e x.  A t ot al of 1 1 of 2 0 t errit or y o w n er s  w er e  m al e,
w hil e t h e r e m ai ni n g 9 t errit or y o w n er s  w er e of u n d et er mi n e d s e x
d u e t o  D N A a m pli fi c ati o n f ail ur e ( bl a c k tri a n gl e s) or i n s u ffi ci e nt
s a m pl e si z e ( bl a c k cir cl e s). St a n d ar d b o x- a n d- w hi s k er pl ot s ( d e pi cti n g
m e di a n, i nt er q u artil e r a n g e a n d f ull r a n g e e x c e pti n g o utli er s),
o v erl ai d b y a ct u al d at a p oi nt s (jitt er e d t o r e d u c e o v erl a p).

w as e x pl ai n e d b y d at e ( 4 6. 6 4 %) t h a n b y st ati o n ( 2 8. 7 4 %).
A s c att er pl ot als o s u g g ests t h at  G C M v ari e d  m ai nl y  wit hi n
st ati o ns o v er ti m e r at h er t h a n a m o n g st ati o ns ( Fi g. 4 ).

T o u n d erst a n d t e m p or al tr e n ds i n str ess a m o n g i n di vi d u als,
w e a v er a g e d  G C M c o n c e ntr ati o n b y 2- w e e k s a m pli n g p eri-
o ds.  A v er a gi n g i n t his  w a y cr e at e d s e v e n s a m pli n g p eri o ds
bi n n e d e v er y 2  w e e ks st arti n g 6/ 8 a n d e n di n g 9/ 1 4.  W h e n
G C M c o n c e ntr ati o n  w as a v er a g e d a cr oss t errit ori es, a  mi n-
i m u m  w as o bs er v e d i n s a m pli n g p eri o d 4 ( 7/ 2 1 – 8/ 3,  mi d-
s u m m er; Fi g. 5 ).

T h e b est-s u p p ort e d  m o d el of  G C M i n cl u d e d  D O Y,  D O Y 2

a n d  m al e s e x ( T a bl e 3 ). Si mil ar s u p p ort  w as g ar n er e d f or

Fi g ur e 4: Pi k a f e c al gl u c o c orti c oi d  m et a b olit e ( G C M) c o n c e ntr ati o n
b y c oll e cti o n d at e i n 2 0 1 8  wit h s a m pli n g p eri o d ( 1 – 7) s u p eri m p o s e d
o n t h e x- a xi s. E a c h p a n el di s pl a ys r e s ult s fr o m a di ff er e nt sit e, a n d li n e
c ol or d e n ot e s pi k a s e x.

a  m o d el t h at i n cl u d e d  D O Y 2 , el e v ati o n a n d t h e i nt er a cti o n
b et w e e n  D O Y 2 a n d el e v ati o n.  Ot h er  w ell-s u p p ort e d  m o d els
i n cl u d e d t er ms si mil ar t o t h os e i n t h e t o p  m o d el  wit h t h e
a d diti o n of o n e of t h e br o a d h a bit at eff e cts ( el e v ati o n, sit e,
as p e ct).  M o d els b as e d o n fi n e s c al e h a bit at f e at ur es (r o c k si z e,
cr e vi c e d e pt h, v e g et ati o n c h ar a ct eristi cs) g ar n er e d v er y l o w
s u p p ort ( AI C > 1 0).  T o p  m o d els ( AI C < 2)  w er e si mil ar
b et w e e n a n al ys es usi n g t w o- or t hr e e- c at e g or y d esi g n ati o ns
f or ‘s e x’.  A d diti o n all y, r es ults usi n g gl m er()  w er e si mil ar t o
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Fi g ur e 5: Pi k a f e c al gl u c o c orti c oi d  m et a b olit e ( G C M) c o n c e ntr ati o n
f or all 2 0 st ati o n s gr o u p e d b y 2- w e e k s a m pli n g p eri o d s.  W h e n
a v ail a bl e, f e c al s a m pl e s  w er e c oll e ct e d fr o m e a c h st ati o n e v er y
2  w e e k s fr o m 8 J u n e t o 9 S e pt e m b er 2 0 1 8. St a n d ar d b o x- a n d- w hi s k er
pl ot s d e pi cti n g  m e di a n ( h e a v y h ori z o nt al li n e), i nt er q u artil e r a n g e
( b o x), r a n g e ( w hi s k er s) a n d o utli er s ( d ot s).

t h os e pr es e nt e d h er e: fitt e d eff e ct si g ns  w er e si mil ar a m o n g
m o d eli n g a p pr o a c h es f or pr e di ct or v ari a bl es i n all s u p p ort e d
m o d els, a n d t h e b est g e n er ali z e d li n e ar  m o d els i n cl u d e d eff e cts
of  D O Y,  D O Y 2 a n d s e x.

S a m pli n g d at e a n d ass a y pl at e  w er e s o m e w h at c o nf o u n d e d
b e c a us e s a m pl es  w er e ass a y e d i n c hr o n ol o gi c al or d er.  T h us,
w e a d d e d pl at e n u m b er as a fi x e d eff e ct t o t h e n ull  m o d el.  T h e
pl at e  m o d el r a n k e d 1 5t h a m o n g  m o d els ( AI C c = 9. 3 7 0 4),
pr o vi di n g littl e s u p p ort f or a c o nf o u n di n g eff e ct of pl at e. Pl at e
3 c o nt ai n e d s a m pl es fr o m  mi d-s e as o n a n d e x hi bit e d  m ost of
t h e l o w est  G C M c o n c e ntr ati o ns; h o w e v er, t o p  m o d els  w er e
si mil ar  w h e n all s a m pl es fr o m pl at e 3  w er e r e m o v e d fr o m t h e
a n al ysis.

Di s c u s si o n

F or hi g hl y t errit ori al a ni m als li k e t h e  A m eri c a n pi k a, s p a-
ti al v ari ati o n i n str ess  m a y i n di c at e diff er e n c es i n h a bit at
q u alit y a m o n g i n di vi d u als.  T o u n d erst a n d s p ati ot e m p or al
tr e n ds i n str ess a n d t h e i nfl u e n c e of fi n e- a n d br o a d-s c al e
h a bit at c h ar a ct eristi cs,  w e  m e as ur e d t h e  m et a b olit es of str ess-
ass o ci at e d gl u c o c orti c oi d h or m o n es i n f e c es ( G C Ms). I n t his
st u d y,  G C Ms v ari e d  m or e o v er ti m e  wit hi n t errit ori es t h a n
t h e y v ari e d s p ati all y a m o n g t errit or y o w n ers.  T h es e r es ults
s u p p ort t h e h y p ot h esis t h at i n di vi d u als e x p eri e n c e t h e s a m e
t e m p or all y v ar yi n g str ess ors, a n d t errit ori es d o n ot diff er
m ar k e dl y i n q u alit y ( Fi g. 1 a ).  Alt h o u g h t h e ti m e s eri es of
str ess i n cl u d e d p airs of i n di vi d u als t h at  m at c h e a c h of o ur
f o ur h y p ot h es es ( e. g. c o m p ar e Fi gs 1 a n d 4 ), o ur r es ults
m a y i n di c at e t h at pi k as o n  Ni w ot  Ri d g e e x p eri e n c e s h ar e d

p h ysi ol o gi c al a n d/ or cli m ati c dri v ers of str ess,  wit h n e gli gi bl e
v ari ati o n a m o n g t errit ori es i n t e m p or al pr o c ess es or fi n e-s c al e
h a bit at q u alit y.

R el ati v el y l o w v ari ati o n i n str ess a m o n g t errit or y o w n ers,
c o m p ar e d t o v ari ati o n i n str ess t hr o u g h ti m e, s u g g ests t h at
t errit or y o w n ers i n cl os e pr o xi mit y  mi g ht b e e x p os e d t o
si mil ar str ess ors. Pr es e n c e of  w at er or i c e u n d er t al us h as a
str o n g c orr el ati o n  wit h pi k a pr es e n c e, p ersist e n c e a n d str ess
(Mill ar a n d  Westf all 2 0 1 0 ; Er b et al. , 2 0 1 1, Wil k e ni n g et al. ,
2 0 1 5 ), b ut o n  Ni w ot  Ri d g e, p er m afr ost is u nli k el y < 3 7 0 0  m
(J a n k e 2 0 0 5 ).  O ur hi g h est st ati o n  w as 3 6 0 0  m, s u g g esti n g
t h at p er m afr ost  w as a bs e nt fr o m all st ati o ns.  T his si mil arit y
a m o n g h a bit ats  mi g ht  m e a n t h at all i n di vi d u als i n t his st u d y
w er e e x p os e d t o si mil ar s e as o n al str ess ors, l e a di n g t o l o w er
v ari ati o n i n f e c al  G C M a m o n g t errit ori es t h a n  wit hi n t errit o-
ri es.

T h e hi g h t e m p or al v ari ati o n i n str ess  wit hi n st ati o ns s u g-
g ests t h at pi k a str ess ors  mi g ht v ar y s e as o n all y.  We h y p ot h esi z e
t h at a bi oti c f a ct ors, s u c h as s u bs urf a c e t al us t e m p er at ur e, a n d
bi oti c f a ct ors, s u c h as r e pr o d u cti v e c y cl es, a ni m al i nt er a cti o ns
a n d f or a g e a v ail a bilit y, c o ul d dri v e v ari ati o n.  A d diti o n all y,
o ur t o p  m o d el s u p p ort e d t h e fi x e d eff e ct of  D O Y ( q u a dr ati c
a n d li n e ar), s u g g esti n g t h at s e as o n is a n i m p ort a nt dri v er
of str ess f or pi k as i n t his h a bit at ( T a bl e 3 ). S p e cifi c all y, t h e
q u a dr ati c  D O Y t er m fit t h e  U-s h a p e d c ur v e i n a v er a g e str ess
t hr o u g h o ut t h e s e as o n (Fi g. 5 ).  A si mil ar p att er n  w as o bs er v e d
i n a s m all er st u d y o n t h e  Gr a n d  M es a i n  C ol or a d o,  w h er e
r e p e at e d s a m pli n g of s c at st ati o ns t hr o u g h o ut s u m m er 2 0 1 8
r e v e al e d l o w er a v er a g e str ess i n  mi d- A u g ust, c o m p ar e d t o
e arli er a n d l at er s a m pli n g, s u g g esti n g t h at s e as o n al str es-
s ors  m a y b e si mil ar i n ot h er h a bit ats ( M c F arl a n d et al. ,
2 0 1 9 ).

H er e,  w e off er t w o, n o n- m ut u all y e x cl usi v e h y p ot h es es
t h at  mi g ht e x pl ai n hi g h er  G C M l e v els i n e arl y s u m m er a n d
f all, r el ati v e t o  mi d-s u m m er. First, str ess  m a y v ar y  wit h t h e
s e as o n alit y of lif e hist or y, s u c h as r e pr o d u cti o n a n d dis p ers al,
w hi c h  mi g ht aff e ct pi k a p h ysi ol o g y i n a pr e di ct a bl e  w a y.
S p e cifi c all y, br e e di n g a n d r e pr o d u cti o n i n t h e s pri n g a n d e arl y
s u m m er  mi g ht el e v at e  G C M of b ot h s e x es. I n pi k as, a litt er
is us u all y c o n c ei v e d 1  m o nt h b ef or e s n o w m elt (Mill ar 1 9 7 2 ,
S mit h 1 9 7 8 ), c oi n ci di n g  wit h o ur first s a m pli n g p eri o d.  A
s e c o n d p eri o d of el e v at e d  G C M i n t h e f all  m a y b e o bs er v e d
b e c a us e a d ult pi k as  m ust d ef e n d t h eir t errit ori es a g ai nst dis-
p ersi n g j u v e nil es. S e c o n d,  w e h y p ot h esi z e t h at str ess  m a y v ar y
wit h t h e s e as o n alit y of f or a g e a v ail a bilit y. S p e cifi c all y,  G C M
is hi g h est i n t h e b e gi n ni n g of J u n e b e c a us e  wi nt er h a y pil es
ar e d e pl et e d b y t h at ti m e. I n  mi d-J u n e, a d ult pi k as st art
c o nstr u cti n g h a y pil es ( Kr e ar 1 9 6 5 ), a n d t hr o u g h S e pt e m b er,
2 5 – 5 5 % of t h eir s urf a c e a cti vit y is s p e nt h a yi n g ( D e ari n g
1 9 9 7 ). I n e arl y f all, pi k a h o m e r a n g e s hri n ks (S h ar p 1 9 7 3 ,
T a p p er 1 9 7 3 ) as i n di vi d u als d efi n e t h eir t errit ori es, p er h a ps
r e d u ci n g i nt er a cti o ns a n d  m o v e m e nt-r el at e d str ess.  B y  mi d-
A u g ust i n t his h a bit at,  m ost a d ult pi k as h a v e a m ass e d a l ar g e
h a y pil e ( 7. 7 k g dr y  w ei g ht, D e ari n g 1 9 9 7 ), c oi n ci di n g  wit h
t h e l o w est  G C M c o n c e ntr ati o ns (Fi g. 5 , s a m pli n g p eri o d 4).
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Table 3: Relative support for models of glucocorticoid metabolite concentration (log-GCM) from the Niwot Ridge LTER. Models are ranked in
order of increasing AICc. Only models with �AICc< 7 are shown. Top models with equivalent support (�AICc< 2) are in bold. The e�ect sign of
each covariate is reported as positive (+), negative (−) or variable (var). Sample size (n) was 109 for each model

Ranked models k AICc �AICc E�ect sign

(1) DOY, DOY 2, male 7 153.3596 0

DOY (−)

DOY2 (+)

Male (+)

(2) DOY 2, elevation, DOY 2 : elevation 7 154.768432 1.4088

DOY2 (+)

Elevation (+)

DOY2 : elevation (−)

(3) Elevation, DOY, DOY 2, male 8 155.2683 1.9087

Elevation (+)

DOY (−)

DOY2 (+)

Male (+)

(4) Aspect, DOY, DOY2, male 8 155.6905 2.3309

Aspect (+)

DOY (−)

DOY2 (+)

Male (+)

(5) DOY2, site, DOY2 : site 9 156.2011 2.8416

DOY2 (+)

Site (var)

DOY2 : site (var)

(6) Site, DOY, DOY2, male 9 157.1985 3.8390

Site (+)

DOY (−)

DOY2 (+)

Male (+)

(7) DOY, DOY2 6 157.5395 4.1799

DOY (−)

DOY2 (+)

(8) Elevation, DOY, DOY2 7 159.0934 5.7338

Elevation (+)

DOY (−)

DOY2 (+)

(9) Aspect, DOY, DOY2 7 159.7894 6.4298

Aspect (+)

DOY (−)

DOY2 (+)
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GCM concentrations may then increase again as pikas defend
these haypiles.

Two models with high support suggest elevation is an
important covariate of stress in our system (Table 3). In
particular, the negative interaction of DOY2 and elevation
suggests that the strength of the u-shaped effect of DOY
(Fig. 5) is more pronounced in territories at lower elevations
(<3500 m) (see Supplementary Fig. 1). We used elevation as
a proxy for broad spatial trends in the environment that are
generally shared among several territories within a site. We
hypothesize that habitat and territory quality may be less
variable at lower elevations compared to higher elevations,
thereby making the seasonal pattern (i.e. the pronounced u-
shaped curve) more detectable. The stronger seasonal signal
at lower elevations suggests climatic forcing, rather than
seasonal patterns in physiology, has more of an effect on our
metric of stress. All high elevation territories (>3500 m) were
located within one site, WK, thereby confounding elevation
with site.WK is unique from the other sites in that it is located
above treeline, it is exposed to high winds from the west, and
persistent snow accumulates on the east-facing slope of the
knoll. These local idiosyncrasies may also partially explain
the higher variation in our stress metric. However, territories
at all sites share similar trends in stress levels through time
(Fig. 4). This shared seasonal trend among sites could reflect
shared weather patterns experienced in the region during
the year of our study, rather than site-specific patterns in
temperature, snowmelt or other processes such as predator
dynamics. Future studies that explicitly consider tempera-
ture and/or local microclimates could clarify the effect of
weather patterns on stress. For example, a study of pikas
in Washington found that corticosterone levels detected in
summer coat hair were influenced by lower mean maximum
daily temperatures, providing preliminary evidence that cold
temperatures experienced in June to mid-July can cause ther-
mal stress (Waterhouse et al., 2017). Finally, temperature
(subsurface and ambient) is a predictor of pika occupancy and
abundance inmany systems (Hafner 1994; Beever et al., 2010;
Wilkening et al., 2011, 2015; Yandow et al., 2015; Schwalm
et al., 2016; Wright and Stewart 2018), further highlighting
the value of future studies that explicitly investigate the effects
of temperature on seasonal patterns of stress.

GCM levels in our study were within the range of lev-
els found in other studies of pikas in this and other habi-
tats (2177–15 800 pg/g; Wilkening et al., 2013, 2015, 2016;
Wilkening and Ray 2016). Additionally, our results are con-
sistent with findings in other small mammals. Average GCM
concentration in the current study was 5176 pg/g, similar to
the baseline fecal GCM levels reported in North American
red squirrels (Tamiasciurus hudsonicus; 6040 pg/g,Dantzer et
al., 2010). Our findings that GCM was highest in the spring
and decreased as the summer progressed also mirror findings
for arctic ground squirrels (Urocitellus parryii, Sheriff et al.,
2012), yellow-bellied marmots (Marmota flaviventris, Smith
et al., 2012) and chipmunks (Tamias speciosus, Hammond

et al., 2018). This trend could be attributed to the shared
timing of reproduction early in the year for these species or to
shared seasonal stressors in alpine environments.

Additionally, it is important to consider confounding
effects of environmental conditions after fecal deposition
(Washburn and Millspaugh 2002, Millspaugh and Washburn
2004, Stetz et al., 2013, Dantzer et al., 2014, Wilkening et al.,
2016, Lafferty et al., 2019). A recent study on snowshoe
hares (Lepus americanus) found post-deposition effects of
temperature and precipitation on fecal GCM concentrations
(Lafferty et al., 2019). Specifically, snowshoe hare feces
exposed to cool and dry (vs. warm and/or wet) climates
showed the least variation in GCM concentration over a 6-
day period (Lafferty et al., 2019). Likewise, a study on pikas
found confounding effects of temperature and precipitation,
but samples experimentally exposed to conditions in similar
ecoregions were not significantly affected by post-deposition
effects (Wilkening et al., 2016). Our study took place in a
relatively small area in the southern Rocky Mountains that
experiences relatively cool and dry summers, and our stations
were in close proximity (max distance between stations
<2.85 km, Fig. 1). To minimize post-deposition effects, we
collected fresh pellets every 2 weeks (the minimum time
required to accumulate a sufficient number of pellets for
GCM analysis), cleared stations between sampling events and
transferred samples to a freezer within 24 hours of collection.

Sex determination was always based on sub-samples from
one time point during the study. Therefore, it is possible
that the territory owner (and its sex) changed during the
sampling season,which could have affected seasonal variation
in stress. Occupancy turnover rates at the scale of territories
are highly dependent on local influences (i.e. climatic patterns
or habitat quality) but can be as high as 50% between years
in some populations (Rodhouse et al., 2018). Genetic analysis
revealed that themajority of territory owners within our study
was male. However, six samples were designated ‘unknown’
due to repeated lack of amplification (Fig. 3), likely because
samples did not contain enough genetic material. In the same
PCR analyses, pika feces from other studies were successfully
identified as originating from females (A. A. Hove, unpub-
lished data). Although it is possible that females could be
present in our six unknown samples, it is also possible that
males are more territorial (Krear 1965) and/or more likely to
mark their territories with conspicuous piles of fecal pellets.
We offer this hypothesis as an explanation for the apparent
male bias in our sampling. Although sex-specific differences
in territorial behaviors are not well documented in pikas, in
another wild lagomorph (the European rabbit, Oryctolagus
cuniculus), adult males visit latrines more frequently than
adult females (Sneddon 1991), increasing the likelihood of a
male-dominant latrine. Finally, although perhaps unlikely, it is
also possible that, because males and females usually alternate
territories (Krear 1965, Sharp 1973, Tapper 1973, Smith and
Ivins 1984, Brandt 1989), the spacing of our stations (>50 m)
may have systematically skipped over females.
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Our results suggest that individuals within a population
can respond synchronously to abiotic or biotic stressors, and
therefore that climatic stressors should be considered as a
potential threat to pika populations. Synchronous responses
to extreme events caused by climate change (e.g. reduced
snowpack, hot temperatures, change in forage, etc.) could
cause whole populations to be lost at one time. Such responses
are likely exacerbated by the species’ limited dispersal capa-
bilities (Smith 1974b; Smith and Ivins 1983; Peacock 1997;
Castillo et al., 2014, 2016) and could therefore put pikas at
risk of local extirpation (Beever et al., 2011, 2016; Calkins
et al., 2012; Nichols et al., 2016; Stewart et al., 2017).
Although stress is known to vary seasonally in some systems
(Romero 2002, Baker et al., 2013, Dantzer et al., 2014), our
study is among the few that have recorded temporal variation
in a stress metric from individual territories of wild animals.
If conducted over several years, similar studies could address
whether individual stress levels within a population vary with
interannual differences in climatic factors. Such replication
could potentially disentangle shared seasonal climatic drivers
from seasonal physiological changes or the weather of one
particular season.

Although we observed more temporal variation than spa-
tial variation in our stress metric, other studies should be con-
ducted within more heterogeneous landscapes and at larger
spatial scales to determine whether stress levels respond more
to shared seasonal trends or fine-scale habitat differences.
Further studies will also help determine whether non-invasive
analyses of fecal pellets could provide insights on the relative
quality of pika territories across a more heterogeneous land-
scape. Using non-invasive sampling techniques complicated
definitive identification of individuals in our study, reducing
our ability to analyse effects of individual level characteristics.
However, the methods we used for investigating stress at the
population level are accessible to managers and could be
integrated into established pika monitoring efforts to provide
physiological data for populations of concern. Using GCM
or other stress indices as a metric of individual health within
a population has been suggested as a way for managers to
predict population declines before they occur, thus identifying
situations where management interventions (e.g. transloca-
tion or habitat modifications) may be warranted (Bergman
et al., 2019). Our results specifically suggest the importance
of considering sampling date such that seasonal patterns in
GCM are not mistaken for true baseline variation in stress
among populations. The relative effects of habitat quality,
climate and life history on stress are understudied topics in
conservation physiology (Homyack 2010; Baker et al., 2013)
that hold promise for a more mechanistic understanding of
population health.

Acknowledgements
We would like to thank the following people for their help in
the field and/or lab: Elliot Martin, Nadiv Edelstein, Micaela

Seaver, Claire Atkins, Ryan Agabani, Airy Adriana Peralta,
Angie Rodriguez and Brad Schrom. A special thank you
to Liesl Erb for providing advice on DNA extraction from
field-collected pika fecal samples and for aiding in protocol
development. We would also like to thank Andrew Martin,
Steven Schmidt and Christopher Lowry for the use of their
lab space and equipment. The findings and conclusions in
this article are those of the author(s) and do not necessarily
represent the views of the US Fish and Wildlife Service.
Supporting data available in the EDI data portal https://doi.
org/10.6073/pasta/9f95baf55f98732f47a8844821ff690d.

Funding
This work was supported by the Niwot Ridge LTER program
[NSF DEB–1637686]; the Boulder County Nature Associa-
tion research grant; the CUBoulder Ecology and Evolutionary
Biology Department research grant; and the Indian Peaks
Wilderness Alliance Paddon/Gellhorn Wilderness Research
grant. Genetic work was supported by the Warren Wilson
College Pugh Grant program. Publication of this article was
funded by the University of Colorado Boulder Libraries Open
Access Fund.

References
Baker MR, Gobush KS, Vynne CH (2013) Review of factors in�uencing

stress hormones in �sh and wildlife. J Nat Conserv 21: 309–318.
https://doi.org/10.1016/j.jnc.2013.03.003.

Bates D,MächlerM, Bolker B,Walker S (2015) Fitting linearmixed-e�ects
models using lme4. J Stat Softw 67: 1–48. https://doi.org/10.18637/
jss.v067.i01.

Beever EA, Perrine JD, Rickman T, Flores M, Clark JP, Waters C, Weber SS,
Yardley B, Thoma D, Chesley-Preston T et al., (2016) Pika (Ochotona
princeps) losses from two isolated regions re�ect temperature and
water balance, but re�ect habitat area in a mainland region. J Mam-
mal 97: 1495–1511. https://doi.org/10.1093/jmammal/gyw128.

Beever EA, Ray C,Mote PW,Wilkening JL (2010) Testing alternativemod-
els of climate-mediated extirpations. Ecol Appl 20: 164–178. https://
doi.org/10.1890/08-1011.1.

Beever EA, Ray C, Wilkening JL, Brussard PF, Mote PW (2011)
Contemporary climate change alters the pace and drivers of
extinction. Glob Chang Biol 17: 2054–2070. https://doi.org/10.1111/
j.1365-2486.2010.02389.x.

Bergman JN, Bennett JR, Binley AD, Cooke SJ, Fyson V, Hlina BL, Reid
CH, ValaMA,MadligerCL (2019) Scaling from individual physiological
measures topopulation-level demographic change: case studies and
future directions for conservation management. Biol Conserv 238:
108242. https://doi.org/10.1016/j.biocon.2019.108242.

..........................................................................................................................................................

11

Beever EA, Brussard PF, Berger J (2003) Patterns of apparent extirpation
among isolatedpopulations of pikas (Ochotonaprinceps) in theGreat
Basin. JMammal 84: 37–54. https://doi.org/10.1644/1545-1542(2003
)084 0037:POAEAI 2.0.CO;2.< >

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/9/1/coab024/6262596 by guest on 24 N

ovem
ber 2021

https://doi.org/10.6073/pasta/9f95baf55f98732f47a8844821ff690d
https://doi.org/10.6073/pasta/9f95baf55f98732f47a8844821ff690d
https://doi.org/10.1016/j.jnc.2013.03.003
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1644/1545-1542(2003)084<0037:POAEAI>2.0.CO;2
https://doi.org/10.1644/1545-1542(2003)084<0037:POAEAI>2.0.CO;2
https://doi.org/10.1093/jmammal/gyw128
https://doi.org/10.1890/08-1011.1
https://doi.org/10.1890/08-1011.1
https://doi.org/10.1111/j.1365-2486.2010.02389.x
https://doi.org/10.1111/j.1365-2486.2010.02389.x
https://doi.org/10.1016/j.biocon.2019.108242


..........................................................................................................................................................
Research article Conservation Physiology • Volume 9 2021

Boonstra R, Hik D, Singleton GR, Tinnikov A (1998) The impact
of predator-induced stress on the snowshoe hare cycle. Ecol
Monogr 68: 371–394. https://doi.org/10.1890/0012-9615(1998)068
[0371:TIOPIS]2.0.CO;2.

Brandt CA (1989) Mate choice and reproductive success of pikas. Anim
Behav 37: 118–132. https://doi.org/10.1016/0003-3472(89)90012-2.

Burnham KP, Anderson DR (2002)Model Selection andMulti-Model infer-
ence: A Practical Information-Theoretical Approach, Ed 2nd. Springer,
New York. https://doi.org/10.1007/B97636.

Calkins MT, Beever EA, Boykin KG, Frey JK, Andersen MC (2012)
Not-so-splendid isolation: modeling climate-mediated range col-
lapse of a montane mammal Ochotona princeps across numer-
ous ecoregions. Ecography 35: 780–791. https://doi.org/10.1111/
j.1600-0587.2011.07227.x.

Castillo JA, Epps CW, Davis AR, Cushman SA (2014) Landscape e�ects
on gene �ow for a climate-sensitive montane species. Mol Ecol 23:
843–856. https://doi.org/10.1111/mec.12650.

Castillo JA, Epps CW, Je�ress MR, Ray C, Rodhouse TJ, Schwalm D (2016)
Replicated landscape genetic and network analyses reveal wide vari-
ation in functional connectivity for American pikas. Ecol Appl 26:
1660–1676. https://doi.org/10.1890/15-1452.1.

Cooke SJ, Sack L, Franklin CE, Farrell AP, Beardall J, Wikelski M, Chown
SL (2013) What is conservation physiology? Perspectives on an
increasingly integrated andessential science.ConservPhysiol 1: 1–23.
https://doi.org/10.1093/conphys/cot001.

Coppes J, Kämmerle JL,WillertM, KohnenA, Palme R, Braunisch V (2018)
The importance of individual heterogeneity for interpreting faecal
glucocorticoid metabolite levels in wildlife studies. J Appl Ecol 55:
2043–2054. https://doi.org/10.1111/1365-2664.13140.

Dantzer B, Fletcher QE, Boonstra R, Sheri� MJ (2014) Measures of phys-
iological stress: a transparent or opaque window into the status,
management and conservation of species? Conserv Physiol 2: 1–18.
https://doi.org/10.1093/conphys/cou023.

Dantzer B, Mcadam AG, Palme R, Fletcher QE, Boutin S, Humphries
MM, Boonstra R (2010) General and comparative endocrinology
fecal cortisol metabolite levels in free-ranging North American red
squirrels: assay validation and the e�ects of reproductive condi-
tion. Gen Comp Endocrinol 167: 279–286. https://doi.org/10.1016/j.
ygcen.2010.03.024.

Daubenmire RF (1959) A canopy-coveragemethod of vegetation analy-
sis. Northwest Sci 33: 43–64.

Davenport DE, Lancia RA, Walters JR, Doerr PD (2000) Red-cockaded
woodpeckers: a relationship between reproductive �tness and habi-
tat in the North Carolina Sandhills.Wildl Soc Bull 28: 426–434.

Dearing MD (1996) Disparate determinants of summer and winter diet
selectionof a generalist herbivore,Ochotonaprinceps.Oecologia108:
467–478. doi: 10.1007/BF00333723.

DearingMD (1997) The functionof haypiles of pikas (Ochotonaprinceps).
J Mammal 78: 1156–1163. https://doi.org/10.2307/1383058.

Ellis RD, Mcwhorter TJ, Maron M (2012) Integrating landscape ecol-
ogy and conservation physiology. Landsc Ecol 27: 1–12. https://doi.
org/10.1007/s10980-011-9671-6.

Erb LP, Ray C, Guralnick R (2011)On thegenerality of a climate-mediated
shift in the distribution of the American pika (Ochotona princeps).
Ecology 92: 1730–1735.

Franklin AB, Anderson DR, Gutiérrez RJ, Burnham KP (2000) Climate,
habitat quality, and �tness in northern spotted owl populations
in northwestern California. Ecol Monogr 70: 539–590. https://doi.
org/10.1890/0012-9615(2000)070[0539:CHQAFI]2.0.CO;2.

Galbreath KE, Hafner DJ, Zamudio KR (2009) When cold is
better: climate-driven elevation shifts yield complex patterns
of diversi�cation and demography in an alpine specialist
(American pika, Ochotona princeps). Evolution 63: 2848–2863.
doi: 10.1111/j.1558-5646.2009.00803.x.

Grayson DK (2005) A brief history of Great Basin pikas. J Biogeogr 32:
2103–2111. https://doi.org/10.1111/j.1365-2699.2005.01341.x.

Gunnarsson TG, Gill JA, Newton J, Potts PM, Sutherland WJ (2005) Sea-
sonalmatching of habitat quality and �tness in amigratory bird. Proc
R Soc B 272: 2319–2323. https://doi.org/10.1098/rspb.2005.3214.

Hafner DJ (1993) North American pika (Ochotona princeps) as a late
quaternary biogeographic indicator species. Quat Res 39: 373–380.
https://doi.org/10.1006/qres.1993.1044.

Hafner DJ (1994) Pikas and permafrost: post-Wisconsin historical zoo-
geography of Ochotona in the Southern Rocky Mountains, USA. Arct
Alp Res 26: 375–382.

Hammond TT, Palme R, Lacey EA (2018) Glucocorticoid–environment
relationships align with responses to environmental change in
two co-occurring congeners. Ecol Appl 28: 1683–1693. https://doi.
org/10.1002/eap.1781.

Henry P, Henry A, Russello MA (2012) Variation in habitat charac-
teristics of American pikas along an elevation gradient at their
northern range margin. Northwest Sci 86: 346–350. https://doi.
org/10.3955/046.086.0410.

Holbrook JD, Squires JR, Bollenbacher B, Graham R, Olson LE, Hanvey
G, Jackson S, Lawrence RL, Savage SL (2019) Management of forests
and forest carnivores: relating landscapemosaics tohabitat quality of
Canada lynx at their range periphery. For Ecol Manage 437: 411–425.
https://doi.org/10.1016/j.foreco.2019.01.011.

Homan RN, Regosin JV, Rodrigues DM, Reed JM, Windmiller BS, Romero
LM (2003) Impacts of varying habitat quality on the physiological
stress of spotted salamanders (Ambystoma maculatum). Anim Con-
serv 6: 11–18. https://doi.org/10.1017/S1367943003003032.

Homyack JA (2010) Evaluating habitat quality of vertebrates using
conservation physiology tools. Wildl Res 37: 332–342. https://doi.
org/10.1071/wr08093.

Huntly NJ, Smith AT, Ivins BL (1986) Foraging behavior of the pika
(Ochotona princeps), with comparisons of grazing versus haying. J
Mammal 67: 139–148. doi: 10.2307/1381010.

..........................................................................................................................................................

12

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/9/1/coab024/6262596 by guest on 24 N

ovem
ber 2021

https://doi.org/10.1890/0012-9615(1998)068[0371:TIOPIS]2.0.CO;2
https://doi.org/10.1890/0012-9615(1998)068[0371:TIOPIS]2.0.CO;2
https://doi.org/10.1016/0003-3472(89)90012-2
https://doi.org/10.1007/B97636
https://doi.org/10.1111/j.1600-0587.2011.07227.x
https://doi.org/10.1111/j.1600-0587.2011.07227.x
https://doi.org/10.1111/mec.12650
https://doi.org/10.1890/15-1452.1
https://doi.org/10.1093/conphys/cot001
https://doi.org/10.1111/1365-2664.13140
https://doi.org/10.1093/conphys/cou023
https://doi.org/10.1016/j.ygcen.2010.03.024
https://doi.org/10.1016/j.ygcen.2010.03.024
https://doi.org/10.1007/BF00333723
https://doi.org/10.2307/1383058
https://doi.org/10.1007/s10980-011-9671-6
https://doi.org/10.1007/s10980-011-9671-6
https://doi.org/10.1890/0012-9615(2000)070[0539:CHQAFI]2.0.CO;2
https://doi.org/10.1890/0012-9615(2000)070[0539:CHQAFI]2.0.CO;2
https://doi.org/10.1111/j.1558-5646.2009.00803.x
https://doi.org/10.1111/j.1365-2699.2005.01341.x
https://doi.org/10.1098/rspb.2005.3214
https://doi.org/10.1006/qres.1993.1044
https://doi.org/10.1002/eap.1781
https://doi.org/10.1002/eap.1781
https://doi.org/10.3955/046.086.0410
https://doi.org/10.3955/046.086.0410
https://doi.org/10.1016/j.foreco.2019.01.011
https://doi.org/10.1017/S1367943003003032
https://doi.org/10.1071/wr08093
https://doi.org/10.1071/wr08093
https://doi.org/10.2307/1381010


..........................................................................................................................................................
Conservation Physiology • Volume 9 2021 Research article

IUCN (2019) The IUCN Red List of Threatened Species. Version 2019–1.
http://www.iucnredlist.org (last accessed 21 March 2019).

Janke JR (2005)Modeling past and future alpine permafrost distribution
in the Colorado Front Range. Earth Surf Process Landf 30: 1495–1508.
https://doi.org/10.1002/esp.1205.

Je�ress MR, Van Gunst KJ, Millar CI (2017) A surprising discovery of
American pika sites in the Northwestern Great Basin.West N Am Nat
77: 252–268. https://doi.org/10.3398/064.077.0213.

Je�ress MR, Rodhouse TJ, Ray C, Wol� S, Epps CW (2013) The idiosyn-
crasies of place: geographic variation in the climate–distribution
relationships of the American pika. Ecol Appl 23: 864–878.

Johnston AN, Bruggeman JE, Beers AT, Beever EA, Christophersen RG,
Ransom JI (2019) Ecological consequences of anomalies in atmo-
spheric moisture and snowpack. Ecology 100: 1–12. https://doi.
org/10.1002/ecy.2638.

Johnson MD (2007) Measuring habitat quality: a review. Condor 109:
489–504.

Keay JM, Singh J, Gaunt MC, Kaur T (2006) Fecal glucocorticoids and
their metabolites as indicators of stress in various mammalian
species: a literature review. J ZooWildl Med 37: 234–244. https://doi.
org/10.1638/05-050.1.

Krear HR (1965) An ecological and ethological study of the pika
(Ochotona princeps saxatilis Bangs) in the Front Range of Colorado.
Unpublished PhD dissertation. University of Colorado, Boulder,
pp 1–329.

La�erty DJR, Zimova M, Clontz L, Hackländer K, Mills LS (2019)
Noninvasive measures of physiological stress are confounded
by exposure. Sci Rep 9: 19170–19176. https://doi.org/10.1038/
s41598-019-55715-5.

Lamb CT, Robson KM, RusselloMA (2014) Development and application
of amolecular sexing protocol in the climate change-sensitive Amer-
ican pika. Conserv Genet Resour 6: 17–19. https://doi.org/10.1007/
s12686-013-0034-2.

MacArthur RA, Wang LCH (1974) Behavioral thermoregulation in the
pikaOchotonaprinceps: a �eld study using radiotelemetry. Can J Zool
52: 353–358. https://doi.org/10.1139/z74-042.

Madliger CL, Love OP (2014) The need for a predictive, context-
dependent approach to the application of stress hormones in
conservation. Conserv Biol 28: 283–287. https://doi.org/10.1111/
cobi.12185.

McEwen BS, Wing�eld JC (2003) The concept of allostasis in biology and
biomedicine. Horm Behav 43: 2–15. https://doi.org/10.1016/S0018-
506X(02)00024-7.

McFarland T, Waterhouse BD, Varner J (2019) Seasonal Patterns of Stress
Hormone Metabolites in Pika Latrines. Poster Presentation. American
Society of Mammalogists, Washington, DC.

Millar CI,Westfall RD (2010)Distribution and climatic relationships of the
American pika (Ochotona princeps) in the sierra Nevada and west-
ern great basin, U.S.A.; periglacial landforms as refugia in warming

climates. Arct Antarct Alp Res 42: 76–88. https://doi.org/10.1657/
1938-4246-42.1.76.

Millar JS (1972) Timingof breedingof pikas in southwesternAlberta.Can
J Zool 50: 665–669. https://doi.org/10.1139/z72-091.

Millspaugh JJ, Washburn BE (2004) Use of fecal glucocorticoid metabo-
lite measures in conservation biology research: considerations for
application and interpretation. Gen Comp Endocrinol 138: 189–199.
https://doi.org/10.1016/j.ygcen.2004.07.002.

Moberg GP (2000) Biological response to stress: implications for animal
welfare. In GP Moberg, JA Mench, eds, The Biology of Animal Stress:
Basic Principles and Implications for Animal Welfare. CABI, pp. 1–21.
https://doi.org/10.1079/9780851993591.0001.

Moyer-Horner L, Mathewson PD, Jones GM, Kearney MR, Porter WP
(2015) Modeling behavioral thermoregulation in a climate change
sentinel. Ecol Evol 5: https://doi.org/10.1002/ece3.1848.

Navarro-Castilla Á, Barja I (2019) Stressful living in lower-quality habi-
tats? Body mass, feeding behavior and physiological stress levels in
wild wood mouse populations. Integr Zool 14: 114–126. https://doi.
org/10.1111/1749-4877.12351.

Nichols LB (2011) Fecal pellets of American pikas (Ochotona princeps)
provide a crude chronometer for dating patch occupancy.WestNAm
Nat 70: 500–507. https://doi.org/10.3398/064.070.0410.

Nichols LB, Klingler KB, Peacock MM (2016) American pikas (Ochotona
princeps) extirpated from the historic masonic mining district
of eastern California. West N Am Nat 76: 163–171. https://doi.
org/10.3398/064.076.0203.

Peacock MM (1997) Determining natal dispersal patterns in a popula-
tion of North American pikas (Ochotona princeps) using direct mark-
resight and indirect genetic methods. Behav Ecol 8: 340–350. https://
doi.org/10.1093/beheco/8.3.340.

Ray C, Beever EA, Rodhouse TJ (2016) Distribution of a climate-sensitive
species at an interior range margin. Ecosphere 7: 1–23. https://doi.
org/10.1002/ecs2.1379.

R Core Team (2018) R: A Language and Environment for Statistical Com-
puting. R Foundation for Statistical Computing, Vienna, Austria, URL
https://www.R-project.org/.

Reeder DM, Kramer KM (2005) Stress in free-ranging mammals: inte-
grating physiology, ecology. J Mammal 86: 225–235. https://doi.
org/10.1644/BHE-003.1.

Rodhouse TJ, Beever EA, Garrett LK, Irvine KM, Je�ress MR, Munts M,
Ray C (2010) Distribution of American pikas in a low-elevation lava
landscape: conservation implications from the range periphery. J
Mammal 91: 1287–1299. doi: 10.1644/09-MAMM-A-334.1.

Rodhouse TJ, Je�ress MR, Sherrill KR, Mohren SR, Nordensten
NJ, Magnuson ML, Schwalm D, Castillo JA, Shinderman M,
Epps CW (2018) Geographical variation in the in�uence of
habitat and climate on site occupancy turnover in American
pika (Ochotona princeps). Divers Distrib 24: 1506–1520.
https://doi.org/10.1111/ddi.12791.

..........................................................................................................................................................

13

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/9/1/coab024/6262596 by guest on 24 N

ovem
ber 2021

http://www.iucnredlist.org
https://doi.org/10.1002/esp.1205
https://doi.org/10.3398/064.077.0213
https://doi.org/10.1002/ecy.2638
https://doi.org/10.1002/ecy.2638
https://doi.org/10.1638/05-050.1
https://doi.org/10.1638/05-050.1
https://doi.org/10.1038/s41598-019-55715-5
https://doi.org/10.1038/s41598-019-55715-5
https://doi.org/10.1007/s12686-013-0034-2
https://doi.org/10.1007/s12686-013-0034-2
https://doi.org/10.1139/z74-042
https://doi.org/10.1111/cobi.12185
https://doi.org/10.1111/cobi.12185
https://doi.org/10.1657/1938-4246-42.1.76
https://doi.org/10.1139/z72-091
https://doi.org/10.1016/j.ygcen.2004.07.002
https://doi.org/10.1079/9780851993591.0001
https://doi.org/10.1002/ece3.1848
https://doi.org/10.1111/1749-4877.12351
https://doi.org/10.1111/1749-4877.12351
https://doi.org/10.3398/064.070.0410
https://doi.org/10.3398/064.076.0203
https://doi.org/10.3398/064.076.0203
https://doi.org/10.1093/beheco/8.3.340
https://doi.org/10.1093/beheco/8.3.340
https://doi.org/10.1002/ecs2.1379
https://doi.org/10.1002/ecs2.1379
https://www.R-project.org/
https://doi.org/10.1644/BHE-003.1
https://doi.org/10.1644/BHE-003.1
https://doi.org/10.1644/09-MAMM-A-334.1
https://doi.org/10.1111/ddi.12791


..........................................................................................................................................................
Research article Conservation Physiology • Volume 9 2021

Romero LM (2002) Seasonal changes in plasma glucocorticoid concen-
trations in free-living vertebrates. Gen Comp Endocrinol 128: 1–24.
https://doi.org/10.1016/S0016-6480(02)00064-3.

Romero LM,DickensMJ, CyrNE (2009) The reactive scopemodel—anew
model integrating homeostasis, allostasis, and stress.HormBehav 55:
375–389. https://doi.org/10.1016/j.yhbeh.2008.12.009.

Romero LM, Reed JM (2005) Collecting baseline corticosterone samples
in the �eld: is under 3min good enough? CompBiochemPhysiol 140:
73–79. https://doi.org/10.1016/j.cbpb.2004.11.004.

Schwalm D, Epps CW, Rodhouse TJ, MonahanWB, Castillo JA, Ray C, Jef-
fressMR (2016)Habitat availability andgene�ow in�uencediverging
local population trajectories under scenarios of climate change: a
place-based approach. Glob Chang Biol 22: 1572–1584. https://doi.
org/10.1111/gcb.13189.

SharpPL (1973)Behaviorof thePika (Ochotonaprinceps) in theKananaskis
Region of Alberta. University of Alberta.

Sheri�MJ,Dantzer B,Delehanty B, PalmeR, Boonstra R (2011)Measuring
stress in wildlife: techniques for quantifying glucocorticoids.Oecolo-
gia 166: 869–887. https://doi.org/10.1007/s00442-011-1943-y.

Sheri� MJ, Wheeler H, Donker SA, Krebs CJ, Palme R, Hik DS, Boonstra
R (2012) Mountain-top and valley-bottom experiences: the stress
axis as an integrator of environmental variability in arctic ground
squirrel populations. J Zool 287: 65–75. https://doi.org/10.1111/
j.1469-7998.2011.00888.x.

Smith AT (1974a) The distribution and dispersal of pikas: in�u-
ences of behavior and climate. Ecology 55: 1368–1376. https://doi.
org/10.2307/1935464.

Smith AT (1974b) The distribution and dispersal of pikas: consequences
of insular population structure. Ecology 55: 1112–1119. https://doi.
org/10.2307/1940361.

Smith AT (1978) Comparative demography of pikas (Ochotona): e�ect of
spatial and temporal age-speci�c mortality. Ecology 59: 133–139.

SmithAB, Beever EA, Kessler AE, JohnstonAN, RayC, EppsCW, LanierHC,
Klinger RC, Rodhouse TJ, Varner J et al., (2019) Alternatives to genetic
a�nity as a context for within-species response to climate. Nat Clim
Chang 9: 787–794. https://doi.org/10.1038/s41558-019-0584-8.

Smith AT, Ivins BL (1983) Colonization in a pika population: dispersal vs
philopatry. Behav Ecol Sociobiol 13: 37–47. https://doi.org/10.1007/
BF00295074.

Smith AT, Ivins BL (1984) Spatial relationships and social organization in
adult pikas: a facultatively monogamous mammal. Z Tierpsychol 66:
289–308. https://doi.org/10.1111/j.1439-0310.1984.tb01370.x.

Smith JE, Monclús R, Wantuck D, Florant GL, Blumstein DT (2012)
General and comparative endocrinology fecal glucocorticoid
metabolites inwild yellow-belliedmarmots: experimental validation.
Gen Comp Endocrinol 178: 417–426. https://doi.org/10.1016/j.
ygcen.2012.06.015.

Smith AT, Nagy JD,Millar CI (2016) Behavioral ecology of American pikas
(Ochotona princeps) at Mono Craters, California: living on the edge.
West N AmNat 76: 459 https://doi.org/10.3398/064.076.0408.

SmithAT,WestonML (1990)Ochotonaprinceps.MammSpecies352: 1–8.
https://doi.org/10.2307/3504319/2600639.

Sneddon IA (1991) Latrine use by the European rabbit (Oryctolagus
cuniculus). JMammal 72: 769–775. https://doi.org/10.2307/1381841.

Stetz J, Hunt K, Kendall KC, Wasser SK (2013) E�ects of exposure,
diet, and thermoregulation on fecal glucocorticoid measures in wild
bears. PLoS One 8: e55967–e55966. https://doi.org/10.1371/journal.
pone.0055967.

Stewart JAE, Perrine JD, Nichols LB, Thorne JH, Millar CI, Goehring KE,
Massing CP, Wright DH (2015) Revisiting the past to foretell the
future: summer temperature and habitat area predict pika extirpa-
tions in California. J Biogeogr 42: https://doi.org/10.1111/jbi.12466.

Stewart JAE, Wright DH, Heckman KA (2017) Apparent climate-
mediated loss and fragmentation of core habitat of the
American pika in the Northern Sierra Nevada, California. PLoS
One 12: e0181834–e0181817. https://doi.org/10.1371/journal.
pone.0181834.

Tapper S (1973) TheSpatialOrganizationofPikas (Ochotona), and Its Effect
on Population Recruitment. University of Alberta.

Washburn BE, Millspaugh JJ (2002) E�ects of simulated environmental
conditions on glucocorticoid metabolite measurements in white-
tailed deer feces. Gen Comp Endocrinol 127: 217–222.

Waterhouse MD, Sjodin B, Ray C, Erb L, Wilkening J, Russello MA (2017)
Individual-based analysis of hair corticosterone reveals factors in�u-
encing chronic stress in the American pika. Ecol Evol 7: 4099–4108.
https://doi.org/10.1002/ece3.3009.

Wilkening JL, Ray C (2016) Characterizing predictors of survival in
the American pika (Ochotona princeps). J Mammal 97: 1366–1375.
https://doi.org/10.1093/jmammal/gyw097.

Wilkening JL, Ray C, Beever EA, Brussard PF (2011) Modeling contempo-
rary range retraction in Great Basin pikas (Ochotona princeps) using
data on microclimate and microhabitat. Quat Int 235: 77–88. https://
doi.org/10.1016/j.quaint.2010.05.004.

Wilkening JL, Ray C, Sweazea KL (2013) Stress hormone concentration
in Rocky Mountain populations of the American pika (Ochotona
princeps). Conserv Physiol 1: 1–13. https://doi.org/10.1093/conphys/
cot027.Introduction.

Wilkening JL, Ray C, Varner J (2015) Relating sub-surface ice features
to physiological stress in a climate sensitive mammal, the American
pika Ochotona physiological stress in a climate sensitive mammal,
the American pika (Ochotona princeps). PLoS One 10: e0119327–
e0119317. https://doi.org/10.1371/journal.pone.0119327.

Wilkening JL, Ray C, Varner J (2016) When can we measure stress
noninvasively? Postdeposition e�ects on a fecal stress metric con-

..........................................................................................................................................................

14

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/9/1/coab024/6262596 by guest on 24 N

ovem
ber 2021

https://doi.org/10.1016/S0016-6480(02)00064-3
https://doi.org/10.1016/j.yhbeh.2008.12.009
https://doi.org/10.1016/j.cbpb.2004.11.004
https://doi.org/10.1111/gcb.13189
https://doi.org/10.1111/gcb.13189
https://doi.org/10.1007/s00442-011-1943-y
https://doi.org/10.1111/j.1469-7998.2011.00888.x
https://doi.org/10.1111/j.1469-7998.2011.00888.x
https://doi.org/10.2307/1935464
https://doi.org/10.2307/1935464
https://doi.org/10.2307/1940361
https://doi.org/10.2307/1940361
https://doi.org/10.1038/s41558-019-0584-8
https://doi.org/10.1007/BF00295074
https://doi.org/10.1007/BF00295074
https://doi.org/10.1111/j.1439-0310.1984.tb01370.x
https://doi.org/10.1016/j.ygcen.2012.06.015
https://doi.org/10.1016/j.ygcen.2012.06.015
https://doi.org/10.3398/064.076.0408
https://doi.org/10.2307/3504319/2600639
https://doi.org/10.2307/1381841
https://doi.org/10.1371/journal.pone.0055967
https://doi.org/10.1371/journal.pone.0055967
https://doi.org/10.1111/jbi.12466
https://doi.org/10.1371/journal.pone.0181834
https://doi.org/10.1371/journal.pone.0181834
https://doi.org/10.1002/ece3.3009
https://doi.org/10.1093/jmammal/gyw097
https://doi.org/10.1016/j.quaint.2010.05.004
https://doi.org/10.1016/j.quaint.2010.05.004
https://doi.org/10.1093/conphys/cot027.Introduction
https://doi.org/10.1093/conphys/cot027.Introduction
https://doi.org/10.1371/journal.pone.0119327


..........................................................................................................................................................
Conservation Physiology • Volume 9 2021 Research article

found a multiregional assessment. Ecol Evol 6: 502–513. https://doi.
org/10.1002/ece3.1857.

Wright DH, Stewart JAE (2018) Within-talus temperatures are not limit-
ing for pikas in the northern Sierra Nevada, California, USA. Calif Fish
Game 104: 180–195.

YandowLH,ChalfounAD,DoakDF (2015)Climate tolerances andhabitat
requirements jointly shape the elevational distribution of the Amer-
ican pika (Ochotona princeps), with implications for climate change
e�ects. PLoS One 10: e0131082–e0131021. https://doi.org/10.1371/
journal.pone.0131082.

..........................................................................................................................................................

15

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/9/1/coab024/6262596 by guest on 24 N

ovem
ber 2021

https://doi.org/10.1002/ece3.1857
https://doi.org/10.1002/ece3.1857
https://doi.org/10.1371/journal.pone.0131082
https://doi.org/10.1371/journal.pone.0131082

	Temporal vs. spatial variation in stress-associated metabolites within a population of climate-sensitive small mammals
	Introduction 
	Materials and methods
	Study system
	Fecal collection method
	Habitat survey
	Sex determination
	Hormone analysis 
	Linear mixed-effects models

	Results
	Discussion
	Funding




