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ously reported for the species. After accounting for imperfect detection, we found

no evidence of declines in site occupancy over the 5-year study period, but our
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models provided evidence that pika site occupancy turnover can be high (>50% be-
tween some years) and apparently exacerbated by winter cold stress, summer heat
stress and variation in site habitat quality. However, strength of evidence varied
among metapopulations, suggesting influential local contingencies, as reported previ-
ously for the species.

Main conclusions: Our empirical results suggest that the American pika may be vul-
nerable to wintertime turnover, negatively exacerbated by climatic events, with impli-
cations for future persistence given forecasted snowpack declines across the species’
range. Our models suggest a more nuanced dynamism to persistence and extinction
risk than the simple scenario of inexorable, monotonic range contraction offered by

static range-wide distribution models, and we suggest several ways to strengthen
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1 | INTRODUCTION

Accelerated climate change is implicated in a growing list of con-
temporary range contractions and extinctions across multiple taxa
(Chen, Hill, Ohlemdller, & Thomas, 2011; Parmesan, 2006; Root,
Price, Hall, & Schneider, 2003; Walther et al., 2002). Forecasts sug-
gest that substantial losses in global biodiversity will occur over
the next several decades (Bellard, Bertelsmeier, Leadley, Thuiller,
& Courchamp, 2012; IPCC, 2013; Jetz, Wilcove, & Dobson, 2007;
Thomas et al., 2004). Losses are expected to be particularly high
for dispersal-limited species in montane environments (Guralnick,
2007; Lawler etal., 2009; Parmesan, 2006; Williams, Henry, &
Sinclair, 2015). Studies of these systems that develop mechanistic
insights into specific climate-related processes contributing to ex-
tinction risk are needed to advance the science of climate change
impacts on biota and to inform effective conservation and adap-
tation strategies (Chen et al., 2011; Parmesan, 2006). Much of the
evidence for climate change-induced range shifts comes from com-
parisons of historic, current and future distributions via predictive
models (e.g., bioclimatic niche models; Guisan & Thuiller, 2005;
Martinez-Meyer, Peterson, & Hargrove, 2004; Pearson & Dawson,
2003; Pacifici et al., 2015). These models describe broad-scale and
temporally static patterns (i.e., assume equilibrium between species
ranges and environmental predictors; Guisan & Thuiller, 2005), pro-
viding evidence of net changes. However, they are limited in their
ability to reveal how climate and other factors influence the dy-
namic processes of local extirpation and persistence that drive the
observed net changes in distributions and, ultimately, range-wide
extinction (Anderson et al., 2009). But, with recent developments
in the class of dynamic distribution models referred to as multisea-
son occupancy models (MacKenzie, Nichols, Knutson, & Franklin,
2003; Royle & Dorazio, 2008), explicit study of the dynamic rates

these insights with future studies.

Bayesian hierarchical model, climate change, extinction, site occupancy dynamics, snowpack

of distributional change—the rates of turnover in site occupancy—
is possible (Chandler et al., 2015; Eaton, Hughes, Hines, & Nichols,
2014; Fernandez-Chacon et al., 2014). A particularly important as-
pect of this modelling framework is the ability to account for im-
perfect detection with datasets developed from surveys of sites
replicated within and among seasons (Bailey, MacKenzie, & Nichols,
2014; Guillera-Arroita, 2017; Guillera-Arroita, Ridout, & Morgan,
2010; MacKenzie & Royle, 2005). This replication allows detection
probabilities to be estimated. Without this capability, it is impossi-
ble to distinguish true rates of annual turnover from apparent turn-
over confounded by imperfect detection (Kery, Spillmann, Truong,
& Holderegger, 2006; Risk, de Valpine, & Beissinger, 2011; Ruiz-
Gutierrez & Zipkin, 2011).

Turnover in occupancy of habitat patches or sites by a species
can result from both intrinsic (e.g., demographic stochasticity) and
extrinsic factors (e.g., climate-driven environmental stochasticity).
When turnover is asynchronous and recolonization is sufficient to
replace extirpated sites, populations persist, but when extrinsic
factors exacerbate turnover, directional (deterministic) changes can
result. In dispersal-limited organisms occupying patchy habitats,
extrinsic factors that elevate occupancy turnover rates can drive
populations towards extinction, particularly when sufficiently wide-
spread to induce synchronicity, such as land use change and climate
and weather events (Elkin & Possingham, 2008; Fleishman, Ray,
Sjégren-Gulve, Boggs, & Murphy, 2002; Gaggiotti & Hanski, 2004;
Hanski, 1998; Heino, Kaitala, Ranta, & Lindstrom, 1997).

The growing need and opportunity to examine site occupancy
dynamics requires more explicit consideration of mechanisms influ-
encing local extirpation. For instance, while there is considerable ev-
idence of rapid range shifts along elevational gradients in mountain
systems (Sekercioglu et al., 2008; Lawler et al., 2009; Wilson et al.,

2005), contributions of declining mountain snowpack and other
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factors correlated with elevation are not as well understood (Jackson,
Betancourt, Booth, & Gray, 2009; Williams et al., 2015). Declining
snowpack is particularly important for understanding climate-
induced extinction risk. Snowpack reflects ocean-atmosphere and
topographic interactions that are subject to high spatial and tempo-
ral variability (Bennie et al., 2013; Daly, Conklin, & Unsworth, 2010;
Jackson et al., 2009; Williams et al., 2015), and declines can have
acute and counter-intuitive impacts (e.g., by exposing heat-sensitive
animals to winter cold stress; Guralnick, Erb, & Ray, 2011; Williams
et al., 2015). Snowpack declines are occurring rapidly in many moun-
tainous regions of the world (Barnett, Adam, & Lettenmaier, 2005),
particularly in regions influenced by oscillating ocean-atmosphere
interactions, such as in western North America (e.g., Pacific-decadal
oscillation; Kapnick & Hall, 2012; Lute, Abatzoglou, & Hegewisch,
2015; Mote, Hamlet, Clark, & Lettenmaier, 2005). While the im-
pacts of snowpack declines are intuitive and evident for ecosystem
services such as water storage (Berghuijs, Woods, & Hrachowitz,
2014), drought and fire (Gergel, Nijssen, Abatzoglou, Lettenmaier,
& Stumbaugh, 2017), the potential impacts on faunal extinction risk
are less so (Jackson et al., 2009; Williams et al., 2015).

In this study, we develop a suite of multiseason site occupancy
models to examine how, after accounting for both false-negative and
false-positive (Chambert, Miller, & Nichols, 2015) detection errors,
spatial variation in wintertime depth of snowpack and cold tempera-
tures influence rates of site occupancy turnover in the American
pika (Ochotona princeps). The American pika is a highly territorial,
philopatric and dispersal-limited montane lagomorph that occu-
pies patchy talus and lava-flow habitat in western North America
(Peacock, 1997; Smith & Ivins, 1983; Smith & Weston, 1990). It ex-
hibits high rates of overwinter mortality and metapopulation-type
dynamics in some areas (Kruezer & Huntly, 2003; Smith & Nagy,
2015). The species is thought to be undergoing contraction in some
portions of its range due to accelerated warming (Beever, Brussard,
& Berger, 2003; Beever et al., 2016) and in general is thought to
be range-restricted by summer heat stress (Galbreath, Hafner, &
Zamudio, 2009; Wilkening, Ray, Beever, & Brussard, 2011). However,
it continues to exhibit enigmatic persistence in apparently inhospita-
ble locations (Beever, Wilkening, Mclvor, Weber, & Brussard, 2008;
Jeffress, Van Gunst, & Millar, 2017; Millar & Westfall, 2010; Millar,
Westfall, & Delany, 2013; Ray, Beever, & Rodhouse, 2016; Rodhouse
et al., 2010; Shinderman, 2015; Smith & Nagy, 2015; Smith, Nagy,
& Millar, 2016), fuelling ongoing investigations into its vulnerability
to contemporary climate change (Calkins, Beever, Boykin, Frey, &
Anderson, 2012; Schwalm et al., 2016).

Another hypothesis proposes that declining snowpack and ex-
posure to cold temperatures and freezing rain also contribute to
American pika extinction risk (Beever, Ray, Mote, & Wilkening, 2010;
Guralnick et al., 2011). Variation in snowpack is implicated in mor-
tality rates for the American pika (Kruezer & Huntly, 2003) as well
as for its close congener the collared pika (O. collaris; Franken & Hik,
2004; Morrison & Hik, 2007). We test this hypothesis with Bayesian
hierarchical multiseason occupancy models fit to datasets collected
over 5 years (2010-2014) at ~150 sites in each of four US national

parks (Jeffress et al., 2011). The study was replicated in four park
study areas along a temperature-moisture gradient, an approach de-
signed to reveal important place-based contingencies (Billick & Price,
2010; Castillo et al., 2016; Jeffress, Rodhouse, Ray, Wolff, & Epps,
2013; Schwalm et al., 2016) and test the generalizability of hypoth-
esized climatic controls on pika distribution dynamics. Our analysis
is contextualized by knowledge about pika dispersal and gene flow
obtained simultaneously during our study in these same four parks
(Castillo et al., 2016). We focus on both acute and chronic winter
impacts using daily temperature and snow depth data measured at
meso-scales (~1 km) that reflect threshold-type conditions and sea-
sonal mean conditions. In a specific manner, we asked whether rates
of turnover in site occupancy of the American pika covaried with
the 5-year plot average of (a) number of days during January-March
(winter) with no snow and minimum temperatures below -5°C, (b)
mean winter snow depth and (c) mean minimum winter temperature.
We contrasted these models with one for heat stress that included
as a covariate (d) mean maximum summer temperature (June-
August). In each of these models, we also included site-level forb
% cover as an influential local-scale indication of habitat condition
(Erb, Ray, & Guralnick, 2014; Jeffress et al., 2013; Ray et al., 2016;
Rodhouse et al., 2010; Wilkening et al., 2011). We also examined the
potential influences of site topographic position (insolation) and rel-
ative habitat patch size via a metric informed by genetic analyses of
average dispersal distances estimated for each study area (Castillo
et al., 2016; Schwalm et al., 2016). Accounting for these additional
environmental factors enhanced our ability to elucidate the relative
strength of climatic winter stress relative to summer heat stress and
local site habitat quality conditions. Our study provides a uniquely
replicated, fine-grained perspective on the mechanics of population
persistence and extirpation in mountain ecosystems experiencing

rapid climate change.

2 | METHODS

2.1 | Study areas

Following methods developed by Rodhouse et al. (2010), Jeffress
etal. (2011, 2013) and Ray etal. (2016), and described also by
Schwalm etal. (2016), we conducted site occupancy surveys at
randomly selected long-term monitoring sites in four US National
Park units in three states: Crater Lake National Park (CRLA) in the
Cascade Range of southern Oregon, Craters of the Moon National
Monument and Preserve (CRMO) in the Snake River Plain in cen-
tral Idaho, and Lassen Volcanic National Park (LAVO) and Lava Beds
National Monument (LABE), both in the southern end of the Cascade
Range in northern California (Figure 1).

The four parks provided a range of pika habitat types, including
montane talus slopes and boulder fields in CRLA and LAVO and low-
elevation basalt lava flows in CRMO and LABE (see Jeffress et al.,
2013 and Appendix S1 for detailed maps). The four parks varied
climatically along a warm-dry to cool-wet continuum (see descrip-
tions by Jeffress et al., 2013 and Schwalm et al., 2016 and Figure 2):
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FIGURE 1 Map of the four national park study areas located within the north-western United States across gradients of substrate types,
elevations and climates. The pika distribution map was provided by The International Union for Conservation of Nature (IUCN)

CRMO and LABE were considerably hotter in summer and drier in
winter than CRLA and LAVO, experiencing only ephemeral snow-
packs; CRLA and LAVO are higher in elevation and experienced deep
and persistent snowpacks, and LAVO averaged colder than CRLA in
winter (Figure 2).

Each park supports spatially structured American pika popu-
lations that exhibit metapopulation-type characteristics. Maps in
Appendix S1 illustrate the highly patchy distribution of rock (talus
and lava) substrate that the species inhabited within each park,
with mainland-island spatial patterns evident in CRMO, mapped
in detail by Rodhouse et al. (2010), and a continuum of clumpy to
completely fragmented patterns in the other parks. Castillo, Epps,
Davis, and Cushman (2014), Castillo etal. (2016) used genetic

techniques to provide estimates of average intergenerational dis-
persal distances for pikas in each of the studied parks that ranged
from ~1 to 4.5 km, and of functional connectivity among patches
that revealed dispersal and gene flow to be strongly influenced by

landscape features.

2.2 | Site occupancy surveys

We established our survey design framework with circular plots
452 m? in area (12 m radii) randomly distributed across each park’s
mapped and accessible portions of suitable habitat (Rodhouse et al.,
2010; Jeffress et al., 2011, 2013; Ray et al., 2016; Appendix S1). We
scaled our plots so as to correspond approximately with published
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pika territory sizes and scale of foraging and dispersal activity (Smith
& Weston, 1990; Smith & Nagy, 2015). We made a within-season
(summer) species-level closure assumption, required for occupancy
modelling studies in general (but note some accommodation for
violation of this assumption when occupancy is interpreted as use;
MacKenzie et al., 2006), and for our study a plausible one given the
sedentary and centrally placed foraging behaviour of pikas.
Randomization of plot locations was carried out with the
(GRTS)
(Stevens & Olsen, 2004), which provided for spatially balanced

Generalized Random Tessellation-Stratified algorithm
random sampling of and corresponding scope of inference across
each park’s mapped and accessible pika habitat (sampling frames in-
cluded in Appendix S1). We conducted occupancy surveys annually
in each plot during snow-free summer and autumn periods (June-
November). Sample sizes varied during the first 2 years of study as
sampling frame errors (e.g., mapping errors) and other logistical chal-
lenges were resolved, but stabilized at ~100 plots per park; ~150
plots per park were visited at least once during the 5-year study and
included in modelling (Table 1). Within-season revisits (second visits)
to ~30% of plots were performed each year to provide information
for estimating detection probabilities (Table 1).

We surveyed for fresh, active sign of pika occupancy within each
plot by recording encounters with active animals visible or audible
within established plot boundaries, or when fresh hay piles (food
caches) and fresh scat were found. These indirect signs have been
routinely used for ascertaining pika presence (Beever et al., 2003;
Erb, Ray, & Guralnick, 2011; Jeffress et al., 2013; Millar & Westfall,
2010; Ray et al., 2016; Rodhouse et al., 2010; Shinderman, 2015;

TABLE 1 Summary of American pika survey activity in each of
the four studied parks during 2010-2014

Park 2010 2011 2012 2013 2014
Total number of sites surveyed
CRLA 85 107 145 100 100
CRMO 56 135 146 103 103
LABE 101 102 100 100 100
LAVO 76 112 75 103 103
Total number of sites revisited
CRLA 50 30 30 41 30
CRMO 50 35 30 20 29
LABE 50 0 30 14 50
LAVO 41 30 0 21 20
Proportion of sites with fresh sign (detections)
CRLA 0.65 0.63 0.54 0.60 0.71
CRMO 0.21 0.07 0.16 0.08 0.21
LABE 0.24 0.29 0.40 0.45 0.61
LAVO 0.14 0.42 0.21 0.43 0.43

Note. Parks included in the study were Crater Lake National Park
(CRLA), Craters of the Moon National Monument & Preserve (CRMO),
Lava Beds National Monument (LABE) and Lassen Volcanic National
Park (LAVO).

Smith & Nagy, 2015), and estimates of detectability of pikas with
sign surveys are generally thought to be high (Beever et al., 2008;
Beever, Ray, Wilkening, Brussard, & Mote, 2011; Erb et al., 2011; Ray
et al., 2016; Rodhouse et al., 2010). Fresh, actively maintained hay
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piles are conspicuous and easily identified when found among rock
interstices. However, consistent ageing of scat can be problematic—
old sign can persist in situ for many years (Millar et al., 2014; Nichols,
2010), creating opportunities for false-positive detection errors to
occur when old sign is assigned fresh status. This type of obser-
vation error is thought to be rare because indications of fresh scat
(e.g., green when opened) fade quickly over a period of weeks (Millar
et al., 2014; Nichols, 2010), although this assumption has not been
formally tested and could bias occupancy models (Bailey et al., 2014;
Chambert et al., 2015; McClintock, Bailey, Pollock, & Simons, 2010;
Miller et al., 2013; Royle & Link, 2006). Field observers adhered to
a common protocol used in all four park study areas (Jeffress et al.,
2011) and were consistently trained and calibrated together during

group sessions conducted by the authors of this study.

2.3 | Local and synoptic influences:
model covariates

At each plot, we visually assessed forb cover (referred to as FORB
when discussing modelling methods and results) and other veg-
etation and rock physiognomic cover types using a modified
Daubenmire (1959) cover classification strategy with eight catego-
ries ranging from 0%, trace (<1%), 1%-5%, 5%-25%, 25%-50%,
50%-75%, 75%-95%, 100% (Jeffress et al., 2011, 2013; Rodhouse
et al., 2010). We used a 10-m digital elevation model to extract plot
slope and aspect and construct a measure of topographic position
(insolation or heat loading, referred to as INSOLATION), calculated
as sin(slope)*cos(aspect), which varied from -1 to 1 and captured
the gradient steep south to flat to steep north slopes (Jeffress
et al., 2013; Schwalm et al., 2016). We used a metric of patch area
and habitat connectivity constructed by Castillo et al. (2016) and
Schwalm et al. (2016) that was calculated as the % of mapped rock
habitat within circles centred on plots with radii corresponding to
average intergenerational pika dispersal distances determined by
Castillo et al. (2016:1667, referred to here as %HABITAT). The radii
used for each park were 1.2 km for CRMO, 2.5 km for CRLA, 3.5 km
for LABE and 4.5 km for LAVO (Castillo et al., 2016; Schwalm et al.,
2016). Schwalm et al. (2016) found this metric to be useful in some
parks for predicting distributional changes over time, and Stewart
et al. (2015) also successfully used a similar approach but with an
arbitrary fixed radius of 1 km.

Snow depth (referred to as SNOW) and mean minimum (win-
ter; T,\) and maximum (summer; T,,,,) temperatures were ob-
tained from the publically available Snow Data Assimilation System
(SNODAS; NOHRSC, 2004) and the Daymet daily surface weather
and climatological summaries (Thornton, Thornton, Wei, Vose, &
Boyer, 2017). Both datasets are provided as spatial grids at 1 km res-
olution, and processed and compiled with the National Park Service
NPScape Climate Grid Analysis Toolset (Monahan, Gross, Svancara,
& Philippi, 2012). Our measure of acute cold stress (COLD) was
compiled for each plot via overlay with gridded data as mean counts
of days with no snow and minimum temperatures <-5°C over the

5-year period. Because so few days met these conditions in CRLA

Diversity and Distributions

and LAVO, due to maritime climatic influences and persistent deep
snowpack, we could only use this measure for CRMO and LABE.
Snow depth and chronic cold stress and heat stress were compiled
as 3-month means, also averaged over the 5-year study period for
each plot (January-March and June-August, respectively).

2.4 | Statistical analysis

We used the multiseason occupancy methods developed by
MacKenzie et al. (2003), Royle and Kéry (2007), and Royle and
Dorazio (2008) and previously applied for pikas in eight parks, in-
cluding our four study areas, by Jeffress etal. (2013). Following
Chambert etal’s (2015) site-confirmation design, we extended
our detection model to account for both false-negative and false-
positive errors in which fresh scat was considered as an ambiguous
detection method vulnerable to both types of errors, and all other
sign types were considered unambiguous and vulnerable only to
false-negative error.

We used Royle and Dorazio’s (2008) autoregressive parameteriza-
tion to construct additive models on the logit scale for covariates to
influence dynamic occupancy parameters (see Jeffress et al., 2013).
Because these models involve many parameters and separability, iden-
tifiability and convergence can be difficult to achieve in some circum-
stances, we used a step-wise procedure to assemble models for testing
hypotheses. First, we considered models with local influences FORB,
INSOLATION and %HABITAT only. In each park, FORB emerged as
the most influential covariate with posteriors # O (see Section 3). We
retained only FORB for subsequent models that included meso-scale
winter and summer stress variables, which were each modelled sepa-
rately because of cross-correlation. Mean climatic (stress) conditions
were constructed as 5-year means for each site so that a single vector
could be included as a covariate (e.g., SNOW was constructed as a
single vector with n elements each compiled as 5-year means from a
matrix of t annual 3-month winter snow depth averages). In general,
American pika sign surveys have been shown to yield high levels of
detectability and we maintained a simple pooled structure for each
park wherein all detection probabilities were assumed constant and
averaged over the 5-year study period. However, in CRMO, model
convergence was improved for some models when year-specific de-
tection probabilities were allowed (see Section 3).

We used OpenBUGS 3.2.3 (Lunn, Spiegelhalter, Thomas, & Best,
2009), launched from R 3.2.3 (R Development Core Team, 2015) with
the R20penBUGS library (Sturtz, Ligges, & Gelman, 2005) to imple-
ment Bayesian estimation of model parameters via Markov chain
Monte Carlo (MCMC) samples of posterior distributions. We used
independent vague N(0,10) priors on all logit-scale parameters and
U(0,1) priors for parameters bounded by 0 and 1 on the probability
scale (Ntzoufras, 2009; Royle & Dorazio, 2008). Posterior summaries
were based on 10,000 MCMC samples of the posterior distributions
from 3 chains run simultaneously, thinned by a factor of 3, following
an initial burn-in of 5,000 MCMC iterations. We assessed convergence
of MCMC chains with trace plots and the Gelman-Rubin diagnostic, R
; convergence was reached for all parameters according to the criteria
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TABLE 2 Summary of apparent (naive, not accounting for
imperfect detection) American pika site occupancy turnover
patterns in the 4 study parks, 2010-2014

¢ k4 €

CRLA

2010-2011 23 3 3

2011-2012 49 4 15

2012-2013 48 11 3

2013-2014 54 15 3
CRMO

2010-2011 4 1 1

2011-2012 7 11 2

2012-2013 7 1 12

2013-2014 8 14 0
LABE

2010-2011 6 5 7

2011-2012 7 9 4

2012-2013 31 14 9

2013-2014 39 22 6
LAVO

2010-2011 3 6 2

2011-2012 11 S 17

2012-2013 11 21 5

2013-2014 23 16 17

Notes. Site survival or persistence (¢) is the number of sites that remained
apparently occupied (based on detections) from 1 year to the next. Site
colonization (y) is the number of sites that apparently transitioned from
unoccupied to occupied from 1 year to the next. Site extinction (g) is the
number of sites that apparently transitioned from occupied to unoccu-
pied from 1 year to the next.

|f?— 1| < 0.1 (Ntzoufras, 2009). Given our goals to explain empirical pat-
terns rather than predict to unsurveyed locations (see Shmueli, 2010),
we did not formally evaluate predictive power of the models (e.g., with
receiver operating characteristic) and other potential problems such as
residual spatial autocorrelation but note that these concerns were ad-
dressed after the first 2 years of our study by Jeffress et al. (2013; e.g.,
Moran’s | ~ 0). We did, however, perform Bayesian posterior predictive
checks on all models using the discrepancies of observed detections
and the posterior predictions of detections (but not directly on site
occupancy as it is only a partially observed state when the observation

process is imperfect; Zipkin, Campbell Grant, & Fagan, 2012).

3 | RESULTS

3.1 | Imperfect detection, site occupancy, and
turnover

Naive site occupancy (raw proportion of sites with detections) and
turnover rates varied among years and among parks with no appar-

ent among-park temporal trend or regional synchronicity (Table 2). For

example, numbers of vacated plots (apparent local extinction, ) were
high in both CRLA and LAVO from 2011 to 2012, but only CRMO in
2012-2013 and only LAVO in 2013-2014 (Table 2). Site occupancy
was steady for CRLA but varied widely in the other parks, especially in
CRMO where surveys yielded very few detections (<10%) in 2011 and
2013 (Table 1). Site occupancy appeared to trend positively over the
5 years in LABE but not in the other parks. However, imperfect detec-
tion was evident for all park surveys (Figure 3a). The probability of de-
tection ranged from 0.30 to 0.65 for the unambiguous methods, from
0.70 to 0.90 for the ambiguous method (fresh scat), and was notably
higher in CRLA than in other parks (Figure 3a). False-positive error
rates using fresh scat ranged from 0.03 to 0.10 (Figure 3a). We consid-
ered year-specific detection probabilities to help some of the CRMO
models to converge, and these annual probabilities ranged from 0.30
to 0.75 and 0.30 to 0.83, respectively.

After accounting for imperfect detection, patterns of site oc-
cupancy and mean annual turnover, site occupancy probabilities
changed: positive trends emerged in all 5 parks, most notably in LABE
and LAVO (Figure 3b), as did asynchronous rates of turnover probabil-
ity evident from the raw detection patterns (Figure 3c). Annual varia-
tion in site occupancy and corresponding rates of turnover were very
low for CRLA and CRMO relative to LABE and LAVO. Colonization
rates exceeded extinction rates in most transitions (between years) in
CRMO, LABE and LAVO, most notably in LABE and LAVO where mean
probabilities of colonization exceeded 50% between 2010 and 2011
(Figure 3c). Two transitions with relatively high rates of site extinction
probability were evident in CRLA (between 2010-2011 and 2011-
2012) and LAVO (2011-2012 and 2013-2014; Figure 3c).

3.2 | Local influences on turnover

Models fit with local-scale site covariates FORB, INSOLATION and
%HABITAT parameterized to influence both the estimated prob-
abilities of site persistence and colonization consistently showed
a strong relationship (high precision and lower credible interval
>0) between turnover and forb cover (FORB; Figure 4). Forb cover
positively influenced colonization in all four parks, most strongly in
CRLA, CRMO and LAVO. Counter-intuitively, forb cover negatively
influenced site persistence in CRLA, CRMO and LABE, but was a
positive influence on persistence in LAVO. There was no clear evi-
dence of relationships between INSOLATION and % HABITAT and
turnover rates except in CRMO where % habitat appeared to posi-

tively influence site persistence (Figure 4).

3.3 | Meso-scale influences on turnover

After accounting for imperfect detection and local forb cover, mean
# of days with no snow and very cold (<-5°C) temperatures (COLD)
negatively influenced site persistence in CRMO and site colonization
in LABE (Figure 5). As noted in Methods, few days met this criterion
in CRLA and LAVO. In a corresponding manner, snow depth (SNOW)
was a positive influence on site persistence in CRMO and in LAVO (but
note the wide credible interval that includes 0) and on colonization
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in LABE, but was not apparently influential in CRLA (Figure 6). TMIN
positively influenced site colonization in CRLA, not in LABE, and,
counter-intuitively, negatively influenced site persistence in LAVO,
possibly also in CRMO but with high uncertainty (Figure 7). At last,
summer heat stress (TMAX) negatively influenced site persistence in
CRMO and LAVO but not in the other parks (Figure 8).

4 | DISCUSSION

Accelerated climate changes are already evident in the mountains

of western North America, with steady declines in snowpack and

LABE -~
LAVO 4

warming temperatures recorded in many basins (Barnett etal.,
2005; Kapnick & Hall, 2012; Mote et al., 2005) and corresponding
changes in distributions and abundances of some organisms (Brodie
& Post, 2010; Brown, Hannah, & Milner, 2007; Epps, McCullough,
Wehausen, Bleich, & Rechel, 2004; McKelvey et al., 2011; Williams
et al., 2015). Our study considers whether American pika site oc-
cupancy dynamics covary with contemporary climatic patterns and
whether those dynamics are consistent with winter cold stress and
summer heat stress hypotheses to explain apparent contraction in
some portions of the species’ range (Beever et al., 2010; Galbreath
et al., 2009; Guralnick et al., 2011; Wilkening et al., 2011). We found
that site turnover can be higher when sites are exposed to cold stress
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Local influences on turnover
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FIGURE 4 Estimated effect sizes of local site (plot)
environmental conditions on American pika site occupancy
turnover probabilities among the four park study areas. Forbs
(plot forb cover) were consistently influential in all parks, whereas
insolation (topographic position) and % habitat (% of mapped rock
habitat within average dispersal radii defined for each park with
molecular genetic techniques) were not apparently influential to
turnover
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FIGURE 5 Estimated effect sizes of the mean number of acute
cold stress days during winter (January-March) on American pika
site occupancy turnover probabilities for two parks. Two other
parks, Crater Lake National Park (CRLA) and Lassen Volcanic
National Park (LAVO), had such deep and persisting snowpacks that
this measure of cold stress was uninformative

without an insulating snow blanket (e.g., estimated persistence prob-
ability declined to ~0 in CRMO in sites experiencing 1 SD more cold,
snow-free days, Figure 5). However, our results were highly variable
among parks, suggesting influential local contingencies, as has been
reported previously for the species (Castillo et al., 2016; Jeffress
et al.,, 2013; Schwalm et al., 2016). The influences of winter stress

were most evident in our two low-elevation parks, CRMO and LABE,
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FIGURE 6 Estimated effect sizes of average snow depth during

winter (January-March) on American pika site occupancy turnover

probabilities among the four park study areas
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FIGURE 7 Estimated effect sizes of cold temperatures during
winter (mean minimum temperatures during January-March) on
American pika site occupancy turnover probabilities among the
four park study areas

where snowpack is ephemeral. Lack of snow and the combination
of lack of snow and cold temperatures reduced probability of site
occupancy persistence in CRMO and reduced site colonization
probability in LABE. CRLA and LAVO routinely experience deep
and persistent maritime snowpack that mitigates this kind of stress
under the current climate regime, and our constructed acute cold
stress variable was uninformative for those parks. Cold temperature
(TMIN), by itself, was less informative (credible intervals centred
on zero), but there was clear positive influence of warmer winter
minimum temperatures on site colonization in CRLA and a strong,
counter-intuitive, reduction in persistence in LAVO with warmer
winter minimums, possibly reflecting the broader range and greater
heterogeneity of winter temperatures in LAVO compared to the

other parks (Figure 2).
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American pika site occupancy turnover probabilities among the
four park study areas

We found evidence that summer heat stress negatively influenced
site persistence and exacerbated turnover rates in CRMO and LAVO
(e.g., chances of persistence declined to ~15% in LAVO in sites experi-
encing 1 SD higher mean maximum temperatures, Figure 8). Contrary
to expectation, there was no discernible influence of heat stress on
turnover in LABE, the lowest-elevation park among the four. In gen-
eral, evidence for heat stress as a driver of contemporary American
pika site occupancy patterns and range contraction has been equiv-
ocal and our study underscores the highly contingent nature of the
heat stress phenomenon on the species’ contemporary and future
biogeography. Range-wide species distribution models and inspec-
tions of historically occupied sites arrayed along elevational gradients
have provided evidence of contraction (Beever et al., 2003; Moritz
et al.,, 2008; Calkins et al., 2012; Stewart et al., 2015; 2017; Beever
et al., 2016). But, finer-grained studies and those that have been rep-
licated across multiple large landscapes using random sampling have
presented evidence of enigmatic persistence in unusually low and hot
locations, or otherwise have not found a consistent heat stress signal
in their analyses (Erb et al., 2011; Jeffress et al., 2013, 2017; Millar &
Westfall, 2010; Millar et al., 2018; Ray et al., 2016; Rowe et al., 2015;
Schwalm et al., 2016; Shinderman, 2015; Smith & Nagy, 2015). Most
pertinent to our study was Smith and Nagy’s (2015) conclusion that
heat stress apparently did not contribute to metapopulation dynam-
ics in their long-term study of pikas in a California ore dump. They
did not consider the possible effects of winter cold stress, however.
It is increasingly clear that thermal buffering of the rock subsurface
microclimatic environments where pikas live, and the subsequent
opportunities this creates for behavioural thermoregulation, ex-
plains much of the enigmatic persistence in low-elevation sites (Hall,
Chalfoun, Beever, & Loosen, 2016; Henry, Henry, & Russello, 2012;
Millar, Westfall, & Delaney, 2016; Rodhouse, Hovland, & Jeffress,
2017; Varner & Dearing, 2014; Wilkening et al., 2011). In at least two

Diversity and Distributions

of our studied parks (CRMO and CRLA), talus and lava rock substrates
stabilized subsurface temperatures in summer and winter (Rodhouse
et al., 2017). Itis difficult to measure subsurface temperatures across
large landscapes with many replicate sites, in part because of finely-
grained microclimate heterogeneity (Rodhouse etal., 2017), but
doing so could provide future opportunities to directly examine mi-
croclimatic influences on site occupancy dynamics.

Coarse-grain range-wide approaches to estimating climate-
driven changes in distribution have limited value for some species,
especially given the importance of local-scale habitat conditions to
site occupancy patterns (Schwalm et al., 2016; Willis & Bhagwat,
2009). For example, site-level forb cover, which could be an above-
ground indication of persistent rock subsurface ice and water (Erb
et al., 2011; Millar & Westfall, 2010), has been a consistently positive
predictor of pika site occupancy across multiple studies (Erb et al.,
2014, Jeffress et al., 2013; Ray et al., 2016; Rodhouse et al., 2010;
Wilkening etal., 2011). Consistent with these prior findings, our
study revealed that forb cover positively influenced site coloniza-
tion in all parks. However, site persistence was actually lower in high
forb cover sites in three parks. This is interesting because it suggests
forb-rich sites that provide growing-season forage and possibly re-
flect more mesic microclimates attract but also lose more immigrants.
Clinchy, Haydon, and Smith (2002) anticipated such an outcome and
suggested ephemeral colonization could result from, among several
possibilities, higher rates of dispersal but lower rates of juvenile sur-
vival, even in sites with beneficial habitat attributes. This is a com-
pelling possibility given the territoriality and philopatry exhibited by
American pikas and reports that most individuals dispersing within
pika metapopulations are juveniles (Peacock & Smith, 1997). An ad-
ditional possibility that has not yet been explored is the connection
between winter forage quantity and quality and site persistence and
turnover. The low detections of active food caching behaviour (hay-
piling) in some study areas (Ray et al., 2016; Rodhouse et al., 2010;
Shinderman, 2015) could be another indication of vulnerability in an
era of increasingly variable snowpack and cold weather events.

We found no evidence that topographic position (INSOLATION)
and habitat connectivity (%HABITAT) influenced turnover. However,
topographic position explained variation in site occupancy when
only 2 years of survey data for multiple (8) study areas were pooled
into a single model (see Jeffress et al., 2013). We have also found
connectivity to be useful for pika distribution models using a random
forest approach (Schwalm et al., 2016). These methodological dif-
ferences and others (e.g., no consideration of imperfect detection)
and our emphasis on dynamic rates of site turnover likely account
for some of this discrepancy. Of connectivity, an additional consid-
eration is that our random sampling study design was uninforma-
tive about neighbourhood effects. Random sampling designs reduce
spatial autocorrelation and parameter estimation bias from lack of
independence, but also prevent us from fully specifying the spa-
tially auto-correlated site recolonization process (MacKenzie et al.,
2018). Given the importance of nonrandom pathways of dispersal to
pika metapopulation dynamics and gene flow (Castillo et al., 2016;
Clinchy et al., 2002; Peacock & Smith, 1997; Smith & Nagy, 2015),
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it is not surprising that our %HABITAT metric was uninformative.
We suspect that other autocorrelation metrics based on Euclidean
distance (MacKenzie et al., 2018:307) will be uninformative for this
same reason, as indicated by our previous inspections of residual
spatial autocorrelation using Moran’s | (Jeffress et al., 2013). A mod-
ification of our sampling approach to account better for the clus-
tered spatial patterns of habitat and individual movement would be
required to describe the broad range of metapopulation-type dy-
namics likely to be exhibited across study areas when configuration
of rock patch structure varies from mainland-island to completely
fragmented (Appendix S1). Alternatives such as adaptive cluster
sampling (Thompson, 2002) coupled with the directional spatial au-
toregressive occupancy models used recently with grid-based (lat-
tices) survey designs to model biological invasions (Bled, Royle, &
Cam, 2011) could be useful for these kinds of questions.

Our results provide empirical evidence that the American pika
may indeed be vulnerable to wintertime site turnover, negatively
exacerbated by the synchronicity of climatic conditions, with im-
plications for future persistence given the forecasts of continued
snowpack declines across the species’ range (Gergel etal., 2017;
Lute et al., 2015). Yandow et al. (2015) also reported evidence from
the mountains of Wyoming that pika scat density patterns varied in
ways consistent with the cold-stress hypothesis, but Smith and Millar
(in press) found no evidence of population decline in the mountains
of California following a year of extreme snow drought. However,
the strength of evidence for cold stress- and low snowpack-induced
site occupancy turnover provided by our analysis must be considered
within the context of the considerable uncertainties in some of our
estimated parameter spaces (e.g., Figures 5-7). This is in part a result
of our Bayesian hierarchical inferential paradigm which accounts for
more uncertainty than is typical with frequentist maximum-likelihood
approaches (Cressie, Calder, Clark, Ver Hoef, & Wikle, 2009), particu-
larly when also accounting for imperfect detection (Guillera-Arroita,
2017),and also our highly replicated multipark study design. Two other
likely influences on uncertainty include the smoothing effect of using
low-resolution (meso-scale) climate data averaged over months and
the decoupling of regional climate and weather from the local condi-
tions actually experienced by individual animals (Jackson et al., 2009).
Studies of American pika subsurface rock microhabitats provide par-
ticularly good examples of this decoupling (Millar et al., 2016). In more
general context, in topographically heterogeneous mountain systems,
decoupling results in discrepancies between broad-scale forecasts
of loss and enigmatic local-scale persistence that can compromise
the efficiency of local-scale conservation strategies developed in re-
sponse to broad-scale forecasts. This is a persistent challenge for cli-
mate science that underscores the tremendous need for studies that
collect microclimate information across broad geographic extents.

Our study revealed that the detection probabilities of indirect
sign surveys of American pikas are much more heterogeneous than
has been assumed (Jeffress et al., 2013; Wilkening et al., 2011) and
should be examined more closely in future occupancy studies. Of
the few pika studies that have explicitly estimated detection prob-
abilities (Beever et al., 2008, 2010; Erb et al., 2011; Moyer-Horner,

Smith, & Belt, 2012; Ray et al., 2016; Rodhouse et al., 2010), meth-
odological and study design differences prevent meaningful com-
parisons and none but the present study actually accounted for
imperfect detection in analyses. For example, Rodhouse et al. (2010)
and Ray etal. (2016) provided single-season detection estimates
based on the same fixed-radius (12 m radii) plot dimensions we
used, but, after demonstrating ~90% detectability, did not include
imperfect detection in subsequent analyses (under the rationale
that it was high enough). Our small but nontrivial false-positive error
estimates from using fresh scat as an indication of site occupancy
suggest that such sign should be used only when detection errors
can be accounted for. False-positive error estimates of similar mag-
nitude to our results have repeatedly been shown to bias occupancy
parameters (McClintock et al., 2010; Miller et al., 2015). It is possible
that the species-level closure assumption for within-season repli-
cate surveys was violated (e.g., summer weasel predation nonran-
domly emptying sites between surveys, Clinchy et al., 2002), which,
if widespread, could bias detection and turnover probabilities. The
sedentary nature of the species and large sample sizes should miti-
gate this, but it is nonetheless a consideration.

At last, we reflect on the implications of our study for ele-
vated extinction risk among pika metapopulations exposed to
changing climatic regimes. We found no evidence of short-term
contemporary declines in site occupancy. In fact, increases were
evident in all four parks, particularly in LABE and LAVO. However,
CRMO had very low (<20%) net occupancy rates, suggesting that
metapopulation may be at elevated risk of extirpation (precar-
ious metapopulation persistence sensu Thomas & Hanski, 2004)
simply because chances of synchronous extinctions among all re-
maining territories is higher, particularly if our inferences about
turnover probabilities exacerbated by cold and heat stress in that
park prove to be accurate. Castillo et al. (2016) found evidence
that gene flow was relatively high among the extant sites in the
vast lava flow expanses of CRMO and Schwalm et al. (2016) inte-
grated that information into bioclimatic niche models forecasting
long-term persistence in CRMO under some climate change sce-
narios. However, Castillo (unpublished data) found markedly lower
genetic diversity (allelic richness) among CRMO animals compared
with animals sampled in the nearest (~20 km) rocky habitats in
the mountains north of the park’s lava flows, suggesting poten-
tial genetic isolation and relatively small effective population size.
In contrast to CRMO, the three other study areas, most notably
CRLA, appear to have much greater elasticities in their pika meta-
populations. Schwalm et al. (2016) found surprisingly low chances
of long-term persistence in CRLA under some climate change sce-
narios in large part due to landscape barriers to dispersal (gene
flow, Castillo et al., 2016) and positive feedback looping with cli-
mate change. In addition, our study suggests that below-average
snowpack and cold temperatures and above-average summer heat
may stress these metapopulations and reverse current positive
trends in site occupancy patterns. Ongoing monitoring of pika oc-
cupancy in these four parks will enable testing of these hypothe-
ses about park-wide metapopulation persistence.
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