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Abstract

The American Pika (Ochotona princeps) has been considered a species at risk due to warming temperatures associated with climate change.
Many life-history attributes of pikas contribute to the sensitivity of pikas to warming temperatures. Repeated censuses of a marginal
(warm, low-elevation) population of pikas at Bodie State Historic Park, California, conducted from 1972 to 2022, are presented to track
the population trajectory of pikas for a time period predating recent awareness of global warming to the present day, thus giving a com-
prehensive portrayal of how American pikas may be responding to climate change. The northern constellation of anthropogenic habitat
patches (mine ore dumps) showed no decline in percent of patches occupied or in total number of pika territories over time, suggesting
that pikas in that area have not been at risk of extirpation resulting from climate change. In contrast, the pika population in the southern
constellation of patches showed significant declines in percent of patches occupied and number of pika territories occupied. That area
was unoccupied for about a decade beginning in 2006, but was recently recolonized from the northern constellation of patches. The most
likely cause of the initial decline and transient extirpation in the south appears to result from fragmentation and stochastic population
dynamics, independent of climatic factors that we investigated. Assessments of climatic impacts on American pikas should take into
account the dynamics documented in the Bodie pika population and its resilience over time.

Key words: American Pika, Bodie State Historic Park, climate change, global warming, metapopulation, Ochotona princeps, population

trends.

The American Pika (Ochotona princeps) was one of the first mamma-
lian species identified as being at risk due to warming caused by
climate change (Beever et al. 2003, 2011; Smith et al. 2004; Ray et al.
2012). The USDA Forest Service highlighted the pika as 1 of 3 species
of mammal being negatively affected by climate change (McKelvey
et al. 2013), and the pika was identified by the US Department of
Interior (2015) as 1 of 9 species (5 of which were mammals) that had
been negatively impacted by climate change.

Evidence exists to support the sensitivity of pikas to warming
temperatures. The range of pikas across North America has con-
tracted as global temperatures have increased over the course of
the Late Pleistocene through the Holocene (Grayson 2005). Their
elevational distribution today across the intermontane west is
higher at low latitudes and lower at high latitudes, reflecting pre-
vailing temperatures (Grinnell 1917). Experimental and behavioral
studies have shown that pikas have a poor physiological capacity
to tolerate warm environments (MacArthur and Wang 1973, 1974;
Smith 1974a), although it has been shown that pikas adjust to this
limitation by being active during cool hours of the day or at night
(Smith 1974a; Otto et al. 2015; Smith et al. 2016; Millar and Hickman
2021).

Several other attributes of pikas may interact with thermal
aspects of the environment to jeopardize the fitness of local pika
populations. Pikas occupy a fixed and patchily distributed habitat
type: talus, or piles of broken rock (Smith and Weston 1990). Because
pikas are individually territorial (Smith and Ivins 1984), and thus
are found at low density, local populations, particularly those living
on small or isolated habitat patches, are vulnerable to stochastic
extirpation (Smith 1974b; Smith and Gilpin 1997; Moilanen et al.
1998; White and Smith 2018). Pikas are poor dispersers, particularly
in warm environments (Smith 1974a, 1974b, 1987; Smith and Ivins
1983a; Peacock and Smith 1997). Thus, increasing ambient tem-
peratures, coupled with the low physiological tolerance of pikas to
heat and the incumbent thermal stress of dispersal, could become
a limiting factor leading to regional extirpation of pika populations
(Smith 19744, 1974b; Smith and Nagy 2015; Millar et al. 2016; Millar
and Smith 2022).

Demographic characteristics may also come into play regarding
the population persistence of pikas. Pikas have a very low repro-
ductive rate for a small mammal; across their range most females
successfully produce only 2 young per year (Millar 1973, 1974; Smith
1978; Smith and Ivins 1983b). Thus, when populations are negatively
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impacted, their potential to respond is limited. One factor operating
in favor of pika population persistence is that they are relatively
long-lived; most populations are composed of animals as old as 3 to
4 years of age, and pikas have been known to live as long as 7 years
(Millar and Zwickel 1972; Smith 1978).

How these pika life-history traits interact with increasing tem-
peratures is sometimes contradictory (reviewed in Smith et al. 2019;
Smith 2020). A range-wide survey determined that pikas have a low
adaptive capacity when confronted with warming temperatures,
and in particular that Great Basin pikas have a high susceptibility
to anthropogenic climate change (Beever et al. 2023). In contrast,
extensive surveys from across the Great Basin determined that pika
populations may tolerate a broader set of habitat conditions than
previously understood (Millar et al. 2018). Millar et al. (2018) com-
piled 2,387 records of extant pika sites, 89 records of recently extir-
pated sites, and 774 records where only old pika sign was found. The
range of temperatures and precipitation values at these sites com-
bined was greater than those that had previously been described.
Extirpated and old sign sites were primarily located within the cli-
matic space of extant sites, although often in warmer and drier por-
tions (Millar et al. 2018).

Most local extirpations that have been documented have been
on small, isolated, habitat patches which—independent from local
warming—are at risk of stochastic extirpation (McCain et al. 2016;
Smith 2020). Further complicating the pika story is that docu-
mented extirpations may be temporary (Millar and Smith 2022) or
result from false negatives during the sampling period (McCain et
al. 2016; Smith 2020). Finally, although pikas are widely considered
to be an alpine species, extant pika populations occur at warm, low
elevations, and many of these populations occupy habitats that are
demonstrably marginal compared with core-range pika populations
(e.g., Beever et al. 2008; Millar et al. 2013a; Shinderman 2015; Smith
et al. 2016; Jeffress et al. 2017; Millar et al. 2018; Camp et al. 2020).

There are 2 prevailing field approaches to measuring and predict-
ing the effects of climate change on species. The first is one-time
(or “snapshot”) resampling to document population differences
between 2 points in time, where the baseline represents popula-
tions documented from an earlier period (frequently decades or
even a century earlier). However, in-depth analyses of this approach
have determined that conclusions drawn from this type of compari-
son are frequently inaccurate. Populations resampled at historically
known sites are commonly found to shift in the opposite direc-
tion of known long-term trends (particularly to overestimate the
magnitude of change) or fail to detect a lack of population change
(McCain et al. 2016; Stuble et al. 2021). Many contemporary studies
of American Pika populations adopt the snapshot approach (e.g.,
Beever et al. 2003, 2016; Stewart et al. 2015, 2017; Millar et al. 2018;
Billman et al. 2021).

The second approach relies on continuous or semicontinuous
monitoring of a population over a protracted period as the species
responds to global change (i.e., longitudinal studies). Such data sets
offer what snapshot sampling cannot—they provide an accurate
portrayal of the changing environment in which the species occurs
(White 2019; Stuble et al. 2021). Accurate population trend detection
is not strictly contingent on annual sampling; even semi-regular
monitoring helps us to better understand changes in a population
in the context of its past history (Stuble et al. 2021). Data sets of this
nature are rare and infrequently span more than 2 or 3 decades
(Stuble et al. 2021), and this is particularly true for pikas. Prior to
recent focus on the effect of climate change, there have been few
long-term or ongoing investigations of pika populations.

Here we present population data from a marginal (warm,
low-elevation) pika population at Bodie State Historic Park (BSHP),

Mono County, California, that we have studied for over 50 years.
Our 21 complete censuses between 1972 and 2022 have allowed us
to track the resiliency of pikas, or lack thereof, over a time period
predating recent awareness of global warming to the present day.
These censuses provide an independent window of how American
pikas may respond to climate change. If the warm temperatures,
reflecting the onset of observable anthropogenic global warming,
had negatively affected the BSHP pikas, we would expect a decline
in both the occupancy rates of pikas on habitat patches and the
numbers of surviving animals, particularly over the past decade
(Beever et al. 2011). What we have observed, however, is a mixed
response; the northern half of the study area has maintained a
robust population, while the southern half has declined precipi-
tously despite the same changes in environmental conditions. Our
50-year data set has given us a unique opportunity to investigate
the trajectory of these 2 populations over time and has allowed
us to investigate the likelihood that climate change (or other fac-
tors) has been responsible for the population dynamics we have
observed.

Materials and methods.

Study area.

A population of American pikas was studied at BSHP, Mono County,
California (38°11.5" to 13.4'N; -118°59.7 to -119°0.7°W, 2,530 to
2,650 m a.s.l; Fig. 1). The rocky environment that pikas occupy at
BSHP consists of anthropogenic ore dumps created by hard-rock
mining operations conducted from the late 1800s into the early
1900s (Fig. 2). Native pika habitat in the region, discontinuously
scattered across the Bodie Mountains, was presumably the source
for their colonization of the BSHP ore dumps (Smith 1974b; Millar
et al. 2013a; Nichols et al. 2016). The habitat separating ore dumps
is dominated by Great Basin sage vegetation (Purshia tridentata,
Artemisia tridentata, Ericameria nauseosa). The BSHP pikas were dis-
covered by Severaid (1955), who studied them for several years in
the late 1940s. Severaid (1955) interviewed long-time residents of
Bodie who claimed that pikas occupied the ore dumps as early as
the turn of the 19th century. At the time of his observations, Severaid
(1955) found that pikas occupied or had occupied—as evidenced by
characteristic sign (see below)—all of the available ore dump hab-
itat throughout the mining district. He further noted that not all
ore dumps were occupied by pikas at any one time. Inspection of
historical records also has shown that these habitat patches are
permanent and have not changed quantitatively in size or spacing
from the mid-1940s to the present (Smith and Nagy 2015; McCain
et al. 2016).

Temperature and climate.

A comprehensive profile of standard meteorological measure-
ments (air temperature at 1.5 m) provided maximum summer
temperatures at BSHP available from the Western Regional Climate
Center (WRCC; https://wrcc.dri.edu/cgi-bin/cliMAIN.pl?ca0943)
beginning in 1895. Gaps in this record were adjusted by correct-
ing for the lapse rate between the weather stations at BSHP and
Bridgeport, California (1,972 m a.s.l.), 20 km away. Lapse rates by
month were calculated based on a parallel 48-year record for BSHP
and Bridgeport (see Smith and Nagy 2015). No climate data were
recorded at these sites from 1904 to 1912, 1917 to 1931, 2019, and
2022. Comparative temperature data between BSHP and other envi-
ronments across the range of American pikas are available from
PRISM (https://prism.oregonstate.edu; Daly et al. 1994). The long-
term difference between average summer (July, August) monthly
maximum temperature data from PRISM and the WRCC for BSHP
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Fig. 1. Distribution of ore dump habitat occupied by American pikas (Ochotona princeps) at BSHP, California, showing the distinction between a northern
versus southern constellation of ore dumps. Red circles = occupied patches in 2022; blue circles = unoccupied patches in 2022. Orange circles indicate 4
patches with several missing censuses over the 51-year period from 1972 to 2022, thus were not included in occupancy analyses (see text). Large, medium,
and small circles portray the relative size of ore dumps. Green patches demarcate “mainland” samples of relatively continuous habitat that were not

included in occupancy analyses.

varied by less than 0.1 °C, so we were able to backfill the summer
temperatures for BSHP for 2019 and 2022 from PRISM data. Thus,
after years with missing data were eliminated, we obtained a record
of 104 years of daily temperature values for BSHP with only 4 miss-
ing days between 1895 and 2022. We used simple linear regression
to assess changes in temperature over this time. We verified model
assumptions by examining residual plots.

Pika occupancy.

The common determination of habitat occupancy by American
pikas consists of observing the diurnally active animals, hearing
their distinctive vocalizations, or observing fresh characteristic
sign (e.g., Smith 1974b; Beever et al. 2003). Our censuses at BSHP
were conducted in late summer after the reproductive season of
pikas when the population level was likely to be at its largest (Smith
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1974b). Pikas are infrequently seen or heard at this time; thus, our
surveys primarily relied on visual signs of pika occupancy (Smith
1974a). Pikas are the smallest lagomorph in the region, and their
small spherical fecal pellets are unlike those of sympatric small
rodents, which have elongate feces (Smith and Weston 1990; Fig. 3A).
Often pikas perch for long periods on or under the lips of favored
rocks, most often near the center of their territory, where piles of
their pellets are deposited (Fig. 3A). Pikas do not hibernate; thus,
during early summer at BSHP they engage in harvesting vegetation
that is stored into caches (haypiles) to serve as a source of food over
winter (Smith and Weston 1990; Figs. 2 and 3C). Haypiles at BSHP
are generally located close to the ore dump/vegetation interface
and vary greatly in size—from huge domes to a small amount of
vegetation tucked into the talus surface when most of the cache is
stored deeply in the interstices of the rocks (Figs. 2 and 3C).

Fig. 2. Ore dump habitat for American pikas (Ochotona princeps) at BSHP,
California, showing an active haypile characteristically positioned close to
the talus-vegetation interface.

Fig. 3. Diagnostic sign of habitat occupancy by American pikas (Ochotona
princeps) at BSHP, California. (A) A latrine with fresh fecal pellets; (B) an old
latrine with desiccated fecal pellets; (C) a small haypile tucked into the ore
dump talus; (D) a desiccated old haypile from a pika territory that is not
currently occupied.

Pikas are individually territorial, and at BSHP the number of terri-
tories on an ore dump, thus the patch carrying capacity, is relatively
fixed (Smith 1974a). Pika haypiles are most commonly situated near
the rock/vegetation interface (patch perimeter; Fig. 2) and close to
the center of the left-right reach along this perimeter. The aver-
age distance separating the main haypile of a pika with that of its
neighbors is 21.8 m (n = 153; Smith 1974a). Our surveys primarily
consisted of careful inspection for fresh pellets and haypiles. We
used the nearest-neighbor distance between centrally placed hay-
piles in adjoining territories to guard against double-counting an
animal on a patch.

Evidence of prior territory occupancy by pikas was determined
by observation of old haypiles (dry sticks; no fresh leafy vegetation;
Fig. 3D), which in the dry climate at BSHP can persist for years to
decades (Millar et al. 2014a), and degraded fecal pellets (Fig. 3B). Old
pellets are easily identified relative to fresh scat; they appeared des-
iccated, of smaller diameter, lighter in color, and generally scattered
rather than concentrated in 1 spot (Fig. 3B; Nichols 2010; Millar et
al. 2014a).

Population census.

ATS conducted the initial census of the full BSHP pika popula-
tion in 1972 following 4 years of intensive fieldwork on site (Smith
1974b). Similar to the observations of Severaid 2 decades earlier, all
ore dumps included in the survey showed signs of current or prior
occupancy by pikas. In 1972, the size of each ore dump patch was
determined and the entire census area was mapped. Seventy-six
discrete ore dumps were identified and measured along with sam-
ple transects in 3 “mainland” sites where mining was most active
and the tailings were continuous over a relatively large area (Fig.
1). Each ore dump was classified as being small (potential habitat
for 1 to 3 pikas; perimeter < 75 m; 52 patches), medium (potential
habitat for 4 to 6 pikas; perimeter 76 to 150 m; 16 patches), or large
(potential for 7 or more pikas; perimeter > 151 m; 8 patches; Fig. 1);
the largest patch had a perimeter of 335 m.

The first repeat survey was conducted by ATS in 1977 (Smith
1980). Following a hiatus of 12 years, the BSHP pika population was
re-censused 18 times, beginning in 1989, by ATS and colleagues and/
or former students of ATS. Results of the first 4 censuses appear in
Smith and Gilpin (1997) and Moilanen et al. (1998). Additional inves-
tigations of the population structure of pikas at BSHP were made
in 1988 to 1991 by Peacock and Smith (1997). A census in 2004 was
not included in our analysis, as inexperienced volunteers noticeably
inflated the number of pikas. The final 2 censuses in this series were
made in 2009 and 2010, conducted by ATS, CIM, and colleagues.
Census results through to 2010 were published in Smith and Nagy
(2015). Additional results of censuses of pikas at BSHP following
2010 are reported in Stewart et al. (2015), Nichols et al. (2016), and
Klingler (2017). In 2021, Millar and Smith (2022) investigated pika
occupancy in the southern reaches of the study area. Herein, fol-
lowing a 12-year hiatus, we present the results of a complete census
conducted in 2022.

For each annual census, we present data on the percentage of
ore dump patches occupied and the sum of occupied pika territo-
ries on patches. Due to the geography at BSHP, the configuration
of ore dump patches is mildly constricted in the middle (like a
figure-8), and we present census data separately for the resulting
northern and southern constellations of ore dumps, respectively
(Fig. 1). While this distinction is arbitrary and only ~300 m sepa-
rate the northernmost patch in the south from the southernmost
patch in the north, data from the 1989 and 1991 censuses began
to show distinctly different population trajectories in the northern
and southern constellation of ore dump patches (Smith and Gilpin
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1997; Smith and Nagy 2015). There are no physical barriers separat-
ing the northern and southern constellations other than distance,
mean elevations are similar (north: 2,634 m; south: 2,604 m), and
range of elevations is equivalent. The aspects and structure of ore
dumps inhabited by pikas in the 2 areas are identical.

The southern constellation comprises 39 ore dumps (Fig. 1). Only
2 large ore dumps (from the Red Cloud and Noonday mines) occur
in the south, and 15 patches, formerly occupied, were never occu-
pied during our annual censuses. The northern constellation of ore
dumps comprises 37 patches, 33 of which are included in our analy-
sis (Fig. 1). Of the 33, 6 small patches are missing data from 1 census;
in these instances the percent occupied was calculated based on 32
patches. The pika count for each of these 6 patches was back-filled
based on the average number over the remaining census years, in
each case a small addition (4 patches were increased by 1 pika; 2
patches were increased by 2). Two significant larger ore dumps were
deleted from the sample because they were missing several cen-
suses (Fig. 1). One patch was covered with a white dust that ATS
believed was a poisonous substance, thus was not included in the
first 3 censuses; it was occupied in all subsequent censuses with an
average occupancy rate of 4.4 pikas. Another patch, the Syndicate,
was missing 4 censuses between 1992 and 1996 because owners
of the mine, before it became part of the BSHP, refused access; it
was occupied in all 17 other censuses with an average occupancy
of 6.9 pikas. One small patch close to the Syndicate was similarly
off limits during that time, thus was not included in our analysis; it
was, however, occupied in the first and last census, with an average
occupancy of 0.7 pikas. One patch was not sampled 7 times between
1989 and 1996, and thus was not included in our analysis; it too
was occupied in both the first and last census. Six of the 8 large ore
dump patches were located in the northern constellation, and 5 ore
dumps in the north were occupied in all 22 censuses from 1972 to
2022 (Smith and Nagy 2015; Fig. 1). The 3 mainland areas (Fig. 1)
were each continuously occupied by a large number of pikas. These
areas are not included in our analysis, as doing so would have arti-
ficially inflated our measures of percent occupancy of patches and
number of pikas in the northern half of the study area.

Population trends in the 2 subregions were assessed using simple
linear regression analyses of percent patch occupancy and number
of pikas in each subregion as a function of time. The null hypothesis
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is that there has been no change over time in each subregion; a
significant decline in each variable would suggest an effect due to
climate change or some other linear factor. Similarly, we regressed
pika patch occupancy and number of censused pikas with temper-
ature variables (summer monthly maximums; number of days >
28 °C) for each year (Table 1). Number of days > 28 °C is a recog-
nized metric for determining acute heat stress in pikas, whereas
mean monthly maximum temperatures potentially represent a
chronic stress to pikas (Beever et al. 2010, 2011). Further, in a lon-
gitudinal study, it is important to keep survey methods, including
temperature analyses, as consistent as possible over time. The null
hypothesis again is that there was no effect due to temperature on
population variables; a significant observed decline would indicate
a climate change effect.

Metapopulation dynamics.

The pika population at BSHP strictly meets the criterion of a meta-
population: (1) suitable habitat is found only in discrete patches; (2)
all subpopulations have a risk of extirpation; (3) patches are close
enough to allow for recolonization of extirpated patches; and (4)
dynamics of local patch populations are not synchronized (Hanski
1998). Prior analyses of the BSHP pika metapopulation incorpo-
rated spatially explicit models assuming that connectivity between
patches is distance-dependent and probability of extirpation on
any given patch is related to patch size (Smith and Gilpin 1997;
Moilanen et al. 1998; White and Smith 2018). Herein we include the
2022 census into the metapopulation model developed by White
and Smith (2018) to further explore whether metapopulation mod-
els based on parameters of the local pika population are neces-
sary and sufficient predictors of our observed occupancy patterns
in both the northern and southern constellations, independent of
climate change. The White and Smith (2018) model incorporates
explicit spatial dynamics both within patches (with competition
for territories) and between patches with juvenile dispersal. The
model is also stochastic as it models relevant pika life-history pat-
terns (natality, mortality, dispersal) as random variables on indi-
vidual ore dump patches based on detailed studies conducted
earlier at BSHP (Smith 1974a, 1974b, 1978). This approach allows
examination of how these parameters may scale up to the entire
population.

Table 1. Relationships (simple linear regression analysis) of the potential effects of ambient temperatures with the number of American
pikas (Ochotona princeps) or percent of patches (ore dumps) occupied at BSHP 1972 to 2022 as determined in 21 censuses.

Model R? F P-value
Northern constellation
Mean maximum temperature in July and August
Number of pikas 0.0003 0.005 0.942
Percent patches occupied 0.0190 0.3490 0.562
Summer days > 28 °C
Number of pikas 0.0158 0.289 0.597
Percent patches occupied 0.0113 0.205 0.656
Southern constellation
Mean maximum temperature in July and August
Number of pikas 0.0056 0.102 0.754
Percent patches occupied 0.0050 0.091 0.767
Summer days > 28 °C
Number of pikas 0.1365 2.846 0.132
Percent patches occupied 0.0113 0.205 0.10
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The model of White and Smith (2018) was run 1,000 times and
was informed by census data from all 76 patches and the 3 main-
land sites. Inclusion of the mainlands was based on our prior
analysis in which model runs with and without the 3 mainland
populations yielded no significant difference in model outcomes
(White and Smith 2018). The putative lack of dispersal from main-
land patches to isolated patches is initially counterintuitive, but our
prior work with marked animals and comparative genotypes has
also found little evidence of movement away from mainlands to
nearby patches (Peacock and Smith 1997; Smith and Gilpin 1997).
Apparently juveniles looking for new territories have more available
vacancies on these large patches, so that they are unlikely to risk
dispersal across inhospitable terrain.

Results
Temperature and climate.

BSHP is a warm environment for pikas; average monthly maximum
temperatures during summer are in the top 16% of 760 occupied
pika localities in the Great Basin—the warmest geographic region
across the species range. Average monthly maximum temperatures
at BSHP in July and August have increased significantly, approxi-
mately 1.5 °C from 1895 to 2022 (July R? = 0.064, P = 0.009; August R?
=0.039, P = 0.030; Fig. 4A). Particularly notable is the high variance
in temperatures, with extreme high and low values among years.
The number of extremely warm days (228 °C) increased marginally
over time (R? = 0.028; P = 0.099; Fig. 4B), and again there was con-
siderable variability among years. Notably, 3 years with the greatest
number of extremely warm days occurred during the prior decade
(Fig. 4B). The hottest temperatures recorded at BSHP (>31 °C) were
measured as early as 1895, and the hottest temperature, 32 °C, was
recorded twice—in 1988 and 2002.
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In 1972, 81.8% of ore dumps in the northern constellation and 36.8%
of ore dumps in the southern constellation were occupied (Fig. SA).
The corresponding total number of pikas occupying ore dumps in
the north was 75, whereas 48 pikas were found in the south (Fig.
SB). Most occupied ore dumps contained fewer individuals than
the apparent carrying capacity of the patch as indicated by patch
perimeter (Smith 1974b). The pattern of occupancy of pikas on ore
dumps apparently represented a dynamic equilibrium between
extirpation of populations on a patch, which was indirectly related
to patch size, and the ability of pikas to recolonize vacant patches,
which was indirectly related to inter-patch distance (Smith 1974b).
The distribution of unoccupied patches implied that distances
greater than 300 m posed difficult barriers to dispersing juveniles
(Smith 1974b).

Population metrics from the first follow-up census in 1977 were
nearly identical to those from 1972: 78.1% of ore dumps in the north
were occupied, whereas in the south 34.2% were occupied (Fig. SA).
The total number of occupied pika territories observed was 66 in
the north and 44 in the south (Smith 1980; Fig. 5B). However, these
figures masked the region-wide dynamics of the population: 53% of
populations on ore dump islands across the entire study area dif-
fered between the 2 censuses. Eight previously unoccupied islands
were recolonized and populations on 11 ore dumps were extirpated
(Smith 1980).

The next 2 censuses in 1989 and 1991 differed significantly from
the 1972 and 1977 censuses. Metrics from the northern constella-
tion of pikas were similar to the earlier censuses (patch occupancy:
66.7% in 1989; 75% in 1991; number of pikas: 77 in 1989; 85 in 1991;
Fig. 5A and B). In contrast, in the southern constellation, both patch
occupancy (18.4% in 1989; 13.2% in 1991) and number of pikas (14
in 1989; 8 in 1991) were significantly reduced (Fig. 5A and B). These
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Fig. 4. Maximum temperature trends at BSHP, California, from 1895 to 2022. (A) Mean monthly maximum temperature for July (circles) and August
(triangles); (B) number of maximum daily temperatures > 28 °C during summer months (July and August).
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Fig. 5. Occupancy values on ore dump habitat by American pikas (Ochotona princeps) at BSHP, California, from annual censuses conducted over a span of
51 years, separated into northern and southern regions of the study area. (A) There was no change over time in percent occupancy in ore dumps in the
northern constellation (R? = 0.05, P = 0.335), whereas occupancy in the southern constellation decreased significantly (R? = 0.64, P < 0.001); (B) there was
no change over time in the total number of pikas on occupied ore dumps in the northern constellation (R* = 0.06, P = 0.27), whereas the number of pikas

decreased significantly in the southern constellation (R* = 0.59, P < 0.001).

data led to our consideration to separate the 2 areas as representing
different population trajectories. The combination of these 4 cen-
suses also paved the way for the BSHP pika population to be consid-
ered a classic metapopulation (Smith and Gilpin 1977; Moilanen et
al. 1998; n.b., Moilanen et al. separated the ore dumps into northern,
middle, and southern patch networks).

Censuses conducted in the northern constellation of ore dumps
between 1992 and 2010 yielded patch occupancy values between
45.5% and 87.9% and number of pikas from 41 to 106 (Smith and
Nagy 2015; Fig. 5A and B). In the southern constellation from 1992
to 2006, the pika population reached very low numbers: occu-
pancy ranged from 5.1% to 25.6% and number of pikas from 3 to
17 (Smith and Nagy 2015; Fig. 5A and B). Following 2006 no pikas
were observed in the south for the next decade (Stewart et al. 2015;
Nichols et al. 2016; Klingler 2017; Fig. 5A and B).

2022 census.

In 2022, occupation of ore dumps in the northern constellation was
75.8%, an occupancy rate comparable to that found in the previous
censuses. Taken together with the prior 20 censuses, there was no
change in percent occupancy over time (R? = 0.05, P = 0.335; Fig.
SA). The number of active pika territories observed in the north was
92, and there was no significant difference in the number of pikas
located over time (R? = 0.06, P = 0.27; Fig. 5B).

In 2022, we found 9 active pika territories on 3 patches in the
south (7.7% of patches): 1 on the Noonday mine (a large patch 1.3
km south of the closest large source ore dump in the north), 4 on
the Red Cloud mine (a large patch 1.1 km south of the closest large
source ore dump in the north), and 4 on a medium-sized patch 300
m south of the 2 closest northern source patches (Figs. 1, 5A and B).
These findings contributed to a negative 21-year trajectory of per-
cent patches occupied (R? = 0.64, P < 0.001; Fig. 5A) and number
of pikas (R? = 0.59, P < 0.001; Fig. 5B) in the southern constellation

over time. We had also found pikas in the southern constellation
during our localized survey of the southern constellation in 2021:
sightings, vocalizations, and abundant sign of pikas on the Noonday
mine, although no pikas were found on either the Red Cloud mine
or the medium-sized patch (Millar and Smith 2022).

In addition to examining the ore dumps for sign of active pika
occupancy, in 2022, we also positioned 2 trail cameras for 3 months
(July through September) at sites on southern ore dumps likely to
be occupied by pikas. Images on 1 camera were exclusively of small
rodents. At the camera on the Red Cloud mine, 2 pikas that could be
clearly distinguished by their pelage were recorded by the camera
consistently over the 3 months. When we conducted our survey, we
spent considerable time examining the talus adjacent to the trail
camera for active pika sign (fresh fecal pellets, stored green vegeta-
tion), without success.

In summary, our surveys over 50 years at BSHP indicate that the
northern constellation of pikas remained robust, although fluctu-
ating in numbers both spatially and temporally throughout this
period, thus not showing any demonstrable effect due to climate
change or other linear effect. In contrast, the southern constellation
of populations contracted significantly, even becoming regionally
extirpated for a period of approximately a decade, before becoming
recolonized (Millar and Smith 2022). There were no instances where
temperature appeared to directly affect pika population numbers
or percent occupancy of ore dumps in either the southern or north-
ern constellations based on regressions with temperature variables
(monthly summer maximums or number of days > 28 °C for each
year; Table 1).

Metapopulation analysis.

Separate stochastic patch occupancy models based on the first 4
censuses (1972 to 2001) noted that the dynamics of the northern and
southern constellations were decoupled and correctly determined
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that the observed decline in patch occupancy in the south would
eventually lead to regional extirpation (Smith and Gilpin 1997,
Moilanen et al. 1998). Similarly, model analyses of data through
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2010 (White and Smith 2018) and the present study (Fig. 6) predicted
the northern constellation to remain robust. In contrast, the model
determined that landscape heterogeneity and the specific config-
uration of habitat at BSHP were together necessary and sufficient
predictors of the eventual extirpation of the southern constellation
of patches (White and Smith 2018; Fig. 6). An important take-home
lesson from this analysis is that fragmentation alone can lead to
regional extirpations within metapopulations, independent of cli-
matic variables. As habitat conditions at BSHP (patch spacing and
quality of ore dumps) have remained constant for decades, a key
question becomes why did the south not become extirpated earlier?

The model of White and Smith (2018) further allows for setting
different parameters for juvenile mortality during dispersal, a fac-
tor that may be affected by increasing temperatures, as pikas are
physiologically sensitive to warm temperatures. Simulations incor-
porating higher dispersal mortality rates, as would be expected
due to warming temperatures (MacArthur and Wang 1973; Smith
1974a), predicted declines in mean population size and patch occu-
pancy, events that could have led to the eventual collapse of the
southern constellation (Fig. 7).

Discussion

The 10 warmest years in the historical record on earth have all
occurred since 2010 (Lindsey and Dahlman 2023), and at BSHP the
decade prior to our 2022 census was characterized by many years of
extremely warm high average monthly summer temperatures (Fig.
4A). Most notably, 3 years during this period exhibited the greatest
number of daily temperatures > 28 °C compared with data extend-
ing back as far as 1895 (Fig. 4B). If these temperatures, reflecting
the approximate onset of observable anthropogenic global warm-
ing, had negatively affected the BSHP pikas, we would expect a
decline in occupancy rates and numbers of surviving animals, par-
ticularly during the past decade. Our initial observations in 1972
and 1977—effectively a baseline—were taken before awareness of
the current rise in greenhouse-induced global temperatures asso-
ciated with anthropogenic climate change began (Lindsey and
Dahlman 2023). Even at that time, the climate at BSHP was warmer
than habitats that typically characterize the core (montane/alpine)
range of American pikas. As global warming accelerated, the met-
rics of the pika population in the northern constellation ore dump
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Fig. 7. Sensitivity of (A) total population size and (B) patch occupancy to reductions in dispersal mortality with increasing temperatures potentially
encountered by American pikas (Ochotona princeps) at BSHP, California. Model parameterization from White and Smith (2018). The vertical dashed line is the
default parameter value for the Bodie population based on observed pika life-history characteristics (White and Smith 2018).
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patches have shown no decline over 5 decades, indicating that cli-
mate change during this time period has not directly affected this
pika population, whereas the population in the southern constel-
lation declined significantly during this period, leading to even-
tual regional extirpation (Fig. SA and B). What do these separate
trajectories, in what was originally considered a single population,
tell us about climate change or other determinants of population
persistence?

As the entire BSHP pika study area is small, the southern area
is continuous with the northern area, and elevation, topography,
and vegetation of the areas are similar (Fig. 1)—it is unlikely that
temperatures in the 2 areas varied significantly. It is also difficult,
looking at the extreme variability in our 2 measures of environmen-
tal temperature (Fig. 4A and B), to ascertain inflection points that
would have led to the significant decline in pikas in the southern
constellation prior to the 1989 and 1991 censuses and in the years
immediately preceding the transient extirpation after 2006. Warm
average monthly maximum temperatures and years with a large
number of extremely hot days (=28 °C) are scattered throughout the
historical record of pikas at BSHP. Additionally, percent occupancy
and number of pikas in both the northern and southern constella-
tions were not influenced by average monthly maximum tempera-
tures during summer or the number of days > 28 °C for each year
(Table 1). The variability in temperature metrics also allowed exam-
ination of whether climate could influence extirpations or recoloni-
zations on ore dump patches (Smith and Nagy 2015). In 18 annual
or biannual censuses (17 census intervals) between 1989 and 2010,
there were 114 patch extirpations and 109 patch recolonizations.
These events were not correlated with temperatures from either the
current or previous census year. Patch extirpations were not more
likely in warm years, and recolonizations of vacant patches were
not more likely in cool years (Smith and Nagy 2015).

Our climate data are based on standard meteorological meas-
urements. However, such data do not accurately reflect the ther-
mal environment in which pikas live, particularly pikas that occupy
warm environments like BSHP. When faced with the prospect of
overheating, pikas retreat into the cool interstices of their talus
habitat (Smith 1974a; Otto et al. 2015; Smith et al. 2016; Camp et al.
2020). In native habitat, it has been observed that warm localities
occupied by pikas are normally characterized by rock-ice (perigla-
cial) features (Millar and Westfall 2010; Millar et al. 2013b, 2014b,
2016; Wilkening et al. 2015; Smith et al. 2016). In these situations,
temperatures deep in the talus may be significantly cooler than
found in talus without ice-rock features. Thermal profiles on the
ore dumps at BSHP are unavailable, but it is unlikely that they con-
tain periglacial (ice) features. Apparently, the thermal profile deep in
the ore dumps is sufficient for pikas to thermoregulate adequately.

If the prevailing climate is not responsible directly for the
observed discrepancy between the population trajectories in the
northern and southern constellations of pikas at BSHP, then what
factors might come into play? Most contemporary pika studies
amass a suite of climatic factors (Beever et al. 2010, 2011), but they
rarely examine alternatives to the loss of local or regional pop-
ulations independent of climate (but see Beever et al. 2003). The
most likely alternative to climate involves metapopulation dynam-
ics (Smith and Gilpin 1997; Moilanen et al. 1998; White and Smith
2018). The observed distribution of pikas at BSHP thus represents a
control over the effect of climate, which is constant across the study
population, versus metapopulation dynamics.

Metapopulation variables at BSHP include the configuration and
spacing of available ore dump patches. A key difference between the
southern and northern constellations is that available ore dumps
in the south appear to be “strung out” more than the “clustered”
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patches in the north (Fig. 1). Also, at the time of the first census, the
percent of ore dumps occupied and number of occupied pika ter-
ritories in the southern constellation were fewer than those found
in the northern constellation (Fig. SA and B). Could the 15 small
patches in the south that were never occupied since 1972 contrib-
ute to the downward trajectory of the southern pika population?
The model of White and Smith (2018) allowed for a direct test of
this hypothesis, and determined no difference in projected popu-
lation dynamics with or without these patches. Our model simu-
lations incorporating both the specific configuration of ore dump
habitat and heterogeneity of the landscape were necessary and
sufficient predictors of mean population size, patch occupancy, and
total abundance through time for both the northern and southern
constellations, as well as the timing of the collapse of the southern
constellation, independent of any climatic factors (White and Smith
2018; Fig. 6).

Investigation of the pika metapopulation at BSHP has also doc-
umented the importance of patch size (patch carrying capacity) on
the probability of pika occupancy. Small ore dumps were far less
likely to be occupied than larger patches (Smith 1974b, 1980; Smith
and Nagy 2015; present study). It is common for a high percent-
age of small patches to be responsible for documented extirpa-
tions in studies that have concluded climate to be the dominant
factor responsible for the decline of American pikas (e.g., Beever et
al. 2011; Stewart et al. 2015, 2017). However, what we do not know
in these situations is whether or not a vacancy on a habitat patch
is due to stochastic extirpation, without having been recolonized,
independent of climatic variables (McCain et al. 2016).

The factor that ties together aspects of metapopulation dynam-
ics and the prevailing influence of a warming climate is dispersal—
one of the least understood life-history features in pikas (Tapper
1973; Smith 1974b; Smith and Ivins 1983a; Smith 1987; Peacock
1997; Peacock and Smith 1997). As Smith (2020:1484) concluded in
his review of the status of American pikas: “The trait that puts pikas
most at risk from climate change is their poor dispersal capabil-
ity” Further, the metapopulation model of White and Smith (2018)
highlights the impact that reduced dispersal, most likely resulting
from warming temperatures affecting dispersal mortality, can have
on regional population persistence (Fig. 7). However, while Stewart
et al. (2015) listed the southern constellation at BSHP as extirpated,
the area has been recently recolonized by pikas, perhaps repeat-
edly, beginning in 2015 (Nichols et al. 2016; Klingler 2017; Millar and
Smith 2022; present study). This recolonization shows the impor-
tance of re-censusing extirpated sites (McCain et al. 2016) and the
need to better understand the dynamics of pika dispersal.

Finally, in a study such as this with many natural history (obser-
vation) decisions made over the course of many censuses, it is
important to discuss the issues of false positives and false nega-
tives (Fournier et al. 2019). Due to the distinctive nature of pika sign
(small spherical pellets, generally in a latrine; green haypile caches),
and the wide spacing between haypiles and centers of activity
due to territoriality, we believe that false positives in our data are
negligible.

False negatives, however, are a distinct possibility. We had author-
ization to position only 2 camera traps in 2022, and one of these
consistently recorded 2 distinctly different pikas over the period of
measurement. When we collected the camera, however, we could
find no clear sign of pika occupancy in the adjacent talus. It is pos-
sible for a pika to tuck its entire haypile deep in the talus, but pel-
lets should be present, and they were not. Surface haypiles at BSHP
vary greatly in size from huge to small vestiges of a cache that may
mostly be out of sight, deep in the talus (Figs. 2 and 4C), and not all
territories contain obvious latrines. Similarly, pika haypiles in other
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warm habitats, e.g., Lava Beds National Monument (Beever et al.
2008); the nearby Mono Craters (Smith et al. 2016; Millar and Smith
2022), may be cryptic or hidden. Thus, more pikas could inhabit
BSHP than we tallied.

The possibility of false negatives, coupled with rapid surveys that
are not repeated or are conducted without documentation of inter-
observer reliability measures, may have led to several instances
where a pika population was considered extirpated when it was, in
fact, extant (e.g., at Mono Craters; Millar and Smith 2022; see also
Smith 2020). Additionally, the potential for recolonization of vacant
habitat, such as observed throughout the BSHP pika metapopula-
tion, and particularly in the southern constellation, shows that dis-
persal capability is an important consideration when assessing the
potential status of pika populations (McCain et al. 2016; Smith 2020;
Millar and Smith 2022).

It is unclear why most studies that have concluded American
Pika populations may be on a downward trajectory have not eval-
uated unambiguous conflicting evidence from extant populations
found at warm marginal sites such as BSHP; Mono Craters (Smith
et al. 2016; Millar and Smith 2022); Craters of the Moon (Camp et
al. 2020); Lava Beds National Monument (Ray et al. 2016); Newberry
National Volcanic Monument (Shinderman 2015); northwest
Nevada (Jeffress et al. 2017). A robust conservation and climate
assessment of the American Pika is incomplete without consider-
ing the performance of the BSHP pika population over time and its
resilience when confronted with high temperatures.
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