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Abstract

Climate change in mountain regions has exposed high-elevation species to rapidly changing
temperatures. Although climate exposure can be reduced in certain microclimates, the qual-
ity of microclimatic refugia might also degrade with climate change. The American pika
(Ochotona princeps) often inhabits high elevations, and is considered climate-sensitive due
to its narrow thermal tolerance and recent extirpations in some warmer portions of its range.
Pikas behaviorally thermoregulate by taking refuge in the subsurface microclimates found in
taluses and other rocky habitats, where daily thermal fluctuations are attenuated and some-
what decoupled from free-air temperatures. Changes in microclimate might reduce the effi-
cacy of this behavioral thermoregulation. This study compares recent (2009-2021)
subsurface temperatures at a long-term pika study site with a rare instance of historical
(1963-1964) data from the same location. We also place historical and recent microclimates
in context using long-term data on free-air temperatures from the same area. Recent free-
air temperatures were often warmer than historical records, and subsurface temperatures
exhibited even stronger warming between periods. Temperatures measured in the talus
were often dramatically warmer in recent records, especially at the deeper of two subsurface
sensor placements in this study. Winter months showed the greatest changes in both talus
and free-air temperatures. Differences between historical and recent microclimates were
not explained by the precise placement of sensors, as recent temperatures were similar
across a wide variety of subsurface placements, and temporal changes in free-air tempera-
tures at the historical study site were also reflected in data from nearby weather stations.
Together, these results suggest that subsurface microclimates important for pika thermo-
regulation have changed over the past few decades, perhaps even faster than observed
changes in free-air temperatures. The generality of these results and their potential ramifica-
tions for ecosystem processes and services should be explored.
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Introduction

Changes in temperature, precipitation, and extreme weather events are impacting ecosystems
across the globe, altering the abiotic conditions experienced by many species [1-3]. High ele-
vation areas may be warming at rates that exceed the global average [4-6], leaving mountain
species more exposed to changes in temperature than their lowland counterparts [7]. However,
climate exposure can be mediated by access to microclimates or small-scale variation in cli-
mate. Microclimatic variation can result in local differences in biotic processes and species dis-
tributions [8-10], and can explain nuances in how populations experience and are vulnerable
to climate change [11, 12]. Further, microclimates have been shown to provide refuge for ani-
mals in times of extreme climate events [13]. There have been calls for greater focus on micro-
climates to better understand local impacts of climate change [10, 14], especially at high
elevations [15]. Microclimatic studies are increasingly common, in part due to advances in
remote sensing [16], but records of subsurface and historical microclimate are sparse [17], lim-
iting our understanding of how climate exposure might be changing for many species [18].

Microclimates are produced by effects of topography and land cover [19, 20], such as expo-
sure to sun and wind on ridgelines or shade under a forest canopy. In alpine and sub-alpine
environments, rock-matrix landforms such as taluses offer a three-dimensional habitat that
harbors a subsurface microclimate significantly decoupled from free-air temperatures [21].
Thermal buffering in taluses can resist changes induced by variation in external air tempera-
ture, providing favorable temperature refugia for many plants and animals, and altering how
these species experience variations in climate [15, 21, 22]. Rock-matrix landforms, including
taluses, rock glaciers, block fields and lava beds, can experience depressed average tempera-
tures that allow permafrost to persist in locations otherwise precluded by free-air temperatures
[21, 23]. Such rock-ice features are important in the persistence of many cold-adapted species,
such as the American pika [22].

The American pika (Ochotona princeps) ranges across much of western North America,
and is often considered a microclimatic indicator species [24, 25] and a sentinel species for
detecting effects of climate change [26, 27]. These designations derive in part from the fact that
pikas have disappeared from some remote and rugged areas in a pattern that suggests effects of
climate rather than other anthropogenic impacts such as removal or fragmentation of habitat
through land-use change [28-31]. Ochotona princeps inhabits taluses and other rock-matrix
habitats that harbor the microclimates they require for behavioral thermoregulation [32, 33].
Pikas have evolved superb adaptations for retaining heat, allowing them to survive winter—
without hibernating-in the coldest reaches of their range [25, 34]. Their specialization is so
complete that they lack common adaptations for shedding excess heat, such as evaporative
cooling (panting, sweating or self-grooming with saliva), and they have no bare skin available
to accelerate cooling through conduction or convection [35]. Heat gained during the physical
activities of summer-such as territorial defense and the stockpiling of “haypiles” (forage) to
sustain them over the winter-must be shed passively through their thick fur during time spent
resting in cool spaces under the surface of the rock matrices in which they live [35].

Because the pika’s persistence is so closely coupled with talus microclimates, it will be useful
to understand how-and how quickly-these microclimates might be changing. The rapid loss
of permafrost in arctic and alpine habitats [36, 37] indicates that subsurface microclimates are
strongly affected by atmospheric climate change, but little is known about how subsurface
microclimates are changing in the rock-matrix features used by pikas and many other cold-
adapted vertebrates, such as wolverines, North American porcupines, golden-mantled ground
squirrels, bushy-tailed woodrats and several species of ptarmigan, marmots, chipmunks and
weasels, as well as many plants and arthropods [15]. Pikas are especially associated with rock
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glaciers [22], which consist of rocky debris covering a debris-ice mixture [38]. The ice hidden
in rock glaciers can persist long after glaciers have disappeared from a warming landscape, but
just how long is poorly understood [39]. Here, we examined changes in free-air and subsurface
temperature using data from a rock glacier on Niwot Ridge (Boulder County, Colorado, USA)
where pikas have been studied intermittently over the past 50 years. We leveraged a rare data-
set to compare “historical” temperatures recorded in 1963-1964 with “recent” temperatures
recorded during 2009-2021, and we compared the apparent changes in microclimate with
changes recorded by two climate stations on the same ridge. We expected changes in free-air
and subsurface temperature over the past 50 years to be positive, in keeping with many obser-
vations worldwide. However, we expected changes in temperature within the rock matrix to
be smaller in magnitude than changes in free-air temperature, especially if changes in microcli-
mate lag changes in climate by multiple years and if processes controlling subsurface air tem-
perature are more localized than those controlling free-air temperature. Because this study site
is located within a former rock glacier, we assumed local processes support some degree of
subsurface cooling, while free-air temperatures might reflect more heterogeneous influences.
We also predicted the deepest temperature measurements would show the smallest change
over time, assuming the deeper portions of a rock matrix would be more buffered from fluctu-
ations in free-air temperature. Finally, we predicted that changes in subsurface temperature
would be more pronounced in summer than in winter. Precipitation on Niwot Ridge—which
falls mainly as snow—has not declined over our study period [40], so we expected the insulat-
ing effect of snow to be active in both historical and recent times, allowing subsurface tempera-
tures to remain decoupled from free-air temperatures during the winter.

Methods
Study site

This microclimatic study was conducted in Boulder County, Colorado, USA (40° 324.31"N,
105°35'44.59"W) at an American pika study site within the Front Range of the Rocky Moun-
tains, on the north slope of Niwot Ridge, below treeline at an elevation of 3,300 meters (Fig 1).
The study site is situated in a talus slope recently described as a “fossil” rock glacier [41, 42],
meaning it no longer harbors permafrost or interstitial ice deposits that could lead to active
downslope flow of this rocky debris. However, in a study published 50 years ago [43], perma-
frost was detected on the ridge immediately above this study site, and was also encountered at
elevations as low as 3,140 meters. Today, the talus at this site might harbor seasonal ice that
melts each summer; in recent years, water has been heard flowing beneath the rocks during
mid-summer at some locations within the site.

Historical study

In the early 1960s, Harry Robert Krear used this site to conduct one of the first intensive etho-
logical studies of the American pika [44]. Krear’s study also included the first temperature
monitoring project specific to the microclimates used by pikas. Recognizing the talus microcli-
mate as critical to pika survival, Krear measured temperatures in free air and within the talus
using equipment that required weekly servicing year-round. Although his preparation for this
research included solo work in the arctic and training in the Tenth Mountain Division [45],
his remarks suggest this year-long task was nevertheless difficult given the tools available at
that time. "It is a relatively simple matter to observe and record the climatic conditions that
impinge upon a fossorial mammal in its external habitat. It is much more difficult to measure
accurately the climate of the mammal’s microhabitat, which is the climate on which the mam-
mal is dependent for its maximum security and general survival, inasmuch as it has access to
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Fig 1. Map of study site. Stations providing recent and historical microclimatic data (K1) and long-term climatic data (C1 and D1) on Niwot Ridge, Boulder
County, Colorado, west of Colorado Highway 72 (CO 72). Map tiles by Stamen Maps (http://stamen.com) provided under CC BY 3.0 (http://creativecommons.
org/licenses/by/3.0). Data by OpenStreetMaps (http://openstreetmap.org) provided under ODbL (http://www.openstreetmap.org/copyright).

https://doi.org/10.1371/journal.pclm.0000049.g001

no more favorable conditions" [43 p. 69]. Krear’s temperature monitoring station (hereafter,
K1) is still marked by a post left in situ at the study site, allowing precise replication of sensor
locations and facilitating the direct comparisons made in this study. Hereafter, we refer to
Krear’s temperature monitoring station as K1, and the approximately 3-hectare pika study site
surrounding K1 as the Krear site.

Krear recorded temperatures from July of 1963 to June of 1964 using two chart recorders,
each capable of continuous operation over a seven-day period. Free-air temperatures were
measured using a Friez thermograph (Model 77, Julian P. Friez Company, Baltimore, Mary-
land), while talus temperatures were measured using a Dickson thermograph (Minicorder
Model 42-2, Dickson Company, Chicago, Illinois). The Dickson thermograph was supplied
with two external sensors, which Krear used to measure temperatures at shallow and deep
positions in the talus, 0 and 1.37 m below the surface, respectively. External sensors in the talus
were shaded from direct sunlight by the rocks themselves, while thermographs were sheltered
in a custom screen [43 pp. 20-22]. Free-air temperature was measured at a position “several
feet above the talus” [43 p.17]. We have no record of the exact height of this free-air measure-
ment, but our on-site observations of an in-situ pole bearing notches and hardware for place-
ment of Krear’s equipment suggests it was roughly 1.5 meters above the talus surface. This
height approximates the height of nearby weather stations with which Krear was familiar, as
referenced in his statement on the calibration of thermographs, which “were continuously
checked with the use of two standard U.S. Weather Bureau maximum and minimum thermo-
meters. . . generously loaned to my research project by the University of Colorado, Institute of
Arctic and Alpine Research, which has maintained continuously recording weather sta-
tions. . .on Niwot Ridge, adjacent to my research area. . .since 1952 [44, 46]".

The weather stations referenced by Krear are still in operation and include C1, located in a
subalpine forest at 3022 m, and D1, located in alpine tundra at 3739 m. Previous results from
C1 and D1, which offer the longest continuous high-elevation record of climate in the US,
have shown a strong warming trend over the past 70 years in both subalpine (C1) and alpine
(D1) environments [47, 48]. We expected the change between historical and recent
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Table 1. Datasets used to compare recent and historical temperatures at an American pika study site on Niwot Ridge, Colorado, USA.

Temperature station
K1 free air

K1 shallow

K1 deep

Krear site haypiles
C1 free air

D1 free air

#1.5 m above the surface of the talus.

1.5 m below the surface of the talus.

https://doi.org/10.1371/journal.pcim.0000049.t001

Elevation (m) Recent period Historical period
3312 + 1.5° 2013-2021 1963-1964

3312 2009-2021 1963-1964
3312-1.37° 2011-2021 1963-1964

3276 to 3342 2009-2021 NA

3022 2009-2020 1958-1969

3739 2009-2020 1958-1969

temperatures at K1 to reflect this warming trend, given the proximity of these stations and
their similar elevations (Table 1).

Recent temperature recording and analysis

To characterize recent temperatures at the Krear site, we measured temperatures at K1 during
2009-2021 using datalogging sensors (HOBO models H and U, Onset Computer Corp.; here-
after, “sensors”) with an accuracy +-0.2°C. Sensors were programmed to record data every
hour or two-the maximum sampling rate we could achieve given our year-long deployments
and the different memory limits of each sensor model. Sensors were placed in deep, shallow
and free-air positions approximating those used by Krear in 1963-1964 (Table 1). We serviced
sensors annually during the fall and occasionally replaced them with sensors more recently
tested for calibration.

The continuous data recorded by Krear’s thermographs captured daily maximum and min-
imum temperatures that our discrete (e.g., hourly) records could easily miss. To estimate these
daily extremes, we used a generalized additive model (GAM) to fit a smooth curve through
each single day of data recorded by a sensor. Given a set of daily temperature records y;, where
i=1,...,Nand N =12 or 24, we modeled the expected temperature in continuous time as g(E
(y1) = Bo + fix;) + €, (Equation 1), where 3, was a constant intercept, f{x;) was a cyclic cubic-
spline smooth function of the time of day x; corresponding to each record, €; ~ N(0,0%) was a
normally distributed random error with mean zero, and g was the identity link corresponding
to our assumption that y was normally distributed. When fitted to (1), the short series of data
from a single day typically showed little evidence of residual autocorrelation, based on model-
specific calculation of the autocorrelation function (ACF) and partial autocorrelation function
(pACE). Fitting a GAM with up to N knots and a cyclic cubic-spline smooth term allowed us
to capture the typical daily “peak-and-trough” pattern of temperature fluctuation at free-air
and snow-free subsurface sensors This peak-and-trough pattern consisted of relatively low
temperatures each morning followed by relatively high temperatures in the afternoon (Fig 2).
GAMs were not used, however, when temperatures varied by less than 2°C over a 24-hour
period (indicating significant snow cover). In these cases, the observed maximum and mini-
mum temperatures represented the full daily temperature range, and were used directly in our
analyses, without prior modeling.

Using the observed or modeled daily maxima and minima from the recent period, we cal-
culated recent monthly statistics patterned on each of the monthly statistics provided in
Krear’s study (Table 2). For a given statistic S, our goal was to compare each monthly value S,,,
from the historical data-year to the distribution of S,,, values calculated from recent data-years.
The recent sample size for S, was determined by the number of years of recent data, and ran-
ged 8-12 years (Table 1).
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Fig 2. Temperature statistics calculated from recent data. Discrete (timed-interval) data from each day at the K1 site were interpreted as continuous data
using a cubic-spline smooth in a generalized additive model (GAM), to allow direct comparisons with historical data, which were recorded continuously by
thermographs. This example shows GAM fits for August 2013. Symbols represent statistics calculated from each daily fit, as defined in Table 2.

https://doi.org/10.1371/journal.pcim.0000049.9002

Table 2. Temperature statistics compared between historical and recent datasets.

Statistic

Monthly maximum or
minimum temperature

Monthly mean of daily
maximum or mean of daily
minimum temperature

Monthly mean of daily
maximum and minimum
temperature

Number of days above
freezing

Calculation from historical data

The maximum or minimum temperature
observed on chart recorders across all
days of month m in the historical data-
year (1963-1964)

The daily maximum or minimum
temperature observed on chart recorders,
averaged across all days of month m in
the historical data-year

The daily average of maximum and
minimum temperatures observed on
chart recorders, averaged across all days
of month m in the historical data-year

The number of days on which the
maximum temperature observed on
chart recorders rose above zero celsius

*See Fig 2 for illustration of each definition.

Calculation from recent data*

The maximum or minimum temperature
derived from cubic-spline smooths of
each day’s temperature data** from
month m in recent year ¢

The daily maximum or minimum
temperature derived from cubic-spline
smooths of each day’s temperature
data** and averaged across all days of
month m in recent year ¢

The daily average of maximum and
minimum temperatures derived from
cubic-spline smooths of each day’s
temperature data** averaged across all
days of month m in recent year ¢

The number of days on which the
maximum temperature derived from a
cubic-spline smooth of the day’s
temperature data** rose above zero
celsius

**For days with variation in temperature < 2°C, observed maximum and minimum temperature were used to

calculate each recent statistic.

https://doi.org/10.1371/journal.pcim.0000049.t002
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Recent temperature comparisons with historical, weather station, and
surrounding site data

To compare historical with recent data from K1, we first calculated S,,,(,), where S was the focal
statistic (Table 2), month m =1, ..., 12 and year y = 2009, . . ., 2021. To characterize the time
series of expected S,, throughout a typical year in the recent period, we grouped values of S,,,,)
by month and then fitted a GAM to this time series of 12 groups as g(E(S,())) = Bo + flm) + &,
¢y (Equation 2). The smooth in Eq. 2 was a simple—rather than cyclic—cubic spline, to allow
for the typically large difference between June and July temperatures, which represented either
end of the historical time series. We plotted the data along with the fitted curve, to illustrate
this structure in the data. The link function g in Eq. 2 was either the identity link (for normally
distributed response variables such as monthly maximum temperature) or the log link (for the
number of days above freezing, which was modeled using a Poisson error distribution).
Although ACF/pACF analyses revealed some evidence of residual autocorrelation (typically of
order 1) in preliminary fits of Eq. 2, we found little support for autoregressive (AR) models
when compared with (nested) non-AR models using a generalized likelihood ratio test. For
this reason, we dropped the residual covariance matrix from our final fits of Eq. 2. Finally, we
noted historical statistics whenever they fell far outside the 95% confidence interval estimated
for recent mean values. Although Krear’s raw data were not available, all historical monthly
statistics were provided within his dissertation, and were used for the present comparison.

To compare historical with recent data from C1, and similarly to compare historical with
recent data from D1, we applied the same approaches as described above for K1, except that
we fitted a GAM to the historical data as well, because each climate station provided multiple
years of historical data. To construct a fair comparison with similar sample size at either end of
our 50-year study period, we included 10 years of historical data (1958-1969) that spanned the
historical year of data collected by Krear.

Finally, we also compared recent temperature data recorded in the shallow position at K1
with recent temperature data recorded at haypiles throughout the ~3-ha Krear site. For this
comparison, we applied the same approach as described above for C1 or D1: for each statistic,
a GAM was fitted through the monthly values calculated from all years of shallow temperature
data, and another GAM was fitted through the monthly values calculated from all years of hay-
pile temperature data. We expected broad overlap between the means and 95% confidence
intervals of these two fits, indicating that shallow temperatures at K1 were similar to haypile
temperatures throughout the Krear site. Expected similarities would also suggest that sensor
placement at K1 was representative of other possible placements, such that any differences we
detected between historical and recent temperatures at K1 were not due to any slight difference
between our recent placement and Krear’s historical placement of the shallow sensor.

Dataset and regulatory information

Data from weather stations C1 and D1, including the daily maximum and minimum tempera-
tures, were provided by the Niwot Ridge Long-Term Ecological Research site [49-52]. Tem-
perature data from the Krear site is archived with the Environmental Data Initiative (package
knb-Iter-nwt.8.4) [53]. This study was conducted under temporary special use permits from
the USDA Forest Service (authorizations BOU 283, 341, 362, 390, 412, 538, 567, 584, 621 and
651), and animal research was carried out in strict accordance with protocol #2681, approved
by the University of Colorado-Boulder Institutional Animal Care and Use Committee. All
data were analyzed in the R environment for statistical computing (S1 and S2 Files) [54]. The
site map was produced using the ggmap package [55]. GAM:s were fitted using the package
mgcv [56],and visualized using the ggplot2 package [57].
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Table 3. Monthly summary statistics from recent (2009-2021) microclimatic data collected by the shallow sensor at K1, just below the surface of the talus.

Results

Monthly means for each focal statistic (defined in Table 2) were summarized across recent
years (2009-2021) to characterize the annual progression of microclimatic conditions at K1
throughout a typical year in the recent period (Table 3, Tables A and B in S1 Text). Similar sta-

tistics from the historical year were published in Krear (1965) and are reproduced here in
graphical comparisons of historical and recent data.

Historical versus recent temperatures at K1

For sensors within the talus, monthly maximum and minimum temperatures were higher in
winter months of recent years than in winter months of the historical year (Fig 3A and 3B).
Monthly maximum temperatures were also higher across the summer months of recent years,
but mainly for deep sensors (Fig 3B). Surprisingly, free-air temperatures (Fig 3C) appeared
more similar between recent and historical time periods than were subsurface temperatures in

the talus. At all sensor positions, recent temperatures were generally higher than historical
temperatures more often for monthly minima than maxima.

Monthly means of the daily maximum temperature and the daily minimum temperature
were higher in the talus for summer, winter, and spring in recent years when compared to the
historical year (Fig 3D and 3E). However, similar to the monthly maxima and minima, this
pattern was less pronounced in the free-air temperatures (Fig 3F). Free-air temperatures were

higher than historical temperatures mainly in the winter months for both the mean of the
daily maximum and mean of the daily minimum.

Month |Summary | Mean daily max T | Mean daily min T | Mean of Daily Max and Min | Month Maximum | Month Minimum | Days above freezing
Jul Mean 16.7 10.1 13.4 22.1 5.8 31.0
SD 2.0 1.4 1.6 3.5 0.8 0.0
Aug Mean 15.3 8.6 11.9 19.6 4.3 29.9
SD 1.8 1.9 1.8 2.6 1.6 2.8
Sep Mean 11.2 4.1 7.7 16.5 -2.4 28.7
SD 1.7 2.5 2.0 2.9 2.6 3.3
Oct Mean 3.5 -3.9 -0.2 8.3 -9.1 20.5
SD 1.7 2.8 2.1 3.2 1.8 3.7
Nov | Mean -2.2 -10.3 -6.3 0.7 -14.1 9.2
SD 1.8 2.0 1.8 2.5 2.0 9.8
Dec Mean -6.4 -14.7 -10.5 -4.4 -17.2 0.0
SD 2.2 3.1 2.4 2.5 4.1 0.0
Jan Mean -6.7 -12.9 -9.8 -5.4 -14.2 0.0
SD 1.2 1.7 1.1 1.6 2.3 0.0
Feb Mean -5.6 -11.5 -8.6 -5.0 -12.2 0.0
SD 1.6 2.4 1.8 1.9 2.6 0.0
Mar | Mean -2.7 -7.9 -5.3 -1.7 -9.0 4.5
SD 2.4 1.7 1.6 4.5 3.0 10.5
Apr Mean 0.0 -4.5 -2.2 0.9 -5.1 12.5
SD 2.0 1.2 1.1 4.0 2.0 14.6
May | Mean 6.0 -0.8 2.6 7.9 -2.1 22.5
SD 5.4 1.3 3.1 7.6 1.5 14.4
Jun Mean 15.1 6.6 10.8 21.3 -0.4 29.9
2.4 2.3 2.3 3.0 2.1 0.3
https://doi.org/10.1371/journal.pcim.0000049.t003
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Fig 3. Recent and historical monthly maximum and minimum temperature metrics. Values shown are absolute monthly maximum or minimum
temperatures (panels A-C) as well as monthly averages of daily maximum or minimum temperature (panels D-F). All data were recorded at K1 in a pika study
site on Niwot Ridge (Boulder County, Colorado, USA). Time periods for historical data (black symbols) and recent data (colored symbols) are shown in

Table 1. Historical maximum temperatures (black dots) and minimum temperatures (black triangles) are compared with recent maximum temperatures (red

dots) and minimum temperatures (blue triangles) using a cubic-spline smooth to estimate recent means (colored curves) and 95% confidence intervals (shaded
regions).

https://doi.org/10.1371/journal.pcim.0000049.9003

Although the differences between historical and recent talus temperatures summarized in
Fig 3 varied by season and were perhaps strongly influenced by the single year of historical
data, it is worth noting that some of these differences were quite large. Historical talus temper-
atures were often 10°C lower than the lower bound of the 95% confidence interval on recent
estimates of minimum and maximum temperatures, especially in late winter (Fig 3).
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Fig 4. Recent and historical monthly mean temperatures. Values shown are the daily means of the absolute maximum and minimum temperature, averaged
across the days in each month (Table 2). All data were recorded at K1 in a pika study site on Niwot Ridge (Boulder County, Colorado, USA). Time periods for
historical data (black symbols) and recent data (colored symbols) are shown in Table 1. Historical mean daily temperatures (black dots) are compared with
recent mean daily temperatures (red dots) using a cubic-spline smooth to estimate recent means (red curves) and 95% confidence intervals (shaded regions).

https://doi.org/10.1371/journal.pcim.0000049.g004

For the mean of the daily maximum and minimum temperature, all values in talus were
warmer in recent years except the fall months of September and October (Fig 4A and 4B).
Compared with free-air temperatures, talus temperatures showed a greater magnitude of
change between historical and recent values of this mean difference (Fig 4C). Again, the largest
changes appeared in winter months.

The number of days above freezing in recent years was similar to the number of days above
freezing from the historical data set, with pronounced differences in fall and spring (Fig 5). Free-
air sensors recorded the greatest difference in counts, with more days above freezing in fall, win-
ter, and spring months of recent years. Deep and shallow sensors each showed differences in the
number of days above freezing in fall and spring, but did not differ in summer or winter.

Recent temperatures at pika haypiles surrounding K1

Temperatures were monitored at pika haypiles throughout the Krear site during 2009-2021,
resulting in 22 year-long temperature records suitable for comparison with recent shallow
temperatures from K1. Sensor placements at haypiles varied with the natural structure of the
talus, and were often up to 10 cm deeper than the shallow placement at K1, yet temperatures
from these two sources broadly overlapped (Fig 6). When compared to shallow temperatures
at K1, haypile site temperatures were somewhat less variable across the year, being up to 8°C
warmer in winter and up to 5°C cooler in spring (Fig 6A-6C). The number of days above
freezing differed between haypile sites and the shallow K1 placement only during spring, when
haypile sites were cooler (Fig 6D).

Recent and historical temperatures at weather stations near K1

Recent metrics of maximum and mean free-air temperature at K1 tended to be lower than
comparable metrics at the lower-elevation weather station, C1 (Fig 7A and 7C), and higher
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Fig 5. Recent and historical days above freezing (0° C). All data were recorded at K1 in a pika study site on Niwot Ridge (Boulder County, Colorado, USA).
Time periods for historical data (black symbols) and recent data (red symbols) are shown in Table 1. Historical data (black dots) are compared with recent data
(red dots) using a cubic-spline smooth to estimate recent means (colored curves) and 95% confidence intervals (shaded regions).

https://doi.org/10.1371/journal.pcim.0000049.9005

than comparable metrics at the higher-elevation weather station, D1 (Fig 8A and 8C). Similar
patterns of intermediate temperature were observed for historical metrics of maximum and
mean free-air temperature, with the possible exception of the relationship between historical
D1 and K1 temperatures (Figs 7B, 7D, 8B and 8D). The range of recent maximum and mini-
mum temperatures at C1 also tended to be more extreme than the same range of recent tem-
peratures at K1 (Fig 7A and 7C). The range of recent maximum and minimum temperatures
at D1 was more similar in breadth to those at K1, although recent temperatures at this higher-
elevation weather station tended to be lower than those at K1 (Fig 8A and 8C).

The recent number of days above freezing at K1 was also intermediate between the lower-
and higher-elevation weather stations (Fig 9). In the recent period, confidence intervals on
days above freezing overlapped most often in summer and fall; in winter and spring, K1 usu-
ally recorded significantly fewer days above freezing than C1 (Fig 9A), and significantly more
days above freezing than D1 (Fig 9C). In the historical year of data from K1, the number of
days above freezing was generally lower than observed at C1 and D1 during the historical
period, except for July-September at both weather stations and January at D1 (Fig 9B and 9D).

A comparison of data between the two weather stations without reference to K1 showed a
similar pattern of change between recent and historical metrics (S1 and S2 Figs). At the subal-
pine station (C1), monthly maximum temperatures were higher during summer months in
the recent period, but no other monthly maxima or minima differed between historical and
recent years. At the alpine station (D1), no monthly maxima or minima differed between his-
torical and recent years. C1 recorded higher mean daily maximum values for some spring and
summer months in recent years, and higher mean daily minimum values for some fall and
early winter months in historical years. D1 recorded higher mean daily maximum and mean
daily minimum temperatures in summer months of recent years. At both C1 and D1, the
mean of daily maximum and minimum temperatures was higher in only a few months of the
year during the recent period. Neither weather station recorded a change in the number of
days above freezing between recent and historical years.
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Fig 6. Recent temperatures recorded at K1 and surrounding pika haypiles. All data were recorded during 2009-2021 at shallow positions in talus within a
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https://doi.org/10.1371/journal.pcim.0000049.9006

Discussion

This study offers a glimpse at the recent rate of subsurface temperature change within one
rock glacier in the southern Rocky Mountains, and suggests that talus temperatures have
warmed more than free-air temperatures during the past 50 years at this site. Due to the small
sample size and non-standard methods employed in this study, we present these results in a
qualitative manner (providing graphical rather than numerical estimates of change) as a start-

ing point for further research.

Assuming our qualitative results are robust, measurable changes in talus temperature have
occurred in the last 50 years, and—contrary to our expectations—warming below the surface of
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Fig 7. Recent and historical free-air temperatures at K1 and C1. Data recorded at the K1 pika study site and C1 subalpine weather station
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cubic-spline smooth. See Table 1 for years associated with each period, and Table 2 for temperature metrics.
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Fig 9. Recent and historical number of days above freezing (0° C). Data from the K1 pika study site and weather stations C1 (subalpine) and D1 (alpine)
on Niwot Ridge (Boulder County, Colorado, USA). Recent weather station data (gray dots) were compared with recent K1 data (red dots) in panels A and
C, while historical weather station data (gray dots) were compared with historical K1 data (black dots) in panels B and D. Means (curves) and 95%

confidence intervals (shaded regions) were estimated using a cubic-spline smooth. See Table 1 for years associated with each period, and Table 2 for
temperature metrics.

https://doi.org/10.1371/journal.pcim.0000049.9009

this rock glacier appears to have exceeded warming in free-air temperature at this site and at
two weather stations on the same ridge. Multiple metrics of talus temperature were warmer in
recent years than in 1963-1964, most notably during the winter, at both shallow and deep posi-
tions. This apparent trend was greatest at the deeper placement, 1.37 m below the talus surface.
Shallow sensors showed similar temperature shifts with a slightly reduced magnitude. Free-air
temperatures also appeared to warm between 1964 and 2013, but did not experience the mag-
nitude of change apparent in talus temperatures.
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This warming trend was also supported by patterns in the number of days above freezing,
which increased at K1 between periods, especially in fall and spring. In winter, K1 talus tem-
peratures never rose above freezing, due to sufficient snow cover during both historical and
recent periods. Snow cover can buffer subsurface temperatures, and a reduction in this buffer-
ing effect might explain why more warm days were recorded in the talus during the recent
period. During the span of this study, the Western US has seen a significant decline in snow
cover, especially in the spring [58, 59], although records from Niwot Ridge show more interan-
nual variation than trends in precipitation [40].

While every attempt was made to place sensors consistently across years and to replicate
historical methods based on information in Krear’s dissertation and artifacts at the site, we
acknowledge that there were slight differences in sensor position and important differences in
sensor type between periods. Even small changes in instrumentation or the immediate envi-
ronment surrounding a weather station can cause detectable variations in time-series data
[60].

However, we used two methods to corroborate the apparent changes in temperature at K1
over the past 50 years. First, we used an independent set of shallow talus temperatures,
recorded at pika haypiles surrounding the K1 temperature station, to show that the shallow
temperatures at K1 were comparable to other shallow temperatures recorded in the same rock
glacier from 2009 to 2021. Although winter temperatures were notably warmer in haypiles
than in the shallow position at K1-possibly due to pika selection of suitable microclimates—
this distinction means that the shallow K1 placement offered a conservative benchmark for
change, and strengthens our finding that temperatures in shallow talus at this site were warmer
in recent years than during 1963-1964. Second, we compared free-air temperatures at K1 dur-
ing both historical and recent periods with temperatures at two weather stations on the same
ridge. During the historical data-year, free-air temperatures at K1 were intermediate between
those recorded at the two weather stations, as expected given the intermediate elevation of K1,
and a similar pattern of intermediate temperatures at K1 was observed for recent temperatures.
These results, along with the tight clustering of historical temperature metrics calculated from
1958-1969 records at each weather station, suggest that 1963-1964 was not an outlier with
respect to temperature. A further concern involves thermal exchange issues that can be intro-
duced by the use of a solar shield [61]. This issue applies only to the free-air sensors in this
study, because sensors deployed in the talus were placed in the complete shade and drafty
spaces among the rocks, requiring no shield. No data are available to assess how the effects of
solar-shielding on free-air sensors might have differed between historical and recent periods.
However, the fact that free-air temperatures at K1 were intermediate between C1 and D1 tem-
peratures during both periods suggests that any difference in solar-shielding between periods
did not cause a qualitative shift in the temperature record at K1. Finally, no outliers were iden-
tified in our review of the K1 data. We conclude that the qualitative pattern of change in tem-
perature reported here did not result from changes in temperature monitoring equipment or
variations in sensor placement between periods, although future studies would benefit from
additional focus on how variations in sensor placement within the talus environment might
affect results.

While rising temperatures are a particularly influential component of climate change, other
factors such as shifting phenology and precipitation may be just as important [62, 63], and
have measurable effects on species such as pikas [64]. However, precipitation metrics are typi-
cally more variable than temperature metrics, and monthly precipitation is predicted to
become even more variable with climate change [65]. This relative variability can make it
more difficult to detect trends in precipitation than trends in temperature, especially over
short time scales. Research is needed on precipitation and its changing effects on pikas in this
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system, but will require more years of data to achieve confidence intervals as narrow as we
achieved using temperature data.

Several results of this study align with previous work on both mountain climates and pika
microclimates. Mountain climates are predicted to change faster than previously recorded,
with impacts on both abiotic and biotic systems [66]. Pika range retraction and recent extirpa-
tions have been explained by temperature changes in both microclimate and regional climate
[31, 64]. However, the potential for behavioral thermoregulation might allow the persistence of
pikas at lower elevations and on their range periphery [67, 68]. Recent modeling has indicated
that variability in the talus microclimate helps determine climate change response in pikas [69].
Although one study suggests that free-air temperature may be more important than subsurface
temperature as a determinant of pika occupation and persistence in some regions [70], our
study suggests that a warming trend in free air might be associated with disproportionate sub-
surface warming, an additional consideration that might not be evident from a study of short-
term temperature records. The amount of subsurface warming required to stress pikas should
be related to the amount of heat they need to shed, which should be related to surface tempera-
ture and the amount of required surface activity—variables that would vary in space and time. In
a recent study that included the Krear site and other sites on and near Niwot Ridge, pika surface
activity varied with the differential between shallow and deep temperatures in the talus [71].
The fact that this relationship could be detected in recent years suggests that recent subsurface
temperatures in this region are at least somewhat limiting for pikas.

A relevant question is whether changes in pika density have been associated with the appar-
ent changes in temperature documented at K1. Although the year-round occupancy of all terri-
tories was not tracked during the recent period as it was during the historical study, recent
observations during late summer strongly suggest that several territories occupied during the
historical study were no longer occupied in most recent years. Krear placed markers near the
central haypile in each occupied territory [43, p. 18], and all recent haypiles were located near
such markers, but almost half of his markers appeared to lack active haypiles in most years of
the recent study—even in late summer and fall when haying activity should be greatest. These
observations suggest that the trends seen in the temperature data might be having a negative
impact on pika populations. However, additional factors such as forage availability, predation,
snow cover, and precipitation were not considered in this analysis; a change in climate is likely
to have an effect on other potential population drivers through mechanisms that are beyond the
scope of this study. It has also been suggested that pikas may be able to deal with temperature
changes by altering certain behaviors [72]; future studies at this site would benefit from etholog-
ical observations similar to those of Krear [44], allowing a temporal analysis of pika behavior.
Beyond pikas, our results highlight the need for research on the relationships between macro-
and microclimates in this system, to explore the potential for disproportionate warming and its
consequences for thermal refugia that affect a variety of species and hydrological processes.

Results counter to our hypotheses should also be explored. Although we expected deeper
portions of the talus to be less impacted by changes in air temperature, deeper sensors
appeared to record larger changes in some metrics, relative to historical values. These results
might be due to a loss—over the past 50 years—of processes with disproportionate effects on
deep talus, such as cold-air drainage, Balch effect or permafrost cooling [73]. Our prediction
that changes in temperature would be more pronounced in summer than in winter was also
overturned. Although precipitation on Niwot Ridge—which falls mainly as snow—has not
declined over the past 70 years, perhaps key properties of the snowpack have changed, such as
the timing or duration of snow cover and frequency of freeze-thaw events, all of which can
drive warming in the rock matrix through processes related to convection, advection, evapora-
tion and sublimation, or by reducing the period of shallow snow cover that can lead to
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supercooling [73]. Addressing these hypotheses through further monitoring and modeling of
rock-matrix microclimates should suggest where and when these landforms might fail to
buffer species and permafrost from changes in climate.

Conclusion

Climate change is a global and persistent threat that has already impacted many living systems.
Although organisms might escape some of these impacts by exploiting microclimates, little is
known about how microclimatic refugia will respond to current changes in climate. This study
utilizes a rare historical dataset to assess temporal changes in temperature within a subsurface
microclimate, relative to changes in free-air temperature in the same vicinity. Temperatures
experienced by animals using this microclimatic niche have increased dramatically over the
past 50 years, perhaps even more than local free-air temperatures have increased over the same
period. Our results suggest that subsurface microclimates, which provide a critical thermal ref-
uge for many plants and animals, could be changing more rapidly than might be projected
based on observed changes in climate. We encourage further research into historical records
of microclimate and characterization of the relationships between climate and microclimate,
which will affect myriad species and ecosystem processes.

Supporting information

S1 Fig. Recent and historical free-air temperatures at weather stations C1 and D1. Data
recorded at subalpine (C1) and alpine (D1) weather stations on Niwot Ridge (Boulder County,
Colorado, USA). Means (curves) and 95% confidence intervals (shaded regions) were esti-
mated using a cubic-spline smooth. See Table 1 for years associated with each period, and
Table 2 for temperature metrics.
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S2 Fig. Recent and historical mean free-air temperatures and days above freezing at
weather stations C1 and D1. Data recorded at subalpine (C1) and alpine (D1) weather sta-
tions on Niwot Ridge (Boulder County, Colorado, USA). Means (curves) and 95% confidence
intervals (shaded regions) were estimated using a cubic-spline smooth (A and B). Recent data
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period, and Table 2 for temperature metrics.

(TIF)
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