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This study seeks to address the degree to which overwinter snowpack influences individual sitelevel occupancy of the American pika (Ochotona princeps). There is considerable, but also
circumstantial evidence of the importance that snow-cover plays in insulating O. princeps from cold
exposure. With future declines in snowpack projected across the range of O. princeps, this paper seeks
to address the current absence of data understanding how snowpack reductions may further limit future
distributions of climatically suitable pika habitat. The influence of snowpack on pikas was measured by
relating the individual-level-scale of occupancy to a high-resolution snow model. The study site spans
two high elevation watersheds adjacent to Niwot Ridge on the Front Range of Colorado. Occupancy was
measured by direct and indirect detection at 72 sites in August of 2016 and 2017. Over half of surveyed
sites had evidence of occupancy. Hypotheses about the effect of snow-cover on pikas were tested using
generalized linear mixed-effects models. No effect of snow cover was detected on pika occupancy. Two
sources of potential error were identified that might explain the lack of influence of snowpack in the
models. Additionally, the snowpack model was highly variable between years and is only available for
years 1996-2007, forcing the creation and choice of an averaged snow model. August surveys likely
include recently-dispersed juveniles whose presence does not indicate a sufficiently-insulating overwinter snowpack. Proposed solutions to the error within the occupancy data involve stress hormone
analysis as well as discarding sites where juvenile-sized scat was collected.

Snowpack and the Distribution of the American Pika
Table of Contents

3

Abstract ....................................................................................................................................................... 2
Acknowledgements..................................................................................................................................... 4
Introduction ................................................................................................................................................ 5
Methods .................................................................................................................................................... 10
Study Site ............................................................................................................................................................ 10
Historical Habitat Survey Design ......................................................................................................................... 10
Pika Occupancy Survey Design ............................................................................................................................ 11
Hypotheses.......................................................................................................................................................... 13
Response Variables ............................................................................................................................................. 13
Predictor Variables .............................................................................................................................................. 14
Candidate models ............................................................................................................................................... 17

Results ....................................................................................................................................................... 18
Historical Habitat Survey ..................................................................................................................................... 18
Pika Occupancy Survey........................................................................................................................................ 18

Discussion.................................................................................................................................................. 21
Historical Habitat Survey ..................................................................................................................................... 21
Pika Occupancy Survey........................................................................................................................................ 22
Modeling ............................................................................................................................................................. 22

References ................................................................................................................................................ 27
APPENDIX .................................................................................................................................................. 32
A: Ground-Truthing ............................................................................................................................................. 32
B: Stress Hormone Methods ............................................................................................................................... 32
C: Occupancy Survey Data Sheet ........................................................................................................................ 35

Snowpack and the Distribution of the American Pika
Acknowledgements

4

Dear Dr. Ray,
My name is Max and I am a freshman here at CU Boulder. I am an EBIO major with a passion for
science and the outdoors; especially climate change and conservation. I have read several of your
publications on population and distribution of the American Pika, a species that I have encountered
many times in the Wyoming and Colorado Rockies. I am very interested in acquiring hands-on research
experience and would be thankful if you would consider me to participate in the research of your
laboratory. I saw that you were on the faculty list for the MRS REU program, and am very interested in
participating in this program as part of your research team this summer.
(03 Feb. 2015)
What a journey it has been! I can’t believe that email worked. I’m eternally grateful for you
giving me this incredible introduction into the realm of ecological field research through pikas. The
experiences I have gained under your guidance have been completely transformative and will stay with
me forever. I can’t imagine having spent my time and effort in any other way.
Thank you also to the numerous companions I have had in the field who have assisted me, or
shared lamentations, mosquitos, rain and mostly good times! Hilary, Max (2), Jasmine – thanks for
putting up with my “too early” hyperactivity. Jeremy, Angela, Katara, Airy – great summer! Emily,
Mozie, Hillary (and Blue dog): it was a pleasure! Ashley, we still have to finished. I can’t forget the
field technicians who risked it all, moose rain and shine to get that data. Good work, thanks for the help!
Little (getting bigger) Max – thanks for being my best bud through it all. Never underestimate the power
of a positive presence. Of course, my parents, family and friends have been supportive, thank you.
Carlos Martinez del Rio: likely the reason I’m studying ecology in the first place – thanks. Shelby, you
push me to chase my dreams, and finish this paper. I think my mom would be proud of those whose help
I’ve received and also where it has taken me. Technical assistance: thank you Philip White and Aidan
Beers for the ARCmap help, and Johanna Varner for spending 13 hours of her Saturday teaching us
poop hormones. Thanks to all those poor pikas I have harassed over the past three summers, I hope your
winters are filled with snow.
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Introduction
It isn’t difficult to imagine how broadly damaging the rapid rise of global human dominance has
been to the organisms present before we arrived. Habitat loss, hunting, pollution, and fragmentation are
obvious threats to global biodiversity (Thomas et al. 2004). Climate change has a more pernicious effect
that rivals the uglier and more obvious culprits for driving extinctions (Thomas et al. 2004). Climatic
changes and extremes are accumulating at an unprecedented rate, most threatening species with
dispersal limitations that prevent movement to more suitable climates (Thomas et al. 2004, Brodie et al.
2012). Climate change studies quantify global changes from some baseline; e.g. CO2 concentrations,
temperature, and precipitation. The (bio)climatic envelope is the set of temperature, precipitation and
climatic data occurs where species exist (Pearson & Dawson 2003; Thomas et al. 2004; Varner and
Dearing 2014). Measuring how humans indirectly affect far-off and remote organisms through climate
change is a more perplexing issue, and is usually done with Species Distributions Models (SDMs) that
incorporate bioclimatic envelope (Guisan & Thiller 2005; Varner & Dearing 2014). Using SDMs and
forecasted climate scenarios, researchers can predict the changing geographical distribution of a species’
climatically suitable habitat.
Extirpations (localized extinction events) of the American pika (Ochotona princeps) have been
documented across the Western United States, and SDMs predict further decline of this species (Ray et
al. 2012, Schwalm et al. 2016). The climate models used in SDMs, however, generally lack the spatial
resolution needed to forecast the response of microclimate-inhabiting species – like the pika – that
depend on highly localized climate patterns (Hannah et al. 2014; Varner and Dearing 2014). Pikas use
the sub-surface microclimate under rocks for behavioral thermoregulation to survive harsh climates
throughout their range (MacArthur and Wang 1974, Hafner 1994). Specifically, the American pika
inhabits piles of broken rock (talus) with sub-surface passages that offer shelter from hot summer
temperatures (MacArthur and Wang 1974).
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range retraction, with the pattern of climatically suitable habitat rising in elevation due to warming
temperatures chasing them 800 vertical meters upslope at an average rate of 10 cm per year (Grayson
2005). Contemporary range retraction from southern and low elevation habitats is well supported
(Mortitz et al. 2008). This retraction of climatically suitable habitat up mountains necessarily shrinks
available habitat and connectivity, further isolating and limiting dispersal for pikas (Beever et al. 2003;
Wilkening et al. 2011; Calkins et al. 2012).
Because of the pikas’ narrow range for thermal tolerance; ambient temperatures exceeding 28° C
can be deadly (MacArthur and Wang 1974). Previously, significant research efforts focused on studying
the effects of rising summer temperatures as the proximate driver for extirpation events and shifting
distributions (Beever et al. 2003; Wilkening et al. 2011; Stewart et al. 2015). In contrast, acute-cold
stress caused by sub-freezing winter temperatures has also been found to drive extirpations (Beever et al.
2010; Wilkening et al. 2011; Ray et al. 2012; Yandow et al 2015). The concentration of literature on
rising summer temperatures driving extirpations and range retraction – to the relative exclusion of the
importance of over-winter survival – might result in unrealistically optimistic forecasted distributions
because researchers may have failed to account for other limiting factors.
Pikas exist in environments with temperatures that fall below freezing for 180 days each year
(Hafner 1994). Thus Beever et al. (2010) suggests that if pikas rely on snowpack for insulation, then
acute cold stress must occur at temperatures below 0° C. Beever et al. (2010) estimated site-specific
snow cover by assigning any site that varied daily by <2° C as snow-covered. They found that seven of
nine sites in the Great Basin where pikas no longer occur experienced almost no snow coverage, while
many sites with extant pikas maintained snow that persisted for up to eight months (Beever et al. 2010).
The observed correlation of days below -10° C and pika extirpations was attributed to the absence of
insulating snow cover (Beever et al. 2010; Ray et al. 2012). Wunder (1992) offered physiological
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evidence for the insulating effects of snowpack: dissections revealed no accumulation of brown adipose
tissue (BAT) from pikas collected at 3660 meters (a typical elevation for pikas) in Colorado during a
heavy snow year from sites with heavy snow coverage. In contrast, pikas collected during a low snow
year, and artificially cold-stressed pikas had significant deposits of BAT. Deposits of BAT are
responsible for non-shivering thermogenesis, a physiological response to cold-stress in non-hibernating
mammals (Wunder 1992). Figure 1 illustrates the fine-scale variability of temperature measured by subsurface temperature sensors under microclimate influences: the temperatures measured by Sensor A
show several days below -10° C, and do not rise above -5° C from December through mid-March. The
temperatures measured by sensor B never dip below -10° C. Between May and June sensor A records
isothermal temperatures, hovering at 0° C – suggesting the presence of an insulating layer of snow.
Sensor B records a drastic dip at the beginning of May – indicating an absence of insulating snow cover.

Figure 1. Subsurface temperature data from 5 Nov. 2016 – 15 June 2017 from two sensors
placed near one of the long-term pika monitoring sites (Figure 4) on the West Knoll of Niwot Ridge,
Colorado, at approximately 3700 meters. Sensors A and B were positioned approximately 87 meters
apart.
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Snow coverage and temperature vary across fine spatial scales – the scale at which pikas operate
(Smith and Ivins 1986; Figure 1,2). Snow is scoured from high wind areas and deposited
heterogeneously behind vegetation and terrain features that reduce wind speeds (Hiemstra et al. 2002).
Landscape-wide forecasts may not have the resolution to predict the changing distribution of individual
organisms and populations, especially for the pika (Walther et al. 2002; Hannah et al. 2004). Fine-scale
data on a local scale are needed to determine the influence of snowpack on the current distribution of
pikas, before snowpack can be incorporated as a parameter of their bioclimatic envelope, and ultimately
SDMs. Despite frequent criticism calling for their inclusion, biologically-relevant and fine-scale
parameters are often neglected features of SDMs (Varner and Dearing 2014; Schwalm et al. 2016).
Research on the congeneric collared pika (Ochotona collaris) over a 10-year period led Morrison
& Hik (2008) to hypothesize that population declines were caused by poor insulation and late spring
snow events pushing back the growing season. Yandow et al. (2015) found that sites which experienced
a moderate number of days below -5° C (subsurface) had higher scat density than sites with either low or
high numbers of days below -5° C – striking a balance between cold and warm winter temperatures. The
importance of the distribution and timing of snowmelt is revealed by the photo in Fig. 2, taken during an
early-season visit to a pika habitat above Long Lake, CO (3400 meters). The lower half of the patch,
and all of the potential forage near the lower half, was buried under more than a meter of snow. A later
visit in July revealed no discernable difference between the upper and lower halves of this patch. The
territory that always appears to be occupied lies directly underneath this patch of snow that persists into
the spring (C.Ray, personal communication). At local scales, too little snow may provide insufficient
over-winter insulation and too much snow may prevent effective foraging nearby.
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Figure 2. Extreme snow cover heterogeneity at small scales on June 19, 2017, in a pika habitat near
Long Lake, CO. Photograph taken standing at the top of the site looking downhill.

Several studies have demonstrated the importance of insulating snow-cover by testing metrics of
cold stress; however, none directly measured occupancy as a function of snow-cover (Beever et al.
2010; Wilkening et al. 2011; Yandow et al. 2015). This present study addresses the lack of literature
directly testing snow-cover as a climatic variable, and frequent shortcomings in the spatial resolution of
SDMs, by correlating site-specific occupancy with a high-resolution snowpack model created by Jepson
et al. (2012). This snowpack model has a resolution of thirty meters, which should be sufficient to
address habitat suitability at the scale of a pika’s territory, because individual pika territories are only
20-30 meters across (Smith and Ivins 1986). To place this in perspective, Potter et al. (2013) found that
the average spatial resolution of a SDM was 10,000 times greater than the study organism’s body size,
suggesting that SDMs often lack relevant detail on environmental heterogeneity that might affect species
persistence. The present analysis uses a 30-meter resolution snow model representing only 140-180
body lengths of a pika, a scale relevant to daily movement patterns in this species (Smith and Weston
1990; Varner and Dearing 2014).
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Two surveys for pika occupancy were conducted in the Niwot Ridge Long Term Ecological
Research (NWT LTER) site, that lies entirely above 3000 meters. Niwot Ridge is bounded to the west
by the continental divide, to the north by the Brainard Lake watershed, and to the south by Green Lakes
Valley. Niwot Ridge is a typical alpine ridge in Colorado’s Front Range. The historical habitat survey
was conducted exclusively on the West Knoll of Niwot Ridge, while the second occupancy survey was
conducted broadly across the entirety of the NWT LTER.
Historical Habitat Survey Design
My initial study of pika microclimates began June through August of 2015. I performed a
comprehensive physical survey of historical pika habitat on the West Knoll of Niwot Ridge at 3725
meters (Figure 3). I first created an azimuthal grid consisting of 30° slices radiating from a designated
point on the summit of the West Knoll. A compass and survey flags were used to demarcate the
boundaries of each azimuthal slice. Each section was then methodically searched at a five-meter-gridscale for sign or evidence of historical occupation – remnant pika haypiles (Dearing 1997) and urine
stains. Clusters of sign within a five-meter grid cell were considered to be associated with a single
territory and were evaluated as one record in the dataset.
I recorded the relative size of remnant haypiles (small, medium, large), evidence of occupancy,
aspect, and coordinates. These remnant haypile size classes were used to infer occupancy status
(historical, intermediate, recent). Pikas on the West Knoll cache 350 days worth of hay, and roughly
25% decays over the winter (Dearing 1997). This leaves pikas with 263 days of food, 175 of which they
have been found to consume, leaving 25%, or over 1.5 kg of dry mass (Dearing 1997). Sites with more
recent occupation will have larger remaining haypiles because they will have undergone less
degradation, and these more recent haypiles will appear larger than haypiles that were not recently built.
Haypiles classified as intermediate in size were two to three-fold the volume of small haypiles, and
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those classified as large were six to nine-fold the volume of small haypiles (Figure 2). In Google Earth
(Google Earth 2015), I mapped the locations and inferred age class of each haypile; a polygon was
drawn connecting the outermost territories of each class to measure the extent of historically,
intermediate and recently occupied sites. Area of each polygon was measured using the polygon area
tool (Google Earth 2015).

Figure 2. Relative “age classes” of haypiles. From left to right: representative small, medium, and large
haypile remnants classified respectively as historically, intermediate and recently occupied.
Pika Occupancy Survey Design
The NWT LTER pika monitoring project was designed to detect effects of elevation and snow
cover on pika occupancy in a variety of habitats surrounding the West Knoll. We used a Generalized
Random Tessellation Stratified (GRTS) design to select a random but spatially representative
distribution of points within the study area. We selected 72 points within talus habitats, stratified by high
and low elevation and high and low SWE (snow water equivalent). SWE for each location in this
landscape was estimated using the snow cover model for 1996-2007 (Jepson et al. 2012). Each survey
point represents the center of a survey plot 12 meters in radius. Plots are surveyed annually in midAugust. Following a widely used protocol (Rodhouse et al. 2010, Jeffress et al. 2013, Ray et al. 2016),
observers record signs of current and previous pika occupancy, including the presence of fresh or old
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distinguished by distance from the plot center, allowing the use of distance-based thresholds when
determining the occupancy or use of a plot. Other features relating to microhabitat are also recorded at
each plot during the survey, such as vegetation type, rock size and signs of other species (Appendix D).
A sub-sample of 12 plots were surveyed twice during August of 2017, allowing the estimation of pika
detection probability. If detection probability were low, we would need to use hierarchical models to
estimate pika occupancy and its relationship to environmental covariates (Jeffress et al. 2013). If small
discrepancies in detection of indirect signs were found at resurveyed sites, then I censored metrics that
were not corroborated by both observers.

Figure 3. Niwot Ridge Long Term Ecological Research (NWT LTER) site. The Green Lakes Valley
(GLV) is the valley containing five lakes. Shown are 24 sites surveyed every year (red), 24 sites surveyed
in even years (blue), and 24 sites surveyed on odd years (green). The pink arrow points toward the
summit of the West Knoll.
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Hypotheses
The following three hypotheses were tested. The null model represents the hypothesis that snowcover does not influence pika survival or occupancy. The second model tests the hypothesis that amount
of snow cover is solely a limiting factor in pika survival and distribution, and therefore occupancy
should be positively correlated with snow-cover. Third, the “Goldilocks” hypothesis, predicts a tradeoff
in which too much snow cover delays the growing season for nearby forage, but not insufficient snow
cover provides inadequate insulation during the winter (Yandow et al. 2015). The Goldilocks hypothesis
predicts a quadratic relationship between snow cover and occupancy. Finally, elevation and aspect are
used as proxy variables that may represent many other important climatic variables; they are considered
both alone and in combination with snow-cover and the quadratic, snow-cover2.
Response Variables
I considered several metrics of occupancy, because occupancy can be classified using several
types of signs for pika presence, such as fresh scat, fresh haypiles, and pika sightings or calls observed
within some radius of the plot center. For this analysis, I chose 30 meters as the cutoff for associating a
pika sighting or call with its use of the plot, because that is the resolution of the snow model and a
common distance for a pika to be observed traveling in its daily activities (Smith and Ivins 1984).
Specifically, I modeled occupancy as a binary response based on a) presence of fresh hay, b) presence of
fresh scat, c) pikas sighted within 30 m of the plot center, or d) pikas heard within 30m of plot center. I
also created a metric of site-use intensity, a method detailed by Ray et al. (2016). Site-use intensity
differs from occupancy in that it represents the cumulative number of direct (sightings, calls) or indirect
detections (fresh hay, fresh scat). Using site-use intensity as a response variable reduces the problem of
mis-classifying occupancy due to the presence of non-resident individuals. I coded site-use intensity as 0
(no sign), 1 (one sign a-d), 2 (two signs a-d), 3 (three signs a-d) or 4 (every sign a-d). Where there were
discrepancies in detected signs, I only incorporated direct detections from the first survey and

Snowpack and the Distribution of the American Pika
corroborated indirect signs to eliminate the bias of doubled survey effort. Site-use intensity was

14

expected to follow a Poisson distribution, with the mean and variance of site-use values being
approximately equal.
Predictor Variables
Snow-cover analyses were based on 30 meter resolution snow models produced by Jepson et al.
(2012) for the Niwot Ridge LTER (Figure 3). These models were built to simulate May 1st (near peak)
snow depth for years 1996 through 2007. Snow-water equivalent (SWE) is a measure of the amount of
water held in a snowpack, characterized as the depth of water that would result from melting that snow;
e.g. one meter of snow that is 10% water would have SWE = 0.1 meter. While SWE is not quite linearly
proportional with snow depth (Equation 1), I used it as a metric of snow cover. Around mid-May each
year, a survey crew takes 400-500 snow depth measurements over 2.3 km2 in the Green Lakes Valley,
adjacent and to the south of Niwot Ridge. While this is a more precise measure of snow cover, these
snow models are what we used for analysis because they encompassed the entire NWT LTER.

Figure 4. Example TIFF file showing the modeled distribution of snow across the Niwot Ridge LTER
research site. The extent of this map closely resembles the extent of Figure 3 and the border of NWT
LTER. White pixels represent high SWE, and dark pixels represent low SWE. Each pixel represents 30
meters (Jepsen et al. 2012).
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I calculated mean May 1st SWE for each site in the NWT LTER pika habitat occupancy survey
using snowpack models available for 12 years, 1996-2007. Extraction of mean SWE values from
snowpack models was conducted in ArcGIS (ArcGIS 10.4 2017). I assumed that mean SWE from the
period 1996-2007 should characterize the relative SWE values at each plot in 2016-2017, although the
absolute value of SWE might differ given the lag between the modeled data and my study years. To
better characterize SWE in each study year, I also considered a weighted-average model of SWE based
on just three of the 12 available years of SWE estimates, selecting the three years with snow-depth
values most similar to each study year.
Snow-depth data collected in May 2016 and 2017 in the GLV, a subset of the NWT LTER
(NWT LTER, 2017a) were converted to SWE using an equation from Sturm et al. (2010); (Equation 1).
At each point where snow depth was measured in 2016 or 2017, SWE values for model years 1996-2007
were extracted in ArcGIS (ArcGIS 10.4 2017). Over 449 paired measurements of 2016-2017 snow depth
and 1996-2007 modeled SWE were used in this analysis, after some points were removed because of
uncertainty in their measurement, or their location on a lake or in an avalanche path.
The means of 2016 or 2017 SWE values at these 449 + points were compared to the mean SWE
across the same points for each individual snow year model (Figure 5). I then created a weighted
average of model years 2001, 2002, and 2004 – the three closest years to those measured for 2016 and
2017 (Equation 2,3; Table 2,3). The weights for each model year were derived from the coefficients of a
suppressed-intercept linear model using the three model years as predictors of either 2016 or 2017 snow
depths. This assumes that the snow model year predicting the closest volume of snow in the GLV to
2016 and 2017 will most closely resemble the distribution of snow across the greater landscape in 2016
and 2017.
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[SWE2016, 2017 = (rmax-r0)[(1 - exp(-k1×hi× k2×DOY)] + r0]
Equation 1. Calculating SWE from snow depth. rmax* is the maximum snowpack density. r0* is the
initial snowpack density. hi is the measured snow depth. k1*, k2* are densification parameters. DOY
starts at -91 for Oct. 1, and goes to 181 for June 31. *denotes site-specific parameters modeled for GLV
(Sturm et al. 2010).
Table 2. Values of measured and modeled Mean SWE for points in the 2016 GLV snow survey.
Year
Mean SWE in GLV (m) Weight in Model T-Value P-value DF
2016 (measured)
2004 (Modeled)
2002 (Modeled)
2001 (Modeled)

0.6807
0.7692
0.4615
0.652

0.1252
0.2897
0.5902

10.04
4.593
2.508

<.0001
<.0001
<.0001

445
445
445

Table 3. Values of measured and modeled Mean SWE for points in the 2017 GLV snow survey.
Year
Mean SWE in GLV (m) Weight in Model T-Value P-value DF
2017 (Measured)
2004 (Modeled)
2002 (Modeled)
2001 (Modeled)

[SWE2016

0.651
0.7992
0.4983
0.7518

0.2583
0.3154
0.2930

5.399
5.011
4.45

<.0001
<.0001
<.0001

445
445
445

= 0.1252×SWE2001+ 0.2897×SWE2002 + 0.5902×SWE2004]

Equation 2. Weighted average of SWE model years 2001, 2002, and 2004 used to approximate SWE in
2016.

[SWE2017 = .2583×SWE2001+ 0.3154×SWE2002 + 0.2930×SWE2004]
Equation 3. Weighted average of SWE model years 2001, 2002, and 2004 used to approximate SWE in
2017.

To characterize the potential for overwinter insulation, I considered the predictor variables in
Table 1. Elevation and SWE were standardized using the scale() function in R (R Core Team 2017).
Aspect was transformed by a simple cosine transformation, giving north-facing sites a value between 1
and 2, and south-facing sites a value between 0 and 1; this was done because Jeffress et al. (2013) found
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that pikas tended to occupy cooler, north facing slopes. Candidate sets of occupancy models included
rational combinations of the fixed effects, and a null model based only on random effects of site.
Table 1. Matrix of Kendall’s correlation coefficient for predictor variables. Variables with a correlation
coefficient >0.5 would be considered too closely correlated to be used in the same model. SWE2 is not
included because SWE2 is a non-linear variable.
Aspect
Elevation
Year
Swe
Aspect
1
0.043209877 0.024746411 0.094128272
Elevation
0.043209877 1
0.02227177 0.016274514
Year
0.024746411 0.02227177 1
0.033326934
Swe
0.094128272 0.016274514 0.033326934 1

Candidate models
Using occupancy or site use as the response variable, I developed a set of candidate generalized
linear mixed-effects models based on the uncorrelated predictors in Table 1. Site ID was included as a
random variable to avoid pseudoreplication of the 24 sites that were surveyed in both years. Predictor
variables were used singly or in combinations to address hypothetical effects of microclimate measured
as modeled snow cover or as proxy variables like elevation and aspect. In all, I fitted eight models of
each response variable, including a null model containing only a random effect of site ID.
To rank the eight candidate models within each set, I used the Akaike Information Criterion
(AIC) and the assumption that models differing by 2 units of AIC have different levels of support. The
more highly supported model has the lower AIC (Burnham and Anderson 2002). Analyses were
conducted using the R environment for statistical computing (R Core Team 2017), including the glmer()
function in package lme4 (Bates et al. 2014) for fitting mixed-effects models.
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Of 150 haypiles surveyed; 15 were considered recently occupied, 35 suggested an intermediate
time since occupation, and 100 haypiles were historically occupied. The polygons in Figure 5 appear
concentric and shrink in area for each age class. The recently occupied class of haypiles exist only on
and to the north and northeast of the summit of the West Knoll, covering a little over 3 hectares. The
intermediately occupied class of haypiles has a much broader distribution across the West Knoll (12
hectares). The historically occupied class of haypiles has the greatest distribution, covering 23 hectares.
was all done in Google Earth.

Figure 5. Plan view of the West Knoll of Niwot Ridge and pika haypiles differentiated by apparent age
and historically occupied habitat. Concentric polygons represent the historical (blue), intermediate
(red,) and current (green) range of pikas around the peak of this knoll (yellow star). Image from Google
Earth (2015).
Pika Occupancy Survey
The NWT LTER pika habitat occupancy survey was conducted in 2016 and 2017 (NWT LTER,
2017b). Given two years of data, the occupancy of all 72 plots has been determined, once each for the 48
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surveyed in 2017 had a higher average value of site-use intensity (2016 = 1.063, 2017 = 1.292; Table 3).
Two occupied sites in 2016 were vacant in 2017, while one unoccupied site in 2016 was occupied in
2017 (Table 4). More than half of sites (2016 = 25/48, 2017= 29/48) had one or more detected metrics of
occupancy.
In 2017, 12 plots were surveyed twice independently to estimate pika detection probability.
Three re-surveys found no scat or only old scat after the original survey found fresh scat. One re-survey
failed to detect pikas directly after the first one did, but other signs of occupancy were present. General
occupancy status was always corroborated in the resurveyed sites by one or more signs, suggesting a
very high detection probability in agreement with previous studies of pika occupancy (Nichols et al.
2010; Rodhouse et al. 2010; Wilkening et al. 2011; Jeffress et al. 2015; Ray et al. 2016).

Table 2. Occupancy status for direct and indirect metrics of occupancy for both years.

Occupied
Unoccupied

Fresh
Hay

2016
Fresh
Scat

6
42

15
33

Sighting Call
14
34

Table 3. Metric of site-use intensity by year.
Site-Use Intensity
0
1
2
3
4

2016
23
8
10
5
2

2017
19
7
12
9
1

16
32

Fresh
Hay

2017
Fresh
Scat

11
37

17
31

Sighting Call
10
38

24
24
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Table 4. Occupancy status for direct and indirect metrics of occupancy at 24 sites surveyed in both
years.

Fresh
Hay

2016
Fresh
Scat

7
17

5
19

Occupied
Unoccupied

Sighting Call
9
15

10
12

Fresh
Hay

2017
Fresh
Scat

6
18

6
18

Sighting Call
5
19

13
11

Figure 6. Histogram of values for cosine transform of aspect. Sites tend to be concentrated on northern
and southern facing slopes.
Site-use intensity was modelled using a Poisson distribution because its mean (1.177) was
approximately equal to its variance (1.516). Regardless of the response variable used, no models based
on SWE reduced the AIC relative to the null model of any candidate set. Models built using mean SWE
across all 12 years performed worse or the same as models built using the weighted-average SWE
model. I did not report pseudo-r squared values or p-values because none of the models improved the
AIC of null model.
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Table 5. Support for models of site-use intensity. ∆AIC is calculated as the difference in weight from the
top-performing model. K is the number of fitted parameters. Akaike weight represents the relative
weight of (support for) the model compared to all other models in the candidate set.
Predictors (Effect)
log(Likelihood) K AIC
∆AIC
Akaike Weight
Null
-139.0327
2 282.0654 0
0.255843587
Aspect (+)
-138.1049
3 282.2098 0.1444
0.238022753
SWE (-)
-138.5848
3 283.1695 1.1041
0.147306621
Year 2017 (+)
-138.7976
3 283.5951 1.5297
0.119070561
Elevation (+)
-139.0175
3 284.035 1.9696
0.095561142
SWE(+) +SWE^2 (-)
-138.5771
4 285.1541 3.0887
0.054609959
Aspect (-) + SWE(-) + SWE^2(-)
-137.3425
5 284.685 2.6196
0.069045539
Elevation(+) + SWE(-) + SWE^2(-) -138.5549
5 287.1098 5.0444
0.020539837

Figure 7. Plot of predicted site-use intensity on the x-axes and observed site-use intensity on the y-axes.
The line y = x represents a perfect model fit. The predicted values are from the “Goldilocks” hypothesis
model on the left, and the null model on the right.

Discussion
Historical Habitat Survey
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These data suggest that at one point, there was a dense population of pikas on the West Knoll.
The data show a potential pattern of elevational range retraction, an apparent retreat of suitable habitat
towards the summit and northeast of the summit of the West Knoll. Pikas were no longer inhabiting the
lower territories (areas below an elevation of approximately 3540 meters) – especially on the southern
slope – which were historically occupied based on remnant pika sign. Relative age of occupancy on the
West Knoll was not modeled using SWE because the resolution of the SWE model was not high enough
to model transitions in occupancy at such a small scale. This survey of historical occupancy originally
motivated initiation of the larger occupancy survey to further study the changing distribution of pikas in
the NWT LTER. Based on the results of the historical habitat survey, effects of elevation and aspect
were expected in the occupancy survey done across the NWT LTER.
Pika Occupancy Survey
Direct metrics of occupancy (visual and aural) show higher numbers of occupied sites, which is
likely a result of the increased detection radius used. The presence of pikas at over half of surveyed sites
suggests that pikas are widespread across the landscape.
Modeling
Using high-resolution SWE estimates to model occupancy should allow us to evaluate the
mechanistic hypothesis that decreased over-winter snow coverage is driving pika declines. If SWE is a
good predictor of pika stress and occupancy, then developing this approach should provide other
researchers with the tools necessary to use widely-available SWE data to predict stress and decline in
pikas throughout their range. I was unable to reject the null hypothesis for any metric of occupancy
using mean SWE and the representative SWE models. The lack of predictive power of snowpack needs
to be understood in the context of the assumptions made in order to use the SWE dataset to evaluate our
mechanistic hypotheses, as follows.
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There is high variability in modeled snowpack between years for individual sites, with a spatial
standard deviation of 17% between years within the Green Lakes Valley – the subset of the greater
NWT LTER where snow depths were measured in order to create the models for the entire research site
(Jepsen et al. 2012). Site-specific modeling errors persist between years, and vary from between -37%
and +34% of observed SWE in the GLV (Jepsen et al. 2012). Late season snowfall appears to greatly
reduce spatial variability, while a lack of significant spring snowfall was associated with years with
highest spatial variability in modeled snowpack (Jepsen et al. 2012). The snowpack estimates also
precede the occupancy data by at least a decade, and so any mismatch between predictor and response
due to variability between years is likely compounded by processes that might have altered during the
decade that has elapsed since the SWE models were produced.
Choosing a representative year out of the twelve modeled years was an uncertain process. The
amount of snowfall measured by the nearby Niwot SNOTEL Site 663
(https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=663) shows that the amount of snowfall in the 2016
and 2017 snow seasons differed by roughly 10% (63.2 cm SWE in 2016 vs. 70.1 cm in 2017) (Natural
Resources Conservation Service). The mean amount of snow in the GLV is very close for the two years
(65.1 cm in 2017 and 68.1 cm in 2016) (Table 2,3). The model year 2001, despite being closest to 2016
and 2017 in mean SWE across the GLV, had only 67% as much actual snowfall as 2017 based on the
Niwot SNOTEL (Natural Resources Conservation Service). Jepsen et al. (2012) reported high errors for
these SWE models predicting measured snowpack in the GLV, and these data reaffirm their conclusion.
High spatial variability, error, and temporal changes in patterns of snow distribution might make
choosing a representative year from the suite of 1996-2007 snow models impossible.
The model using predictor variables SWE + SWE2 was designed to evaluate the “Goldilocks”
hypothesis – that an intermediate SWE value would predict higher occupancy. It is apparent that the
compromise between sufficient early-season snowpack and an early-enough snow-free date may not be
arithmetically reflected as intermediate May 1 snowpack values. The rejection of this hypothesis is not
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startling. The temperature sensors in Figure 1 illustrate the spatial and temporal inadequacies of these
snow models in predicting causes of biologically-important stress. Sensor A recorded several days
below -10° C in December, and many more days below -5° C than sensor B. The daily stochasticity of
temperature values throughout the season in sensor B indicate an absence of insulating snow, yet Beever
et al. (2010), Wilkening et al. (2011), and Yandow et al. (2015) would describe a pika living near sensor
B as less cold-stressed than a pika living near sensor A. Sensor A has an obvious covering of isothermal
snow only during May-June. Snowpack measured or modeled in May would likely register the site of
Sensor A as covered despite the apparent lack of sufficiently insulating snow cover in December that
exposed the sensor to -10 °C temperatures. These sensor data demonstrate that snow cover in May is not
necessarily indicative of mid-winter snow cover, and that mid-winter snow data may be needed to
predict occupancy for any given year.
Despite the long-term monitoring survey being designed to detect the effects of SWE on
occupancy, and the high spatial resolution of SWE estimates available for 1996-2007, these historical
SWE values did not appear to be suitable for predicting recent occupancy. This is not surprising given
the assumptions that were made in this analysis. The lack of concordance between historical SWE
estimates and recent pika occupancy leads to several potential conclusions: 1) Snowpack is not
important for overwinter pika survival, 2) the snow model is inaccurate at this scale, or does not describe
the aspects of snowpack that affect pika survival, and/or 3) occupancy was not measured correctly.
Beyond critiquing the tenuous assumptions about these snow models, I considered the possibility
that error in the occupancy data is responsible for the lack of support for the occupancy models. Likely
sources for errors include detection error, and faults within the survey design. Errors within occupancy
data are suggested by the lack of support for models using aspect and elevation; two variables that have
been shown to be predictive of occupancy (Beever et al. 2010; Jeffress et al. 2013). While pikas are
highly detectable, (Rodhouse et al. 2010; Wilkening et al. 2011; Jeffress et al. 2015; Ray et al. 2016),
technicians may have had trouble distinguishing fresh and old scat. Discrepancies in the detection of
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fresh scat found in the resurveyed sites likely do not affect site-use intensity because every site that had
some measure of occupancy was corroborated by one or more detected signs. Also, the detection
threshold of 30 meters for observed sightings and calls may introduce non-resident individuals and false
positives into the occupancy data. I did not include signs of indirect detection that surveyors did not
agree on. The metric of site-use intensity was used to reduce these effects. However, models predicting
the presence of fresh hay, an easily detectible and discernable detection sign, were still unsupported. The
lack of predictive power of snowpack, elevation and aspect in models of site-use intensity suggests that
detection error from non-resident individuals, or misidentification may not be to blame.
These analyses rely further on the assumption that we are mostly detecting pikas who have
maintained their territories after surviving the preceding winter – indicating that it is a quality territory
with sufficient snow coverage. It is true that surviving adults tend to stay in the same territory where
they build their haypiles year after year due to their territoriality (Smith and Ivins 1984). However, the
NWT LTER habitat occupancy survey is conducted in mid-August, after many juvenile pikas have
dispersed and settled territories that were unoccupied earlier in the summer. Pika occupancy measured
during late summer represents two processes: successful overwintering by adult pikas and dispersal of
juvenile pikas to new territories during the summer.
To address this issue of juvenile occupancy, it is possible to use analyses of pika scat (fecal
pellets), which is collected by NWT LTER survey crews (Appendix C). There are fecal samples from 21
sites from the 2017 survey and 13 from 2016, and these samples could be used in two types of analysis.
First, the diameter of fecal pellets could be used to infer pika stage (juvenile or adult), because juvenile
pellets are smaller than those of adults (Nichols 2010; C. Ray, Personal Communication). This would
allow me to distinguish occupancy by adults from occupancy by juveniles that did not overwinter in a
plot. Second, I could measure stress hormone metabolites in these scat samples, allowing me to analyze
juvenile and adult stress metrics – as well as occupancy – as different potential responses to May 1
SWE. Distinguishing between life-stages may also offer insight into juvenile versus adult mortality
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concentration in a fecal sample can be used as a metric of physiological stress, and has been found to
indicate chronic stress in pikas (Wilkening et al. 2013). Wilkening and Ray (2016) have also related
higher levels of GCM to reduced survival in pikas on Niwot Ridge. I have begun the analysis of GCM in
the 34 scat samples from 2016-2017 using methods detailed in Appendix B (Stress Hormone Methods).
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A: Ground-Truthing
I also ground-truthed 26 plots for snowpack in the early summer of 2017. This entailed hiking to
plots and photographing them to identify features and patterns 2007 snowpack (SWE) estimates
represent current patterns. Data gathered during ground-truthing would enable the identification of
terrain features which might explain discrepancies between the SWE estimates and my observed
snowpack data. I could use generalized linear models to identify terrain features that affect these
discrepancies, and use these same models to adjust SWE estimates for each plot. Ultimately, I would use
the snow model to evaluate the degree of over-winter snowpack, and the snow-free date for each site –
the “ecologically-relevant” variables. I would then model occupancy and stress metrics as functions of
snow-free date, as described for SWE-based models above.
B: Stress Hormone Methods
I am working with EBIO graduate student Ashley Whipple to detect and measure GCM
concentrations in fecal samples collected by NWT LTER survey crews in 2016 and 2017, using a
corticosterone enzyme immunoassay kit and techniques validated in Wilkening et al. (2013). By
identifying juvenile samples, I will account for effects of pika life-stage on the model of stress. We dried
and weighed each fecal sample, and counted the number of pellets in each sample, to calculate an
average mass per pellet. We will go through the same weighing process with samples collected from
pikas of known life stage (provided by C. Ray) in order to develop a logistic regression model predicting
stage (0 = juvenile, 1 = adult) from fecal pellet mass. I can then use stage as a predictor in models of
pika occupancy and stress. A similar set of linear regressions will be used to model stress hormone
levels as functions of year, SWE, elevation and aspect. Pellets were not collected repeatedly from the
same plot, so the stress models do need not account for random effects of site.
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Equipment needed:
Vacuum centrifuge with heat *
Vortex shaker *
Centrifuge*
Aspirator *
Plate shaker *
Pipettes (200μl, 1000μl, 50μl cobra, 300μl cobra) **
Biotek plate reader
Pipette tips
Snap cap microcentrifuge tubes (1.5ml)
Absolute Ethyl Alcohol
* Denotes equipment used in the Martin/Schmidt shared lab
** Pipettes burrowed from Dr. Katharine Suding
Extraction:
Step 1: If fecal samples are in an envelope, transfer the sample to a vial labeled with a unique number
for that sample. Dry samples in snap cap tubes with lids open using a vacuum centrifuge (ie speed vac
w/heat) on medium heat spinning for at least 30 minutes.
Step 2: Weigh 0.100 ± 0.020 grams per sample. Use a scale with .001g accuracy.
1. Label vials with new numbers (example #1-24) using a purple sharpie.
2. Weigh and tare empty vial
3. Transfer fecal sample to empty vial and weigh
Note: If any original sample is left over, leave the sample in its original container and put it in a Ziploc
bag. Write on the Ziploc bag, “extra sample from extraction process. Dried only. Location where
collected. Date”
Step 3: Pipet ethanol into sample tube weighed in step 2. Amount of ethanol is in proportion of pellet
weight: Grams of fecal sample x 10000 = μl of ethanol
Step 4: Mash pellets using a spatula. Mash until all pellets are in fine pieces and do not resemble original
shape. No chunks!
Step 5: Shake tubes containing pellet sample and ethanol for 30 minutes using a vortex shaker. If shaker
has a dial 1-10, set the dial to 10.
Step 6: Centrifuge shaken sample at 5,000 rpm for 15 minutes.
Step 7: Take vials out one by one, being careful not to disrupt the contents (keep vial still and on side),
and pipette supernate from vial using a 200 μl pipette. Transfer supernate to a new vial with the same
unique number for that sample.
Step 8: Evaporate supernate by opening the tops of the vials and placing them in a vacuum centrifuge on
medium heat until dry (usually takes about 30 minutes).
Prepare standards and reconstitute dried supernate
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Step 9: Prep standard tubes
1. Label test tubes as #1 - #8. Fill vials with assay buffer: 450μl for vial #1, 250μl for vials #2-8.
2. Wash pipette tip a few times with stock solution at first, then between each step wash pipette tip
with respective solution.
3. Add 50μl stock solution to vial # 1, vortex completely.
4. Pipette out 250μl from vial #1 and add it to vial #2, vortex completely.
5. Repeat the serial dilutions for vials #3 - #8.
6. Use vial #2 - #8 to fill standards 1 – 7 respectively in plate (see step 11 below)
Note: Use standards within two hours of making them.
Step 10: Reconstitute dried supernate with ethanol and assay buffer
1. Calculate proportion of ethanol to add to each supernate vial by using the following equation for
each sample: (grams of fecal mass/2) x 1000
2. Calculate proportion of assay buffer to add to each supernate vial by using the following
equation for each sample: grams of fecal mass x 9500.
3. Add the calculated proportion of ethanol and assay buffer to each supernate vial. Shake 3 times
with 5-minute sit time between
Prepare and load plate
Plate setup if ran in triplicates
1,2,3
A
NSB
B
Standard 3
C
Standard 7
D
Sample
E
Sample
F
Sample
G
Sample
H
Sample

4,5,6
BO
Standard 4
Sample
Sample
Sample
Sample
Sample
Sample

7,8,9
Standard 1
Standard 5
Sample
Sample
Sample
Sample
Sample
Sample

10,11,12
Standard 2
Standard 6
Sample
Sample
Sample
Sample
Sample
Sample

Step 11: Load plate
1. Add 50μl of standards from vials #2 - #8 to the wells labeled Standard 1 – Standard 7
respectively above
Add 75μl of assay buffer to wells labeled NSB above
Add 50μl of assay buffer to wells labeled Bo above
2. Add 25μl of conjugate to each well using a cobra pipette
3. Add 25μl of antibody to each well EXCEPT to wells labeled NSB above
4. Cover and seal. Shake for 1 hour at 400 rpm
5. Aspirate the plate and wash each well 4 times with 300μl wash buffer using a cobra pipette. Tap
the plate dry on clean absorbent towels
6. Add 100μl of substrate to the respective sample well using the reconstituted sample from step 10
7. Let sit 30 minutes, DO NOT SHAKE
8. Add 50μl of stop liquid using a cobra pipette
9. Read the optical density generated from each well in a plate reader capable of reading at 450nm.
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C: Occupancy Survey Data Sheet
Plot ID:
Location:
GPS accuracy (m): UTM Zone:
Datum:

Time
(24-hr)
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Observer/s:

Date:

Easting:

Arrival time:

Northing:

Points
Averaged?
YES
Departure time:

Begin time for
End time for
scat/hay search:
scat/hay search:
Pika sign (types = Pika Sighting, Pika Call, Fresh Haypile, Old Haypile, Fresh Scat, Old Scat)
If FS or
Crevice
Sign type (PS,
OS,
Largest rock depth w/in 1
PC, FH, OH,
If PS or PC, distance (m)
number of
(m) w/in 1
meter of
FS, OS)
from plot center
pellets
meter of sign
sign

1
2
3
4
5
6
7
8
9
10
Vegetation
cover (% or
class) in plot

Rock:

Bare:

Grass:

Forb:

Shrub:

Tree:

Notes

NO
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Marmot sign:

Weasel:

marmot/s seen: YES NO

Other Species

runoff under rocks in plot

marmot/s heard: YES NO

species:_____________

pools/wet soil downslope

scat station/s:
den/s seen:

NO

YES NO

Water feature/s (circle all that apply):

riparian veg. downslope

YES NO

species:_____________

YES

Mean
rock
shade

Light
Medium
Dark

Temperature Sensors? YES NO
Photos? YES NO
Time

Mean
cover of
all lichen

<33%

Size range (m) of
largest
10 rocks w/in plot:

Woodrat sign:
nest/s:

YES

NO

urine station/s: YES NO
scat station/s: YES NO
Is this a resurvey? YES NO

33-66%

snow upslope

Skies (circle one):
sunny

partly cloudy

overcast

Wind (circle
one):

Detection outside of plot?

low medium
high

Distance (m):

Temp (°F):

Distance to
forage (m):

Plot marked?
YES
NO

YES

NO Aspect:

Depth (m) of deepest talus:
<0.5

>0.5

>1.0

>1.5

>66%

Marker found? YES NO

Plot moved? YES NO Distance from old waypoint:

Notes:
Reason:
xPlot Photos: (If taken outside the plot, provide coordinates in margin or Notes
field.)

1. Camera:
Dist. to center (m):

Initial name:
Azimuth to center (°):

Description:
2. Camera:
Dist. to center (m):

Dist. to center (m):
Description:

Time:

Final name:

.jpg

Initial name:

.jpg

Azimuth to center (°):

Description:
3. Camera:

.jpg

Time: e

Final name:

.jpg

Initial name:

.jpg

Azimuth to center (°):
Final name:

Time:
.jpg

Opportunistic Sampling: (Use Sheet for site # that you’re headed to)
1. Sign:
Site #:
Time:
Sample: YES NO
UTM E:
UTM N:
_
2. Sign:
Site #:
Time:
Sample: YES NO
UTM E:
UTM N:
_
3. Sign:
Site #:
Time:
Sample: YES NO
UTM E:
UTM N:
_
Temperature Sensor Photos:
1. Camera:
Initial name:
Dist. to center (m):
Azimuth to center (°):
Time:
Description:
Final name:
2. Camera:
Initial name:
Dist. to center (m):
Azimuth to center (°):
Description:
Final name:

.jpg
.jpg
.jpg
.jpg

